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Abstract of a thesis submitted in partial fulfilment of the 

requirements for the Degree of Doctor of Philosophy. 

 

Testing alternative breeding methods in white clover 

by 

Richard Mark George 

A series of experiments were conducted to estimate the genetic parameters for an elite 

breeding population of white clover (Trifolium repens L.) in both an irrigated and dryland 

environment. Data collected from two environments using spaced-planted and mini-plot trials 

were used to demonstrate the rationale for pursing various traditional and modern marker-

assisted selection breeding methods in white clover. In addition, and under the over-arching 

theme of investigating breeding strategies, supplementary findings are presented regarding 

pollination patterns within a white clover population in isolation cages.  

In an experiment designed to generate half-sib and full-sib families for progeny evaluation, 

pollen dispersal within isolation cages using wild bumble bees (Bombus sp.) was monitored 

using simple sequence repeat molecular markers (SSR markers). Within bi-parental crosses, 

no detectable levels of self-fertilised germinated seedlings were detected, nor were there any 

detectable levels of foreign pollen sources. Within polycross isolations, no detectable levels of 

foreign pollen sources were detected, and self-fertilised rates were negligible (<1%). Outcross 

paternal progeny counts deviated significantly from random mating in two 20 parent 

polycrosses. Siring success of paternal genotypes decayed as the distance between them and 

recipient maternal parents increased. Low levels of paternal pollen dispersal at increasing 

distances from maternal recipients within isolation cages demonstrated the requirement for 

randomised multi-clonal replication in white clover polycrosses, especially when being used 

for the generation of half-sib families for progeny evaluation.  

Development and application of a novel paternity testing method in white clover was 

successful at assigning paternity to known maternal half-sib progeny from a 20 parent 

polycross. A panel of seven pre-determined SSR markers successfully assigned paternity to 

92% of the half-sib progeny. Data collected from known maternal and molecular maker 

determined paternal half-sib progeny demonstrated that their respective additive genetic 

variances were similar across a range of morphological traits and two experimental sites. 

Combining both known maternal and molecular marker determined paternal half-sib 
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selection, the rate of expected genetic gain was doubled compared to traditional half-sib 

family selection alone. Supplementary phenotypic selection within molecular marker 

determined full-sib families further improved expected genetic gain. Discrepancies in 

heritabilities calculated on a half-sib family means basis and that on a single plant basis 

support the rationale for breeders to pursue half-sib family selection methods for low heritable 

traits such as clover herbage yield, whereas traits with moderate heritabilities on a single plant 

basis, such as leaf size, support the use of phenotypic selection methods. 

In a multi-site mini-plot trial conducted in two Canterbury soils which differed in soil 

moisture content and irrigation application, significant genetic variation for both autumn 

vegetative persistence and herbage yield was observed. Utilising a North Carolina I mating 

design, second year autumn vegetative persistence (plot coverage) ranged among full-sib 

families from 15 to 100% at the irrigated site and from 10 to 70% at the dryland site, clover 

herbage yield from 496 to 1382 kgDM/ha at the irrigated site and 93 to 326 kgDM/ha at the 

dryland site, and growing point density from 356 to 3111 and 115 to 867 growing points m-2, 

at the irrigated at dryland sites, respectively. Physiological measurements indicated significant 

soil moisture stress at the dryland site, with water potentials up to 3.5 fold lower than the 

irrigated site. The extent of genetic variation observed for autumn recovery supports the 

notion for the use of intra-population selection for the development of improved cultivars that 

can persist through moderate drought conditions and demonstrate improved recovery rates 

following rain. Similar to the spaced-planted trials, large discrepancies in heritabilities 

calculated on a family means basis and that on a single plant basis support the rationale for 

breeders to pursue family selection methods for clover herbage yield and most vegetative 

stolon attributes. Heritabilities for traits such as leaf size and stolon thickness support the use 

of phenotypic selection methods. 

Partitioning of genetic variation into both additive and non-additive genetic variation was 

hindered by large standard errors. Inconclusive evidence for a significant proportion of non-

additive genetic variation for clover herbage yield warrants further enquiry. Significant family 

× replicate, family × year, family × environment and family × year × environment variance 

components demonstrated the requirement for breeders to include multi-site and multi-year 

trials with adequate plot size to identify families with broad adaptation for field application.  

Keywords: Trifolium repens, white clover, breeding methods, genetic variances, paternity 

testing, half-sib families, full-sib families, spaced-planted, mini-plots, clover herbage yield, 

persistence, moisture stress, pollination.  
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Chapter 1 
Introduction 

1.1 Background  

White clover (Trifolium repens L.) is an essential component in a vast majority of New 

Zealand pastures (Jahufer et al., 2002; Woodfield and Caradus, 1996), Australian temperate 

pastures (Ayres et al., 1992), and most other temperate pastures grazed by sheep or cattle 

(Abberton and Marshall, 2010). The stoloniferous growth and phenotypic plasticity of this 

legume species make it an ideal companion in most grazed swards (Woodfield and Caradus, 

1994). In New Zealand it is key to the international competitive advantage of our pastoral 

industries, where it provides a reliant, cheap and high quality feed source (Caradus et al., 

1996). It is estimated to contribute $3 billion to New Zealand’s annual economy through 

nitrogen fixation and forage yield alone (Caradus et al., 1996).  

Both reliable seasonal herbage production and vegetative persistence have been identified as 

two important characteristics which are necessary for white clover to viably enhance pasture 

production (Gramshaw et al., 1989). However, poor vegetative persistence is considered to be 

a major limitation to the performance of white clover in many temperate regions of the world 

(Jahufer et al., 2013). This is further exacerbated in the context of summer moisture deficit 

(Knowles et al., 2003). To counter this limitation, improvement of vegetative persistence 

among a range of additional agronomic traits has been key objectives in many plant breeding 

programmes (Abberton and Marshall, 2010; Caradus and Williams, 1989; Taylor, 2008).  

The rate at which these traits are improved in breeding programmes is dependent on a number 

of factors, one of which is the breeding strategy per se. Development of an efficient strategy 

hinges on the selection of an appropriate breeding method, coupled with the thoughtful 

allocation of resources for population development and genotype selection (Fehr, 1987). To 

date, the predominant breeding method in white clover has been phenotypic recurrent 

selection (Williams, 1987; Woodfield and Caradus, 1994). However, with both a better 

understanding of the quantitative genetic parameters for key white clover vegetative 

persistence and production traits and complementation with modern selection technologies, 

perhaps the current rate of genetic gain can be improved through the use of alternative 

efficient breeding strategies. This PhD project addresses an overarching theme of interpreting 

at a fundamental level the rationale for pursing alternative breeding methods in white clover. 
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1.2 Breeding progress in white clover 

A significant proportion of the current economic value of white clover is due to 75 years of 

plant breeding. Conventional plant breeding has steadily delivered improved white clover 

performance in New Zealand pastoral systems (Woodfield and Easton, 2004). The 

improvement of white clover performance lies between 6% to 15 % per decade, although the 

extent of improvement varies among white clover leaf  types (Woodfield, 1999; Woodfield 

and Caradus, 1994). 

In comparison, the reported genetic gains in other forage species including perennial ryegrass 

(Lolium perenne), Italian ryegrass (Lolium multiflorum Lam) and alfalfa (Medicago sativa L.) 

are similar or inferior (Hill et al., 1988; Holland and Bingham, 1994; Vanwijk and Reheul, 

1991). The gains achieved in white clover are the result of accumulating genes with better 

yield potential as well as reducing the effects of yield limiting factors (Woodfield et al., 

2001).  

Progress in early white clover breeding programmes was achieved through improving 

performance within existing ecotypes (Woodfield and Caradus, 1994). Cultivars such as 

Grasslands Huia proved to be commercially successful for several decades. Superseding 

cultivars were the result of hybridising persistent ecotypes with more agronomic imported 

material. The extent of variation within a particular breeding pool has not been large enough 

to allow rapid gains under selection for desired improvements, and the use of ex situ genetic 

resources has been critical in the development of new varieties (Abberton and Thomas, 2011).  

The development of adapted breeding pools paved the way for phenotypic recurrent selection 

programmes which by in large have become the most widely adopted breeding practice 

(Woodfield and Caradus, 1994). 

1.3 Gaps in knowledge 

To increase the economic value of white clover, the attention of plant breeders has been 

focused towards improving its yield, vegetative persistence and forage quality attributes. 

However, like most forage species, agronomic improvement of white clover comparatively 

lags behind many grain crop species. Casler & Brummer (2008) summarised several reasons 

for the yield lag in forage crops relative to grain crops which included, (i) a longer breeding 

cycle for forage crops, most of which are perennials, (ii) lack of a “harvest index” trait to aid 

dry-matter partitioning into the economic product, (iii) inability to exploit heterosis in 

commercial cultivars, and (iv) the focus on a wide array of economically important traits of 

forage crops, many which are not specially correlated or may be negatively correlated with 
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forage yield.  Furthermore, in the context of white clover, there has been slow adoption of 

improved breeding methods that have positively influenced the rate of genetic improvement 

(Woodfield and Caradus, 1994). 

In an era where plant breeding is being asked to deliver results more urgently than at any time 

previously (Parsons et al., 2011), current bottlenecks in the rate of genetic advance will need 

to be resolved. While features ii) & iv) above, are unlikely to change in the near future, 

emphasis on more efficient breeding methods and strategies which address features i) and iii) 

are likely to be needed if accelerated genetic gains are to be realised. Alternative breeding 

methods have been compared for forage species (Burton, 1992; Casler and Brummer, 2008; 

Haag and Hill, 1974; Ledda et al., 2000; Riday, 2011; Vogel and Pedersen, 1993), however 

both empirical and theoretical studies specific to white clover are limited. In order to compare 

breeding methods, a comprehensive understanding of the species specific quantitative genetic 

parameters for key traits is necessary.   

Although many studies have reported genetic parameters for white clover attributes 

(Annicchiarico and Piano, 1995; Annicchiarico et al., 1999; Caradus and Woodfield, 1990; 

Caradus and Chapman, 1996; Woodfield and Caradus, 1990), the respective studies have been 

conducted in single favourable environments using pot trials or mono-culture spaced-planted 

nurseries (Jahufer, 1998). While these studies are fundamental for providing accurate 

information on the genetic control of traits, the estimates are limited to uniform environments 

and hence heritabilities are often near their maximum potential. Such estimates of 

heritabilities and proportions of additive to non-additive genetic effects can therefore be 

misleading when compared to evaluation under different environmental conditions, such as 

mixed sward and grazed conditions (Hill, 1993; Hill and Michaelson-Yeates, 1987). To date, 

the lack of literature available on both empirical comparisons and estimation of relevant 

genetic parameters (both heritabilities and the relative importance of additive and non-

additive genetic effects) of random mating white clover breeding populations evaluated in 

multiple target environments has limited the ability to compare alternative breeding methods 

(Jahufer et al., 2002). The genetic parameters estimated in the experiments reported in this 

thesis will provide breeders with improved understanding of heritabilities in actual farming 

systems. This will consequently allow breeders to critically evaluate their breeding 

methodology more realistically, if these environments are used to undertake selection.  
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In addition, the empirical evaluation of a promising molecular marker based selection method 

developed in red clover (Trifolium pratense) (Riday, 2011) will provide breeders with insight 

into its effectiveness for white clover. 

1.4 Objectives 

The objectives of experiments in this thesis were to compare the efficiencies of alternative 

breeding methods both empirically and theoretically.  

Eight objectives were identified, to; 

1. Generate genetic families from a random mating white clover breeding 

population, for evaluation in field trials. 

2. Establish a multi-site spaced-planted half-sib family nursery in white clover 

and utilise molecular markers to evaluate paternity testing as demonstrated by 

Riday (2011) in red clover. 

3. Evaluate the merits of paternal-based half-sib family selection methods 

compared to conventional maternal based half-sib family selection. 

4. Identify spatial effects of pollen distribution by bumble bees within polycross 

isolation crossing cages. 

5. Establish a multi-site transplanted mini-plot trial with propagated stolon 

cuttings to assess the magnitude of genetic variation for summer moisture 

stress.  

6. Estimate the magnitude and type of genetic variation for vegetatively 

propagated white clover within and across dryland and irrigated experimental 

sites.  

7. Characterise the magnitude and type of family × environment interaction 

across test environments. 

8. Identify appropriate breeding methods which may maximise genetic gain for 

the traits investigated in this thesis. 
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1.5 Thesis structure 

The structure of the thesis is depicted in Figure 1.1. Five experimental chapters are presented 

to address the objectives outlined above, commencing with the generation of genetic families 

(Chapter 3) for the subsequent field experiments in chapters 5, 6 and 7. Implications of each 

experimental chapter are addressed within, as they are kept as complete entities for individual 

publication. Key findings are pooled together in Chapter 8 and their overall implications to 

breeding strategies in white clover are discussed.  

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Figure 1.1 Schematic diagram of the thesis structure; depicts the relationships between 
thesis chapters.  
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Chapter 2 
Literature review 

2.1 Origin and systematics of white clover 

White clover (Trifolium repens L.) is an allotetraploid (2n=4x=32) herbaceous perennial 

legume with a 1C genome size of 956 Mbp (Atwood and Hill, 1940; Williams et al., 1982a). 

Chromosome pairing is bivalent and inheritance is disomic (Atwood and Hill, 1940; Williams 

et al., 1982a). Allopolyploidy in this species is thought to have arisen from the hybridisation 

of two ancestral diploid species and subsequent chromosome doubling (Casey et al., 2010).  

Molecular phylogeny analysis has identified Trifolium occidentale and Trifolium pallescens 

as probable diploid progenitors (Ellison et al., 2006). 

Sexual reproduction in white clover is regulated by a highly polymorphic, gametophytic self-

incompatibility system (Casey et al., 2010). The majority of individuals are self-incompatible 

although a small proportion of the population have been shown to be self-compatible 

(Atwood, 1940; Atwood, 1941; Atwood, 1942).   

The Mediterranean is considered to be the geographical centre of origin for white clover 

where it covers all of Europe, parts of North Africa and western Asia (Williams et al., 2010). 

Predominant outbreeding and disomic inheritance has resulted in white clover populations 

that are comprised of a heterogeneous mixture of highly heterozygous individuals. A high 

degree of genetic variance has been observed within and between populations in these 

environments (Williams et al., 2010). 

2.2 White clover in New Zealand 

2.2.1 Agricultural importance 

Within New Zealand pastoral industries, white clover as a companion legume species in 

swards, is considered to be the keystone to our international competitive advantage (Caradus 

et al., 1996). As a forage legume, white clover possesses multiple attributes which make it the 

most important legume in temperate pastoral systems. These attributes include, (i) its ability 

to fix atmospheric nitrogen in symbiosis with the bacterium Rhizobium leguminarosum var. 

trifolli; reducing the need for nitrogenous fertiliser, (ii) its high protein content and mineral 

composition for increased animal performance, (iii) its stoloniferous morphology, (iv) its 

seasonal growth complementarity with ryegrass, and (v) its ability to improve animal feed 

intake and utilisation rates (Abberton and Marshall, 2005; Caradus et al., 1996).   
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2.2.1.1 Nitrogen fixation 

Nitrogen fixation rates in New Zealand range from 17 kg N/ha/year in unimproved hill 

pastures to 380 kg N/ha/year in intensively managed pasture (Caradus et al., 1996). Potential 

nitrogen fixation rates have been illustrated to be much higher (Crush, 1987). From an 

economic perspective, Caradus et al. (1996) estimated the value of fixed nitrogen from white 

clover to be worth $1.49 billion to New Zealand’s economy.  

2.2.1.2 Nutritive value 

White clover provides the best quality component of grazed pastures because of its high 

nutritive and feeding value (Caradus et al., 1996). Compared to perennial ryegrass, the other 

significant species in most intensive farming swards, white clover has higher concentrations 

of crude protein (or total N) and readily fermentable carbohydrates, but lower concentrations 

of lipids, water soluble carbohydrates, lignin, cellulose and fibre (Caradus et al., 1996). Live 

weight gains of livestock fed white clover are consistently higher than for those fed perennial 

ryegrass (Ulyatt, 1981). Gross milk yield and its associated components are higher from cows 

fed white clover than perennial ryegrass (Thomson et al., 1985). Productive advantages can be 

attributed to both higher voluntary intakes and higher gross efficiency (gain per unit of intake) 

(Caradus et al., 1996). Cosgrove (2005) simulated that milk solids/ha continue to increase 

until 60% of grazing swards are comprised of white clover. Current white clover percentages 

in dairying pastures are less than a third of this figure in New Zealand (Harris et al., 1998), 

with levels even lower in sheep and beef pastures.     

2.2.1.3 Morphology 

The stoloniferous habit and phenotypic plasticity of white clover make it an ideal companion 

species in most grass swards (Woodfield and Caradus, 1994). Its ability to withstand severe 

defoliation can be largely mitigated by clover leaf type according to the class of stock. Within 

cultivars a high degree of phenotypic plasticity ensures plants can adapt to environmental 

changes (Caradus et al., 1993).  

Leaf size is highly correlated to the size of the stolons, stolon number and plant habit 

(Abberton and Marshall, 2010).  Small leaf cultivars are considered suitable for continuous 

hard sheep grazing, medium types for use under rotational grazing and large or very large 

types for lax cattle grazing or conservation (Abberton and Marshall, 2005).   

The relationship between leaf size of cultivars and their suitability for different degrees of 

grazing intensities are reflective of their associated stolon network. Smaller leaf types tend to 
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have higher stolon densities and prostrate habits making them less vulnerable to frequent 

grazing. In contrast, large leaf types tend to be more erect with fewer larger stolons which are 

susceptible to continuous defoliation (Woodfield and Caradus, 1994).  Grazing tolerance, 

plant persistence and other stress tolerance attributes are by in large tied to the effectiveness 

of the stolon network, which functions as a storage reserve and anchorage structure to the soil 

surface (Abberton and Marshall, 2010).   

2.2.1.4 Complementary growth 

The growth pattern of white clover complements most temperate grasses. Within New 

Zealand pastoral systems, white clover complements that of perennial ryegrass, as maximum 

growth occurs in late spring through to summer (Harris, 1987). White clover has a wider and 

higher optimum temperature for growth (24oC; 18-30oC) than ryegrass (20oC; 18-21oC) 

(Brock, 2006) which helps it to sustain herbage production after the spring peak in ryegrass.   

It also maintains high quality forage over summer-autumn when perennial ryegrass losses 

quality after flowering in the spring (Thomson, 1984).  

2.2.2 Limitations of white clover  

In regions on the east coast of New Zealand such as Canterbury, where the central mountain 

range combined with westerly air flows create a rain shadow with <800 mm of annual rainfall 

(Brown and Green, 2003), white clover herbage yield and persistence is often low and 

variable between succeeding years (Ayres et al., 1996; Knowles et al., 2003). The low annual 

rainfall in these regions, combined with the exceeding summer evapotranspiration rates and 

variable alluvial outwash soils result in potential soil moisture deficits between 200-500mm 

(Salinger, 2003; Webb et al., 2000). These regions suffer from summer moisture deficits in 

the majority of years (Brown and Green, 2003) and poor plant survival is largely responsible 

for white clover herbage yield inconsistencies in these environments (Archer and Robinson, 

1989).   

If white clover is to make a significant contribution to pasture production systems, consistent 

yield performance across years and long term persistence is essential. Drought tolerance is a 

desirable characteristic which has long been a major objective in many arid environments and 

is becoming increasing important in many other temperate environments which experience 

periods of summer moisture stress (Abberton and Marshall, 2010). Such sensitivity is likely to 

be further exacerbated in the context of global climate change (Hofmann and Jahufer, 2011). 
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Numerous field studies have shown a sharp decline in white clover persistence under water 

stress (Knowles et al., 2003). In many cases, this sharp decline coincides with the loss of 

primary tap roots when stolons become fully reliant on their adventitious roots. The limited 

rooting depth of white clover makes it sensitive to water deficits (Hart, 1987).   

In dryland environments where annual rainfall is below 700 mm, white clover is unlikely to 

survive where other dryland species including lucerne (Medicago sativa) and subterranean 

clover (Trifolium subterraneum) have been shown to be comparatively superior (Mills and 

Moot, 2010). However, scope does exist for improved cultivars that can vegetatively persist in 

drought conditions and demonstrate improved recovery rates following rain (Knowles et al., 

2003). 

2.3 Morphology and persistence mechanisms of white clover 

White clover development from seed has three distinct morphological phases (Brock et al., 

1988; Brock et al., 2000; Thomas, 1987b; Westbrooks and Tesar, 1955): 

2.3.1 Morphological phase I 

A rosette seedling phase lasting 1-3 months with minimal branching, no stem elongation and 

no nodal root formation. 

2.3.2 Morphological phase II 

A tap-rooted expansion phase lasting 1-2 years with rapid stolon elongation, extensive 

branching and nodal root development. Internodes emerge from the axillary buds found in the 

axil of leaves on the orthotrophic primary stem of the seedling (Jahufer et al., 2013). Stolons 

(Figure 2.1) become the basic structural unit of the plant and are characterised by a number of 

internodes separated by nodes which form from growth at the apical bud (Thomas, 1987a). 

Each node bears a trifoliate leaf with an erect petiole, two root primordia, and either an 

axillary bud capable of growing into a lateral stolon (plants vegetative phase) or an 

inflorescence (plants reproductive phase) (Thomas, 1987b). The number of lateral stolons on 

a plant increases with age, which in turn leads to the vegetative spread of the plant. 

Adventitious roots form at nodes when they come into contact with moist soil and provide a 

degree of nutritional dependence to each lateral stolon. 

 

 



10 
 

 

 

 

 

 

“Material removed due to copyright compliance” 

 

 

 

 

 

 

Figure 2.1 Drawing of main stolon (MS) of white clover, showing axillary buds (AB), 
lateral branches (LB), and a lateral stolon (LS). S = stipule; Pe = petiole; RT 
= nodal root primordium; I = inflorescence; P = peduncle. Emerged leaves on 
the main stolon, and the nodes bearing them, are numbered 1 to 8 (Figure 1.1 
by Thomas (1987a)).  

2.3.3 Morphological phase III 

A ‘mature’ clonal phase when taproots die and large plants fragment into small self-dependent 

daughter clones. Loss of the primary seedling taproot commences at 12 to 18 months and 

stolons become dependent on nodal roots to obtain both water and nutrients from the soil 

(Westbrooks and Tesar, 1955) .  

2.3.4 Reproduction 

White clover possess two complementary mechanisms of reproduction; regeneration by 

seedling recruitment and regeneration via stolon propagation and vegetative persistence (Lane 

et al., 2000). 
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2.3.4.1 Asexual reproduction 

Under favourable seasonal conditions, asexual reproduction in white clover is driven by the 

continuous process of branching and extension of stolons at their apical ends to replace the 

older basal sections lost due to decay and death (Jahufer et al., 2013; Lane et al., 2000). 

Asexual reproduction is a feature of morphological phases II and III, where the fragmentation 

of large plants into smaller self-dependent daughter clones propagates original mother-plants. 

Grazing, plant nutrition and competition can be managed to improve the rate of stolon and 

nodal root formation, while moisture stress, disease and insect pests have detrimental effects 

on asexual reproduction (Woodfield and Caradus, 1996).  

2.3.4.2 Sexual reproduction 

Regeneration via seedling recruitment is an important survival strategy for white clover in 

unfavourable environments where reliable stolon survival is marginal (Lane et al., 2000). The 

regeneration of seedlings is dependent on adequate seed reserves in the soil from previous 

years.  

Flowering is influenced by a number of factors including genotype, photoperiod, temperature, 

nutrition, grazing management and available soil moisture (Lane et al., 2000). Inflorescences 

are produced from axillary buds at nodes, each consisting of 20-150 florets. Inflorescence 

development is primarily influenced by day length (LDP; long day plant) in germplasm 

originating from high altitudes, whereas germplasm from low altitudes are more dependent on 

temperature (Lane et al., 2000; Thomas, 1987c).  

White clover is an obligate outcrossing perennial due to its gametophytic self-incompatibility 

(Brewbaker, 1954), and requires cross pollination via insect mediated pollinators. The 

presence of effective pollinators is essential for maximising seed yield (Lane et al., 2000). 

Honey bees (Apis mellifera L.) are the main pollinators of white clover, although for plant 

breeding purposes, breeders often use bumble bees (Bombus sp.) to facilitate pollination due 

to their ease of management in isolation cages (Williams, 1987). 

2.3.5 Morphological features associated with water stress tolerance 

Ayres (1996) proposed an ideotype for white clover cultivars in dryland environments. The 

attributes considered important for persistence included high nodal root frequency, tap 

rootedness, high stolon density, medium large leaves, and early flowering maturity. Jahufer, et 

al. (1994; 1995; 1997; 1999) demonstrated heritabilities and coefficients for a range of 

http://en.wikipedia.org/wiki/Bombus_terrestris
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morphological characters including those key traits proposed by Ayres (1996) in dryland 

environments. 

The development of a strong network of stolons seems to be a pre-requisite of persistence and 

has become the fundamental feature of white clover populations that are suitable for dryland 

environments. However, the negative correlation between stolon density and herbage yield 

complicates the concurrent improvement of both vegetative persistence and yield (Abberton 

and Marshall, 2010; Caradus and Williams, 1989; Jahufer et al., 1999). The basis of the 

correlation is unknown, but possible genetic causes include pleiotrophy or linkage. The latter 

can be improved through selecting recombinant genotypes, while the former is unlikely to be 

effected by conventional breeding (Jahufer et al., 1999). 

2.3.6 Physiological features associated with water stress tolerance 

Woodfield and Caradus (1987) summarised three main strategies for increasing white clover 

survival in drought prone areas. These included;  i) drought avoidance, through re-seeding 

prior to the onset of moisture stress, ii) improved moisture conservation through reduced leaf 

size, stomatal closure and high cuticular resistance, and  iii) improved moisture uptake, 

through a more extensive, deeper or denser root system, and an increased root to shoot ratio.   

Various physiological studies have investigated strategy two (Barbour et al., 1996; Brink and 

Pederson, 1998; Inostroza and Acuna, 2010). Barbour (1996) reported increased water use 

efficiency (WUE) of white clover cultivars under increasing soil moisture deficit, but failed to 

find significant differences among populations within various stress levels. Their results 

suggest that low genetic variation for WUE exists among white clover cultivars. Similar 

results were obtained by Brink and Pederson (1998) when they evaluated the response of 

white clover cultivars to different water gradients in a mixed sward trial.  

Inability to control water loss through stomatal closure and cuticular resistance has been 

previously reported in white clover (Hart, 1987). During dry conditions, white clover leaves 

rapidly wilt and die (Hart, 1987). Many other plant species reduce water loss by stomatal 

closure. Turner (1990a) suggested the reduced stomatal closure displayed by white clover 

under drought may indeed be a survival strategy whereby subsequent leaf dehydration and 

abscission reduces leaf area and plant transpiration.   

Osmotic adjustment of stolons has also been demonstrated in white clover. This physiological 

mechanism allows for conservation of the organ and regeneration of the plant once water 

availability improves (Turner, 1990b). It appears there is considerable variation in white 
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clover for regeneration once water availability improves (Brink and Pederson, 1998; Knowles 

et al., 2003). 

Contrary to both Brink and Pederson (1998) and Barbour et al. (1996), Inostroza and Acuna 

(2010) demonstrated significant physiological differences in the water status among white 

clover populations. Nine naturalised populations from southern Chile and two commercial 

cultivars expressed different levels of stomatal regulation, dry matter partition, transpiration 

rate, photosynthetic capacity and consequently WUE.  

The accumulation of secondary metabolites may also influence the capacity of white clover to 

withstand moisture stress. Hofmann and Jahufer (2011) reported the association of 

accumulated flavonoids with morphological types tolerant of stress. Further research by 

Ballizany et al. (2012b) supported previous findings where the increased induction of 

quercetin glycosides accumulation in response to water deficit stress was related to retaining 

higher levels of shoot dry matter production. Ballizany et al. (2014) reported a weak negative 

correlation between shoot dry matter and quercetin glycoside levels, indicating that 

combining high DM yield and high constitutive levels of quercetin glycosides for abiotic 

stress protection is possible. 

2.4 Plant genetic resources  

Traditionally novel material has been obtained by plant breeders through plant collection 

expeditions to geographical areas where germplasm with desired traits may be found 

(Abberton and Marshall, 2010). In addition, hundreds of accessions with and without passport 

data are available throughout the world in various genebank collections.  

Numerous attributes such as stolon number, stolon elongation, internode length, stolon 

thickness, plant spread, number of rooted nodes, number of nodes, tap root diameter, leaf 

width, plant habit, cyanogenesis, anthocyanin leaf markings, herbage yield and many other 

morphological and physiological attributes vary greatly among genotypes and populations 

(Annicchiarico and Piano, 1995; Caradus and Woodfield, 1990; Jahufer et al., 1995; Jahufer 

et al., 1997; Jahufer et al., 1999; Lee et al., 1993; Rowe and Brink, 1993; Woodfield and 

Caradus, 1990).   

2.4.1 Germplasm associated with this thesis 

The random mating population used in this thesis was developed at AgResearch, Grasslands, 

Palmerston North, as a breeding pool targeting broad adaptation. The pedigree of this 

population includes commercial cultivars; Grasslands Tribute (Woodfield et al., 2003), 
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Grasslands Trophy (Ayres et al., 2007) and Grasslands Saracen, and also two ecotypes 

collected in the Waikato region of New Zealand.   

Grasslands Tribute is a medium-large leaved white clover bred for tough drought tolerance 

and winter activity in Victoria, Australia (Woodfield et al., 2003). Its parentage includes elite 

genotypes from eleven half-sib families, half of which originated from a Syrian accession 

with the remainder from the cultivars Sustain and Crau, as well as Southern Europe 

germplasm in equal proportions. 

Grasslands Trophy is a medium-large leaved cultivar which combines intermediate stolon 

density with intermediate stolon thickness, and shows high stolon survival and strong autumn 

regrowth following summer moisture stress (Ayres et al., 2007). Trophy’s parentage includes 

half-sib families from Portugal, Southern France, USA and the Mediterranean. It is considered 

suitable for temperate dryland environments with 850-1250 mm average annual rainfall.  

Grasslands Saracen is yet to be formally recognised in the literature, but it has been referred to 

as synthetic GC 122 by Jahufer et al. (2009). Saracen is a sister line to Trophy. It is a 

medium-large leaved cultivar bred from half-sib families which were derived from the best 

10% of a worldwide accession breeding pool (140 world-wide accessions) after a period of 3 

years of screening at Glen Innes and Armidale, NSW, Australia (Jahufer et al., 2009). 

Jahufer et al. (2009) ranked all three commercial cultivars in the top performing group of a 

current commercial and experimental synthetics dryland trial in south-west Victoria, 

Australia. 

2.5 Plant improvement through conventional breeding  

2.5.1 Forage plant breeding methods 

Plant breeding is the genetic improvement of plants through a process which is considered to 

be both a science and an art (Posselt, 2010). The former is a function of  Mendel’s laws, and 

the latter is governed by the breeders eye, intuition and creativity (Posselt, 2010). Plant 

breeding methods that can be used effectively to improve a species, are by in large determined 

by their mode of reproduction (Vogel and Pedersen, 1993). In forage species, given their 

relatively short period of domestication and outcrossing nature, most breeding methods have 

evolved from the breeding of field crops, particularly maize (Posselt, 2010).  

Genetic gain is often the basis used to interpret the relative efficiencies of different plant 

breeding methodologies. The concept of genetic gain is based on the change in the mean 
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performance of a population that is realised with each cycle of selection (Fehr, 1987). A cycle 

of selection includes the establishment of a random mating population, development and 

evaluation of genotypes, selection of elite genotypes, and synthesis of the selected genotypes 

as parents to form a new population for the next cycle of selection (Fehr, 1987). Variation in 

the methods used at each of these steps influence the duration of the selection cycle, so 

breeders often compare various methods on an annual basis to mitigate cycle length bias.  

The rate of genetic gain among breeding methods and their implementation in various forage 

species is dependent on a number of factors. These factors include the heritability of the 

trait(s) of interest, the biology of the species, the length of the breeding method, the 

correlation between spaced-plants and their performance in mixed species swards, as well as 

the available resources to the breeder. The basic equation used to interpret genetic gain, often 

presented in various forms and termed the breeders equation, is illustrated below;  

   
    

 

√   
 

 

where;   = genetic gain or genetic advance, k = standardised selection differential, =     

additive variation, c = parental control and     = phenotypic variance of the parental 

population. 

The above equation shows that genetic gain can be improved by a number of factors, 

including; increasing the standardised selection differential (selection intensity), increasing 

the proportion of    in the population, increasing the coefficient of     utilised via increasing 

parental control or altering family structure, and finally by reducing non-genetic effects such 

as environmental variance which is pooled into the phenotypic variance (Bernardo, 2010). 

2.5.2 Population improvement 

Similar to maize breeding (Hallauer et al., 2010a), selection procedures in forages can be 

divided into two distinct phases; an initial phase to select among source populations, followed 

by a second phase where selection is carried out within the selected populations. In the first 

phase of selection, breeders must decide which populations are most suitable for their 

purposes and allocated resources (Hallauer et al., 2010a). Multiple source populations with 

desirable attributes may be combined to generate a new base or breeding population. In the 

second phase, in an effort to maximize the genetic improvement of populations, selections 

among genotypes within populations are performed. 
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Recurrent selection methods are typically used in the second phase of breeding which are 

designed to increase the frequency of desired alleles for quantitatively inherited traits, while 

maintaining genetic variability for continued genetic improvement (Hallauer et al., 2010a). 

Lonnquist (1952) defined recurrent selection as “a group of breeding procedures consisting of 

recurrent cycles of selection for outstanding genotypes with a specific purpose in a 

heterozygous population and the subsequent recombination of the selected portion of the 

population”. 

Recurrent selection within closed breeding populations (intra-population improvement) are 

focused towards increasing the frequency of favourable alleles within the gene pool itself 

(Hallauer et al., 2010a), whereas recurrent selection between populations (inter-population 

improvement) such as reciprocal recurrent selection, are directed at changing gene 

frequencies of both populations in a complementary way so that a wide range of different 

types of gene action and interactions can be retained in the crossed population (Hallauer et al., 

2010a). The former has been readily adopted in forage species, including white clover, 

whereas the latter has had little commercial adoption, most probably due to the lack of 

identified heterotic groups in forage species to capture non-additive gene action.  

Selection of individual genotypes as parents for the recurrent population can be evaluated 

according to their phenotype (phenotypic selection) or on the basis of their progeny 

performance (genotypic performance). The breeder’s choice between the two methods of 

evaluation is dependent on the trait of interest and the resources available for evaluation.   

2.5.2.1 Phenotypic selection 

Phenotypic selection methods are based on the performance of individual plants or on the 

performance of replicated clonal copies of the plant in either rows or replicates (Posselt, 

2010). The phenotypes are typically evaluated using either a scored system, in which plants 

are denoted scores from 1-9 or 1-5 for traits of interest, or the traits are measured directly. The 

system allows notes to be accumulated for all individual plants, or in larger commercial 

breeding programmes unwanted plants can be eliminated in each round of inspection to 

reduce the amount of future scoring (Posselt, 2010). Various modifications to phenotypic 

selection are outlined below. 

2.5.2.1.1 Mass selection 
Mass selection is one of the more simplistic and practical breeding methods used in cross-

pollinated species (Posselt, 2010). Non-replicated individual plants are evaluated and selected 
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on a phenotypic basis only. Phenotypic variation among plants includes genetic variation 

among individuals (both additive and non-additive genetic variation) within the population, as 

well as all types of environmental variance within and across trial sites (Hallauer et al., 

2010a). The environmental effects act as a major limitation to the effectiveness of mass 

selection, as genotype × environment interactions cofound the genotypic value (Posselt, 

2010). For traits with moderate to high heritabilities and insignificant genotype × environment 

interactions, mass selection has considerable advantages over other selection methods 

including higher selection intensities, shorter breeding cycles, and a high co-efficient of 

additive variation (Falconer, 1961; Posselt, 2010).    

 

    
      

 

√            
      

     
     

 
 

where;  
    = genetic gain per cycle, k = selection intensity and    parental control value 
   = variance;   

  – additive,    
  – dominance,    

  – additive × environment,    
  – dominance × 

environment,   
  – within-plot,    

  – environmental-within-plot,    – plot-to-plot 
 

2.5.2.1.2 Stratified mass selection 
To help alleviate the environmental variance limitation alluded to in mass selection, Gardner 

(1961) proposed a stratified mass selection method where the use of a gridding system 

systematically partitions the field into sections. Each section becomes a separate unit, and the 

criterion for selection is the deviation of each individual phenotype from the mean phenotypic 

value of all plants within the same stratum (Hallauer et al., 2010a). The modified mass 

selection method promotes differences among plants within sections to be more likely to be 

due to genetic differences rather than environmental effects alone (Hallauer et al., 2010a). 

Notable examples of stratified mass selection in forage species have been published by Glenn 

Burton at Tifton, Georgia, who illustrated phenomenal gains in Pensacola bahiagrass 

(Paspalum notatum Flugge var. saurae Parodi) (Burton, 1974; Burton, 1979; Burton, 1982; 

Burton, 1983; Burton, 1992). 

In both phenotypic selection methods, the transfer of elite genotypes from spaced-planted 

nurseries to a separate isolation block improves genetic gain two fold, by doubling the 

parental control factor in the genetic gain equation (i.e. control over both maternal and 

paternal gametes). 
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where; 
    = genetic gain per cycle, k = selection intensity and    parental control value 
   = variance;   

  – additive,    
  – dominance,    

  – additive × environment,    
  – dominance × 

environment,   
  – within-plot,    

  – environmental-within-plot 
 

2.5.2.2 Genotypic selection 

Phenotypic or individual plant selection methods are useful when traits of interest have high 

heritabilities, are primarily influenced by additive genetic variation and have minimal 

genotype × environment interactions. For low heritable traits (h2 < 0.20), visual differentiation 

among individual plants can however become erratic and unreliable (Posselt, 2010). 

Genotypic or otherwise referred to as family based selection is therefore useful when traits of 

interest have low heritabilities and are influenced by significant genotype × environment 

interactions.  

The primary difference between phenotypic selection and family based selection is that family 

selection is based on some type of progeny test (Hallauer et al., 2010a). An important feature 

of family selection is that selection is based on family means, which are obtained from 

replicated trials, that are therefore less affected by large environmental variances than 

individual selections (Nguyen and Sleper, 1983). Family selection is typically conducted 

across a set of environments using family seed, so that genotype × environment interactions 

have a less pronounced effect (Hallauer et al., 2010a). 

Within forage species, family selection is typically carried out using either half or full-sib 

families. 

2.5.2.2.1 Half-sib families 
Two derivatives of half-sib family selection methods include (i), half-sib family selection 

(HSF), whereby half-sib families are evaluated, followed by the recombination of plants from 

remnant seed from superior families, and (ii), half-sib progeny trialling (HSPT) where again 

half-sib families are evaluated, but the recombination of superior parents of the best families 

are used  instead of remnant seed (Casler and Brummer, 2008; Fehr, 1987). HSPT is 

theoretically twice as effective as HSF per cycle, because the selection unit and the 
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recombination unit are not the same (i.e. parental control value increased from 1 to 2; for 

further explanation see parental control in section 2.5.3.1 below).   

A third derivative of half-sib evaluation, known as among-and-within-half-sib-family 

selection (AWF-HS) is an extension of HSF, whereby breeders implement within family 

selection within the best performing families to make use of the remaining ¾ of the additive 

variation within half-sib families. AWF-HS is carried out in spaced-planted nurseries, so that 

phenotypes of individuals within families can be evaluated. Unfortunately, the within family 

selection component does not allow for the separation between genotypic and environmental 

variation, unless each progeny of each family is clonally replicated (Aastveit and Aastveit, 

1990). 

Half-sib families can be obtained via open pollination, polycross, topcross or diallel matings 

(Allard, 1960). However, methods intended to generate half-sib families for half-sib progeny 

trialling must be designed to disperse a similar array of tester gametes among all maternal 

parents, so that variation in progeny performance among the parents tested is primarily due to 

the genetic potential of the parents and not the genetic contribution of the pollen source (Fehr, 

1987). According to selection theory, the covariance among non-inbred half-sib families is ¼ 

of the total additive variation (     (Fehr, 1987; Hallauer et al., 2010a).  

HSF 

    
     

 
  
 

√ 
 
  
   

  

     
   

       
 
 
   
 

 

 

AWF-HS 

    
     

 
  
 

√ 
 
  
   

  

     
   

       
 
 
   
 

 

  
     

 
  
 

√      
 
   
      

    
 
  
     

 

 

where;  
    = genetic gain per cycle, k = selection intensity and    parental control value 
   = variance;   

  – additive,    
  – dominance,    

  – additive × environment,    
  – dominance × 

environment,   
  – within-plot,    

  – environmental-within-plot,    – plot-to-plot 
r – number of reps, t – number of environments, n – number of plants per plot 
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2.5.2.2.2 Full-sib families 
Two derivatives of full-sib family selection include; i) full-sib family selection (FSF), where 

full-sib families are evaluated, followed by the recombination of remnant seed from superior 

families, and ii) among-and-within-full-sib-family selection (AWF-FS), where again full-sib 

families are evaluated, followed by the recombination of the best individuals within the best 

families.    

Full-sib families are derived directly from bi-parental matings (paircrosssing). According to 

selection theory, the covariance among non-inbred full-sib families is ½ of the total additive 

variation (     and ¼ of the dominance variation (      (Fehr, 1987; Hallauer et al., 2010a). 

Therefore, when selecting on a family means basis, full-sib family selection (FSF) is twice as 

effective as half-sib family selection (Casler and Brummer, 2008). Similarly to half-sib family 

selection, selection within full-sib families (AWF-FS) makes use of the remaining additive 

variation ( 
 
  
 ). A significant downfall of full-sib evaluation for intra-population improvement 

is the bias in family means if significant non-additive variation (dominance) is present in 

some families. 
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where;  
    = genetic gain per cycle, k = selection intensity and    parental control value 
   = variance;   

  – additive,    
  – dominance,    

  – additive × environment,    
  – dominance × 

environment,   
  – within-plot,    

  – environmental-within-plot,    – plot-to-plot 
r – number of reps, t – number of environments, n – number of plants per plot 
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2.5.2.2.3 Paternity aided half-sib family selection 
Riday (2011) pioneered a novel concept to forage breeding that had only been previously 

utilised in tree breeding (Lambeth et al., 2001). The concept, which was demonstrated in red 

clover, extends the amount of information available to the breeder based on traditional half-

sib family spaced-planted nurseries. The proposed concept utilises simple Mendelian inherited 

molecular markers, such as simple sequence repeat markers (SSR’s), to identify an 

individual’s father at a given probability when paternal identity is unknown in maternal half-

sib families (Gjertson et al., 2007; Riday, 2011). Utilising individual plant phenotypes, known 

maternity, and molecular marker-determined paternity, maternal and paternal breeding values 

are calculated, and selection on both parents is achieved (Riday, 2011). Essentially the 

addition of paternity testing to traditional maternal half-sib family selection doubles the 

parental control value in the genetic gain formula and improves genetic gain twofold (i.e. 

breeders have control over both the maternal and paternal gametes for the recurrent 

population). Theoretically, combined maternal and molecular marker determined paternal 

selection is equally as effective as HSPT per cycle (Riday, 2011). However, in addition to 

HSPT, additional phenotypic selection within superior molecular marker determined full-sib 

families (hereafter referred to as among-half-sib-and-within molecular determined full-sib 

family selection [AWF-HS+MFS]) can be used to select parents for the recurrent population 

(see equation below); a process which usually adds an extra year to HSPT. Advantageously, 

parental plants do not have to be kept in mother nurseries for AWF-HS+MFS which can be 

problematic for annual species and species that cannot be clonally propagated in HSPT.  
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where: 
    = genetic gain per cycle 
k = selection intensity;    – maternal half-sib family,    – paternal half-sib family,    – within 
family 
   = variance;    

  – additive,    
  – dominance,    

  – additive × environment,    
  – dominance × 

environment,   
  – within-plot,    

  – environmental-within-plot,    – plot-to-plot 
r – number of reps, t – number of environments, n – number of plants per plot 

2.5.3 Comparing breeding methods 

When comparing breeding methods, parental control, effective population size, and genotype 

× environment interactions must also be considered.  



22 
 

2.5.3.1 Parental control 

The parental control (c) factor determines the amount of additive variance that is captured in 

the recombination of selected individuals or families (Fehr, 1987) (Table 2.1). “Parental 

control in recurrent selection is the relationship between the plant or seed used for identifying 

superior genotypes (selection unit) and the plant or seed used for recombination 

(recombination unit)” (Fehr, 1987).  Parental control values range from 0.5 to 2, depending on 

the selection method and control of the parents for the recurrent population. 

Parental control is set to c = 0.5 when the selection unit is the same as the recombination unit 

and only the female parent is selected (Fehr, 1987). This is typical for phenotypic recurrent 

selection when female plants are selected after pollination, and the maternal seed for the 

recurrent population has been pollinated by selected and unselected males in the population 

(i.e. control of one sex only) (Fehr, 1987).  

Parental control is set to c = 1 when the selection unit is the same as the recombination unit 

and both parents are selected (i.e. control of both sexes) (Fehr, 1987). This is applicable to 

phenotypic recurrent selection when female parents are selected before pollination and moved 

to a separate isolation block for half-sib selection, when remnant half-sib seed is used for 

recombination, for full-sib family selection, and for selfed families (Fehr, 1987).   

Parental control is set to c = 2 when the selection and recombination units are not the same 

(Fehr, 1987). This is only applicable to HSPT when clones of selected genotypes (parental 

unit) are used for recombination after a progeny test is carried out with their respective 

maternal half-sib seed.  

Table 2.1 Methods of intrapopulation improvement (adapted from (Fehr, 1987; Posselt, 
2010) 

       
     

  
Method SU TU RU c   

    
    

    
  

Mass Selection Plant Plant Population ½ 1 1 0 0 
Mass Selection* Plant Plant Plant 1 1 1 0 0 
HSF Fam Plot HSSeed 1 ¼ 0 ¾† 1† 
HSPT Fam Plot HSParent 2 ¼ 0 ¾† 1† 
AWF-HS Plant Plant HSPlant 1 ¼ 0 ¾ 1 
AWF-HS+MFS Plant Plant HSPlant 1 ¼ + ¼ 0 ½ 1 
FSF Fam Plot FSSeed 1 ½ ¼ ½† ¾† 
AWF-FS Plant Plant FSPlant 1 ½ ¼ ½ ¾ 
SU – selection unit, TU – test/evaluation unit, RU – recombination unit, c – parental control, 

  
 - genetic variability among individuals or families,    

 - genetic variability within families, 

  
 - additive genetic variance,    - dominance genetic variance, * - recombination in a 
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separate isolation block (pollen control of both male and female gametes), † - within family 

variation cannot be utilised, HSF – half-sib family selection, HSPT – half-sib progeny 

trialling, AWF-HS – among-and-within-half-sib-family selection, AWF-HS+MFS – among-

half-sib-and-within-molecular-marker-determined-full-sib-family selection, FSF – full-sib 

family selection, AWF-FS – among-and-within-full-sib-family selection. 

2.5.3.2 Effective population size 

Effective population size (Ne) is a function of breeding populations where inbreeding levels 

are applicable. Hallauer and Mirander (1981) demonstrated that comparisons among breeding 

methods could be done on either Ne or on the basis of equal selection intensity. Effective 

population size is different for various breeding methods, depending on the relationship 

among related individuals (for further explanation on the relative levels of inbreeding per 

cycle see Posselt (2010)). Short term breeding programmes favour selection intensity, whilst 

long term breeding programs focus on Ne (Posselt, 2010). 

2.5.3.3 Genotype × environment interactions 

The performance of plants reflects their genotype, their environmental conditions and the 

interplay between both. Problematically the contribution of genes that account for the 

quantitative variation of a trait change across test environments, which often causes genotypes 

to re-rank in their relative performance (Cooper et al., 1993; Jahufer et al., 2002). From a 

breeding perspective, the re-ranking of genotypes across environments is a fundamental 

problem when breeding for broad adaptation (Eisemann et al., 1990). The understanding of 

both the magnitude and consequences of G ×E interactions for selection provides breeders 

with a platform to ensure the most efficient breeding strategy is utilised to mitigate these 

limitations (Jahufer et al., 2002). 

The large extent of ecological variation among forage environments requires breeders to 

evaluate breeding material in multiple environments (Posselt, 2010). Analyses of G × E 

interactions are usually confined to family based selection methods, where families are 

evaluated across a set of environments. Whilst clonal replication can also achieve G × E 

estimates in phenotypic recurrent selection methods, clonal replication is unlikely to be used 

on a routine basis for a large number of plants due to excessive time and expense (Casler and 

Brummer, 2008). 

In white clover, a range of genotype × environment interactions have been reported in a 

relatively limited number of studies (Caradus et al., 1993; Jahufer et al., 1999; Jahufer et al., 
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2009; Jahufer et al., 2013), which demonstrate the requirement for multi-season and multi-

year testing to identify superior genotypes for most agronomic traits.  

2.5.4 Types of cultivars  

Due to both the obligate outcrossing nature of most forage species and their primarily additive 

gene action for most agronomic traits (Breese and Hayward, 1972), forage cultivars tend to be 

either open pollinated varieties or synthetic varieties. While the use of conventional synthetics 

capture an appreciable amount of heterosis (Allard, 1960), no major attempts have been made 

to capture higher proportions through the use of hybrids despite considerable attention 

(Brummer, 1999).  The use of hybrids which capture specific combining ability as well as 

good general combining ability have been proposed for forage species using population 

hybrids (50% (Barrett et al., 2010) and 75% hybrids (Riday and Krohn, 2010)) and F1 hybrids 

(Michaelson-Yeates et al., 1997).  

2.5.5 Current breeding methodology in white clover 

The fundamental concept of plant improvement is selecting appropriate genotypes that 

possess characteristics that determine adaption and agronomic performance in the target 

environment. Unlike crop species where the major breeding objective is to increase grain 

yield, the objective in white clover breeding is not to solely maximise yield in a monoculture 

environment but instead to produce a balanced sward with a companion grass species and 

maintain a reliable, consistent white clover contribution which improves economic returns 

from animal products (Abberton and Marshall, 2005; Jahufer et al., 2002). 

Progress in early white clover breeding programmes was achieved through improving 

performance within existing ecotypes. Cultivars such as Grasslands Huia proved to be 

commercially successful for several decades. Superseding cultivars were the result of 

hybridising persistent ecotypes with more agronomic imported material. The extent of 

variation within a particular breeding pool has not been large enough to allow rapid gains 

under selection for desired improvements, and the use of ex situ genetic resources has been 

critical in the development of new varieties (Abberton and Thomas, 2011). The development 

of adapted breeding pools paved the way for phenotypic recurrent selection programmes 

which by in large has become the most widely adopted breeding practice (Woodfield and 

Caradus, 1994). 

The breeding success of a white clover cultivar is dependent on the selection criteria used in 

the programme, while simultaneously utilising realistic evaluation systems which simulate its 
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intended farming environment (Evans et al., 1996). Mixed species pasture swards make sole 

improvement of the individual species challenging. Caradus et al. (1989) evaluated the 

relative merits of both mono-sward spaced-planted nurseries and small mixed species plot 

trials. Highly heritable traits such as leaf size showed significant correlation across a range of 

culture conditions due to the limited environment interaction of this trait. However, traits with 

low heritability such as agronomic performance showed poor correlation between spaced 

plant and mixed species plot trials (Caradus et al., 1989; Davies, 1970; Davies and Tyler, 

1961).   

Spaced planted trials have been considered to be relatively unreliable for estimates of 

agronomic performance (Atwood and Garber, 1942; Davies and Tyler, 1961; Gibson, 1964). 

However, assessment of elite individuals is the basis of plant improvement. Caradus et al. 

(1989) suggested that although performance of mixed species plots cannot be adequately 

predicted from spaced planted trials, there is reasonable correlation between top performing 

lines in spaced plant nurseries and top performing lines in mixed species plots to justify the 

use of a such a system in certain circumstances.  However, undoubtedly the progressive 

movement in the mid to late 20th century to evaluating material in competitive swards has 

enhanced the ability of breeders to identify superior genotypes and populations (Woodfield 

and Caradus, 1994). 

Variation in trial defoliation management between breeding programmes is well documented. 

Conclusive evidence demonstrates cultivar performance under cutting does not accurately 

reflect cultivar performance under intensive grazing (Dijkstra and Vos, 1972; Evans et al., 

1992). Woodfield and Caradus (1994) suggested breeding programmes which continue to use 

mechanical defoliation may in fact degrade the agronomic performance of breeding material.   

The progress made in white clover over the past century has been largely attributed to the use 

of progressively more realistic screening and evaluation methods and to the maintenance of a 

wide genetic base (Woodfield and Caradus, 1994).   

2.5.6 Breeding progress in white clover 

Conventional plant breeding has steadily delivered improved white clover performance in 

New Zealand pastoral systems (Woodfield and Easton, 2004).  The improvement of white 

clover performance lies between 6% to 15 % per decade, although the extent of improvement 

varies among clover leaf types (Woodfield, 1999; Woodfield and Caradus, 1994). 
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In comparison, the reported genetic gains in other forage crops including perennial ryegrass 

(Lolium perenne), Italian ryegrass (Lolium multiflorum Lam) and alfalfa (Medicago sativa L.) 

are similar or inferior (Hill et al., 1988; Holland and Bingham, 1994; Vanwijk and Reheul, 

1991). In alfalfa, tetrasomic inheritance limits the speed of genetic gain, given the increased 

number of possible allelic combinations at a single heterozygous locus (Hill et al., 1988).  The 

gains achieved in white clover are the result of accumulating genes with improved yield 

potential, as well as reducing the effects of yield limiting factors (Woodfield et al., 2001).  

While genetic gains are superior for white clover within forage species, they are markedly 

lower than in many cereal species. Casler & Brummer (2008) summarised several reasons for 

the yield lag in forage crops relative to gain crops which included (i) a longer breeding cycle 

for forage crops, most of which are perennials, (ii) lack of a “harvest index” trait to aid dry-

matter partitioning into the economic product, (iii) inability to exploit heterosis in commercial 

cultivars, and (iv) the focus on a wide array of economically important traits of forage crops, 

many which are not specially correlated or may even be negatively correlated with forage 

yield. The latter is well documented where selection response rapidly decreases as the number 

of uncorrelated traits increases (Fehr, 1987). 

A considerable drawback with all forage species is the manipulation of harvest index. 

Whereas the harvest index in crop species can be subtly manipulated by partitioning more 

photosynthates to the grain at the expense of vegetative production, the harvest index in 

forage species is the total above ground biomass and only moderate changes in harvest index 

are possible through the redistribution of resources from the roots to shoots (Woodfield and 

Caradus, 1990).   

While short term forage yield is important, it is not always considered first priority in white 

clover. White clover and perennial ryegrass swards may be used profitably for a number of 

years and reliability over time of the white clover contribution is more of a key concern of the 

farmer and, therefore, the breeder (Abberton and Marshall, 2010). Importantly, clover 

contribution in grazed swards is directly related to animal live weight gain (Chapman et al., 

1993). Increased animal performance has been the main objective in most white clover 

breeding programmes and therefore its associated parameters have become important 

breeding selection criteria (Woodfield and Caradus, 1994). These attributes include clover 

content in the sward, total sward yield, persistence and forage quality.    

White clover persistence is a key focus of most international breeding programmes. The 

development of a strong network of stolons is a pre-requisite of persistence and therefore 
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stolon characters have been a major focus of breeding efforts (Abberton and Marshall, 2010). 

The breaking of the negative correlation between leaf size and stolon density has long been a 

goal of breeders in an effort to increase persistence in larger more productive leaf cultivars 

(Woodfield and Caradus, 1994). Whilst winter hardiness has been of particular focus in UK 

and Scandinavia to increase persistence (Helgadottir et al., 2008), drought tolerance has long 

been a major objective in temperate environments with summer moisture stress. Progress has 

been made in both, but the latter proves somewhat more challenging. 

2.6 Plant improvement through molecular breeding 

2.6.1 Brief history and development of molecular markers 

In the last half-century, molecular markers have evolved at a significant rate. Today in 

addition to morphological markers, plant breeders have a suite of  molecular markers at their 

disposal to aid in cultivar development (Collard et al., 2005). In particular, DNA markers in 

plant breeding have opened a new realm in agriculture termed ‘molecular breeding’.  

The evolution of molecular markers in plant breeding can be traced back to the use of 

isozyme markers, which were an assay that was based on protein variants in enzymes. The 

variants could be distinguished by gel electrophoresis according to differences in size and 

charge caused by amino-acid substitutions (Schlotterer, 2004). Problematically, isozymes 

were limited by their number of polymorphic markers and their expression was influenced by 

both environmental and plant developmental changes (Schlotterer, 2004). A more direct 

molecular marker that relied on DNA variation itself, rather than variations in the 

electrophoretic mobility of proteins that the DNA encodes, paved way for the arrival of DNA 

based markers (Schlotterer, 2004).      

Variation in individuals screened with DNA markers, arise from different classes of DNA 

mutations, such as substitution mutations (point mutations), rearrangements (insertions or 

deletions) or errors in replication of tandemly repeated DNA (Collard et al., 2005). Dissimilar 

to both morphological and biochemical markers, DNA markers are nearly unlimited in 

number, they are not influenced by environmental variation, and their expression is not 

necessary for their detection (Winter and Kahl, 1995).  

The discovery and isolation of restriction endonucleases initiated the first generation of 

molecular markers termed restriction fragment length polymorphisms (RFLPs). RFLPs 

allowed DNA variation to be assayed due to single base substitutions in the recognition 

sequence of a restriction enzyme, resulting in unique patterns of restriction fragments 



28 
 

(Schlotterer, 2004). RFLP markers were highly reproducible, co-dominant and conserved 

across species and genera (Koelliker et al., 2010). The main breakthrough in DNA based 

molecular markers, however  didn’t occur until the development of PCR (Saiki et al., 1985). 

For the first time, PCR enabled any genomic region to be amplified in many individuals 

without the requirement for cloning and isolating large amounts of pure genomic DNA 

(Schlotterer, 2004).  

With the innovation of PCR, a suite of PCR based markers were developed, including, SSRs, 

RAPDs, AFLP and SNPs to name the most popular. 

SSR - simple sequence repeat markers, or otherwise known as microsatellites are DNA 

markers that amplify tandemly repeated sequences that are highly polymorphic, co-dominant, 

abundant and reasonably evenly distributed throughout genomic DNA. Because DNA 

sequences flanking microsatellite regions are usually conserved among individuals, primers 

specific for these regions are designed for use in the PCR reaction (Jiang, 2013).  

RAPD - random amplified polymorphic DNA, utilise short random primer sequences that 

bind to and amplify multiple random sites in the genome. Advantageously, because the 

primers are random, no prior sequence information is required, making them useful markers 

in species which only primitive sequence data exists. Disadvantageously they are only scored 

as dominant markers (presence or absence – no information on heterozygotes)  and can 

produce inconsistent results between populations and  even laboratories (Koelliker et al., 

2010).  

AFLP - amplified fragment length polymorphism, are another anonymous DNA marker 

similar to RAPD, but relies on a more sophisticated technique of detection  that has high 

reproducibility and better transferability (Koelliker et al., 2010). They are based on the 

selective PCR amplification of restricted fragments from a double digest of genomic DNA 

under high stringency conditions (Jiang, 2013). They tend to be difficult to score for co-

dominance, so they are often treated as dominant markers (Koelliker et al., 2010). In all cases, 

PCR amplification yields multiple bands that show a presence/absence of variation among 

individuals (Schlotterer, 2004).  

SNP – single nucleotide polymorphism, are markers based on single base pair changes in a 

DNA sequence. Their high abundance, high polymorphism rate, low cost and suitability for 

high throughput analyses, make them an ideal molecular marker candidate in breeding 

programs.   
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2.6.2 Application of molecular markers in forage plant breeding 

The evolution of molecular markers has enabled the construction of linkage maps in many 

forage species. The first linkage map was published for diploid lucerne (Brummer et al., 

1993), and since then, linkage maps for other major forage species including  ryegrass (King 

et al., 2013), meadow fescue (Alm et al., 2003), tall fescue (Saha et al., 2005) and  red clover 

(Isobe et al., 2009) have been published. In white clover, numerous genetic linkage maps have 

been published (Barrett et al., 2004; Cogan et al., 2006; Griffiths et al., 2013; Jones et al., 

2003; Zhang et al., 2007) and an array of genetic markers are available on the public domain. 

Construction of linkage maps has consequently led to the identification of chromosomal 

regions that contain genes controlling simple (traits controlled by a single gene) and 

quantitative traits (QTLs - traits controlled by multiple genes) (Collard et al., 2005). 

Notable examples of QTL traits in white clover include seed yield (Barrett et al., 2009; Barrett 

et al., 2005), forage yield (Jahufer et al., 2012) and stolon characteristics (Faville et al., 2012). 

Although many QTL’s have been identified for numerous traits in forage species, the great 

majority of these have not been integrated in cultivar development programs (Brummer, 

2013). Over the past decade, the adoption of QTL based breeding in forages has been 

hamstrung by several reasons including poor marker resources and maps in some species, 

implementation costs, poor transfer of application from bi-parental populations to large scale 

breeding populations and ultimately the difficultly in integrating markers for several QTL into 

synthetic cultivar development programs (Bouton, 2010; Brummer, 2013; Riday, 2011). 

Recent advances in genomic tools and techniques, such as genotype-by-sequencing (GBS) 

and genomic selection (GS) respectively, are perhaps resolving some of the issues described 

above (Brummer, 2013). The adoption of GS in forages, enables focus to be broadened from 

pyramiding several individual QTL’s, to assigning aggregate breeding values to plants based 

on entire genomes within elite breeding populations (Brummer, 2013). GS promises to offer 

improved capture of QTLs with small effects, reduce phenotyping, and perhaps the most 

exciting, multiple cycles of selection within the same time frame as a single phenotypic cycle 

of selection; improving genetic gain per unit of time (Bouton, 2010; Brummer, 2013). Whilst 

GS offers considerable promise in major forage species of high economic value such as 

perennial ryegrass, minor species, in resource limited programs are unlikely to profit from GS 

technology. 

In such species, the roles and implementation of more simplistic marker tools are worthy. 

Notable examples include the characterisation and use of the self-incompatibility molecular 
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markers in red clover to help harness hybrid cultivar development (Riday and Krohn, 2010), 

the use of paternity testing in red clover to increase genetic gain in plant vigour (Riday, 2011) 

and seed yield (Vleugels et al., 2014), and paternity testing in lucerne to  mitigate or utilise 

self-fertilisation and inbreeding (Riday et al., 2015; Riday et al., 2013). In addition, the use of 

markers to assess the level of diversity within germplasm and cultivars such as those within 

white clover (George et al., 2006; Kolliker et al., 2001), is an invaluable breeding tool.  

2.7 Estimating genetic parameters and genetic gain computations 

2.7.1 Expected gain computations 

The ideal scenario to compare alternative breeding methods would be to empirically measure 

realised genetic gain in terms of the mean performance of a population among a range of 

different breeding methods. Problematically, the direct comparisons of breeding method 

efficiencies are time consuming, laborious and in most cases far beyond practicality for most 

species. Maize is one of a few exceptions, where alternative breeding methods have been 

compared empirically (Weyhrich et al., 1998). In forage species however, and in most other 

species, a common way for breeders to access the merits of alternative breeding methods is to 

compute the amount of genetic gain using mathematical equations listed in the previous 

sections (Fehr, 1987). These mathematical equations or prediction models are run using 

genetic parameters estimated from random mating populations to estimate their theoretical 

response to selection.  

2.7.2 Mating designs 

In order to simulate the expected genetic gain per cycle or per year for various breeding 

methods, accurate estimates of genetic parameters are required from a random mating 

population using specifically designed mating designs. Parameters of interest include those 

that contribute to environmental variance and those that contribute to genetic variance      

   
     

     
 ); where     is the genetic variance,     is the additive variance,     is the 

dominance variance, and     is the epistasis variance (Hallauer et al., 2010b).  

Mating designs generate progenies that are evaluated for the estimation of components of 

variance. With known relationships among relatives (families), the components of variances 

can be translated into components of genetic variance using the known covariance’s among 

relatives that are specific to the mating design (Hallauer et al., 2010b). These genetic 

parameters can then be used to predict the response to selection.  
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Progenies should be evaluated over a set of environments with appropriate experimental 

designs in order to estimate not only components of genetic variation, but also components of 

environmental variance (Hallauer et al., 2010b). Using appropriate experimental designs 

combined with multi-site trials will further improve the estimates of genetic variance by the 

separation of non-genetic variation such as genotype × environment interaction and sampling 

error. 

2.7.2.1 Assumptions of mating designs 

In order to adequately interpret the genetic parameters estimated from mating designs, the 

following assumptions about the sampled population are necessary (Hallauer et al., 2010b); 

1) Normal Mendelian diploid inheritance 

2) No maternal effects 

3) Linkage equilibrium 

4) Non-inbred relatives 

5) Random selection of parents and relatives 

6) No correlation of environmental effects with relatives 

7) No epistasis 

8) Arbitrary allelic frequencies 

2.7.3 Genetic experiments in white clover 

Genetic parameters such as heritability have been estimated for a number of key traits in 

white clover. The use of clonally replicated genotypes to estimate broad sense heritabilities of 

morphological attributes in white clover have been routinely practiced (Annicchiarico and 

Piano, 1995; Caradus and Woodfield, 1990; Lee et al., 1993; Rowe and Brink, 1993; 

Woodfield and Caradus, 1990).  To a lesser extent, estimates of narrow sense heritabilities in 

white clover have also been conducted using parent offspring regression, correlation analysis 

and regression analysis of progeny (Annicchiarico et al., 1999; Caradus and Chapman, 1996; 

Woodfield and Caradus, 1990).  

Despite the high frequency of studies reporting heritability estimates, relatively few estimates 

have been obtained from random mating populations that have been evaluated across multiple 
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environments using mating designs intended to partition additive and non-additive genetic 

effects. Subsequently, information on the relative importance of additive and non-additive 

genetic effects for key traits is limited in white clover (Jahufer et al., 2002). Notable 

exceptions in white clover include the investigation of floral attributes (Hill et al., 1989), the 

investigation of combining ability for response to phosphorus (Caradus et al., 1992), and the 

investigation of inter-specific competition on the inheritance of white clover agronomic traits 

(Hill, 1993; Hill and Michaelson-Yeates, 1987); all of which used the diallel mating design.     

Jahufer, et al. (2002) suggested that the use of structured mating designs such as the North 

Carolina designs (Comstock and Robinson, 1948) will enable the estimation of the relative 

contributions of both additive and non-additive effects to total genetic variation for agronomic 

traits regulating vegetative persistence and herbage yield.  

In other forage species, the relative proportion of additive to non-additive genetic variation is 

also limited, although crude estimates have been reported in ryegrass (Breese and Hayward, 

1972), tall fescue (Piano et al., 2007), meadow fescue (Simonsen, 1977), lucerne (Riday and 

Brummer, 2002a; Riday and Brummer, 2002b; Riday et al., 2002) and switchgrass (Bhandari 

et al., 2010). 

The advances in heritability parameters and analysis of genotype × environment interactions 

have helped to provide more accurately defined breeding objectives and strategies for white 

clover improvement in target environments (Ayres et al., 2007). The recent development of 

Grasslands Trophy for Australian dryland pasture environments is a relevant example (Ayres 

et al., 2007). 

2.8 Summary 

From the review of the literature, the following conclusions can be made: 

 White clover is a significant keystone to the competitive advantage of New Zealand’s 

pastoral industry and warrants further plant breeding attention to continue improving 

its economic traits. 

 White clover herbage yield and vegetative persistence is often variable and limited 

between succeeding years, which is often exacerbated by summer moisture stress. 

 An understanding of the quantity and type of genetic variation governing summer 

moisture stress recovery is limited in the literature. 
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 Phenotypic recurrent selection has been the most widely adopted breeding method for 

population improvement in white clover. 

 In addition to phenotypic recurrent selection, there is other potentially more robust and 

efficient breeding methods to improve genetic gain for low heritable traits in forages. 

 The integration of molecular markers into cultivar development programs has been 

poor despite significant research and available resources for breeders. 

 The lack of genetic experiments conducted across multiple environments and random 

mating populations limits the ability for breeders to estimate the relative efficiencies 

of different breeding methods in white clover. 

 The lack of genetic experiments conducted in random mating populations of white 

clover hinders the understanding of the relative contributions of additive and non-

additive genetic variation for most agronomic traits. 

In addition to the above review of the literature, supplementary reviews are also provided with 

each results chapter (introduction). These introductions refine the literature relevant to each 

chapter, and provide more detailed discussions. 



 

34 
 

Chapter 3 
Generation of half-sib and full-sib families 

3.1 Introduction 

Plant breeders are focused on increasing the frequency of favourable alleles associated with 

target traits to maximize genetic gain. This is achieved through the application of a range of 

different breeding strategies, dependent on the mode of mating, self or cross pollination. 

White clover (Trifolium repens) is an obligate outcrossing perennial due to its gametophytic 

self-incompatibility mechanism (Brewbaker, 1954), and requires cross pollination via insect 

mediated pollinators. Honey bees (Apis mellifera L.) are the main pollinators of white clover, 

although in New Zealand, plant breeders often use bumble bees (Bombus sp.) to facilitate 

pollination due to their ease of management in isolation cages (Williams, 1987). 

Controlled crosses amongst a select group or pairs of genotypes are facilitated by breeders 

using either hand or bee mediated techniques. Hand pollination entails the pollen of a 

compatible genotype(s) being deposited on the stigma of a target floret using a small brush, a 

toothpick or even a dehiscing anther held in tweezers (Williams, 1987). Often a time 

opportunity cost is associated with this method and in resource-limited programmes and in 

polycrosses, more effective crossing is achieved via bee pollination. Pollination using bees is 

usually conducted in isolated facilities to eliminate the immigration of pollen from foreign 

sources. 

A method regularly used to inter-pollinate white clover genotypes was described by Williams 

(1987), whereby wild bumble bees are caught, rinsed with luke-warm water and released into 

isolation cages surrounded with bee-proof mesh. Rinsing the bees with luke-warm water 

removes any residual white clover pollen by bursting the pollen grains upon contact. The 

technique provides quick, cheap and readily accessible pollinators. Despite the techniques’ 

robustness, care must still be taken to identify self-fertile or male sterile genotypes within 

crosses to avoid inbreeding depression. To the authors knowledge, only one study (Atwood, 

1943) has investigated outcrossing and self-fertilisation rates within isolated cages for bi-

parental white clover progenies pollinated by bumble bees.     

Some studies (MichaelsonYeates et al., 1997; Riday et al., 2013) have also investigated the 

pollen distribution by bees using non-bias analysis methods within forage legume species 

polycrosses, including white clover. Polycross mating designs have been extensively used by 

http://en.wikipedia.org/wiki/Bombus_terrestris
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forage breeders to generate half-sib families for evaluation (Vogel and Pedersen, 1993).  

Evaluation of half-sib families enables identification of parental general combining ability 

(Fehr, 1987). In order to evaluate half-sib families, breeders assume random mating occurs 

among the half-sib parents, whereby the tester pollen source is an equal heterogeneous 

mixture of pollen from each contributing paternal genotype. Recent advances in molecular 

techniques now allow breeders to test this assumption.    

This chapter reports on the: (i) success of using wild bumble bees (Bombus sp.) for generating 

bi-parental progenies and their associated outcrossing, self-fertilisation and contamination 

rates, (ii) success of using wild bumble bees for generating half-sib family progenies and their 

associated outcrossing, self-fertilisation and contamination rates, and (iii) the distribution of 

pollen within isolated polycross cages using paternity testing and the implications this has on 

downstream breeding applications. 

3.2 Materials and methods 

3.2.1 Experimental site  

All crosses for the generation of progeny evaluated in the reported studies were carried out at 

AgResearch Grasslands, Palmerston North, New Zealand in the summer of 2011. The 

isolation cages for both the polycrosses and bi-parental crosses consisted of bee-proof mesh 

supported by aluminium frames. The cages were secured to a concrete floor and overlaid with 

capillary carpet to distribute moisture from a trickle-feed irrigation system which ensured a 

continuous supply of water to the potted flowering plants. 

3.2.2 Germplasm  

In 2003, ten genotypes from five germplasm accessions (cv. Tribute, cv. Saracen, cv. Trophy 

and two Waikato ecotypes) were polycrossed by bumble bees under isolation in cages to 

produce F1 generation progeny. Equal numbers of seeds from each of the individual plants 

used in the polycross were mixed together to constitute a balanced bulk of the F1 generation 

and the seed was stored at 4oC. In 2008, 80 randomly sampled genotypes that were grown 

from the F1 generation balanced bulk were subjected to a second round of random mating to 

reduce linkage disequilibrium and achieve Hardy-Weinberg equilibrium (Fehr, 1987). Equal 

seed quantities from each of the maternal F2 generation half-sibs were combined to form an F2 

generation balanced bulk which was stored in a refrigeration unit at 4oC. In June 2011, 225 

seeds were randomly sampled from the F2 generation balanced bulk, scarified using 150 grit 
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sandpaper, and planted at a depth of 0.5 cm into root-trainers containing a seed raising potting 

mix. The population was established in a glasshouse for five weeks. The glasshouse had a 

minimum temperature of 13oC and a maximum temperature of 25oC.   

3.2.2.1 Polycross germplasm 

Five weeks after establishment, 70 randomly selected plants from the original 225 were 

transplanted from root-trainers to PB 1 ½ planter bags (1 L) containing a peat and sand mix 

with a three month slow release Osmocote fertiliser (Everris International B.V) and 

maintained under glasshouse conditions. On 31/08/2011 two stolon growing points (≥25mm) 

from each parental genotype were cut and transplanted into 300mm × 500mm trays at 

AgResearch Grasslands, Palmerston North. The stolon cuttings were maintained under 

glasshouse conditions for a further three weeks before being transplanted into PB3 (1.7 L) 

planter bags and simultaneously transferred onto a well-drained concrete area outside. 

3.2.2.2 Bi-parental crosses germplasm (North Carolina I mating design) 

Bi-parental crosses were carried out according to the North Carolina I mating design proposed 

by Comstock and Robinson (1948), where ten genotypes nominated as ‘males’ were mated to 

a different set of four genotypes each nominated as ‘females’ (Figure 3.2). The mating design 

produced four full-sib families per ‘male’, a total of ten half-sib families (male parent in 

common), and 40 full-sib families among ‘males’. 

3.2.2.2.1 Males 

The methodology as described in 3.2.2.1 was used to propagate four stolon cuttings for each 

of the ‘male’ bi-parental progeny parents on 31/08/2011.  

3.2.2.2.2 Females 

On the 31/08/2011, 50 random plants from the remaining 225 were transplanted from root-

trainers to PB 3 (1.7 L) planter bags containing a peat and sand mix with a three month slow 

release Osmocote fertiliser. The plants were transferred to an outside concrete area at 

AgResearch Grasslands, Palmerston North. 

3.2.3 Mating designs and seed harvesting 

3.2.3.1 Polycross 

In mid-November 2011, 20 randomly genotypes and their duplicate clone were transferred 

into a glasshouse at AgResearch Grasslands to encourage prolific and synchronised flowering. 
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On 5/12/2011, the clones from each of the 20 genotypes were placed into two separate 

isolation cages, measuring 1830 × 1830 × 1830 mm. Plants were placed at 30cm intervals 

horizontally and 40cm vertically. Each isolation cage contained one clone of each genotype in 

a randomised position as shown in Figure 3.1.   

 

Figure 3.1 Polycross isolation cage layout. Numbers represent individual genotypes. 
Each genotype is represented by a single clone in each cage. 

Ten wild bumble bees (Bombus sp.) were caught from nearby flower gardens, rinsed with 

clean warm water and introduced into each isolation cage. The bubble bees were monitored 

daily and new bees were introduced to replace any that had died. Pollination commenced on 

the 5/12/2011 and continued until the 13/01/12. After pollination, the clones were removed 

from their respective isolation cages and placed in a bee-free glasshouse. Seed heads were 

harvested four weeks from the last day of pollination to allow inflorescences to mature. Seed 

harvested from each plant was maintained separately.  

 

Plate 3.1 White clover flowering clones inside isolation cage 1 during pollination. 

http://en.wikipedia.org/wiki/Bombus_terrestris
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3.2.3.2 Bi-parental crosses (North Carolina I mating design) 

In mid-November 2011, ten randomly selected sets of ‘male’ clones (10 genotypes × 4 

clones) were transferred into a glasshouse at AgResearch Grasslands to encourage prolific and 

synchronised flowering. In addition, 40 genotypes designated as ‘females’ were transferred 

into the glasshouse to synchronise flowering with the ‘male’ parents. In December 2011, the 

crosses were carried out according to the North Carolina I mating design structure (Comstock 

and Robinson, 1948). The 40 ‘male’ clones were placed into separate 860 × 630 × 470 mm 

(height, depth, and width respectively) isolation cages with a randomly selected single 

‘female’ plant. Four clones of each ‘male’ enabled four separate bi-parental crosses per ‘male’ 

genotype, in four different isolation cages (Figure 3.2). 

 

Randomly selected ‘male’ parents Randomly selected ‘female’ parents  Progeny 

     F1      M1F1 

     F2      M1F2 

M1     F3      M1F3 

     F4      M1F4 

     F5      M2F5 

     F6      M2F6 

M2     F7      M2F7 

     F8      M2F8 

……     ….      …… 

     F37      M10F37 

     F38      M10F38 

M10     F39      M10F39 

     F40      M10F40 

Figure 3.2 Derivation of progenies in a North Carolina I mating design. Each ‘male’ 
parent was crossed to different ‘female’ parents from the same population. 
Illustration adapted from Fehr (1987). 

Population 
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One wild bumble bee was caught, rinsed with clean warm water and introduced into each 

‘male’ × ‘female’ isolation cage. The bumble bees were monitored daily and new bumble 

bees were introduced if existing bumble bees had died. Pollination continued for three weeks. 

The mating design produced four full-sib families per ‘male’, a total of ten half-sib families 

(‘male’ parent in common), and forty full-sib families. Post pollination, plants were removed 

from the isolation cages and transferred to a bee-proof glasshouse. Seed heads were harvested 

four weeks from the last day of pollination to allow inflorescences to mature. 

3.2.4 Seed preparation  

Harvested mature seed heads (≥ 28 days old) from both polycross and bi-parental plants were 

manually threshed, cleaned, their seed weight recorded and stored at 4oC. Seed harvested 

from each full and half-sib family was maintained separately.  

3.2.4.1 Polycross progeny 

In April 2012 0.05g of seed per maternal clone was scarified with 150 grit sand-paper, 

distributed evenly into petri-dishes containing pre-moistened filter paper, and incubated at 

20oC for 16 hours. Forty germinated seedlings were transplanted into root-trainers at a depth 

of 0.5cm containing a peat and sand mix with a three month slow release Osmocote fertiliser 

and maintained under glasshouse conditions. Maternal half-sib families 14 and 20 had 

insufficient seed in one of their two maternal clones to germinate 40 seedlings per clone. To 

germinate a total of 80 seeds per maternal half-sib in families 14 and 20, extra seed was 

germinated from the highest seed yielding clone.  

 

Plate 3.2     Pre (A) and post (B) incubation of white clover maternal half-sib seed. 

(A) (B) 
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3.2.4.2 Bi-parental crosses 

In May 2013, 0.1g maternal seed from one randomly selected full-sib family per ‘male’ half-

sib family (‘male’ parent in common) was scarified with 150 grit sand-paper, distributed 

evenly into petri-dishes containing pre-moistened filter paper, and incubated at 20oC for 16 

hours. After germination, 60 seedlings were immediately transplanted into 300 mm × 500 mm 

propagation trays containing a mix of peat and sand with a three month slow release 

Osmocote fertiliser and maintained under glasshouse conditions. 

3.2.5 Paternity testing 

DNA extractions, marker selection, PCR, paternity analysis and assignment are discussed in 

Chapter 4. Chapter 4 was run concurrently with this chapter, but focused on the details of the 

molecular biology methodologies.  

3.2.6 Statistical analyses 

Statistical analyses were carried out using Genstat v14 (GenStat, 2003). Cross-pollinated and 

self-pollinated percentages among maternal clones were calculated using proportional 

statistics. Goodness of fit tests were used to test whether the adjusted observed progeny 

counts differed significantly from the expected progeny counts among paternal half-sib 

families. The number of paternity determined progeny per parental genotype was plotted 

against their respective seed yield, and a linear regression model was used to fit a straight line 

to the data (Figure 3.4). Likewise, a linear regression model was used for Appendix A.2, 

where the number of harvested inflorescences per clone was plotted against their respective 

seed yield. A linear model was used for Appendix A.3, where the number of inflorescences 

per clone was plotted against the number of their respective paternal progeny.  

To account for unequal maternal sampling and paternal assignment for each maternal half-sib 

clone, observed progeny counts for each paternal genotype were adjusted accordingly (Riday 

et al., 2013). Logarithmic models were used to fit curves (Figures 3.5 and Appendix A.1), 

where the distance of pollen donors from recipient maternal parents were plotted against the 

mean adjusted observed progeny counts per full-sib family and the adjusted observed progeny 

counts per full-sib family, respectively. Negative logarithmic models were used to fit curves 

to Figures 3.7 and 3.8 where the accumulated paternal contribution of recipient maternal 

parent half-sib progeny (%) was plotted against the distance of pollen donors from recipient 

maternal parents and number of paternal parents, respectively. Exponential models were used 
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to fit curves to Figure 3.6, where the distance of pollen donors from recipient maternal parents 

were plotted against total observed progeny counts per full-sib family. 

3.3 Results 

3.3.1 Polycross seed yields 

Seed yields for each maternal clone ranged from 0.04 g to 6.82 g plant-1 in isolation cage 1 

(0.18 to 30.39 % of the cages total seed yield) (Figure 3.3), with a mean of 1.12 g plant-1 and a 

median of 0.47 g plant-1. In isolation cage 2, seed yields for each maternal clone ranged from 

0.07 g to 2.62 g plant-1 (0.44 to 16.6 % of the cages total seed yield) (Figure 3.3) with a mean 

of 0.79 g plant-1 and a median of 0.71 g plant-1.   

 

Figure 3.3 Seed yield and number of paternal progeny counts of 20 white clover half-sib 
families generated in two isolated polycrosses pollinated by bumble bees 
(Bombus sp.). Seed yield and adjusted observed progeny counts are presented 
as a percentage relative to the total seed yield and total adjusted observed 
progeny per isolation cage.  

Observed progeny counts for each paternal genotype ranged from 1 to 84 in isolation cage 1 

and 1 to 69 in isolation cage 2, although a true measurement of observed progeny counts per 

paternal genotype is dependent on equal sampling of all maternal genotypes (Riday et al., 
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2013). Adjusted observed progeny counts for each paternal genotype ranged from 0.96 to 

81.52 in isolation cage 1 (0.16 to 13.68 % of the total assigned paternal progeny) and 0.96 to 

65.73 in isolation cage 2 (0.16 to 11.2 % of the total assigned paternal progeny) (Figure 3.3 

and Table 3.2). In both isolation cages, paternal genotype 18 had the lowest observed progeny 

counts, with only one progeny per isolation cage. 

Of the total progeny that had successfully assigned paternity (1185), 1176 were identified as 

cross-pollinated and 9 as self-pollinated (Table 3.1). No alleles other than the genotyped 

parental alleles were identified in either the successfully or unsuccessfully paternity assigned 

progeny. 

Table 3.1 Maternal parents from duplicate 20 parent white clover isolated polycrosses 
pollinated with bumble bees (Bombus sp.) Per maternal genotype; bulked 
half-sib seed (g), number of progeny assigned paternity, number of 
outcrossing progeny, outcrossing pollination %, number of self-pollinated 
progeny and % of self-pollinated progeny. 

Maternal 
genotype 

Bulked seed 
yield (g) 

Progeny 
paternity 
inferred   

Outcrossing 
progeny count 

Cross 
pollinated 
progeny % 

Selfed 
progeny 

count 

Selfed 
progeny 

%  

1 0.64 61 61 100 0 0.00 
2 1.86 63 63 100 0 0.00 
3 1.61 55 55 100 0 0.00 
4 6.21 64 63 98.4 1 1.56 
5 7.03 61 60 98.4 1 1.64 
6 2.51 56 55 98.2 1 1.79 
7 1.56 62 62 100 0 0.00 
8 1.69 55 55 100 0 0.00 
9 2.60 44 41 93.2 3 6.80 

10 0.63 61 61 100 0 0.00 
11 0.49 62 62 100 0 0.00 
12 0.76 62 62 100 0 0.00 
13 1.83 63 63 100 0 0.00 
14 0.78 54 54 100 0 0.00 
15 0.97 59 57 96.6 2 3.39 
16 0.66 60 60 100 0 0.00 
17 1.88 63 63 100 0 0.00 
18 3.88 59 59 100 0 0.00 
19 0.17 59 59 100 0 0.00 
20 0.47 62 61 98.4 1 1.61 

Total 38.23 1185 1176 99.24 9 0.76 
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3.3.2 Maternal seed yield and pollen contribution 

There was a positive linear relationship (P < 0.0001) between maternal seed yield and the 

number of adjusted observed paternal progeny counts (Figure 3.4). Excluding the low siring 

parent genotype 18, the regression co-efficient strengthened to 0.54. Genotypes with more 

flowers also tended to have higher maternal seed yields (P <0.0001) (Appendix A.2). There 

was a linear relationship between the number of harvested inflorescences per plant (clone) and 

the number of paternal parents per half-sib family (P < 0.05) (Appendix A.3). 

 

Figure 3.4 Relationship between seed yield per clone and the number of progeny sired in 
two 20 parent white clover polycrosses pollinated by bumble bees. 

3.3.3 Paternal outcrossing counts 

The adjusted observed progeny counts among paternal genotypes were not uniform in both 

isolation cages. Adjusted observed outcross paternal progeny in each isolation cage deviated 

(χ2 test, P < 0.001) from expectation in a random mating population (Table 3.2).   
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Table 3.2 Paternal parents from duplicate 20 parent white clover isolated polycrosses 
pollinated by bumble bees (Bombus sp.). Per paternal genotype; expected 
progeny, observed progeny, adjusted observed progeny and % deviation 
from expected for all paternal assigned progeny in isolation cages one and 
two. 

  Paternal assigned progeny (Cage 1) Paternal assigned progeny (Cage 2) 

Paternal 
genotype Expected Observed Adjusted 

observed 

% Deviation 
from 

expected 
Expected Observed Adjusted 

observed 

% Deviation 
from 

expected 
1 29.8 17 16.40 -21.60 29.45 11 9.86 -31.14 
2 29.8 30 29.37 0.34 29.45 19 21.12 -17.64 
3 29.8 39 33.83 15.53 29.45 51 48.52 36.37 
4 29.8 63 65.97 56.03 29.45 69 65.73 66.75 
5 29.8 84 81.52 91.48 29.45 23 28.40 -10.89 
6 29.8 60 75.09 50.97 29.45 43 40.53 22.87 
7 29.8 24 20.08 -9.79 29.45 50 48.35 34.68 
8 29.8 38 38.05 13.84 29.45 46 44.17 27.93 
9 29.8 47 43.54 29.03 29.45 34 33.88 7.68 
10 29.8 22 20.91 -13.16 29.45 23 22.27 -10.89 
11 29.8 43 44.41 22.28 29.45 16 18.45 -22.70 
12 29.8 18 18.20 -19.92 29.45 42 40.71 21.18 
13 29.8 17 17.53 -21.60 29.45 6 5.25 -39.58 
14 29.8 15 14.24 -24.98 29.45 35 35.84 9.37 
15 29.8 9 9.61 -35.11 29.45 28 27.15 -2.45 
16 29.8 35 35.69 8.78 29.45 23 25.95 -10.89 
17 29.8 17 14.38 -21.60 29.45 45 48.71 26.24 
18 29.8 1 0.96 -48.61 29.45 1 0.95 -48.02 
19 29.8 9 8.56 -35.11 29.45 14 13.30 -26.08 
20 29.8 8 7.64 -36.79 29.45 10 9.85 -32.83 

Total 596 596 596 - 589 589 589 - 
 

3.3.4 Pollen distribution 

The positioning of the paternal parents relative to the recipient maternal parents (within the 

two isolation cages) influenced outcrossing success. Paternal parents that were closer in 

proximity to the recipient maternal parents had higher adjusted full-sib family progeny counts 

than paternal parents at further distances (P < 0.0001) (Appendix A.1). Transforming the raw 

data to means, 73% and 64% of the variation among full-sib family progeny counts was 

explained by the distance of the paternal parent relative to the recipient maternal parent (also 

referred to as inter-full-sib parent pollination distance (Riday et al., 2013)) in the isolation 

cages, respectively (Figure 3.5).  

Due to the polycross dimensions and plant arrangement within the isolation cages (rectangle), 

a higher frequency of full-sib combinations existed at closer inter-full-sib parent pollination 
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distances than at further distances within the isolation cages (see number of data points per 

distance in Appendix A.1). To demonstrate the pollination pattern within the isolation cages 

without ignoring these frequency discrepancies, total adjusted full-sib family progeny counts 

were plotted against inter-full-sib family distance (Figure 3.6). An exponential model fitted to 

the data (Figure 3.6) revealed a compounding effect where the total number of outcross full-

sib progeny at each distance was a function of both the distance of paternal parents from 

recipient maternal parents and the number of paternal parents at each increasing distance. 



 

46 
 

 

Figure 3.5 Mean adjusted (for unequal maternal sampling) observed outcross progeny 
counts per white clover full-sib family plotted against distance of pollen 
donors from recipient maternal parents in isolation cage 1 (A) and cage 2 (B). 

Almost 50% of maternal half-sib seed was fertilized by paternal parents within a 50 cm radius 

in both isolation cages and almost 80% of maternal half-sib seed was fertilized by parental 

parents within a 100 cm radius in both isolation cages (Figure 3.7). A strong positive 

relationship between pollen donor distance from the recipient maternal parents and the 
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paternal contribution to maternal seed yield was evident in both isolation cages (P < 0.0001; 

R2 = 0.65 and R2 = 0.69) (Figure 3.7).    

 

Figure 3.6 Total observed outcross progeny counts per white clover full-sib family 
distance plotted against distance of pollen donors from recipient maternal 
parents in isolation cage 1 (A) and cage 2 (B). 
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Figure 3.7 The accumulated siring contribution of white clover paternal parents at 
increasing pollination distances from recipient maternal parents in isolation 
cage 1 (A) and cage 2 (B). 
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paternal genotypes (Figure 3.8). The minimum and maximum number of paternal parents 

contributing to bulked maternal half-sib families was 12 and 18, respectively. On average 

80% of maternal half-sib seed was pollinated by nine or less paternal parents. 

 

Figure 3.8 Number of paternal parents and their contribution to recipient maternal 
parent’s seed yield in two separate white clover polycrosses containing 20 
genotypes (A and B) and the bulked half-sib seed from both (C). 

The number of paternal parents and their contribution to maternal half-sib progeny was only 

slightly improved by bulking individual isolation cage genotypes (Figure 3.8 and 3.9). 
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Figure 3.9 Number of paternal parents and their contribution to recipient maternal 
parent seed yield among two non-replicated white clover polycrosses (● 
isolation cage 1 and ○ isolation cage 2) and the bulked half-sib seed from both 
(▼). The dashed line represents perfect random mating with equal paternal 
contributions from all potential pollinators. 

Within each isolation cage, half-sib families had different proportions of contributing paternal 

parents. Figure 3.10 illustrates the tester pollen source was different among maternal half-sib 

families. 
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Figure 3.10Paternal contributions of 20 maternal white clover half-sib families           
generated in two non-replicated polycross isolations (isolated cage 1 (upper) 
and isolated cage 2 (lower) pollinated by bumble bees).  

3.3.6 Pair-cross seed yields 

Seed yields from the designated female parent of the forty bi-parental crosses ranged from 

0.1g to 2.85 g plant-1, with a mean of 1.04 g plant-1 and a median of 0.77 g plant-1. From the 

506 progeny sampled, representing 10 random full-sib families, 100% of progeny were cross 

pollinated (Table 3.3). No foreign paternal alleles or self-fertilized progeny were detected in 

any of the bi-parental germinated progeny. 
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Table 3.3 Attributes of ten randomly sampled bi-parental white clover progenies, 
showing per female parent; male parent genotype identity, seed yield (g -1 
plant), number of progeny sampled per family, number of successfully 
assigned progeny per family, outcrossing rate per family and self-fertilisation 
rate per family. 

  
          

Female 
parent 

Male 
parent 

 Seed 
yield (g) 

Progeny 
sampled 

Assigned 
paternity 

count 

Cross 
Pollinated 
progeny 

% 

Selfed 
Progeny 

%  

4 1 1.36 51 51 100% 0% 
7 2 2.23 51 51 100% 0% 
10 3 2.79 51 51 100% 0% 
14 4 0.52 47 47 100% 0% 
20 5 0.58 51 51 100% 0% 
21 6 0.68 51 51 100% 0% 
25 7 0.33 51 51 100% 0% 
32 8 0.6 51 51 100% 0% 
33 9 1.9 51 51 100% 0% 
38 10 0.52 51 51 100% 0% 

Total - - 506 506 100% 0% 
 

3.4 Discussion 

3.4.1 Maternal seed yields and paternal progeny counts 

Harvested seed yields from the designated maternal genotypes of the bi-parental crosses were 

in the expected range of 0.5-2 g plant-1 (Ford, 2013). Polycross seed yields on the other hand 

were lower than expected. The lower than expected seed yields may have been due to a 

number of contributing factors including but not limited to: higher than average rainfall and 

lower than average temperatures for the month of December 2011, insufficient number of 

pollinators, crossing duration and residue insecticides. Mortality rates for bumble bees inside 

the isolation cages were not recorded, although multiple bees had to be replaced over the 

crossing period; indicating environmental conditions were not favourable. All parental clones 

had ample numbers of inflorescences to reach expected seed yields (Appendix A.2), and thus 

inflorescence density was unlikely to be a factor.  

Despite the lower than expected polycross seed yields, the technique of using wild bumble 

bees for pollination was successful. The bumble bees generated half and full sibling families 

with low and no detectable levels of self-fertilized progeny (Tables 3.1 and 3.3). The low 

levels of self-fertilization are consistent with the reported strong self-incompatibility of white 

clover (Atwood, 1940; Wright, 1939). It is important to note that no detectable levels of self-
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fertilized progeny, based on SSR marker analyses, were present in any of the sampled bi-

parental progenies. Selfed progeny can alter the co-variances among families and 

consequently bias estimated genetic variance components. Manual emasculation and hand 

crossing can be used instead of bees to ensure purity of full-sib families as reported by Jahufer 

(1999), however a drawback associated with this technique is the restriction on seed quantity 

and number of families generated due to its labour intensive requirements.   

Due to seed availability for each clone and unsuccessful paternal assignments, there was an 

uneven number of progeny per maternal clone analysed. An unbalanced number of progeny 

per maternal clone may lead to biased results (Riday et al., 2013), and therefore progeny 

counts for each paternal genotype were adjusted accordingly to remove the effect of unequal 

maternal sampling. In the presence of random mating, progeny counts should be equal among 

paternal parents; however paternal counts deviated from random mating ratios in both 

isolation cages (Table 3.2). The fluctuating range of paternal progeny counts highlights the 

extent of non-random mating within the isolation cages. It is interesting to note that genotype 

18 had only two paternal progeny among both isolation cages, indicating a degree of male 

infertility. The cause of the partial male infertility is yet to be diagnosed, but it may provide a 

valuable germplasm source for future white clover breeding programmes. 

The linear relationship between polycross maternal seed yield and paternal progeny counts 

suggests high seed yielding maternal parents also tended to have higher paternal progeny 

counts (Figure 3.4). A similar pattern was observed by Riday (2013) in a 15 parent lucerne 

(Medicago sativa L.) polycross, although the function of that relationship was primarily due 

to self-fertilization. Due to the minimal self-fertilization among parents (<1%) within this 

experiment, a likely explanation for the positive correlation in Figure 3.4 is the effect of 

higher seed yielding maternal parents having more harvested inflorescences (Appendix A.2). 

Assuming the number of inflorescences harvested at seed maturation is representative of the 

actual number of inflorescences during pollination (no counts during pollination were carried 

out) there was a positive correlation between number of inflorescences at pollination and 

success of siring offspring. In other plant species, more flowers per plant have been shown to 

increase pollinator visits (Galloway et al., 2002; Mitchell, 1994) and in some instances, 

increasing their siring success (Broyles and Wyatt, 1990). It is likely that in this experiment, 

genotypes with more inflorescences attracted more pollinators which in turn increased the 

frequency of pollen transfers between donor and recipient plants, thereby increasing their 

paternal outcross count.   
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Genotypes with more harvested inflorescences did not have a higher frequency of selfed 

progeny. In lucerne (Medicago sativa L.), which is similar to white clover as an outcrossing 

insect-pollinated forage species (De Lucas et al., 2012), Strickler and Vinson (2000) reported 

that genotypes with a greater number of flowers were also inclined to have an increased level 

of self-fertilized progeny, as pollinators are more likely to move between flowers on the same 

plant. The lack of observed self-fertilized progeny in this population again highlights the 

strength of the self-incompatibility system in white clover. Paternity testing also confirmed 

the absence of any self-fertile genotypes, which have been shown to occur at low frequencies 

within white clover populations (Atwood, 1941).  

The nil detection of foreign alleles in both the bi-parental and polycross progeny suggests the 

introduced bumble bees were clean of residual pollen, which is a reassuring result for field 

breeders using the technique described by Williams (1987). The result also confirms no 

handling contaminations or mistakes were made during crossing, harvest, seed cleaning and 

sowing. The above demonstrates the strength of paternity testing for not only increasing the 

efficiency of breeding methods (Chapter 5) but for also ensuring purity and diversity of cross-

pollinated breeding pools. 

3.4.2 Pollen distribution 

The relationship between full-sib family progeny counts and distance of pollen donors from 

recipient maternal parents (inter-full-sib parent pollination distance) clearly indicates that 

positioning of pollen donor parents is imperative for successful outcrossing with recipient 

maternal parents (Appendix A.1, Figures 3.5 and 3.6). Similar leptokurtic patterns of pollen 

distribution have been described in other studies of white clover under field conditions 

(Clifford et al., 1996; De Lucas et al., 2012; MichaelsonYeates et al., 1997; Weaver, 1965). 

The exponential decay in pollinator success at increasing recipient parent distances appears to 

be a function of the small movements made by pollinators between succeeding inflorescences 

(Weaver, 1965) and a pollen dilution effect, whereby effective pollen came mostly from the 

last compatible inflorescence visited (MichaelsonYeates et al., 1997). Although all of these 

studies have investigated pollen transfer, the majority have been investigated under field 

conditions. Due to the requirement of isolated cages for rapid and consistent development of 

breeding populations, it is also imperative that pollen distribution is understood within 

isolation cages for white clover.   

In lucerne, Riday (2013)  reported a negative power function relationship between full-sib 

family progeny counts and inter-fullsib parent pollination distance in a 15 parent isolated cage 
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polycross. Michaelson-Yates et al. (1997) appears to be the sole study of pollination 

distribution within isolated polycross cages for white clover. Their results again confirm the 

significant relationship between parent distance and siring success. The results of this study, 

while similar to Michaelson-Yates et al. (1997), show the foraging behaviour of bumble bees 

in an actual white clover breeding pool with a wider range of phenotypically diverse parents 

as encountered in breeding programmes. 

Despite previous reports in the literature, it was alarming to see such a large neighbour effect 

in a small 20 parent polycross, where even the furthest pollen donor plant was within a close 

proximity of the recipient maternal parent (179 cm). As illustrated in Figures 3.5 and 3.6, a 

large proportion of this nearest neighbour pollination affect was due to the unequal 

frequencies of potential full-sibs at closer rather than further distances. Figure 3.5 shows the 

likely pollination pattern in an unrestricted sized cage where full-sib frequencies are similar at 

various inter-full-sib parent pollination distances, whereas Figure 3.6 shows the pollination 

pattern in smaller cages like that used in this experiment. An unbiased relationship between 

full-sib progeny counts and inter-full-sib parent pollination distance could only be achieved in 

a wagon wheel like design, where each distance has the same number of potential outcrossing 

parents as presented in a field study by De Lucas et al. (2012). 

It is interesting to note that despite the strong influence of inter-full-sib parent pollination 

distance on full-sib family progeny counts, there still seems to be variation in full-sib progeny 

counts between paternal parents within the same identical inter-full-sib parent pollination 

distance for any given maternal parent (Appendix A.1). For example, the progeny counts 

within a maternal half-sib family were not distributed evenly amongst all potential paternal 

parents at any given pollination distance. This non-uniformity warrants investigation as to 

whether there is a pollination pattern among paternal parents at the same distance. If a clear 

pattern emerges, candidate traits such as flower number, nectar flow and flower colour could 

be monitored, which have been shown to influence pollinators in legume species (Bosch et al., 

1996; Clement, 1965).   

3.4.3 Half-sib family paternal structure 

Half-sib progeny trialling (HSPT) is a breeding strategy that has been extensively used in 

breeding perennial forages to test the performance of parental genotypes through replicated 

progeny trials (Vogel and Pedersen, 1993). When utilizing maternal half-sib families for 

HSPT, progeny are either topcrossed or polycrossed to generate half-sib families. When either 

approach is used, breeders often assume that each female parent (recipient parent) has the 



 

56 
 

same male tester (donor pollen source). In the case of a polycross, the male tester is made up 

from a heterogeneous mixture (equal proportions) of pollen from all genotypes within the 

polycross. Any differences among half-sib family progeny can then be primarily attributed to 

the genetic potential of the maternal parent and not the genetic contribution of the pollen 

source (Fehr, 1987). 

Results obtained from this experiment show that the maternal parents in each isolation cage 

did not have the same male tester pollen (Figure 3.10). While this is not entirely surprising 

considering that there were no clonal replications per parent genotype within each isolation 

cage, it was surprising that the bulked maternal half-sib seed from both cages only slightly 

resolved the differences in paternal contributions among fathers (i.e. still very unbalanced) 

(Figure 3.9), and that it was far from random mating as illustrated. Perhaps if both clones of 

each maternal parent had been polycrossed in the same isolation cage (as opposed to the two 

separate cages), a better balance of paternal contributions may have be achieved as more 

neighbour to neighbour interactions would have existed. Nevertheless, this result highlights 

the importance of additional clonal replication when generating half-sib families in white 

clover.   

Whilst the number of replicates required to achieve random mating cannot be simulated with 

the available data set, one could speculate that many replicates would be required judging by 

Figure 3.9. For a small number of entries, lattice or alpha designs are most likely required to 

ensure random mating as proposed by Morgan (1988) for wind pollinated species. For larger 

numbers of parents (≤50), Wright (1965) developed suitable polycross designs. Regardless of 

whether the plant species is insect or wind pollinated, polycross replication seems 

fundamental for the successful generation of ‘true’ half-sib families in forage species. 

Topcrossing with male rows using the base population or the previous cycle as the pollen 

tester is likely to be a more accurate approach for generating true half-sib families for HSPT 

(Posselt, 2010). At least with this approach, the tester will provide an excess of pollen, which 

will predominate the pollen source (Posselt, 2010) and eliminate any differences in testers 

between the evaluated half-sib progeny. 

The low level correlation between maternal seed yield and number of fathers per half-sib 

family (Appendix A.4) indicates improving seed yield per clone would marginally help to 

reduce unbalanced male testers within non-replicated polycrosses. This tends to improve 

further if a component of total seed yield (number of harvested inflorescences) is increased 

per plant. The above is not surprising, considering genotypes with more inflorescences would 
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promote a greater number of pollinator visits as discussed earlier and hence interactions 

among more donor parents. Extremely low yielding genotypes may have been pollinated by a 

limited number of pollinator visits, explaining the poor number of donor parents in the 

progeny (Figure 3.10; genotype 14, cage 1). However, despite a slight improvement in the 

number of donor parents per half-sib family in higher seed yielding genotypes, even 

genotypes with high seed yields (i.e. Figure 3.10; genotypes 4 and 5 in isolation cage 1) still 

had relatively few pollen donors compared to the total available. It must be acknowledged that 

the number of paternal donors did not increase substantially as seed yield increased, but the 

contributions from the limited number of paternal donors were more uniform (Figure 3.10; 

genotype 4 isolation cage 1).  

For practical purposes, the best polycross system would be likely to include an increase in 

replications, seed yield and number of inflorescences per genotype to improve random 

mating. This could possibly be achieved in field plots, where bigger plants can be managed 

more successfully. An increase in plant size and number would in turn support the 

requirements of a complete nucleus hive of bees. Increasing pollinator density is more 

manageable with complete hives and has been shown to positively influence seed yield in 

white clover using honey bees (Forster, 1974). Larger crosses may also facilitate the use of 

honey bees (Apis mellifera), which have been shown to not only increase seed yield per cage 

(Cecen et al., 2007) but also visit fewer florets per inflorescence and travel greater distances 

between succeeding inflorescences (MichaelsonYeates et al., 1997). If a pot system was still 

desired for convenience, randomizing the plants throughout the duration of crossing could 

help alleviate the nearest neighbour effect. Again, the effect of pollinator density and or 

species would also be worth investigating, as well as the duration of crossing.   

In terms of other downstream applications, pollination is likely to have a pronounced 

influence on synthetic performance as well. First generation synthetics are generally an even 

blend of maternal seed yield from the inter-pollinated parents (Fehr, 1987). Equal 

contributions of maternal seed are bulked to limit undesirable levels of inbreeding during 

generation advance, often a concern of breeders in narrow based synthetics (Rumbaugh et al., 

1988). However, unbeknown to the breeder, non-random mating may result in the same 

problem as uneven bulking of maternal half-sib seed, despite the best practices used. Perhaps 

equal bulking of a diallel cross between parents in the Syn0 as described by Fehr (1987) and 

carried out by Piano et al. (2007), is a viable method to mitigate such a problem in the first 

generation synthetic of non-random mating sensitive species like white clover when 

theoretically all of the inbreeding takes place (Busbice, 1969).      
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3.5 Conclusions 

 The white clover inter-pollination technique described by Williams (1987) generated 

half-sib and full-sib progenies with low and no levels of self-fertilised progeny. No 

foreign alleles were detected in any of the bi-parental or polycross progeny, indicating 

that saturating the bees with luke-warm water was sufficient at removing residual 

pollen.  

 The white clover inter-pollination technique described by Williams (1987) produced 

sufficient seed when used to generate bi-parental progenies. The technique is a sound 

method for producing full-sib families for evaluation in white clover breeding 

programmes when hand pollination is too labour intensive and expensive.  

 The white clover inter-pollination technique described by Williams (1987) produced 

lower than expected seed yields when used for generating half-sib families in two 20 

parent non-replicated polycrosses. Paternal pollen distribution within the isolation 

cages was by in large regulated by the distance between pollen donors and recipient 

maternal parents. Siring success of paternal genotypes decayed as the distance 

between them and recipient maternal parents increased. Breeders must acknowledge 

the limitations of half-sib families generated using non-replicated polycrosses in white 

clover.   

 Polycrosses intended to generate half-sib families for half-sib progeny trialling in 

white clover must be designed to disperse a similar array of tester gametes among all 

maternal parents, so that variation in progeny performance among the tested parents is 

due primarily to the genetic potential/combining ability of the parents and not the 

genetic contribution of the pollen source (Fehr, 1987). Likely methods to obtain true 

half-sib families in white clover include: higher seed yields per plant, increased 

number of inflorescences per plant and multiple clonal replications per genotype 

within isolations. Alternatively, a topcross using male rows planted with seed from the 

base population or previous selection cycle could be used. Both of the above systems 

would require the use of field plots. If a pot system was still desired for convenience, 

re-randomizing the plants throughout the duration of crossing might alleviate the 

nearest neighbour effect.   
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Chapter 4 
Methodology development: paternity testing in white clover   

4.1 Introduction 

Like many major perennial forage species (Riday, 2011; and references therein), the genomic 

tools for white clover (Trifolium repens L.) have reached a point where they can be 

incorporated into breeding programmes for targeted applications that more efficiency meet 

breeding objectives. Numerous genetic maps for white clover have been published (Barrett et 

al., 2004; Cogan et al., 2006; Griffiths et al., 2013; Jones et al., 2003; Zhang et al., 2007) and 

an array of genetic markers are available on the public domain. To date, a number of these 

markers have been developed for quantitative trait loci (QTL) in white clover (Barrett et al., 

2005; Barrett et al., 2007; Faville et al., 2012; Jahufer et al., 2012), although their uptake into 

commercial breeding programmes have been slow. One reason for this slow uptake is the 

implementation costs associated with QTL-based forage breeding approaches (Riday, 2011). 

Relatively recently, Riday (2011) demonstrated an alternative approach to incorporate genetic 

markers available in forage species to improve breeding efficiencies at a significantly reduced 

cost. Through the use of Mendelian inherited molecular markers, and spaced-planted 

nurseries, Riday (2011) demonstrated that the rate of genetic gain on a per cycle basis for 

half-sib family selection in red clover (Trifolium pratense L.) could effectively be doubled 

with the aid of paternity testing. Paternity testing uses Mendelian inherited molecular 

markers, such as simple sequence repeats (SSR’s), to identify an individual’s father (paternal 

parent) at a given probability when paternal parentage is uncertain (Gjertson et al., 2007; 

Riday, 2011). The simplicity of the system allows rapid uptake into field breeding 

programmes without the continuous capital investment required to maintain state-of-the-art 

genotyping facilities associated with relatively new technologies (Xu and Crouch, 2008). 

No studies have investigated the breeding method demonstrated by Riday (2011) in white 

clover. While the method reported by Riday (2011) is not intended to be used here as a 

permanent substitute for QTL-based or genomic selection in white clover breeding 

programmes, it does effectively utilise the available resources at this point in time, in a cost 

effective manner. 

In diploid forage species, software packages including Cervus (Kalinowski et al., 2007), 

FAMOZ (Gerber et al., 2003) and PATRI (Signorovitch and Nielsen, 2002) are readily 
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available for paternity assignment based on molecular data. In allopolyploid species, such as 

white clover, homologue specific molecular markers within homoeologous sets can be 

analysed in a similar disomic fashion using the same software. Among the software packages, 

the user-friendly interface of Cervus makes it an ideal candidate for white clover plant 

breeders. Cervus calculates likelihood ratios for each candidate parent taking account of 

possible typing errors (Kalinowski et al., 2007). For autopolyploid forage species, Riday 

(2013) developed an exclusion only analysis-based paternity testing SAS (SAS, 2008) code. 

Predominant outbreeding and disomic inheritance of white clover results in breeding 

populations that are comprised of a heterogeneous mixture of highly heterozygous 

individuals. Considering this, and in addition, the abundance of available co-dominant SSR 

markers that are highly polymorphic, non-tightly linked and contain alleles that exist at low 

frequencies, white clover it an ideal candidate species for paternity testing breeding methods 

(Gjertson et al., 2007; Riday, 2011).  

Despite the available genomic tools and software to conduct marker assisted selection (MAS) 

in white clover, a major keystone for the success of MAS implementation in white clover or 

in any forage species for that matter, relies on the successful high throughput isolation of 

genomic DNA. As with many marker-assisted breeding programmes, the current cost of DNA 

extraction is a rate limiting factor, substantially inflating the cost per data point, especially 

when few assays are required on each sample (Xu and Crouch, 2008). Therefore the necessity 

for a high throughput DNA extraction system, with consistent, cheap and robust isolated 

genomic DNA, is fundamental. The latter is exacerbated in species, such as white clover, that 

contain interfering secondary metabolites (Anderson et al., 2010; Puchooa, 2004; Stewart, 

1997). Anderson et al. (2010) is the sole publication that addresses high-throughput DNA 

extractions in white clover, although high throughput DNA isolation methods for other 

recalcitrant plant species is ubiquitous in the literature (Healey et al., 2014; Puchooa, 2004; 

Whitlock et al., 2008). To date, no information is available on the implementation of a high 

throughput DNA extraction method, coupled with paternity testing in white clover, to increase 

the rate of genetic gain in field breeding programmes. 

The objectives of this chapter were to: (i) cost effectively purify white clover DNA suitable 

for paternity testing, (ii) identify suitable SSR markers that distinguish paternal origin of 

known maternal polycross and bi-parental progeny, and (iii) assign molecular marker 

determined paternity to the polycross and bi-parental progeny at a given level of probability. 
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4.2 Materials and methods 

4.2.1.1 DNA extractions 

4.2.1.1.1 Polycross parents and progeny 
Genomic DNA was prepared by the 96-well plate method described by Anderson et al. 

(2010). Duplicate leaf tissue samples from each polycross parent was collected, and single 

tissue samples were collected from the 1280 progeny seedlings that were establishing in root-

trainers. A healthy trifoliate leaf (50-100mg fresh weight) from each plant was inserted into 

pre-designated wells of 96-well plates. A 4.5mm stainless steel bead was added to each well. 

Plates were sealed with silicone sealing mats and chilled at 4oC before processing. To each 

well, 200 µL of extraction buffer (2M NaCl, 100mM Tris-HCl [pH 8.0], 20 mM EDTA [pH 

8.0], 1.12mM sodium sulphite, 5mM ascorbic acid and 2% [wt/vol] PVP-10) was added. Leaf 

tissue was disrupted by grinding two times at 30 Hz for 3 minutes in a Mixer Mill MM 301 

(Retsch Inc). To each well, 200 µL of extraction buffer was added, with the addition of 4 % 

(wt/vol) CTAB, 238 mg/L-1 RNase A and 1.38g/L-1 DIECA. An equal volume of chloroform 

and isoamyl alcohol (24:1, [vol/vol]) was added, followed by centrifuging for 10 minutes at 

3220g. A 300 µL aliquot of supernatant was transferred to a clean 96-well plate and combined 

with 600 µL of absolute ethanol. Plates were centrifuged for 30 minutes at 3200g to 

precipitate DNA. DNA pellets were washed with 250 µL of 70% ethanol and centrifuged for 

15 minutes at 3200g. DNA pellets were re-dissolved in 200 µL of T0.1E0.01. To each well, 20 

µL of 7.6M ammonium acetate and 200 µL of absolute ethanol were added. Plates were 

centrifuged for 30 minutes at 3200g to precipitate DNA. DNA pellets were washed with 250 

µL of 70% ethanol and centrifuged for 15 minutes at 3200g. DNA was dried in an incubator 

for 30 minutes at 37oC and resuspended in 75 µl of T0.1E0.01 (pH 8.0). 

Genomic DNA (gDNA) concentration was estimated by the intensity of ethidium bromide 

fluorescence of DNA samples compared to that of known concentrations of bacteriophage 

lambda DNA on 0.8% agarose gels. DNA solutions were normalized to 1-2 ng μL−1 on a 96 

well-plate basis. In addition, a random 96-well plate was quantified using the Quant-iT 

PicoGreen dsDNA reagent (Applied Biosystems) and a SpectraMax Gemini XS microplate 

spectrofluorometer according to the manufacturer’s instructions to assess the DNA quantity. 

4.2.1.1.2 Bi-parental progeny 

Leaf tissue was collected from 51 seedlings of 10 randomly selected full-sib families 

established in propagation trays. A fresh trifoliate leaf (50-100mg fresh weight) from each 
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plant was folded into four quarters and placed into pre-designated wells of 96-well plates. 

DNA extractions were carried out as described in 4.2.1.1.1. 

4.2.1.1.3 Amendments to the 96-well DNA extraction protocol 
The following amendments were made to the DNA isolation protocol described by Anderson 

et al. (2010) to improve DNA quantity and quality (see results section 4.3.1). 

1) Sampled leaflets were folded in half, and then in half again, before being placed into 

the wells of the 96-well plate. The folding ensured leaflets did not wrap around the 

outsides of the wells and promoted effective physical disruption and lysing of the 

tissue with the vertical action of the bead beater.  

2) Plates were vigorously agitated prior to incubation at 65 oC, in order to dislodge beads 

and debris from well bottoms. 

3)  Post chloroform addition, plates were vigorously agitated followed by repeated 

inversion, in order to again dislodge beads and debris from well bottoms.  

4) At the final precipitation step, post addition of ammonium acetate, 400 µL of ice cold 

absolute ethanol was added.  

5) Pellets were air-dried at 65 oC for 30 minutes before being resuspended in 75 µl of hot 

(65 oC) T0.1E0.01 (pH 8.0). 

4.2.1.2 Polymerase chain reaction (PCR) and analysis 

4.2.1.2.1 Polycross parents 

Twenty five single locus homoeologue-specific SSR markers and two homoeologous SSR 

markers were used to assay for microsatellite alleles in all polycross parents. All PCR 

products were considered putative alleles of the same locus, and hereafter are referred to as 

alleles. The duplicate DNA samples of each parental genotype were run in separate PCR 

reactions to obtain duplicate PCR amplifications originating from separate DNA isolations 

per genotype.  

Primers were synthesised (Integrated DNA Technologies, Coralville, IA, USA) with 

modifications described by Barrett et al. (2004). Forward primers were synthesised with a 5’ 

M13(-21) tail universal priming site modification which permitted concurrent fluorescence 

labelling of PCR products by a third primer with an incorporated fluorophore (Schuelke, 

2000). Reverse primers had a 7-mer 5′-GTTTCTT-3′ appended to the 5′ end of each primer to 

promote non-templated adenylation of amplicons (Brownstein et al., 1996).  
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PCR reactions were performed in 10 µL volumes containing 1 x Platinum Taq buffer 

(Invitrogen), 0.2 mM of each dNTP, 2.5 mM of Mg, 0.4 µM of forward primer, 1.6 µM of 

reverse primer, 0.15 µM of Universal FAM labelled M13(-21) primer, 0.3 U of Platinum Taq 

DNA polymerase (Invitrogen, Carlsbad, California) and 4-5 ng of template DNA. Thermal 

cycling parameters consisted of an initial denaturation at 94°C for 4 min followed by 30 

cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 60 s, with a final extension of 72°C for 30 

min.   

Samples were prepared for fragment size analysis by combining 5 µL of deionized formamide 

(HiDi) (Applied Biosystems, Inc., Foster City, California) and 0.09 µL of Gene-Scan 500 Liz 

size standard (Applied Biosystems) with 1.5 µL of PCR product and denatured at 94°C for 5 

min on a thermal cycler. Fragment size data were collected using an ABI Prism 3130xl 

Genetic Analyser (Applied Biosystems) with a 36cm array. The software program 

GeneMarker (Soft-Genetics LLC, State College, PA) was used to visualise the 

electropherograms and assign alleles to the data. 

4.2.1.2.2 Polycross progeny 

From the original panel of 25 SSR markers, a subset of seven SSR’s exhibiting single locus 

homoeologue-specific patterns were selected for progeny paternity testing (Table 4.1). The 

criteria included, in order of importance; (i) reliability of amplification, (ii) ease of allele 

identification, (iii) polymorphic information content (PIC), and (iv) reduced likelihood of null 

alleles. The latter was crudely estimated by the frequency of single allele amplifications per 

locus.  

4.2.1.2.3 Bi-parental progeny 

PCR and genetic analyses were carried out as in 4.2.1.2.1, with the exception that only four 

primer pairs were used. Primers pairs; gtrs149, gtrs195, gtrs733 and gtrs965 were used due to 

their polymorphic information content (PIC) and robust allele amplification and identification 

in 4.2.1.2.2. 

4.2.1.3 Assigning paternity 

4.2.1.3.1 Polycross progeny 

Cervus was used for assigning paternity (Kalinowski et al., 2007). Parental genotypes were 

genotyped across all marker loci twice using the duplicate tissue/DNA samples, to improve 

confidence in the SSR scores. In cases where single alleles were present in the parental 

genotypes, maternal half-sib progeny confirmed either homozygosity or the presence of a null 

http://en.wikipedia.org/wiki/Carlsbad,_California
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allele. Progeny could only be scored if heterozygous genotypes were present in markers 

where null alleles were present in the population.   

Identity of progeny from each isolation cage was kept separate, so that individual polycross 

analyses could be achieved. Alleles per locus and PIC were estimated using Cervus. Paternity 

was only assigned if at least four of the seven loci were scored. Paternity was assigned to an 

individual if the “trio” logarithm odd ratio (LOD) score was greater than three (Riday, 2011). 

Paternity was not assigned to any progeny that had any molecular marker mismatches from 

the parental pair, even if the LOD score was greater than three. However, records of 

mismatches were analysed for sources of foreign pollen.  

In markers where two alleles among parental genotypes showed considerable overlap on the 

electropherograms, the alleles were bulked into the same BIN to facilitate distinguishing the 

closely sized fragments. 

4.2.1.3.2 Bi-parental progeny 

Cervus was used for assigning paternity (Kalinowski et al., 2007). Paternity was assigned to 

an individual if the candidate father and known mother had zero “trio” loci mismatches. 

Paternity was not assigned to any progeny that had any molecular marker mismatches from 

the parental pair. In all cases, an exclusion only based approach could identify self-pollinated, 

cross-pollinated and contaminant pollen sources due to the simplicity of the bi-parental 

crosses.   

4.3 Results 

4.3.1 DNA extractions 

DNA extractions using the standard protocol presented by Anderson et al. (2010) did not 

consistently isolate robust genomic DNA for SSR based paternity testing. Agarose gels 

indicated that the isolated DNA was inconsistent in quantity and quality between samples of 

the same 96-well plate (Figure 4.1). 
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Figure 4.1 Ethidium bromide-stained agarose (0.8%) gel of genomic DNA isolated from  
white clover polycross progeny leaf tissue using the standard protocol 
presented by Anderson et al. (2010). The end wells contain 5µL of 1kb 
hyperladder (Applied Biosystems). 

With minor modifications (referred to in section 4.2.1.1.3) to the method presented by 

Anderson et al. (2010), genomic DNA was successfully isolated from 1276 of the 1277 

polycross progeny. Agarose gels indicated that the isolated DNA was of high molecular 

weight, relatively non-degraded and free from RNA contamination (Figure 4.2). DNA 

extractions preformed using the modified 96 well-plate methodology yielded between 2.5-5µg 

of genomic DNA per sample.   

 

Figure 4.2 Ethidium bromide-stained agarose (0.8%) gel of genomic DNA isolated from 
polycross progeny leaf tissue using modifications to the Anderson et al. (2010) 
protocol. The empty wells in row two and four were negative controls (no 
plant material) and the end wells contain 5µL of 1kb hyperladder (Applied 
Biosystems). 

4.3.2 Genotyping of polycross parents 

Allelic diversity and PCR amplification across the panel of 27 microsatellite loci were 

variable among the polycross parents (data not shown). Repeat motifs of the microsatellite 

loci were two to five nucleotides long. Parental alleles amplified using dinucleotide based 

markers showed considerable overlap among amplified fragments (except for gtrs149), 

whereas markers with trinucleotide or greater sized mofits generally had greater separation 

among fragment sizes (see example in Figure 4.3). Among all 25 homologue specific SSR 

markers, amplification of a single allele per locus per genotype was common. Null allele 
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frequencies for all 25 single locus homoeologue-specific SSR markers and both 

homoeologous SSR markers were not estimated due to the lack of knowledge regarding their 

segregating progeny.  

 

 

 

Figure 4.3 Electropherograms of white clover single locus homoeologue-specific alleles 
amplified using, A) a trinucleotide SSR marker and, B) a dinucleotide SSR 
marker. 

4.3.3 Selection of SSR markers for progeny paternity testing  

Using putative allele frequencies from the nominated markers, Cervus (Kalinowski et al., 

2007) indicated a combination of seven single locus homoeologue-specific SSR markers 

would result in > 97% (P < 0.05) paternal assignment. Resultantly, these seven markers were 

selected for the progeny paternity testing panel (Table 4.1). The null allele frequencies of the 
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selected markers were calculated once progeny data were available. The seven markers were 

unlinked and randomly distributed throughout the genome (Figure 4.5). 

Table 4.1 Fragment size, alleles per locus, null allele frequency, polymorphic 
information content (PIC) and mofit repeat for the seven single locus 
homoeologue-specific simple sequence repeat markers in white clover. 

SSR              Fragment size (bp) Alleles per locus Null allele frequency PIC Mofit repeat 
gtrs149 126-153 8 0.000 0.776 Di 
gtrs195 144-167 8 0.050 0.782 Tri 
gtrs366 304-352 14 0.025 0.842 Tri 
gtrs635 218-235 7 0.025 0.699 Tri 
gtrs733 317-349 11 0.075 0.842 Tri 
gtrs789 342-365 8 0.000 0.787 Tri 
gtrs965 305-323 8 0.000 0.664 Tri 
 

The panel of seven selected single genomic SSR markers amplified consistently from all most 

all successfully extracted progeny DNA samples. Fluorescently labelled products consistently 

produced peaks of 5,000 to 10,000 fluorescent units (Figure 4.4). 

 

Figure 4.4 Electropherograms of white clover alleles amplified using a single locus 
homoeologue-specific SRR marker in polycross parent 07 (A), and three 
segregating half-sib progeny with different paternal alleles (B-D). 
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Figure 4.5 An integrated linkage map of white clover (2n=4x=32) modified from 
Griffiths et al. (2013). The eight homoeologous pairs of linkage groups are 
labelled 1-8, and homoeologues within each pair are designated 1 and 2. 
Estimated genetic distance (cM) is represented by the scale beside the map 
and the length (cM) of each homoeologue is indicated in brackets below each 
group. Homoeologous loci are connected by lines between homoeologue pairs. 
Loci labelled with bold italics@ denote single locus homoeologue-specific loci. 
The red arrows identify the location of the seven single genome specific SSR 
markers used for paternity analysis. 
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gtrs1133d gtrs743-8-1#@
gtrs1164y# prs0335d#

gtrs165c
gtrs911c prs0149z#

gtrs328b
gtrs260xn#% gtrs448xn

gtrs299-8-1@
prs0531d#% ats0226x

prs0597c#
ats0075a# gtrs208b#

prs0313c#% gtrs779c#
prs0289b#

prs0349x# prs0701a
prs0590x#%

gtrs758a
prs0139z gtrs855xn

gtrs733-8-1@
gtrs685x#

prs0431x# gtrs979a#
prs0579x#

prs0582-8-1# prs0544a
gtrs817b gtrs359b
gtrs636x prs0312a

prs0021b
gtrs345d gtrs732d#

gtrs356e
gtrs525x gtrs550a

8-1

gtrs938d

prs0715b
gtrs541b#
prs0381x# prs0748c#
gtrs573d gtrs649c#
prs0734-8-2@
prs0568d prs0371b#
prs0687d# prs0562-8-2#%
gtrs353e
ats0131d
gtrs441y2 prs0014x
gtrs213b prs0007x#
TrAlaAT#
prs0146d prs0675c
gtrs171y
gtrs688xn#
prs0600x#
prs0749x#
prs0119e
prs0659a#
gtrs1264x#
gtrs940b gtrs1133c
gtrs273b prs0153b
prs0418c#
gtrs642x gtrs500x2#
gtrs540xn prs0462b
gtrs401x
prs0462z

gtrs352x
prs0361x#%
prs0156a
prs0456c#
prs0309b prs0603b#

ats0157a# ats0067a#
ats0202a#

gtrs727x# gtrs779a#
gtrs999xn prs0531-8-2#%
TrVP1#
gtrs555c
gtrs855d gtrs252c
prs0701d
prs0139b
gtrs1176c
gtrs254c
gtrs307g
gtrs359e prs0044x#
prs0683c# prs0646b#
prs0544c ats0121b
gtrs195-8-2@
prs0001x# gtrs732a#
gtrs345a
gtrs609a prs0077a#
gtrs576a gtrs356d
prs0431a# gtrs709c#
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(80)

(86)

(B inv)

prs0060-7-1#
prs0737x# TrSEP1#

prs0730-7-1
prs0315b prs0158x#

gtrs238a prs0264-7-1#@
prs0115c#% gtrs502xn

gtrs749b# prs0294x#
prs0394a#

prs0516a
prs0705-7-1 prs0414b

prs0379a# prs0107x#%
gtrs319g#% gtrs241i

gtrs395y# prs0473d#%

prs0490a
gtrs719a

prs0435b gtrs659a
prs0216c#

TrTT12#

prs0637x#
prs0565b#

gtrs641x prs0037a#%
prs0604x# gtrs223xn#

gtrs606x
gtrs873xn#

gtrs536xn gtrs149-7-1@
gtrs184f

prs0269a#
gtrs607a

ats0099b prs0639-7-1#
gtrs1165x
gtrs350b

ats0084a prs0784-7-1
gtrs835a prs0538z

gtrs232xn#%
prs0383b#

prs0720b
prs0670e# prs0671c#

prs0122a#% prs0588d
ats0070x# prs0055-7-1

prs0722z#%

prs0615x#
prs0609a

gtrs531b#%

gtrs780c#

gtrs316c gtrs313c
gtrs771c

gtrs876e gtrs867c#
gtrs808a gtrs507a#

7-1

gtrs427-7-2#@

prs0737-7-2#
prs0060-7-2#
gtrs604x
gtrs749d# gtrs502a
gtrs586b
TrRMS5#

prs0489b#%
prs0705a
gtrs319x#%
gtrs241j

gtrs395x# gtrs197y#
gtrs139xn gtrs774y#
prs0543-7-2 prs0326b
prs0161x gtrs394y
prs0435a prs0216a#
prs0386x# gtrs326b
prs0433-7-2
gtrs942b#

ats0070j
ats0006x# gtrs207x
gtrs873d# gtrs916c

gtrs484y#

prs0639c#
prs0783c
gtrs350y
prs0784c
gtrs835c
gtrs413d
prs0367z#
gtrs915a# gtrs470a#
gtrs542b gtrs537x
prs0588b prs0722x#%
ats0070-7-2# gtrs0383g
gtrs884a#% gtrs349a
gtrs861xn gtrs736c
gtrs778b
prs0615-7-2# gtrs283x
gtrs228a gtrs780a#
prs0670-7-2#
gtrs934d gtrs507c#
gtrs771a
gtrs288x gtrs657x#
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(88)

(C inv)
gtrs226c

prs0407f prs0545b#
prs0332-6-1

prs0336-6-1# prs0188c
gtrs194f

prs0279-6-1#
gtrs374xn
prs0607x

prs0157c prs0136b
gtrs992xn prs0197b

gtrs794xn# gtrs412xn1#
gtrs936b

prs0342-6-1#
gtrs391b
prs0295d

gtrs331a
prs0154c

gtrs433x1#
gtrs928x#

gtrs307i
prs0647x

gtrs340a gtrs572c
prs0651-6-1#@

gtrs900xn# gtrs950b
gtrs575x

gtrs931xn gtrs801-6-1

gtrs988xn#

prs0732b
gtrs455c

gtrs994-6-1

prs0534f#
ats0186x

ats0066b# gtrs607b

TrDFR#
gtrs588-6-1@

gtrs613x
gtrs403e# gtrs713xn#%

gtrs717c
prs0691a# TrIAA#

gtrs240y
gtrs680x gtrs218x

gtrs457xn# gtrs777c
prs0329-6-1#

prs0221b

6-1

prs0336-6-2#
prs0332c
prs0545x#
prs0407c prs0188e
prs0153b
prs0136a
prs0480a#%
prs0197d

gtrs374a
gtrs992e
gtrs794c#
gtrs412xn2#
gtrs391c
prs0342-6-2#
prs0295a
prs0251b# gtrs953b
gtrs968a#
prs0732a
gtrs221x

gtrs433x2# gtrs801a
gtrs928y#

prs0682a

gtrs143xn
prs0534g#
ats0186x2 gtrs950xn
prs0290c# prs0712a
gtrs994b prs0129-6-2
ats0066a#

gtrs305x

gtrs413b
prs0138a

prs0329x2#
prs0235c# prs0221d

gtrs824b#%
gtrs192b
gtrs231b gtrs613c
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(66)

(H)

prs0345d

gtrs287a
gtrs946y# gtrs167x#

gtrs943xn
gtrs1059y#
gtrs612a#

gtrs798-5-1#@ prs0506-5-1#
gtrs175xn#

gtrs480xn# prs0443f#%
prs0608-5-1# prs0305-5-1#

prs0554a# gtrs425x1
prs0022-5-1#

gtrs769xn gtrs377c#
gtrs745b gtrs631c#

gtrs723c#
prs0479-5-1# gtrs340b

prs0302-5-1#
gtrs565xn#

gtrs447a
prs0662-5-1# prs0726b#

gtrs930xn#
gtrs331b

gtrs200x# prs0510-5-1#
gtrs731a

prs0041a#
prs0487b#

gtrs225-5-1
gtrs763xn# gtrs461xn#

gtrs191b
gtrs1113xn

gtrs1208x#
gtrs773b#

prs0442c
gtrs307h prs0763-5-1#

gtrs190c# gtrs154e
ats0070f gtrs468b

gtrs686-5-1#
gtrs147y gtrs856d#
gtrs221a gtrs1047c

gtrs445c# gtrs0886f
gtrs413c prs0575-5-1#

prs0204e

5-1

prs0345xn

prs0443xn#%
gtrs673xn# gtrs175c#
prs0310xn# gtrs167d#
gtrs337b# gtrs871c#%
gtrs354xn#
gtrs480b# gtrs528a#
prs0506c#
gtrs377c# prs0022-5-2#
gtrs724xn# prs0608y#
prs0554c#
gtrs972a gtrs769f
gtrs425x2
prs0479c#
prs0075xn#
gtrs631-5-2#
gtrs723b# prs0779a
gtrs850b#
prs0302d#
gtrs1176a gtrs200b#
gtrs192a gtrs916a
gtrs264x gtrs265x
gtrs661d#
gtrs461x#
gtrs253a#% gtrs591b#

gtrs976-5-2#

gtrs686xn#
gtrs154-5-2 prs0201a
prs0203a prs0202c
prs0299b
gtrs729xn
gtrs856a# gtrs781x#
gtrs445a# TrPRP1#
prs0575-5-2#

gtrs639a#
gtrs792a
prs0209g
gtrs619b# gtrs327b
prs0006b#
gtrs622c#
gtrs263d gtrs888a
gtrs718c# gtrs992a#%
gtrs275c
gtrs764a#
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(G inv)
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4.3.4 Progeny genotyping and paternity assignment  

Using the panel of seven SSR markers, the paternity of 93.13% and 92.46% of the polycross 

progeny were successfully determined in isolation cage one and two, respectively (  = 

92.8%). Paternal assignment rate ranged from 68.75% to 100% among maternal half-sib 

progeny (half-sib family nine and four respectively; Table 4.2). Paternity assignment rates 

(%) of maternal half-sib families increased linearly with average half-sib family LOD scores 

(Appendix B.1), and average half-sib family LOD scores decreased with increasing number of 

maternal null alleles (Appendix B.2). 

Table 4.2 Parental genotypes from duplicate 20 parent isolated polycrosses pollinated 
by bumble bees (Bombus sp.). Per paternal genotype the table shows 
combined half-sib seed (g), paternal assignment rate (%), average LOD score 
per half-sib family and number of null alleles per genotype among all seven 
SSR markers. 

Parent Seed Yield 
(g) 

Paternal 
assignment rate 

(%) 

Average 
LOD 
score 

Maternal        
Null 

alleles 
1 0.64 95.31 6.25 1 
2 1.86 98.44 6.96 0 
3 1.61 85.94 6.23 0 
4 6.21 100.00 7.32 0 
5 7.03 95.31 6.69 0 
6 2.51 87.50 5.84 1 
7 1.56 96.88 7.16 0 
8 1.69 85.94 5.56 1 
9 2.60 68.75 4.42 2 
10 0.63 95.31 6.31 0 
11 0.49 96.88 7.07 0 
12 0.76 96.88 7.42 0 
13 1.83 98.44 7.47 0 
14 0.78 84.38 5.64 0 
15 0.97 92.19 5.60 1 
16 0.66 93.75 6.82 0 
17 1.88 98.44 6.19 1 
18 3.88 92.19 6.11 1 
19 0.17 96.72 6.42 0 
20 0.47 96.88 6.46 0 

Mean - 92.80 6.40 - 

4.3.5 Correlations 

There were no significant correlations between paternal assignment rates coupled with seed 

yield (g plant-1), outcrossing rate %, or number of paternal parents (Figure 4.6). Genotypes 

with null alleles present at marker loci had lower paternal assignment rates (P < 0.01). 

http://en.wikipedia.org/wiki/Bombus_terrestris
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Figure 4.6 Correlations between paternity assignment rates (%) of maternal half-sib 
progeny coupled with: A) seed yield per plant (g plant-1), B) number of 
paternal parents per maternal half-sib family, C) outcrossing rate of 
maternal half-sib families, and D) null alleles of maternal half-sib families. 

4.4 Discussion 

4.4.1 DNA extraction 

Minor modifications to the high throughput DNA extraction method presented by Anderson et 

al. (2010) was sufficient to enable the isolation of genomic DNA for assigning paternity in 

white clover using single locus homoeologue-specific SSR markers. The methodology 

utilised a CTAB based extraction protocol which used cheap consumables and significantly 

reduced the cost per plant (Anderson et al., 2010); often a prerequisite in commercial breeding 

programmes. DNA working solutions were normalized to 1-2 ng/μL−1 on a 96 well-plate basis 

despite evident variation in DNA concentrations, albeit small from sample to sample. The 

rationale for this laxity is described by Riday (2011) and had no obvious impediments on SSR 
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amplification or subsequent paternal assignment. It must be acknowledged however that such 

tolerance can probably only be exercised when DNA extractions are relatively consistent 

between samples within 96-well plates, and for robust molecular markers. 

These data indicate that small extra labour investment into the DNA extractions themselves 

pays absolute dividends for the rest of the paternity testing procedure. Essentially the DNA is 

the foundation for the MAS programme, and without robust and consistent DNA, the system 

can collapse or create problems at any time in downstream applications. In this context, it is 

much simpler to fix problems at the start of the procedure, than to nurse tedious problems 

throughout the whole process. Taking this into account, considerable care was also taken to 

not only extract duplicate copies of parental DNA, but also to amplify each duplicate to 

improve confidence in the parental SSR scores. 

4.4.2 Panel of potential SSR markers 

Preliminary analyses using a diverse panel of 25 single genomic and two double genomic 

SSR markers (Griffiths et al., 2013) among parental genotypes was useful for indicating 

appropriate markers for the population. Allele frequencies are population dependent and 

suitable markers in one population (degree of polymorphism) may not translate to another. 

However, irrespective of allele diversity, markers with consistent amplification in previous 

mapping populations MP1 and MP2 (Griffiths et al., 2013), generally showed similar 

consistency in this population.   

The two homoeologous SSR markers showed considerable information per marker; however 

the regular overlapping of homoeologue-specific alleles made allele interpretation difficult. In 

addition, with the likelihood of null alleles among loci, and the lack of software analysis 

packages suitable for allelotetraploids, it was concluded that homoeologue-specific markers 

with simple disomic inheritance were more applicable for paternity testing in this white clover 

population, despite their lower PIC values. Within the single locus homoeologue-specific SSR 

markers, amplified alleles of dinucleotide repeat motif markers were the most difficult to 

interpret. The difficulty surrounding interpretation was due to the close proximity of the 

amplified fragments to one another, which was also further confounded by the one base pair 

array drift caused by the genetic analyser between different capillaries and runs. Due to the 

difficulty of setting BINs for dinucleotide based markers, they were all excluded from the 

potential progeny marker panel except marker gtrs149 which showed a greater spread among 

parental alleles.   
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To assist in the slight inaccuracies of the genetic analyser between different capillaries and 

runs (array drift ± 1bp) and especially for gtrs149, maternal half-sib progeny from each 

maternal parent were run in sequential order, so that the known segregating maternal alleles 

when compared with one another could also act as an internal control to correct for array drift.  

4.4.3 Progeny genotyping and paternity assignment   

The selected panel of seven SSR markers showed consistent amplification across all alleles 

and individuals. The presence of null alleles in four of the homoeologue-specific markers was 

confirmed by analysis of their segregating progeny, which consequently limited the ability to 

treat single allele progeny genotypes as homozygous in affected markers. The latter highlights 

the limitations of using co-dominant markers for paternity analysis when null alleles are 

present in the population. 

The number of markers required to determine paternity was particularly low compared to 

previous studies in forage legumes (Riday, 2011; Riday et al., 2013). This was a result of 

having fewer polycross parents as well as investigating a breeding pool with a high level of 

genotypic diversity. It must be acknowledged that a higher number of parents would likely be 

present in commercial breeding programmes, and as a result, more markers would likely be 

required to differentiate paternal parents due to an increase in intra-population allelic diversity 

(Guthridge et al., 2001). Riday (2011) demonstrated that 11 SRR markers were required to 

determine 70%, 75% and 84% of paternity in three 96 parent red clover polycross 

populations. Species such as lucerne which display tetrasomic inheritance, require an even 

greater number of markers (Riday et al., 2013). Problematically, as the number of markers 

increases, so do the costs associated with genotyping.  

Multiplexing is often utilised to improve cost efficiency by reducing the number of PCR 

reactions and genotyping runs (Xu and Crouch, 2008). Riday (2011) and Riday et al. (2013) 

successfully demonstrated paternity testing in red clover and lucerne, with just two multiplex 

PCR reactions containing five and six markers and nine and ten markers, respectively.  

Originally due to developmental time restraints and the minimal number of markers required 

to determine paternity in this experiment, multiplexing was not pursued. In retrospect, few 

difficulties would likely have been encountered with PCR optimisation for multi-plexing, 

considering all primer pairs required the same thermocycler conditions. Incorporating the 

“suitability of markers for multiplexing” into the criteria for marker selection (4.3.3) would 

have further improved the likelihood of success. With known allele ranges for each marker 

loci (from parental data), a primer dye-labelling strategy that utilised phosphoramidite dyes 
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could have easily been developed. Adoption of a two reaction assay or similar will be highly 

beneficial if paternity testing using SSR markers is to be adopted in white clover breeding 

programmes.   

The degree of allelic diversity within loci also underpins the number of markers required to 

successfully identify paternity. Having SSR loci tightly linked to the forage species self-

incompatibility locus can further compress paternity testing success into fewer SSR loci 

(Riday, 2011). Since the self-incompatibility locus is under negative frequency-dependent 

balancing selection, many alleles at equally low frequencies are expected (Riday, 2011; 

Wright, 1939). Unfortunately the single genomic SSR locus (gtrs952) that is close to the 

reported self-incompatibility locus in white clover on homoeologue 1-2 (Casey et al., 2010; 

Griffiths et al., 2013) amplified dimer motif repeats in this study, and consequently were 

difficult to segregate despite them showing the greatest allelic diversity among all 25 single 

locus homoeologue-specific markers investigated. Markers gtrs952 and gtrs624 would be 

worth investigating in future populations due to their high level of allelic diversity in the 

population investigated in this experiment.  

4.4.4 Cost of implementation 

From a cost perspective, the implementation of paternity testing in white clover breeding 

programmes is influenced by the number of markers required to successfully assign paternity 

at a certain level of probability. In this experiment, the cost of consumables per DNA 

extraction was approximately $0.50, and each marker was an additional $0.60 for PCR, 

genotyping, data collection and analysis. If labour is accounted for, it equates to 

approximately $1.10 per DNA extraction and $0.91 per additional SRR marker required. 

Multiplexing in four primer pair reactions reduces the cost of each individual marker by 

approximately 60% (as labour cost remains the same for fragment size analysis and 

interpretation). If labour is ignored; multiplexing reduces the cost of PCR and genotyping by 

75%.     

In addition to the cost of paternity testing parents and progeny, the cost identifying a suitable 

marker panel must be considered. The cost of a marker panel may be highly variable 

depending on the genetic characteristics of the source population. In this study, the initial 

panel consisted of nearly four-fold more markers than required to assign paternity at a LOD > 

3 threshold. Costs for this stage can be estimated by multiplying the number of markers in the 

initial panel and the number of polycross parents by the costs listed above.   
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Plant breeders in New Zealand, and most developed countries have all the resources required 

to utilise paternity testing in white clover breeding programmes. The primer sequences for the 

molecular markers used in this study, as well as additional markers that may be required can 

be downloaded as a supplementary file (Griffiths et al., 2013) at the BMC genomics website. 

Where in-house equipment is limited or not available, outsourcing the molecular analyses to 

biotechnology companies is a cost effective solution. Third party contract services don’t 

require any capital input, have fast sample turnaround, and provide molecular labour skills 

that breeding programmes are unlikely to economically match. Paternity assignment software 

such as Cervus is readily available and can be downloaded online to assign molecular marker 

determined paternity from molecular data. 

4.4.5 Correlations 

The lack of correlations in figure 4.6 led to the conclusion that paternal assignment rate was 

not a biasing factor in differences observed among half-sib families for seed yield, 

outcrossing rate, and number of paternal parents. The number of paternal progeny for 

genotype nine may have been biased downwards because of the lower paternal assignment 

rates associated with null alleles at two maternal loci. 

4.5 Conclusions  

 Minor modifications to the high throughput DNA extraction protocol described by 

Anderson et al. (2010) was suitable for providing DNA of sufficient quality to test 

paternity of progeny from maternal half-sib families, using single locus homoeologue-

specific SSR markers in white clover. 

 Seven single locus homoeologue-specific SSR markers were sufficient to identify 

92.8% of the polycross progeny from a 20 parent polycross conducted in this 

experiment. Plant breeders however must keep in mind that the number of markers 

required to determine paternity of polycross progeny is dependent on the population’s 

allelic diversity and the number of parental parents. The optimum number of markers 

is subject to change.  

 The presence of null alleles throughout SSR loci in white clover hinders paternity 

assignment, and breeders should avoid using markers that amplify null alleles if 

possible. Screening parental material with a wider array of markers is likely to help 

find markers with reduced frequencies of null alleles, although actual frequencies 

cannot be determined until analysis of segregating maternal progeny is conducted. 
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Ultimately the use of more informative marker platforms instead of co-dominant 

markers would help alleviate the problem. 

 Cervus (Kalinowski et al., 2007) was adequate for assigning paternity in white clover 

using single locus homoeologue-specific SSR markers. However, considering the 

frequencies of null alleles observed in this experiment, alternative software packages 

that are designed to tolerate null alleles may be advantageous.  
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Chapter 5 
Application of paternity testing in white clover 

5.1 Introduction 

The rate of genetic gain is often the basis for assessment of the relative efficiencies of plant 

breeding methodologies. The concept of genetic gain is based on the change in the mean 

performance of a population that is realised with each cycle of selection (Fehr, 1987). A cycle 

of selection includes the establishment of a random mating population, development and 

evaluation of genotypes, selection of elite individuals, and mating of the selections to generate 

a new population for the next cycle of selection (Fehr, 1987). Variation in the methods used at 

each of these steps influence the duration of the selection cycle, and breeders often compare 

various methods in the same population on an annual basis to mitigate cycle length and 

improve the rate of genetic gain. 

The rate of genetic gain among breeding methods and their implementation in various forage 

species is dependent on a number of factors. These factors include the heritability of the trait 

of interest, the biology of the species, the length of the breeding method, the correlation 

between spaced-plants and their performance in mixed species swards and the available 

resources to the breeder. Phenotypic or individual plant selection methods, such as mass 

selection, are useful when traits of interest have high narrow sense heritabilities. Family 

selection methods on the other hand are useful when traits of interest have low narrow sense 

heritabilities, due to large environmental effects (Nguyen and Sleper, 1983) and therefore 

require replication across space and time to partition environmental and genetic effects. 

In white clover, heritabilities of important morphological traits vary significantly 

(Annicchiarico and Piano, 1995; Annicchiarico et al., 1999; Caradus and Woodfield, 1990; 

Caradus and Chapman, 1996; Jahufer et al., 2013; Lee et al., 1993; Rowe and Brink, 1993; 

Woodfield and Caradus, 1990), where some traits arguably favour family selection methods 

whilst others favour individual selection methods. A considerable drawback of the former and 

with reference to half-sib family selection in particular, is the lack of genetic additive 

variation that is utilised when remnant seed of superior half-sib families are recombined for 

the following cycle of selection. Breeders may capture additional additive genetic variation by 

carrying out phenotypic selection within the best families (among-and-within-half-sib family 

selection), but this technique relies on moderate within plot heritability.  
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Advances in molecular techniques now provide plant breeders with the opportunity to 

implement paternity testing within conventional half-sib selection which can effectively 

double its rate of genetic gain (Riday, 2011). In white clover, considering the already popular 

adoption of half-sib family selection at various stages in breeding programmes (Ayres et al., 

2007; Bouton et al., 2005; Jahufer et al., 2009; Woodfield et al., 2003), the supplementary use 

of paternity testing may be an effective tool to achieve a significant jump in genetic gain per 

cycle of selection. No information is available on the effectiveness of paternity testing in 

white clover to improve the rate of genetic gain in conventional breeding methods. 

The advantage of the method proposed by Riday (2011) in red clover is the ability for 

breeders to double the quantity of additive variation that is utilised in conventional half-sib 

family selection alone, with a supplementary option of phenotypic selection within the best 

molecular marker determined full-sib families as well. Similar gains can be achieved through 

the use of a variant of half-sib family selection; known as half-sib progeny trialling (HSPT), 

where parents of the superior half-sib families are recombined (Posselt, 2010). However, 

considerable drawbacks with HSPT include longer breeding cycles and the need to maintain 

clonal parental material throughout the duration of the progeny trials. While the latter is 

achievable in white clover due to its perenniality and clonal properties, breeders seldom 

utilise this method due to the effort required to maintain parent nurseries and the problem 

associated with volunteer and viral contamination; the former a problem in New Zealand, 

where soils have large amounts of white clover buried seed counts (Clifford et al., 1990). 

A practical requirement of the breeding approach presented by Riday (2011) requires the 

breeder to collect information on individual plants within nurseries, and therefore spaced-

planted nurseries are a necessity. A fundamental aspect of any spaced-planted forage breeding 

nursery is the ability of breeders to rapidly evaluate the large numbers of individual plants at a 

relatively low cost. Often many forage breeding programmes are resource limited, and the 

‘gold’ standard of harvesting every individual plant above ground and determining the 

respective biomass per plant is impractical (Riday, 2009). Alternatively, breeders often 

implement visual score estimates for desirable traits which have been previously shown to 

have high correlation coefficients between the visual scores and actual physical units (Riday, 

2009).   

In forages, the efficacy of visual scoring has been explored in many species. In perennial 

ryegrass (Lolium perenne L.), visual estimates correlated with actual forage yields for plots 

range from 0.41 to 0.92 and for single rows from 0.48 to 0.87 (Smith et al., 2001). In spaced-
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planted nurseries, Casler (2001) reported correlations of 0.64 to 0.92 in Timothy (Phleum 

pratense L.). Casler and Van Santeen (2000) also reported correlations of 0.75 to 0.94 in 

meadow fescue (Festuca pratensis Huds) and finally Riday (2009) reported correlations of 

0.70 to 0.79 in red clover (Trifolium pratense L.). Riday (2009) also demonstrated that on an 

entry mean basis, which half-sib selection is conducted on, correlation between visual scores 

and herbage yield improve further. To the best of my knowledge, no data is available on the 

correlation coefficients between physical measurements of spaced-planted white clover plants 

established in ryegrass swards and their corresponding visual score estimates. 

The objectives of this chapter were to: (i) estimate the correlation coefficients between visual 

scores and actual measurements of four morphological traits of white clover grown in two 

ryegrass spaced-planted nurseries, (ii) estimate the additive genetic variances of both maternal 

and paternal half-sib families, (iii) estimate heritabilities on a maternal and paternal half-sib 

family means basis and on an individual plant basis for four morphological traits, (iv) 

simulate genetic gains from a range of half-sib family selection methods based on data 

collected throughout the trial, and (v) discuss the efficacy of incorporating paternity testing 

into a white clover breeding programme. 

5.2 Materials and method 

5.2.1 Experimental site 

The trial was conducted across two experimental sites located at the AgResearch Lincoln 

Research Farm in Canterbury (43O37’42’’S 172 O28’3’’E) and the Ashley Dene Research 

Farm in Canterbury (43O39’18’’S 172 O19’15’’E). At both sites the 10 year mean annual 

rainfall is 640 mm. At the AgResearch site, the soil is classified as a Templeton silt loam 

(refer to Appendix C.1 and C.2 for a soil description). At the Ashley Dene site, the soil is 

classified as lowcliffe stony (refer to Appendix C.1 and C.2 for a soil description).  

5.2.2 Trial site preparation 

The trial sites were sprayed three times over a 9 month period with the herbicide Kamba® 

500 (500g L-1 Dicamba) at 800 mL ha-1 to remove resident white clover. The last application 

of Kamba® 500 was applied three months prior to transplanting to minimise any residue 

herbicide in the soil. Lime was applied across both trial sites three months prior to 

transplanting to raise soil pH to optimum levels of around pH 5.8-6. Superphosphate fertilizer 

(150 kg ha-1) was applied at the AgResearch trial site and 20% Potash Superphosphate (188 

kg ha-1) at the Ashley Dene site in July 2012. 
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5.2.3 Plant material  

Twenty half-sib families from the duplicate twenty parent polycrosses as described in Chapter 

3 were evaluated in this experiment (see section 3.2.2). In April 2012, randomly selected 

samples of 0.1g of seed from each of the 20 half-sib families were scarified with 150 grit 

sand-paper, distributed evenly into petri-dishes containing pre-moistened filter paper, and 

incubated at 20oC for 16 hours. Eighty germinated seedling per family were then transplanted 

into root-trainers at a depth of 0.5cm containing a peat and sand mix with a three month slow 

release Osmocote fertiliser and maintained under glasshouse conditions.  

Six weeks after germination, seedlings growing in root-trainers were trimmed and placed 

outside onto a well-drained concrete pad. In August 2012, the established seedlings were 

trimmed again before being immediately transplanted into the two field nurseries. 

5.2.4 Experimental design 

At both trial sites, a randomised complete block experimental design with eight replicates was 

used (Appendix C.3 and C.4). Each replicate consisted of four progeny from each of the 20 

maternal half-sib families and were spaced-planted at 1m centres (1m horizontal and 1m 

vertical spacing’s between genotypes). The four genotypes from each maternal half-sib family 

were planted in a square design resembling a plot (2m × 2m). In total there were 80 genotypes 

per replicate, and 640 genotypes per location, with each half-sib family consisting of 32 

random genotypes per location. The 32 genotypes from each maternal half-sib family for each 

location consisted of equal proportions of progeny from the duplicate maternal polycross 

clones (i.e. equal proportions of progeny from each of the two polycross isolation cages (see 

Chapter 3)). More specifically, each maternal half-sib plot per replicate had two progeny from 

isolation cage 1 and two from isolation cage 2. The half-sib family plots were completely 

randomised so no family was in the same trial column or row. A row of individual plants was 

transplanted around the outside of both nurseries (at the same 1m spacing’s) to minimise 

border effects. 

At both trial sites, the white clover plants were transplanted from root trainers into existing 

pure swards of perennial ryegrass (Lolium perenne L.). At the AgResearch site the cultivar 

Ceres One50 (AR37 endophyte) was sown into a cultivated seed bed at a rate of 20 kg ha-1
 in 

spring 2010. At Ashley Dene, the cultivar Ceres One50 (AR1 endophyte) was sown into a 

cultivated seed bed at a rate of 20 kg ha-1
 in spring 2010. 
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5.2.5 Trial management 

Following planting, repeated hand weeding along with herbicide spot spraying was used to 

keep volunteer white clover seedlings to a minimum. Both nurseries were allowed to establish 

for three months before scoring of traits commenced. Three applications of nitrogen fertiliser 

(in the form of urea) were applied across both nurseries in December 2012, April 2013 and 

September 2013 at a rate of 20 to 25 kg ha-1
 of N per application. 

 

Figure 5.1 Monthly irrigation volumes at the AgResearch (■) and Ashley Dene (■) 
nurseries.   

Both nursery sites were rotationally grazed by a mob of 70 to 100 sheep nine times over an 

eleven month period with time between grazings ranging from 21 days in summer to 63 days 

in winter. Post-grazing, nurseries were mown to a height of 4cm to homogenize the pasture 

cover. All herbage cut during mowing was removed off the trial sites. 

The AgResearch nursery was irrigated on a fortnightly basis through November, December, 

January, February and March (Figure 5.1). The Ashley Dene nursery was irrigated 

periodically throughout the summer of 2011/2012 if monthly rainfall was below average. 

Irrigation volumes for both nurseries are presented in Figure 5.1. The AgResearch nursery 

was inter-row sprayed in late autumn 2013 with a selective herbicide (Kamba 500 at a rate of 

800 mL ha-1) to eliminate rapidly expanding genotypes from merging into one another. 
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5.2.6 Measurements 

The morphological traits measured at each site were seasonal herbage yield (HY), leaf width 

(LW), lateral spread (LS) and number of growing points (GPD).   

5.2.6.1 Herbage yield 

Seasonal herbage yield was visually scored prior to each grazing at each site, except prior to 

grazing in both nurseries in July 2013. Visual biomass scores for each plant were recorded on 

a 0 to 9 scale with 0.5 unit increments allowable. Following visual scores, three randomly 

selected plants per denoted score (spread evenly across replicates 1, 4 and 7) per site were cut 

to 4cm height, the white clover foliage separated from companion sward species, dried in an 

air forced oven at 80oC for 48 hours and the white clover dry matter weighted. At the final 

herbage yield score, seven randomly selected plants (10% of total plants) per denoted score 

(spread evenly across replicates 1, 4 and 7) per site were sampled.  

5.2.6.2 Leaf width 

Prior to grazing in December 2012, March 2013 and October 2013, leaf size was visually 

scored per plant at both sites. Visual leaf size scores for each plant were recorded on a 0 to 5 

scale with 0.5 unit increments allowable. Following visual scores, the width of the centre 

leaflet of a first fully unfolded leaf (from the stolon apex) of six randomly selected plants per 

denoted score (spread evenly across replicates 1, 4 and 7) per site was recorded. At the final 

leaf score, the width of the centre leaflet of 13 randomly selected plants (10% of total) per 

denoted score (spread evenly across replicates 1, 4 and 7) per site were recorded.  

5.2.6.3 Lateral spread 

Prior to grazing in March 2013 and October 2013, lateral spread was visually scored per plant 

at both sites. Visual lateral spread scores for each plant was recorded on a 0 to 9 scale with 0.5 

unit increments allowable. In March 2013 following visual scores, the spread of four 

randomly selected plants per denoted score (spread evenly across replicates 1, 4 and 7) per 

site were recorded by overlaying plants with a 1 m2 quadrat with 5 cm cross sections and 

recording the number of clover occupied cells. At the final lateral spread score, the spread of 

seven randomly selected plants (10% of total) per denoted score (spread evenly across 

replicates 1, 4 and 7) per site were recorded.  
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5.2.6.4 Number of growing points 

After grazing in March 2013 and October 2013, the number of growing points was visually 

scored per plant at both sites. Growing point density (GPD) scores for each plant was 

recorded on a 0 to 9 scale with 0.5 unit increments allowable. In March 2013 following visual 

scores, the number of growing points of six randomly selected plants per denoted score 

(spread evenly across replicates 1, 4 and 7) per site were recorded by counting the number of 

active stolon growing points on both the main stolons and axillary buds. At the final score, the 

number of growing points of seven randomly selected plants (10% of total) per denoted score 

(spread evenly across replicates 1, 4 and 7) per site were recorded.  

5.2.7 Paternity testing 

DNA extractions, DNA fragment analysis and paternity assignment were carried out as 

described in chapter 4. 

5.2.8 Statistical analyses 

The objective of the data analysis was to: (i) transform raw scores to units using calibration 

models, (ii) compare the estimated additive genetic variance between maternal and paternal 

half-sib families, (iii) estimate the magnitude of genotypic variation among maternal and 

paternal half-sib families, (iv) estimate their interaction with the different seasons and nursery 

locations, (v) estimate heritabilities on a maternal and paternal half-sib family means basis 

and on an individual plant basis, and (vi) simulate plant breeding methods to determine their 

efficiency in utilizing the estimated genetic variation.  

5.2.8.1 Calibration of visual scores 

Visual scores were calibrated using the sampled plants at each harvest/assessment. Due to the 

exponential relationship between visual scores and biomass yield (g plant-1), lateral spread (m-

2 plant-1) and growing points (GPD plant-1), all raw measured units (g plant-1, m-2 plant-1, and 

GPD plant-1) at each harvest were square root transformed so that a linear model could be 

plotted against the denoted scores. A single linear regression was computed from the square 

root-transformed units at each harvest, and used to predict the square root of biomass yield 

(√g plant-1), lateral spread (√m2 plant-1) and GPD (√GPD plant-1) for all scored plants. Since 

the relationship between visual scores and leaf size was already linear, a single linear 

regression was computed from the actual raw data, and used to predict the leaf size (mm plant-

1) for all scored plants. 
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5.2.8.2 Variance component analysis 

The Residual Maximum Likelihood (REML) (Harville, 1977; Patterson and Thompson, 1971; 

Patterson and Thompson, 1975) option in GenStat (GenStat, 2003) was used for analysis of 

variance of all the trait data. The REML analysis was used to obtain BLUP (Best Linear 

Unbiased Predictors) adjusted mean values (White and Hodge, 1989) for all four 

morphological traits that were used for general combining ability calculation (GCA) (Posselt, 

2010). 

All linear models used in the analysis of variance were assumed to be completely random 

except model 5.3, where environments were treated as fixed effects. Linear models used in the 

analyses of variance were adapted from equation 27 proposed by Nyquist (1991) for 

individual plants of perennial species. Within nurseries, replicate × half-sib family 

interactions and within-plot-variances were ignored due to high plot-to-plot variation between 

replicates, as a result of the low number of plants per plot and the large genetic segregation 

within half-sib families. The statistical significance of the variance components were 

calculated using deviance of log-likelihood (Galwey, 2006). 

Genotypic analysis of morphological traits within environments and seasons 
Pijk = µ + Fi + Rj + ɛijk         (5.1) 

where; 
P is the phenotypic value of the kth plant taken from the ith family within 

the kth replicate 
µ   is the overall mean 
Fi   is the effect of half-sib family i N(0,    , 
Rj   is the effect of replicate j N(0,    , 
ɛijk is the residual effect of plant k taken from half-sib family i in replicate j 

N(0,    . 

Genotypic analysis of morphological traits within environments but across seasons 
Pijkl = µ + Si + R(i)j + Fk  + FSik + ɛ(ijkl)      (5.2) 

where; 
P is the phenotypic value of the lth plant taken from the kth family within 

the jth replicate during the ith season 
µ   is the overall mean 
Si   is the effect of season i N(0,    , 
R(i)j  is the effect of replicate j during season i N(0,    , 
Fk   is the effect of half-sib family k N(0,    , 
FSik  is the effect of half-sib family k during season i N(0,     , 
ɛ(ijkl) is the residual effect of plant l taken from half-sib family k within 

replicate j and during season i N(0,    . 
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Genotypic analysis of morphological traits across environments and seasons  
Pijklm = µ + Ei + R(i)j + Fk +FEik + Sl +SEim + b(ijl) + FSkl + FSEikl + ɛ(ijklm)  (5.3) 
 
where; 

P is the phenotypic value of the lth plant taken from the kth family within 
the jth replicate during the mth season within the ith environment 

µ   is the overall mean 
Ei  is the fixed effect of environment i, 
R(i)j  is the effect of replicate j within environment i N(0,    , 
Fk   is the effect of half-sib family k N(0,    , 
FEik  is the effect of half-sib family k within environment i N(0,     , 
Sl   is the effect of season l N(0,    , 
SEil  is the effect of season l within environment i N(0,     , 
b(ijl)  is the effect of replicate j during season l within environment i N(0,    , 
FSkl  is the effect of half-sib family k during season l N(0,     , 
FSEikl is the effect of half-sib family k, during season l within environment i 

N(0,      , 
ɛ(ijklm) is the residual effect of plant m taken from half-sib family k within 

replicate j during season l and within environment i N(0,      
 

5.2.9 Heritability  

Heritabilities for all traits within seasons were calculated on a maternal and paternal half-sib 

family means basis and on a narrow sense maternal and paternal individual plant basis. 

Heritabilities were calculated according to models proposed by Nyquist (1991). Heritabilities 

on a half-sib family means basis were estimated using model 53 (Nyquist, 1991) but with the 

denominator replaced with the phenotypic variance among families means for perennial 

species (model 28). Heritabilities on an individual plant basis were estimated using model 54 

(Nyquist, 1991) but with the denominator replaced with the phenotypic variance among 

individuals for perennial species (model 29). 

Heritability on a half-sib family means basis - genotypic analysis of morphological traits 
within environments and seasons       (5.4) 

  
   

  
 

  
  

  
 

  

 

Narrow sense heritability on an individual plant basis - genotypic analysis of morphological 
traits within environments and seasons      (5.5) 
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Heritability on a half-sib family means basis - genotypic analysis of morphological traits 
within environments but across seasons      (5.6) 

  
   

  
 

  
  

   
 

  
  
 

   

 

Narrow sense heritability on an individual plant basis - genotypic analysis of morphological 
traits within environments but across seasons     (5.7) 

  
   

   
 

  
     

    
  

where; 
  
  – full-sib family,      – family × season,     – experimental error,     – residual error,   

 s   is number of seasons 
 r is number of replicates per location 
 n is number of plants per plot 

5.2.10 Predicted genetic gain simulations 

Predicted genetic gains were simulated using, i) estimated genetic parameters from analyses 

in this chapter (across season analyses at the AgResearch nursery [Table 5.5]) and, ii) putative 

parameters where estimated parameters were not available. Genetic gain equations were based 

on models presented by Casler and Brummer (2008), Fehr (1987), Riday (2011) and Posselt 

(2010) (Table 5.1).  

Table 5.1 Expected genetic gains per cycle for five half-sib family selection methods 
and one mass selection method used in breeding white clover. 

Selection 
method† 

Family 
mating      
system 

Recombination   
unit 

Expected gain per cycle of selection‡ 

Mass selection Spaced-plants Selected plants         
      

HSF Half-sibs Remnant seed        
 

 
   

       
AWF-HS+MFS Half-sibs +  

full-sibs 
Selected plants*        

 

 
   

       +      
 

 
   

        

      
 

 
   

       
♀+♂ HSF Half-sibs Random plants*        

 

 
   

              
 

 
   

         

AWF-HS Half-sibs Selected plants        
 

 
   

           
 

 
   

      

HSPT Half-sibs Parental clones        
 

 
   

       
* Paternal parentage identified by molecular analysis 
†HSF, half-sib family selection; AWF-HS+MFS, among-half-sib family and within molecular determined 
full-sib family selection; ♀+♂ HSF, combined maternal and paternal half-sib family selection; AWF-HS, 
among-and-within-family selection; HSPT, half-sib progeny trialling.  
‡  , the standardised selection differential among individual plants;   , the standardised selection 
differential among maternal families;      the standardised selection differential among paternal 
families;   , the standardised selection differential within families;  , parental control factor;   

 , additive 
genetic variance;    , the phenotypic standard deviation among individual plants;     , the phenotypic 
standard deviation among maternal families;      , the phenotypic standard deviation among paternal 
families;    , the phenotypic standard deviation within families. 
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Parental control values (c) were set to one (recombination in isolated blocks with selected 

parents) for all methods, except half-sib progeny trialling which was set to two (Fehr, 1987; 

Posselt, 2010). In agreement with Casler and Brummer (2008), it was assumed that 

heritability on an individual-plant basis may at maximum be equal to heritability on a family 

mean basis, but is more likely to be smaller than heritability on a family mean basis. Putative 

parameters were based on fixed half-sib family mean heritabilities of 0.3, 0.5, and 0.7 by 

setting additive genetic variance (     ) to 0.3 and varying the among family phenotypic 

variance (     ) from 0.25 to 0.107 ( 
 
  
      

  . Individual plant heritabilities (within plot 

heritabilities) were varied by proportional differences between additive genetic variances and 

within family phenotypic variances (        ). In Figure 5.5, selection intensities varied (to 

compensate for equal effective population size; Ne) from 1% for mass selection, 10% within-

and 10% among families for among-and-within half-sib family selection (AWF-HS), 10% for 

half-sib family selection (HSF), 10% for half-sib progeny trialling (HSPT) and 15% among-

half-sib families and 50% within molecular marker determined full-sib families for among 

and within half-sib family selection aided with molecular marker determined full-sib family 

selection (AWF-HS+MFS). An equal effective population size is recommended for long-term 

selection programmes (Posselt, 2010). All prediction models were carried out using Microsoft 

Excel (Microsoft-Office, 2010).  

5.2.11 Calculation of general combining ability (GCA) 

General combining abilities were calculated as presented by Posselt (2010), where the mean 

of all half-sib family BLUPs  were subtracted from individual BLUP’s of each half-sib family 

for each trait.  

5.3 Results 

The polycross nursery at the Ashley Dene site had significantly lower total precipitation than 

the nursery at the AgResearch site from October 2012 to April 2013 (Figure 5.2). The higher 

precipitation at the AgResearch site was by in large the result of the fortnightly irrigation 

(Figure 5.1). Mean air temperatures were similar at both nursery locations over the duration of 

the trials. 
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Figure 5.2 Mean monthly maximum (○, AgResearch; Δ Ashley Dene) and mean 
minimum (● AgResearch; ▲   Ashley Dene) air temperatures (A), monthly 
rainfall at AgResearch (■) and Ashley Dene (■) (B) and total monthly 
precipitation (included irrigation) (C) at AgResearch (■) and Ashley Dene (■) 
during the trial period August 2012 to November 2013.  
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5.3.1 Calibration curves 

Among the scored morphological traits, lateral spread had the highest calibration correlation 

coefficient of 0.93 and 0.94 at the AgResearch and Ashley Dene nurseries, respectively 

(Table 5.2). Both clover herbage yield and leaf size calibration correlation coefficients ranged 

from 0.82 to 0.92 and 0.76 to 0.91, respectively across seasons. Growing point density 

correlation coefficients similarly ranged from 0.85 to 0.90 at both the AgResearch and Ashley 

Dene nurseries, although at Ashley Dene the GPD score in spring had a significantly lower 

calibration correlation coefficient of 0.57. 

Table 5.2 Correlation coefficients of white clover visual score calibration curves. All 
visual scores were calibrated with the square root of measured units, except 
leaf size which was calibrated against actual measured units. 

Trait Location Season    

    Summer Autumn Winter Spring  

Herbage yield AgResearch 0.87 0.83 0.87 0.94 0.88 
  Ashley Dene 0.82 0.83 0.86 0.89 0.85 
Leaf size AgResearch 0.76 0.91 - 0.86 0.84 
  Ashley Dene 0.86 0.91 - 0.83 0.87 
Lateral spread AgResearch - 0.94 - 0.92 0.93 
  Ashley Dene - 0.95 - 0.93 0.94 
Growing Point 
Density 

AgResearch - 0.85 - 0.87 0.86 
Ashley Dene - 0.90 - 0.57 0.74 

 

5.3.2 Within season analyses 

There were significant (P < 0.05) additive genetic differences for seasonal herbage yield 

among the twenty white clover maternal half-sib families (Table 5.3) evaluated at the 

AgResearch nursery. Significant (P < 0.05) additive genetic variation was also estimated 

among the twenty maternal half-sib families for herbage yield in four out the five seasons at 

the Ashley Dene nursery. Narrow sense heritabilities on a maternal half-sib family means 

basis ranged from 0.50 to 0.80 at both nurseries, whereas narrow sense heritabilities on an 

individual plant basis (maternal) ranged from 0.12 to 0.44.  

Clover herbage yield was significantly (P < 0.05) different among the twenty paternal half-sib 

families for 2 of the 5 seasons (Table 5.3) at both the AgResearch and Ashley Dene nurseries. 

Heritabilities on a paternal half-sib family means basis ranged from 0.30 to 0.76 at both 

nurseries, whereas narrow sense heritabilities on an individual plant basis (paternal) ranged 

from 0.05 to 0.37.  
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On average, maternal family additive genetic variances were 1.5, and 1.2 fold larger than 

molecular marker determined paternal family additive genetic variances at the AgResearch 

and Ashley Dene nurseries, respectively. The average half-sib family means heritability for 

clover herbage yield within seasons was 0.65, 0.49 at AgResearch and 0.61 and 0.52 at 

Ashley Dene for maternal and paternal half-sib families, respectively. Average narrow sense 

heritabilities on a single plant basis were 0.10 and 0.09 at AgResearch calculated on a 

maternal and paternal plant basis and 0.10 at Ashley Dene, regardless of half-sib family 

gender. 

Table 5.3 Seasonal herbage yield variance components and their associated standard 
errors (± SE) for 20 white clover half-sib families based on their known 
maternal (♀) and molecular determined paternal (♂) half-sib families. 
Variance components:    

  - half-sib family variance and   
  - experimental 

variance. Narrow sense heritabilities were calculated on a family means 
basis    

 ) and on an individual plant basis (  
 ).  

Season Site Half-sib   
     

    
    

  

Spring 
2012    

(× 102)    

AgResearch ♀ 7.58 ± 2.39* 61.9 ± 3.53 0.80 ± 0.25 0.44 ± 0.14 
AgResearch ♂ 2.82 ± 1.71* 64.7 ± 3.88 0.58 ± 0.35 0.17 ± 0.10 
Ashley Dene ♀ 1.09 ± 0.59* 23.0 ± 1.32 0.60 ± 0.33 0.18 ± 0.10 
Ashley Dene ♂ 1.43 ± 0.80* 23.2 ± 1.41 0.66 ± 0.36 0.23 ± 0.13 

Summer 
2012/13   
(× 102)  

AgResearch ♀ 6.70 ± 3.60* 138 ± 7.90 0.61 ± 0.33 0.19 ± 0.10 
AgResearch ♂ 9.10 ± 4.70* 136 ± 8.10 0.68 ± 0.35 0.25 ± 0.13 
Ashley Dene ♀ 1.18 ± 0.59* 20.2 ± 1.16 0.65 ± 0.33 0.22 ± 0.11 
Ashley Dene ♂ 2.08 ± 0.98* 20.7 ± 1.26 0.76 ± 0.36 0.37 ± 0.17 

Autumn 
2013           

(× 102) 

AgResearch ♀ 6.00 ± 3.00* 102 ± 5.80 0.65 ± 0.33 0.22 ± 0.11 
AgResearch ♂ 2.90 ± 2.20 105 ± 6.30 0.47 ± 0.36 0.11 ± 0.08 
Ashley Dene ♀ 2.98 ± 1.45* 47.2 ± 2.71 0.67 ± 0.33 0.24 ± 0.12 
Ashley Dene ♂ 1.58 ± 1.14 51.2 ± 3.10 0.50 ± 0.36 0.12 ± 0.09 

Winter 
2013          

(× 102) 

AgResearch ♀ 0.93 ± 0.51* 20.8 ± 1.19 0.59 ± 0.32 0.17 ± 0.09 
AgResearch ♂ 0.39 ± 0.37 21.6 ± 1.29 0.37 ± 0.35 0.07 ± 0.07 
Ashley Dene ♀ 0.86 ± 0.48* 15.1 ± 1.00 0.65 ± 0.36 0.22 ± 0.12 
Ashley Dene ♂ 0.32 ± 0.35 16.1 ± 1.12 0.39 ± 0.43 0.08 ± 0.09 

Spring 
2013    

(× 102)   

AgResearch ♀ 3.58 ± 1.95* 77.1 ± 4.41 0.60 ± 0.33 0.18 ± 0.10 
AgResearch ♂ 1.31 ± 1.33 80.1 ± 4.80 0.34 ± 0.35 0.06 ± 0.07 
Ashley Dene ♀ 0.48 ± 0.31 15.2 ± 0.87 0.50 ± 0.32 0.12 ± 0.08 
Ashley Dene ♂ 0.21 ± 0.25 15.6 ± 0.94 0.30 ± 0.36 0.05 ± 0.06 

*Significance at the 0.05 probability level (log-likelihood) 
 
There were significant (P < 0.05) additive genetic differences for leaf size among the twenty 

maternal half-sib families in all three seasons (Table 5.4) at both the AgResearch and Ashley 

Dene nurseries. There were also significant (P <0.05) additive genetic differences among the 

twenty paternal half-sib families in all three seasons at the AgResearch nursery, but only 



 

90 
 

during autumn at the Ashley Dene nursery. Heritabilities on a maternal half-sib family means 

basis ranged from 0.74 to 0.64 among nurseries, whereas on a paternal half-sib family basis 

they ranged from 0.79 to 0.39. Narrow sense heritabilities on a single plant basis ranged from 

0.32 to 0.31 on a maternal basis and 0.41 to 0.08 on a paternal basis among nurseries. 

For lateral spread, significant (P < 0.05) additive genetic variation was detected among the 

maternal half-sib families at only the AgResearch nursery in autumn. Additive genetic 

variation for growing point density was significant (P < 0.05) among maternal half-sib 

families in both seasons at both nurseries, whereas additive genetic variation for GPD was 

only significant (P < 0.05) among paternal half-sib families in autumn at AgResearch. 

Heritabilities on a maternal half-sib family means basis ranged from 0.78 to 0.70 and 0.61 to 

0.38 on a paternal half-sib family basis at the AgResearch and Ashley Dene nurseries, 

respectively. Narrow sense heritabilities on a single plant basis were higher on a maternal 

basis (0.27 to 0.39) than on a paternal basis (0.07 to 0.26). 

Across all three traits in Table 5.4, maternal family additive genetic variances were 1.2, and 

1.9 fold larger than molecular marker determined paternal family additive genetic variances at 

the AgResearch and Ashley Dene nurseries, respectively. 
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Table 5.4 Seasonal morphological trait variance components and their associated 
standard errors (± SE) for 20 white clover half-sib families based on their 
known maternal (♀) and molecular determined paternal (♂) half-sib 
families. Variance components:    

  - half-sib family variance and   
  - 

experimental variance. Narrow sense heritabilities were calculated on a 
family means basis    

 ) and on an individual plant basis (  
 ).  

Trait Season Site Half-
sib   

    
    

    
  

Leaf size 

Summer 
2012 

AgResearch ♀ 0.24 ± 0.11* 3.49 ± 0.20 0.68 ± 0.33 0.25 ± 0.12 
AgResearch ♂ 0.38 ± 0.17* 3.34 ± 0.20 0.79 ± 0.35 0.41 ± 0.18 
Ashley Dene ♀ 0.38 ± 0.18* 5.84 ± 0.34 0.67 ± 0.33 0.24 ± 0.12 
Ashley Dene ♂ 0.13 ± 0.12 6.32 ± 0.38 0.39 ± 0.36 0.08 ± 0.07 

Autumn 
2013 

AgResearch ♀ 0.43 ± 0.19* 4.91 ± 0.28 0.74 ± 0.33 0.32 ± 0.14 
AgResearch ♂ 0.49 ± 0.23* 4.85 ± 0.29 0.76 ± 0.35 0.37 ± 0.17 
Ashley Dene ♀ 0.23 ± 0.11* 3.14 ± 0.18 0.70 ± 0.33 0.27 ± 0.13 
Ashley Dene ♂ 0.22 ± 0.12* 3.39 ± 0.21 0.68 ± 0.36 0.25 ± 0.13 

Spring    
2013 

AgResearch ♀ 0.33 ± 0.17* 5.81 ± 0.34 0.64 ± 0.33 0.21 ± 0.11 
AgResearch ♂ 0.26 ± 0.16* 5.93 ± 0.36 0.59 ± 0.35 0.17 ± 0.11 
Ashley Dene ♀ 0.32 ± 0.16* 5.35 ± 0.32 0.66 ± 0.33 0.22 ± 0.11 
Ashley Dene ♂ 0.15 ± 0.12 5.53 ± 0.35 0.46 ± 0.37 0.10 ± 0.08 

Lateral 
Spread 
(× 102)  

Autumn 
2013 

AgResearch ♀ 0.08 ± 0.04* 1.59 ± 0.09 0.63 ± 0.32 0.20 ± 0.10 
AgResearch ♂ 0.04 ± 0.03 1.62 ± 0.10 0.45 ± 0.36 0.10 ± 0.08 
Ashley Dene ♀ 0.02 ± 0.01 0.37 ± 0.02 0.53 ± 0.33 0.14 ± 0.08 
Ashley Dene ♂ 0.00 ± 0.01 0.40 ± 0.02 0.16 ± 0.34 0.02 ± 0.05 

Spring    
2013 

AgResearch ♀ 0.04 ± 0.03 1.26 ± 0.07 0.49 ± 0.32 0.12 ± 0.08 
AgResearch ♂ 0.03 ± 0.02 1.25 ± 0.08 0.43 ± 0.35 0.09 ± 0.08 
Ashley Dene ♀ 0.02 ± 0.02 1.02 ± 0.06 0.42 ± 0.33 0.09 ± 0.07 
Ashley Dene ♂ 0.01 ± 0.01 1.06 ± 0.06 0.19 ± 0.34 0.03 ± 0.05 

Growing 
point 
density 

Autumn 
2013 

AgResearch ♀ 0.38 ± 0.16* 3.47 ± 0.20 0.78 ± 0.32 0.39 ± 0.16 
AgResearch ♂ 0.25 ± 0.13* 3.58 ± 0.22 0.69 ± 0.35 0.26 ± 0.13 
Ashley Dene ♀ 0.16 ± 0.08* 2.19 ± 0.13 0.70 ± 0.33 0.27 ± 0.13 
Ashley Dene ♂ 0.11 ± 0.07 2.35 ± 0.14 0.61 ± 0.36 0.18 ± 0.11 

Spring    
2013 

AgResearch ♀ 0.65 ± 0.30* 8.91 ± 0.51 0.70 ± 0.32 0.27 ± 0.13 
AgResearch ♂ 0.24 ± 0.18 9.14 ± 0.55 0.45 ± 0.35 0.10 ± 0.08 
Ashley Dene ♀ 0.17 ± 0.08* 2.35 ± 0.14 0.70 ± 0.32 0.27 ± 0.13 
Ashley Dene ♂ 0.05 ± 0.05 2.57 ± 0.16 0.38 ± 0.36 0.07 ± 0.07 

*Significance at the 0.05 probability level (log-likelihood) 

5.3.3 Across season analysis 

There were significant (P<0.05) additive genetic differences among both maternal and 

paternal half-sib families for herbage yield across all 5 seasons at both nurseries (Table 5.5). 

In addition, there was a significant (P<0.05) maternal half-sib family × season interaction at 

the AgResearch nursery. The season variance component was the largest at both nurseries and 
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accounted for (averaged among maternal and paternal half-sib families) 73% and 85% of the 

total variation at Ashley Dene and AgResearch, respectively.  

Leaf size at the AgResearch nursery was significantly (P<0.05) different among maternal and 

paternal half-sib families across seasons (Table 5.5). Leaf size at the Ashley Dene nursery 

tended to be (P<0.1) different among maternal and paternal half-sib families. There was also a 

significant (P<0.05) maternal half-sib family × season interaction. As with herbage yield, the 

largest variance component for leaf size was season. On average, the season variance 

component accounted for 71%, and 50% of the total variation at Ashley Dene and 

AgResearch, respectively. 

Growing point density at the AgResearch nursery was significantly (P<0.05) different among 

both maternal and paternal half-sib families across all seasons (Table 5.5), but this was not 

evident among maternal and paternal half-sib families at the Ashley Dene nursery. Season 

accounted for a much greater percentage of total variation at the AgResearch nursery (31%) 

than at the Ashley Dene (3%) nursery.  

Similarly to individual season analyses for lateral spread, only significant additive genetic 

differences among maternal half-sib families (P < 0.05) were present at the AgResearch 

nursery. The season variance component only accounted for 0 and 1% of the total variation at 

the AgResearch and Ashley Dene nurseries. Across all four morphological traits in Table 5.5, 

maternal family additive genetic variances were 0.98 and 1.4 fold larger than molecular 

marker determined paternal family additive genetic variances at the AgResearch and Ashley 

Dene nurseries, respectively, and only 1.08 fold larger over both nurseries.



 

 

 

Table 5.5 Morphological trait variance components and their associated standard errors (± SE) calculated across seasons within two environments 
(Ashley Dene and AgResearch) for 20 white clover half-sib families based on their known maternal (♀) and molecular determined paternal 
(♂) half-sib families. Variance components:   

  - season;     
  - replicates within seasons;   

  - half-sib family;    
  - half-sib × season;   

  – 
residual error. Narrow sense heritabilities were calculated on a family means basis    

 ) and on an individual plant basis (  
 ), and ranges 

are given among half-sib families on an average plant per half-sib basis. 

Sources Herbage yield (× 101) 
 

Leaf size (× 101) 

 
AgResearch Ashley Dene 

 
AgResearch Ashley Dene 

 
♀ Half-sib ♂ Half-sib ♀ Half-sib ♂ Half-sib 

 
♀ Half-sib ♂ Half-sib ♀ Half-sib ♂ Half-sib 

  
  23.05 ± 16.35 23.38 ± 16.58 14.82 ± 10.4 14.98 ± 10.6  51.0 ± 51.22 50.25 ± 50.45 126.89 ± 127.21 125.39 ± 125.69 

   
  0.36 ± 0.11 0.34 ± 0.11 0.06 ± 0.02 0.05 ± 0.02  0.85 ± 0.45 0.87 ± 0.47 1.38 ± 0.62 1.48 ± 0.68 

  
  0.28 ± 0.12* 0.29 ± 0.12* 0.10 ± 0.04* 0.14 ± 0.06*  2.41 ± 1.06* 4.16 ± 1.61* 1.70 ± 0.89 1.36 ± 0.75 

   
  0.21 ± 0.08* 0.09 ± 0.06 0.03 ± 0.02 0.01 ± 0.02  0.89 ± 0.55 0.12 ± 0.38 1.34 ± 0.66* 0.40 ± 0.49 

  
  7.99 ± 0.20 8.12 ± 0.22 2.46 ± 0.07 2.58 ± 0.07  47.27 ± 1.56 46.79 ± 1.62 47.38 ± 1.59 50.35 ± 1.79 

  
  0.13 ± 0.06 0.13 ± 0.06 0.15 ± 0.06 0.20 ± 0.08  0.19 ± 0.08 0.33 ± 0.13 0.13 ± 0.07 0.10 ± 0.06 

  
  0.75 ± 0.33 0.80 ± 0.35 0.82 ± 0.33 0.88 ± 0.35  0.75 ± 0.33 0.89 ± 0.34 0.64 ± 0.34 0.67 ± 0.37 

Mean 10.1† 10.2† 4.0† 4.0†  20.6§ 20.7§ 14.8§ 14.8§ 
Range 8.0 to 12.5† 8.7 to 12.6† 3.4 to 4.7† 3.0 to 4.9† 

 
19.8 to 21.4§ 19.3 to 21.9§ 13.8 to 15.5§ 14.1 to 15.1§ 

Sources Growing point density (× 101) 
 

Lateral spread (× 104) 

 AgResearch Ashley Dene 
 

AgResearch Ashley Dene 

 ♀ Half-sib ♂ Half-sib ♀ Half-sib ♂ Half-sib 
 

♀ Half-sib ♂ Half-sib ♀ Half-sib ♂ Half-sib 
  
  33.53 ± 48.96 33.24 ± 48.44 0.68 ± 1.16 0.71 ± 1.20 

 
0.00 ± 1.00 0.00 ± 1.00 0.99 ± 2.10 0.66 ± 1.62 

   
  7.82 ± 3.25 7.07 ± 3.01 0.64 ± 0.35 0.64 ± 0.38 

 
11.90 ± 5.20 9.50 ± 4.30 3.12 ± 1.51 2.69 ± 1.40 

  
  4.85 ± 1.96* 3.24 ± 1.57* 1.15 ± 0.61 0.50 ± 0.40 

 
6.60 ± 2.80* 4.30 ± 2.30 1.84 ± 1.00 0.51 ± 0.69 

   
  0.27 ± 0.72 0.27 ± 0.76 0.51 ± 0.40 0.24 ± 0.35 

 
0.00 ± 1.30 0.00 ± 1.30 0.00 ± 0.70 0.16 ± 0.70 

  
  61.88 ± 61.88 63.23 ± 2.68 22.71 ± 0.92 24.62 ± 24.62 

 
143.00 ± 5.80 143.00 ± 6.10 69.50 ± 2.82 72.70 ± 3.10 

  
  0.29 ± 0.12 0.19 ± 0.09 0.19 ± 0.10 0.08 ± 0.06  0.18 ± 0.07 0.12 ± 0.06 0.10 ± 0.06 0.03 ± 0.04 

  
  0.92 ± 0.37 0.88 ± 0.43 0.83 ± 0.44 0.71 ± 0.57  0.88 ± 0.37 0.83 ± 0.44 0.81 ± 0.44 0.51 ± 0.69 

Mean 57.6' 59.0' 29.1' 28.9'  0.21# 0.21# 0.06# 0.06# 
Range 43 to 78' 46 to 78' 20 to 33' 24 to 32'  0.17 to 0.25# 0.18 to 0.24# 0.05 to 0.08# 0.04 to 0.08# 

‡ Significance at the 0.1 probability level (log-likelihood) *Significance at the 0.05 probability level (log-likelihood), † g/plant, §mm/plant, 'GPD/plant, # m2/plant    
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5.3.4 Across environments and seasons analysis 

Leaf size was the only trait with significant (P <0.05) additive genetic differences among 

maternal half-sib families across both environments and seasons (Table 5.6). Clover herbage 

yield, GPD and lateral spread all had significant maternal half-sib family × environment 

interactions (P<0.05). Both GPD and lateral spread also had significant (P<0.05) maternal 

half-sib family × season interactions. Herbage yield also had a significant (P<0.05) maternal 

half-sib family × environment × season interaction. 

Table 5.6 Morphological trait variance components and their associated standard 
errors (± SE) calculated across environments and seasons for 20 maternal 
white clover half-sib families. Variance components:   

   - seasons;    
  - 

replicates within environments;   
  - half-sib family;    

  - half-sib × 
environment;    

  - environment × season;     
  - environment × season × 

replicate;    
  - half-sib × season;     

  - half-sib family × environment × 
season and   

  – residual error.   

Sources Leaf size Herbage yield GPD Lateral spread (× 103) 
  
  74.93 ± 82.11 16.02 ± 12.43 5.31 ± 18.52 0.00 ± 0.00 

   
  0.00 ± 0.25 0.10 ± 0.05 0.00 ± 1.32 0.68 ± 0.30 
  
  1.80 ± 0.82* 0.05 ± 0.06 0.00 ± 0.92 0.00 ± 0.14 

   
  0.26 ± 0.36 0.14 ± 0.06* 3.51 ± 1.24* 0.47 ± 0.18* 

   
  14.66 ± 14.92 2.96 ± 2.11 11.64 ± 17.48 0.09 ± 0.11 

    
  1.25 ± 0.50 0.11 ± 0.04 5.50 ± 2.28 0.07 ± 0.08 
   
  0.47 ± 0.43 0.03 ± 0.03 1.13 ± 0.47* 0.15 ± 0.08* 

    
  0.63 ± 0.50 0.09 ± 0.04* 0.00 ± 0.19 0.00 ± 0.05 
  
  47.33 ± 1.12 5.31 ± 0.10 42.36 ± 1.21 10.60 ± 0.30 

Mean 17.7§ 6.65† 42.2' 0.13# 
Range 16.8 to 18.5§  5.52 to 7.90† 33.6 to 53.5' 0.11 to 0.14# 

*Significance at the 0.05 probability level (log-likelihood) 
 † g/plant, §mm/plant, 'GPD/plant, # m2/plant    

5.3.5 Comparison of maternal and paternal general combining ability (GCA) 

There were significant regression coefficients (P<0.001) between maternal and parental 

general GCAs for seasonal herbage yield, leaf size and growing point density (Figure 5.3). 

Growing point density had the highest regression coefficient between maternal and paternal 

GCAs (0.52) and yield with the lowest (0.20). The slope of the regressions ranged from 0.51 

for GPD and leaf size to 0.40 for clover herbage yield. 
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Figure 5.3 Seasonal half-sib general combining abilities (GCAs) for both environments 
based on known maternal and molecular marker determined paternal half-
sib families for white clover leaf size (A), clover herbage yield (B) and GPD 
(C).  
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5.3.6 Simulated genetic gains using calculated genetic parameters 

On a genetic gain per cycle basis, half-sib progeny trialling (HSPT) and known maternal and 

molecular marker determined paternal half-sib selection (♀+♂HS) were the most effective 

selection methods for genetic advance among all three morphological traits (HY, LS and 

GPD) (Figure 5.4). Known maternal and molecular marker determined paternal half-sib 

selection was superior to HSPT for both herbage yield (a) and leaf size (b) but not growing 

point density (c). Known maternal and molecular marker determined paternal half-sib 

selection was consistently superior to conventional maternal half-sib selection alone, across 

all traits, scenarios and selection intensities (Figure 5.4; a, b and c), and approximately 

doubled genetic gain per cycle of selection.  

Paternal half-sib family (♂HS) selection alone was superior to maternal half-sib family 

(♀HS) selection alone for leaf size but not for GPD and was similar for herbage yield at the 

AgResearch nursery. Mass selection was superior to half-sib family selection methods (♀HS 

or ♂HS) when individual plant heritabilities were > 0.20 (Figure 5.4; c) but half-sib family 

selection was equal or superior to mass selection when individual plant heritabilities were < 

0.20 (Figures 5.4; a) and b) respectively).   

5.3.7 Simulated genetic gains using putative genetic parameters 

Simulations using both putative genetic parameters, and a set time frame, AWF-HS+MFS was 

superior to all selection methods when individual plant heritabilities were less than 0.15 and 

among family heritability was 0.30 (Figure 5.5). AWF-HS+MFS was superior to all selection 

methods (except ♀+♂HS, when individual h2 <0.05) when individual plant heritabilities were 

less than 0.25 and 0.35 and among family heritabilities were 0.50 and 0.70 respectively 

(Figure 5.5). 

In the absence of selection within molecular determined full-sib families, ♀+♂HS was still 

twice as effective as HSF, but not as effective as AWF-HS+MFS. The efficiency of ♀+♂HS 

decreased compared to mass selection and AWF-HS as individual plant heritabilities 

increased. Mass selection was the best selection method when heritabilities on an individual 

basis were within approximately 30% of heritabilities on a family means basis (a, b and c). 

HSPT was only 1.5 fold more effective than HSF (instead of two fold) due to an extra year 

required for a second recombination (Casler and Brummer, 2008). 



 

97 
 

 

 

Figure 5.4 Simulated genetic gains for three key morphological traits at the AgResearch 
nursery; herbage yield (a), leaf size (b) and growing point density (c) using 
five different breeding methods. Comparisons are made using equal selection 
intensities (%) and adjusted effective population size. Sqrt; square-root 
transformed data. 

G
e

n
e

ti
c 

ga
in

 (
Sq

rt
 g

 p
la

n
t-1

)

0.0

0.5

1.0

1.5

2.0

2.5

3.0
G

e
n

e
ti

c 
ga

in
 (

m
m

 p
la

n
t-1

)

0

2

4

6

8

Selection intensity (i)

0 5 10 15 20

G
e

n
e

ti
c 

ga
in

 (
Sq

rt
 m

2  P
la

n
t-1

)

0

2

4

6

8

10

Maternal HSF

Paternal HSF

Mass selection

Maternal HSF + 
Paternal HSF 

HSPT 

(a)

(b)

(c)



 

98 
 

 

 

Figure 5.5 Expected genetic gains (per every 3 years) simulated from half-sib family 
selection (HSF), mass selection, among-half-sib-and-within molecular marker 
determined full-sib family selection (AWF-HS+MFS), half-sib progeny 
trialling (HSPT), and among-and-within half-sib family selection (AWF-HS). 
All expected gains are expressed as a percentage of gains for HSF. All models 
are based on an equal effective population size (Ne) with adjusted selection 
intensities (%). Family heritabilities were fixed at, a; 0.30, b; 0.5, and c; 0.7.  
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5.4 Discussion 

5.4.1 Calibration curves 

The correlations between visual biomass scores and above ground biomass yield in the two 

spaced-planted white clover nurseries, suggest that visual scores are a reasonably accurate 

method for measuring actual biomass yields for individual plants in white clover spaced-

planted nurseries within a ryegrass sward. They are similar to previously reported biomass 

correlations in other perennial spaced-planted forage species, which range from 0.64 to 0.94 

(Casler, 2001; Casler and van Santen, 2000; Riday, 2009). In addition, correlations between 

visual scores and actual measurement for leaf size, lateral spread and growing point density 

were high, with the exception of the GPD score at the Ashley Dene nursery in spring 2013. 

Similar to Riday (2009), an exponential relationship between visual scores and biomass yield 

(√g plant-1) was evident.  This relationship was also evident for lateral spread (√m-2 plant-1) 

and growing point density (√GPD plant-1). As explained by Riday (2009), the above traits that 

were scored on a single plant basis were estimated on an order of magnitude rather than on a 

linear basis (i.e. this plant is X times as big as that plant, and that plant is X times as big as the 

next plant). Likewise to findings presented by Riday (2009), the larger the relative size of the 

individual plants, the more difficult it becomes to accurately score them and this was evident 

by the larger residuals associated with the larger score values (data not presented).  

Among morphological traits, lateral spread had the highest correlation between visual scores 

and the transformed measured units. Using the aid of a 0.6m × 0.6m quadrat helped to 

visualise proportional differences between plants and most likely resulted in the high 

regression coefficient values. On the other hand, the poor correlation between visual score and 

growing point density at the Ashley Dene nursery in spring 2013 was most likely a result of 

the timing of the assessment. GPD scores needed to be completed within 5-8 days after 

intensive sheep grazing and before canopy closure of the companion sward species in order to 

allow estimates of visible growing points on the soil surface. In the instance of the spring 

assessment at the Ashley Dene nursery, the visual assessment coincided with canopy closure, 

and resultantly plants with higher growing point densities were difficult to distinguish.   

5.4.2 Within season analyses 

Seasonal analyses among half-sib families for herbage yield, leaf size and growing point 

density confirms that significant additive variation exists within the source breeding 

population for these morphological traits. The lack of significant differences among half-sib 
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families for lateral spread suggests that either there is little additive genetic variation among 

half-sib families in this population or the sampling/spaced-planted evaluation technique used 

was too inaccurate to quantify the variation. Considering lateral spread at the AgResearch 

nursery was significant among families in autumn but non-significant in spring following 

inter-row spraying, the latter explanation is more probable. The Ashley Dene nursery however 

had little additive genetic variation in either autumn or spring despite no inter-row spraying 

and probably reflects the little additive variation for this trait in this environment.  

It is evident from Tables 5.3 and 5.4, that significant differences among half-sib families were 

more prevalent with maternal half-sib families than for paternal half-sib families. The higher 

frequency of insignificant results among paternal half-sib families compared to maternal half-

sib families may have been a result of the imbalance in paternal half-sib family sizes. Due to 

the non-random mating of the parent polycrosses (which was discussed in Chapter 3), the 

number of offspring among the twenty paternal half-sib families varied greatly and in many 

cases, paternal half-sib families within replicates were represented by zero, one or few 

genotypes. Further mortalities among these initial few individuals as the trial progressed 

would have further upset paternal half-sib family means and increased the standard error. The 

latter is certainly supported by the fact that the lack of significant effects among paternal 

families became more pronounced as the trial duration increased.    

While the theoretical ratio of maternal to paternal additive genetic variance in the absence of 

maternal effects should theoretically be 1:1, the ratios observed in this study considering the 

imbalance in paternal half-sib families were not too distant from this expected ratio. In a study 

by Riday (2011), red clover paternal additive genetic variances were four to five times greater 

than maternal family additive genetic variance and resultantly, paternity based selections 

alone were more than double that of maternal selection alone. 

Heritabilities on a half-sib family means basis were again consistently higher for maternal 

half-sib families than for paternal half-sib families. However, regardless of half-sib family 

gender, half-sib family heritabilities were always consistently in the magnitude of two to five 

fold higher than heritabilities on a single plant basis, and like the findings of Riday (2011) in 

red clover, the family based heritabilities illustrate the theoretical rationale of pursing half-sib 

family selection methods in white clover. Nyquist (1991) indicated that when heritability on 

an individual plant basis is low due to large environmental effects, family selection should be 

implemented instead. An important feature of family selection is that selection is based on 
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family means which are obtained from replicated trials; and therefore less affected by large 

environmental variances than are individual selections (Nguyen and Sleper, 1983).  

While more replicates help to reduce experimental error and increase heritability on a family 

means basis, the number of replicates used in the nurseries of this experiment did not reflect 

practical options in many plant breeding situations. However, considering this experiment 

was designed to accurately estimate genetic parameters for genetic gain simulation, extra 

effort was justified to improve the estimation of variance components. The rationale for eight 

replicates was twofold; i) to reduce experimental error       via increasing the number of 

replicates, as replicates are a divisor for    , and ii) to reduce plot-to-plot variation      by 

reducing plot size per entry.  

Plot-to-plot variation is associated with environmental differences from one plot to another, 

and it often increases as the amount of trial area in a replication increases because of soil 

heterogeneity (Fehr, 1987). Therefore   can be reduced via decreasing the number of plots 

per replicate or decreasing the size of the individual plots. However, while decreasing plot 

size can help reduce    by limiting environmental variance, it is vital to have enough plants 

per plot to minimise the within plot variance component      , as     is influenced by both    

and    , where      
  
      

 

 
        

     
     . In this trial, since there was a fixed 

number of plants, increasing replicates resulted in fewer plants per replicate. Consequently by 

reducing the number of plants per plot (n), within-plot-variation       increased significantly 

due to a lower divisor of genetic segregation (   
   and environmental effects (     and 

ultimately experimental error      , as within-plot-variability is a function of the number of 

plants that are averaged together to determine a plot mean (Fehr, 1987). In addition, by not 

adequately sampling enough plants per plot, it also increased the plot-to-plot variation    , as 

family/plot means were highly variable within replicates, creating a family × replicate 

interaction. Resultantly, the    variance component was removed from analyses to minimise 

the replicate × half-sib family interaction and focus on family means across the trial.  

To avoid genetic sampling effects in future studies, the number of plants per replicate should 

be chosen according to family structure (Posselt, 2010). Since genetic variability within plots 

is higher for half-sib families ( 
 
  
 )  than for full-sib families ( 

 
  
 )  more plants per plot are 

needed to reduce the within plot variability       due to within-plot genetic segregation     
  . 

Posselt (2010) recommended for half-sib families that15-20 plants per plot are adequate, 

whereas for full-sibs somewhat lower numbers might be used.  This explanation of genetic 
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segregation     
   helps explain the magnitude of experimental error       (which is a 

combination of within-plot-variation       and plot-to-plot variation    ), compared to that of 

among family variation       in this experiment. For future experiments/nurseries, breeders 

are encouraged to use fewer replicates with more plants per plot. While decreasing replicate 

numbers at each site would decrease family heritability via reducing the divisor of plot-to-plot 

variance (     this could be offset by using more plants per plot to reduce the within family 

variance component (increasing divisor of    ). 

In regard to genetic gain, if breeders have the option of multiple trial locations, breeders 

would be further encouraged to use fewer replicates per environment (with adequate plants 

per plot as discussed above) and instead use more environments. Theory shows superior 

genetic gain would be realised by actually only growing one replication at many 

environments, because the number of environments is a divisor for both experimental 

error       and family × environment interaction        in the genetic gain formula (Fehr, 

1987).   

5.4.3 Across season analyses 

The across season analyses confirmed that significant annual additive genetic variation for 

herbage yield exists within the source breeding population at both environments. The 

maternal family × season interaction at the AgResearch nursery also indicates re-ranking of 

maternal half-sib families among seasons. Narrow sense heritabilities on a single plant basis 

were relatively consistent among maternal and paternal half-sib families and environments, 

ranging from 0.13 to 0.20. These heritabilities are similar to those reported on a narrow sense 

basis by Woodfield and Caradus (1990) (0.09 ± 0.10) but considerably lower than those 

reported by Annicchiarico et al. (1999) (0.52 ± 0.29). The large discrepancy in heritabilities 

between the experiment reported here and that of Annicchiarico et al. (1999) are likely due to 

either differences in source population genetic parameters or experimental circumstances. 

While the former cannot be disregarded, it does seem unlikely considering only 16 families 

were investigated in that study compared to the 20 families in the present study. A possible 

explanation is the trial management in which the studies were conducted, whereby the study 

by Annicchiarico et al. (1999) was conducted under a cutting regime whereas the present 

study was conducted under sheep grazing management. The difficultly of minimising 

heterogeneous variation in ruminant grazed trials is well documented and often results in 

increased residual variation which resultantly increases the denominator of the heritability 

formula, thereby decreasing heritability.  
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Similar to herbage yield, significant additive genetic variation for leaf size existed within the 

source breeding population at both environments across seasons. Narrow sense heritabilities 

on an individual plant were on average greater than the other three morphological traits and 

are similar to previous reports where leaf size heritability has been higher in comparison 

(Annicchiarico and Piano, 1995; Annicchiarico et al., 1999; Caradus and Woodfield, 1990; 

Caradus and Chapman, 1996; Woodfield and Caradus, 1990). It is interesting to note the large 

discrepancy in heritabilities between the two nurseries. The discrepancy highlights the lower 

heritability at the Ashley Dene, nursery which is expected under stress conditions as a 

consequence of the higher environmental component of the phenotypic variance (Blum, 

1985). 

Although additive genetic variation for growing point density was significant among maternal 

and paternal half-sib families at the AgResearch nursery, no additive genetic variation at the 

Ashley Dene nursery was detected. The additive genetic variation at the AgResearch nursery 

however was almost as heritable on a narrow sense basis as leaf size (average among maternal 

and paternal) and highlights the fact that considerable growing point density improvement can 

be made through field breeding practices.  

The significant differences among half-sib families at the AgResearch nursery for lateral 

spread and the lack of significant differences among half-sib families at the Ashley Dene 

nursery clearly demonstrate the constraint total precipitation has on the spreading growth 

habit of white clover.  

A common trend across all four morphological traits was the magnitude of difference between 

heritabilities calculated on a family means basis and those on an individual plant basis. 

Heritabilities on a family mean basis were consistently three to five fold larger than narrow 

sense heritabilities on an individual plant basis. However as pointed out earlier, it is important 

to note (due the high number of replicates) the heritabilities calculated on a family means 

basis in this study are biased upwards. These family mean heritabilities are likely to be further 

magnified by the fact that within-plot-variance     
   and plot-to-plot variance (  ) 

components were pooled into the residual error term, which was divided by a bigger 

denominator than if the individual components were treated separately. Despite the likelihood 

of inflated family means heritabilities (the inflated difference is still trivial in comparison to 

the magnitude of difference between individual and family means heritabilities) the results 

demonstrate the justification of half-sib family selection methods in white clover. 
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5.4.4 Across seasons and environments analyses 

Leaf size among both maternal and paternal half-sib families showed consistency in family 

ranking across both seasons and environments. The lack of family × environment interaction 

for this trait would suggest selection in a single environment would be adequate due to the 

consistent ranking of families across environments. From this standpoint, the environment 

with the highest heritability (AgResearch nursery) would be the most logical choice for 

breeders. Furthermore, due to the limited environment × family interaction in this experiment, 

and considering the limited grazing × genotype interactions that are reported in the literature 

for leaf size (Caradus et al., 1989), environments with even higher heritabilities, such as 

spaced-planted monoculture nurseries with the absence of animal grazing, are likely to yield 

even better selection gains without any detrimental effects or re-ranking of genotypes in 

grazed sward scenarios.  

The lack of differences among maternal and paternal families for herbage yield, growing 

point density and lateral spread among nurseries and their significant family × environment 

interactions suggest half-sib family performance is largely mitigated by environmental cues 

under these trial circumstances. The substantial re-ranking of half-sib families for these traits 

across environments indicates that the families in this experiment are not broadly adapted 

across environments, and selection within environments for specific adaptation is required. 

However, these results indicate the importance of multi-site evaluation in cultivar 

development programmes to identify material with broad adaptation.   

5.4.5 Comparison of maternal and paternal GCAs 

The positive correlation coefficients demonstrate that the best performing maternal families 

tended to also be the best performing paternal families and vice versa (Figure 5.3). It is 

interesting to note that in parent offspring regression, the slope of the regression represents the 

heritability of the trait (Falconer, 1961). Although the slopes in this case were lower than the 

predicted heritabilities using REML, the traits still ranked in similar order of heritability. In 

other words, the higher the heritability of the trait, the better the correlation between maternal 

and paternal half-sib values, as the predicted GCAs are less confounded by environmental 

error. The positive correlations give breeders the confidence that their best maternal selections 

are also indirectly the best paternal selections as theory suggests.  

5.4.6 Simulated genetic gains  

The comparison of genetic gain between different breeding methods largely depends on the 

interval measured (per cycle or time), the selection intensities (%), and the effective 
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population sizes (Ne) at which they are compared. This discussion deals with the comparison 

firstly on a genetic gain per cycle basis with equal selection intensities using genetic 

parameters estimated in this chapter (Figure 5.4) and secondly on a more commercially 

representative approach taking into account equal effective population sizes and time (Figure 

5.5) (further details are described in the materials and methods). The latter approach utilises 

artificial genetic parameters so that within-family selection methods can also be compared, 

since within family parameters were not accurately estimated in this experiment due to the 

small plot sizes and error confounded within-family variance components. 

Figure 5.4 clearly demonstrates the advantage of HSPT and ♀HS +♂HS over HSF and mass 

selection for clover herbage yield, leaf size and growing point density at equal selection 

intensities (k) on a genetic gain per cycle basis. As theory suggests (Riday, 2011), known 

maternal and molecular marker determined paternal half-sib selection (♀HS +♂HS) (ignoring 

selection within full-sib families) is approximately two-fold more effective than conventional 

maternal half-sib family selection alone. The twofold increase in genetic gain can be 

explained by the genetic gain formula containing two half-sib family selection terms instead 

of one (maternal half-sib and paternal half-sib instead of maternal half-sib alone; see below) 

(Riday, 2011).   
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Where: 
   = genetic gain per cycle 
k = selection intensity;    – maternal half-sib family,    – paternal half-sib family,    – within 
family 
   = variance;    

  – additive,    
  – dominance,    

  – additive × environment,   
  – within-plot,    

  – 
environmental-within-plot,    – Plot-to-plot 
r – number of reps, t – number of environments, n – number of plants per plot 
 
♀HS +♂HS selection is effectively the same as increasing the parental control value to two in 

the conventional maternal half-sib family selection gain formula, assuming equal selection 

pressure is applied to both maternal and paternal half-sib families. Alternately to ♀HS +♂HS, 

the parental control value in the genetic gain formula can also be doubled by recombining 

saved parents of the best half-sib progenies; known as half-sib progeny trialling (HSPT). 

Despite identical theoretical numerators between ♀HS +♂HS and HSPT, ♀HS +♂HS in 

Figure 5.4 was superior to HSPT when paternal half-sib family variances exceeded those of 

maternal half-sib variances and vice versa. However, considering that discrepancies in 
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maternal and paternal additive genetic variances are likely to be arbitrary, and the deviance in 

ratios from 1:1 are likely to be error related, genetic gains per cycle from HSPT and ♀ HS 

+♂HS are actually likely to be equal, assuming equal selection intensities are applied for 

both.  

In contrast to genetic gain per cycle, ♀HS +♂HS was superior to HSPT on a 3 year basis, 

even when maternal and paternal additive genetic variances were assumed to be equal. These 

findings agree with Casler and Brummer (2008). Unlike Vogel and Pedersen (1993), HSPT is 

not necessarily a single-cycle “dead-end” selection method, and while it can be incorporated 

into a recurrent scheme, it requires two recombination events per cycle to create parents for 

the following cycle. Consequently, an extra recombination event generally requires an extra 

year, and the difference in genetic gain observed between ♀HS +♂HS and HSPT in Figure 

5.5 reflects the penalty associated with genetic gains over time. 

In addition to superiority in time, additional phenotypic selection within the best molecular 

marker determined full-sib families can further advance ♀HS +♂HS in relation to HSPT. 

This is referred to as AWF-HS+MFS which utilises the remaining half of the additive genetic 

variation within molecular marker determined full-sib families; see the third term in the 

equation above. A significant pitfall of HSPT is not only its longer cycle time but also its lack 

of ability to utilise additional within family additive variation. By contrast, AWF-HS+MFS 

effectively utilises the within family variation, and its superiority over the other selection 

methods at moderate to low individual plant heritabilities are evident in Figure 5.5. AWF-

HS+MFS combines genotypic and phenotypic selection simultaneously within the same 

nursery. Disadvantageously, it does however rely on ample genotypes within half-sib families 

to do so and requires a somewhat more strategic approach (due to the low probable number of 

individuals per optimum full-sib combination; only 50% within family selection intensity was 

simulated). From a pragmatic perspective, one approach would be to assess a large number of 

individuals per half-sib family to ensure a reasonable number of optimum full-sib 

combinations exist within the nursery. To save costs associated with genotyping the entire 

nursery, an initial 15% selection intensity could be applied across maternal families alone, 

followed by paternity testing within these best families to find the optimal paternal 

combinations. A further 50% selection intensity could then be applied on a phenotypic basis 

within the best full-sib combinations. Thus it can be recommended to start with a nursery of 

100 half-sib families × 100 individuals per half-sib family and then select the best 15 half-sib 

families based on maternal data alone. Within these best 15 half-sib families, paternity testing 

could then be carried out on all surviving progeny (≤ 1500 progeny, of which approximately 
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15% (225) would have the ideal parentage), and then phenotypic selection within the best full-

sib combinations could be achieved. 

With regard to the other selection methods, mass selection was superior to HSF for leaf size 

and GPD, but not for herbage yield on a genetic gain per cycle basis when selection intensities 

were equal (Figure 5.4). Although the genetic gain on an individual-plant basis was lower for 

herbage yield than genetic gain on a family means basis, the breeder must keep in mind that 

this disadvantage can be offset or exceeded by the larger numbers of individual plants that can 

be screened, selected, and recombined in mass selection (Bernardo, 2010) (increases the 

numerator in the genetic gain formula by increasing i). This is evident in Figure 5.5, where the 

selection intensity of mass selection is adjusted to 1% (compared to the selection intensity of 

10% between families) to compensate for an equal effective population size. Even when 

selection intensities were equal in Figure 5.4 and despite heritabilities on a family means basis 

still being higher than heritabilities on an individual plant basis for leaf size and GPD, genetic 

gain for HSF was lower than mass selection. A considerable drawback with half-sib family 

selection is the smaller fraction of additive genetic variance that is utilised among families 

and therefore its smaller phenotypic standard deviation, which results in the lower genetic 

gain per cycle. Falconer (1961) stated that family selection cannot be better than individual 

selection unless heritability on a family means basis is greater that the heritability on 

individual plant basis, by an amount that is large enough to counterbalance the lower standard 

deviation of the family phenotypic variance.  

When heritability on a family means basis is not high enough to counterbalance its lower 

phenotypic standard deviation compared to mass selection, supplementary phenotypic 

selection within half-sib families (among-and-within half-sib family selection [AWF-HS]) can 

be carried out to utilise the remaining ¾      within families and resultantly improve genetic 

gain. The benefits of AWF-HS are demonstrated in Figure 5.5, where its superiority over HSF 

and mass selection become evident. AWF-HS superiority over mass selection is evident when 

heritabilities on an individual plant basis were less than 0.17, 0.30 and 0.4 and heritabilities 

on a family means basis were 0.3, 0.5 and 0.7, respectively. As individual heritabilities 

increased from moderate to high, mass selection became the most useful selection method 

making use of both high additive genetic variation and high phenotypic standard deviation. 

In practice, breeders must be cautious not to implement too high a selection pressure in mass 

selection programmes when narrow sense heritabilities are extremely low. Sleper and 

Poehlman (2006) argued the lower the heritability, the larger the number of plants that should 
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be selected and recombined to ensure that some of the selected plants are superior due to their 

inheritance and not due to environmental effects alone. A significant disadvantage associated 

with phenotypic selection methods are the environmental effects and the genotype × 

environment interactions that mask genotypic values. Therefore phenotypic selection methods 

favour traits that primarily display additive gene action, are highly heritable, have high 

genotypic correlations between spaced-plants and mixed swards, and can be screened in a 

large enough population to limit inbreeding (Posselt, 2010). 

Finally, considering the similar maternal to paternal additive genetic variance ratios observed 

across seasons, it was not surprising that no major genetic gain advantages were observed for 

maternal HSF selection over paternal HSF selection and vice versa (Figure 5.4). Contrary to 

Riday (2011), the consistent results across morphological traits, seasons and locations in this 

study suggest maternal half-sib variances are at least equal if not superior to paternal half-sib 

variances, and certainly do not support the notion that paternal selection gains are superior to 

maternal selection gains under these experimental conditions. For these reasons, maternal 

additive genetic variance and paternal additive genetic variances were considered to be equal 

and only HSF selection (representing both) was simulated in Figure 5.5. 

With regard to all of the above, and in accordance with Casler and Brummer (2008), the 

results of these formulas should only be taken as guidelines. The simulations are not intended 

to infer that at any particular ratio of           
 or          

  there is a single value which makes 

one particular selection method more efficient than another under all conditions. “The choice 

of any one method of selection depends on the breeder, stage of the breeding programme, 

stage of germplasm development, stage of knowledge of the populations and objectives of the 

breeding program” (Hallauer and Miranda, 1981). 

5.4.7 Trial design 

A requirement for known maternal and molecular marker determined paternal half-sib 

selection is the identification and collection of phenotypic information on individual 

genotypes. Although maintained throughout the duration of this experiment, the horizontally 

creeping nature of white clover limits its effectiveness as a spaced-planted species under these 

experimental conditions, and requires further methodology development. Unlike red clover 

and lucerne, where paternal selection is suited to the growth habit of the species (Riday, 2011; 

Riday et al., 2013), the white clover growth habit is somewhat more challenging to maintain 

individualism. White clover progresses through different developmental phases, including 

changing from a tap rooted to a nodal rooted plant, followed by morphological phase three 
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where it begins to break into daughter clones (Brock and Tilbrook, 2000; Brock et al., 2000). 

Therefore restricting it to a given space requires the use of either physical or chemical 

barriers, both of which are likely to impact on measured morphological traits. This is 

particularly more pronounced in sward scenarios where grazing ruminants are less likely to 

regulate the lateral spread of the plant, due to the protection from the companion sward 

species. Either regular inter-row spraying or the use of physical barriers such as a dense 

companion species in the inter-rows (such as cocksfoot) may be a tool to mitigate spread, 

otherwise the application of paternal selection in white clover will have to be revised. 

5.5 Conclusions 

 The number of plants per plot for half-sib families of white clover should not be below 

recommendations by Posselt (2010). Breeders should aim for at least 15-20 genotypes 

per plot in order to accurately measure within-plot-variation     
   and plot-to-plot 

variation     .  

 Maternal family additive genetic variances were at least equal if not superior to 

paternal additive genetic variances, and certainly do not support the notion that 

paternal selection gains are superior to maternal selection gains under these 

experimental conditions in white clover. 

 Known maternal and molecular marker determined paternal half-sib selection (♀HS 

+♂HS) was approximately two-fold more efficient than maternal half-sib selection 

alone (HSF), and conforms to theoretical expectation. 

 On a predicted genetic gain per cycle basis, half-sib progeny trailing (HSPT) and 

known maternal and molecular marker determined paternal half-sib selection (♀HS 

+♂HS) were the most effective breeding methods. Re-ranking of effectiveness 

between HSPT and ♀ HS +♂HS breeding methods per cycle for the different traits 

were most likely arbitrary, and genetic gains per cycle are actually likely to be equal, 

assuming equal selection intensities are applied for both.  

 On a predicted genetic gain per time basis, AWF-HS+MFS was the most effective 

breeding method when heritabilities on an individual plant basis were low. However, 

as heritabilities on an individual plant basis reached within 30% of heritability on a 

family means basis, mass selection became the most effective selection method. 
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 Simulation using data from this study suggests that replicated half-sib family selection 

methods (genotypic selection) are best for improving clover herbage yield, whereas 

phenotypic selection methods are similar or superior to half-sib family selection for 

leaf size and growing point density. 

 The effectiveness of known maternal and molecular marker determined paternal half-

sib selection in spaced-planted white clover nurseries is marginal due to the 

horizontally creeping growth habit of white clover. The breeding methodology is more 

likely suited for non-creeping, prostrate species such as red clover, lucerne and grass 

species. 

 Stratification of the way in which paternity testing is utilised in white clover, such as 

in mixed sward plots, may significantly enhance the rate of genetic gain per year for 

white clover relative to conventional plant breeding methodologies.   
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Chapter 6 
Genetic variation in a breeding population for vegetative 

persistence and production under summer moisture stress 

6.1 Introduction 

The lack of reliable seasonal herbage yield and vegetative persistence are two important 

constraints that have resulted in the under-utilisation of the genetic potential of white clover 

as a valuable forage legume (Jahufer et al., 2002; Jahufer et al., 2013). In regions on the east 

coast of New Zealand where the central mountain range combined with westerly air flows 

create a rain shadow with <800 mm of annual rainfall, these constraints are primarily 

governed by summer moisture stress (Brown and Green, 2003). The low annual rainfall in 

these regions, combined with the exceeding summer evapotranspiration rates and variable 

alluvial outwash soils result in potential soil moisture deficits between 200-500mm (Salinger, 

2003; Webb et al., 2000). In these summer moisture stressed environments the performance 

and persistence of white clover is often variable and poor between succeeding years (Knowles 

et al., 2003). 

While the improvement of vegetative persistence and herbage yield have been at the forefront 

of many Australasian white clover breeding programmes, historically progress has been 

limited (Abberton and Marshall, 2010). One rationale for the limited gain is the depletion of 

the genetic variation available for drought stress tolerance. Some specialised breeding 

programmes have targeted secondary and tertiary gene pools for acquiring novel genetic 

diversity (Hussain and Williams, 1997; Marshall et al., 2001; Williams et al., 2007). Despite 

the limited genetic variation for drought tolerance in white clover, Knowles et al. (2003) 

reviewed findings that suggested scope still exists within the species for development of 

cultivars with improved stolon vegetative persistence under moisture stress that demonstrate 

improved plant recovery rates following rain.    

Among morphological traits deemed to be important for vegetative persistence, stolon density 

or growing point density ranks among the highest (Caradus and Williams, 1989). However, 

the negative association between stolon density and herbage yield complicates the concurrent 

genetic improvement of vegetative persistence and yield in this species (Jahufer et al., 1999). 

Leaf size, stolon thickness, number of nodes and number of rooted nodes also show strong 

associations with persistence and herbage yield (Annicchiarico et al., 1999; Caradus and 
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Williams, 1989; Jahufer et al., 1994; Jahufer et al., 1995; Jahufer et al., 1997; Jahufer et al., 

1999; Jahufer et al., 2013). Physiological traits of dryland importance include increased 

WUE, which is often measured indirectly by 13C isotopic discrimination, and the 

accumulation of flavonoids which confer resistance to a number of abiotic factors including 

soil moisture stress (Ballizany et al., 2012b; Hofmann and Jahufer, 2011).    

Few studies in white clover have investigated and quantified the magnitude of intra-

population genetic variation for post summer moisture stress recovery and genotype × year 

and genotype × environment interactions under grazing conditions. The availability of 

estimates of genetic parameters for key morphological/physiological attributes associated with 

the vegetative persistence of white clover will enable the assessment of the merits of 

alternative breeding strategies that could potentially improve the historic slow rate of genetic 

gain (Jahufer et al., 2002).   

The developmental stages of white clover growth have significant implications for the 

evaluation of breeding material (Brock et al., 2000). White clover development from seed has 

three distinct morphological phases (Brock et al., 1988; Brock et al., 2000; Thomas, 1987b; 

Westbrooks and Tesar, 1955); i) a rosette seedling phase lasting 1-3 months with minimal 

branching, no stem elongation and no nodal root formation; ii) a tap-rooted expansion phase 

lasting 1-2 years, with extensive branching, rapid elongation of stem branches, and nodal root 

development; and iii) a ‘mature’ clonal phase, when taproots die and large plants fragment 

into small self-dependent daughter clones that rely solely on nodal roots.  

From a plant breeding perspective, these different morphological phases present a challenge 

to breeders. One of the primary challenges is to identify breeding lines that are consistently 

superior across all morphological phases. Field evaluations of white clover have principally 

been conducted using trials that are either established directly from seeded plots or via 

transplanted established seedlings (Ayres et al., 2007; Caradus et al., 1997; Jahufer et al., 

2009; Woodfield and Caradus, 1994; Woodfield et al., 2003; Woodfield et al., 2001; 

Woodward and Caradus, 2000). Indirect selection for high yielding genotypes in the first two 

morphological phases may not necessarily represent persistent and high yielding genotypes in 

the clonal phase (Caradus and Williams, 1989), and in some cases, selections may be 

counterproductive on long-term persistence and performance (Brock and Tilbrook, 2000). 

Therefore, due to both the trialling methodology and the distinct morphological stages of 

white clover, it has become a necessity for breeders to include at least a third year of 
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assessment to ensure that the evaluation period assesses performance of white clover breeding 

lines in the final clonal growth phase (Brock et al., 2000). 

Although seedling regeneration occurs in perennial pastures, Archer and Robinson (1989) 

reported that white seedling recruitment is both unreliable between years and slow to establish 

through winter. The slow establishment speed of white clover provides little addition to spring 

and annual herbage production (Archer and Robinson, 1989). Therefore a primary mechanism 

for white clover perenniality that provides sufficient herbage production is vegetative 

persistence through stolon survival (Archer and Robinson, 1989; Hay, 1983).  

Limited information is available on the genetic variation in random mating populations of 

white clover during their vegetative morphological phase. There is a lack of published 

information on these factors coupled with multi-site field evaluation under sheep grazing. The 

objectives of this chapter were thus to; i) establish a multi-site trial (dryland and irrigated 

environments) evaluating white clover families propagated from stolon cuttings in a random 

mating population, ii) quantify the magnitude of genetic variation among genetic families for 

a range of key morphological and physiological traits during the white clover vegetative 

clonal phase, iii) estimate heritabilities of these traits, and iv), use heritability estimates to 

help breeders make informed decisions regarding breeding methodology. 

6.2 Materials and methods 

6.2.1 Experimental site 

Two trial sites were located at the AgResearch Lincoln Research Farm in Canterbury 

(43O37’42’’S 172 O28’3’’E) and at the Ashley Dene Research Farm in Canterbury 

(43O39’18’’S 172 O19’15’’E). Hereafter throughout this chapter, the AgResearch site is 

referred to as the irrigated site and the Ashley Dene site, as the dryland site. At both sites the 

10 year mean annual rainfall is 640 mm. At the irrigated site, the soil is classified as a 

Templeton silt loam (refer to Appendix D.1 for a soil description). At the dryland site, the soil 

is classified as lowcliffe stony (refer to Appendix D.2 for a soil description). 

6.2.2 Trial site preparation 

As part of the pre-planting site preparation, both trial sites were sprayed three times over a 9 

month period with the herbicide Kamba® 500 (500g L-1 Dicamba) at 800 mL ha-1 to remove 

resident white clover. The last application of Kamba® 500 was applied three months prior to 

transplanting to minimise any residue herbicide in the soil. Lime was applied across both trial 

sites three months prior to transplanting to raise soil pH to optimum levels of around pH 5.8-
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6. Superphosphate fertilizer (150 kg ha-1) was applied across both trial sites in July 2012. In 

November 2013, 20% Potash Superphosphate (188 kg ha-1) was applied across both trial sites. 

6.2.3 Plant material  

In February 2012, 60 seeds were randomly sampled from two commercial cultivars (Nomad 

and Kopu II, to be used as controls) and 40 full-sib families (Chapter 3). The seeds were 

lightly scarified using 150 grit sand paper and pre-germinated on water moistened filter paper 

in petri-dishes incubated at 20 OC for 16 hours without illumination. After germination, 

seedlings were immediately transplanted into 300 mm × 500 mm propagation trays containing 

a mix of peat and sand with a three month slow release Osmocote fertiliser (Everris 

International B.V) (30 seedlings per tray) and grown under glasshouse conditions until May 

2012 (min 13 ○C and max 25 ○C). Two weeks after establishment, the seedlings were 

inoculated with Rhizobium leguminarosum var. trifolli. The plants were defoliated twice 

before May 2012 to encourage stolon initiation. In May 2012, two stolon cuttings per plant, 

for each full-sib family/control were propagated into root-trainers containing a mix of peat 

and sand with three month slow release Osmocote fertiliser. Of the two cuttings, one was 

designated for the irrigated field site and the other for the dryland field site. Each cutting 

consisted of a stolon tip, one expanded trifoliate leaf and 2-3cm of stolon below the node 

closest to the stolon apex. All other expanded trifoliate leaves were removed and the cuttings 

were planted so that the youngest node was horizontal to the potting mix surface. The 

developing stolon cuttings were inoculated with Rhizobium leguminarosum var. trifolli and 

established under glass house conditions for six weeks. Following this, the stolon cuttings 

were trimmed (to encourage stolon initiation) and placed outside onto a well-drained concrete 

pad. In August 2012, established cuttings were trimmed again before being immediately 

transplanted into the two field nurseries. 

6.2.4 Experimental design 

At both trial locations a randomised row by column design with three replicates was used. 

Each replicate consisted of 42 plots, containing of 40 full-sib family plots and two control 

cultivar plots (Nomad and Kopu II). The full-sib families and cultivar plots were completely 

randomised. Each plot contained 16 stolon cuttings, with each cutting representing an 

individual genotype. The 16 stolon cuttings were evenly transplanted inside a 600mm × 

600mm plot using a 100mm soil corer (see Plate 6.1).  
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At both trial locations, the white clover plants were transplanted from root-trainers into 

existing swards of perennial ryegrass (Lolium perenne L.). At the irrigated site the cultivar 

Ceres One50 (AR37 endophyte) was sown into a cultivated seed bed at a rate of 20 kg ha-1
 in 

spring 2010. At the dryland site, the cultivar Ceres One50 (AR1 endophyte) was sown into a 

cultivated seed bed at a rate of 20 kg ha-1
 in spring 2010. Two weeks after transplanting, dead 

transplants were replaced with spare family cuttings to minimise effects due to transplanting 

survivorship. Plots were allowed to expand into 1m × 1m plots. Established trials are shown 

in Plate 6.2. 

 

 

Plate 6.1 Soil coring (A) and transplanting (B) of white clover full-sib family clones at 
the experimental sites in August 2012. 

(A) 

(B) 
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Plate 6.2 Mini-plot white clover trials at the (A) irrigated and (B) dryland sites in 
December 2012. 

(A) 

(B) 
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6.2.5 Morphological measurements 

6.2.5.1 Stolon traits 

The morphological traits measured at each site were leaf width (LW) (mm), stolon thickness 

(ST) (mm), number of nodes (NN) (no. m-1), number of rooted nodes (RN) (no. m-1), number 

of stolon branches (BR) (no.m-1), and growing point density (GPD) (no.m-2). All 

morphological traits except GPD were measured on ten randomly selected stolons per plot, 

with the stolon apex intact, and a minimum of 5 cm stolon length sampled from plants within 

plots. NN, RN, and BR were counted along each piece of stolon to a maximum of 10cm (from 

apical end). The length of the stolon piece was recorded if it was less than 10cm long. Leaf 

size was measured as the width (mm) of the central leaflet of the first fully expanded leaf. 

Stolon thickness was measured at the midpoint between the 2nd and 3rd node from the stolon 

apex. All traits except GPD were measured in November 2012, April 2013, and November 

2013. GPD was measured post-grazing (approximately 5-7 days after grazing) in two 

representative areas per plot with a 225 cm2 quadrat in April 2013, November 2013 and April 

2014. 

6.2.5.2 Clover herbage yield 

Herbage yield (HY) (kg DM/ha) per plot was scored on a 1-9 scale before each grazing 

rotation. Scores were calibrated by defoliating nine randomly selected plots to 4cm with two 

450 cm2 quadrats per replicate (each representing a 1-9 score), separating the white clover 

from companion sward species, drying the leaf material in air-forced ovens for 48 hours and 

recording their respective dry weights. White clover herbage yields were determined by 

taking the average from the two randomly selected samples in each plot. A single linear 

regression was computed from the dry matter weights at each harvest, and was used to predict 

the white clover biomass yield (kg DM/ha) for all scored plots. 

6.2.5.3 Vegetaive persistence  

Clover stolon coverage in plots was visually scored on a scale of 0-10 (representing 0 to 

100% plot coverage) in April 2013, November 2013 and April 2014. 

6.2.6 Physiological measurements 

6.2.6.1 Water potential 

Water potential was measured to assess the physiological plant water status in the irrigated 

and dryland environments. Plant water status was assessed on a two to three week basis at 

both trial sites from January 2013 to March 2013 and December 2013 to March 2014, by 
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measuring leaf water potential (ψ) on two randomly selected plots per replicate using a 

pressure chamber (Soil moisture Equipment Corp., Santa Barbara, USA). Two first fully 

expanded leaves per plot were excised with 4-6 cm of petiole and measured immediately. 

Measurements were taken approximately midway between irrigation cycles at the irrigated 

site. Measurements were carried out between 7am and 9am, commencing with the dryland 

site. 

6.2.6.2 Biochemistry 

Fifteen randomly selected fully expanded trifoliate leaf laminae from six top preforming, six 

poor performing and six average performing full-sib families as well as from both cultivars 

were sampled from each replicate in both trial sites in March 2013 and January 2014. 

Sampling took place between 11am and 1pm across both sites in both years. The samples 

were immediately frozen in liquid nitrogen and stored at -80 ○C. The samples were 

subsequently freeze-dried, then finely ground in liquid nitrogen using a mortar and pestle and 

stored at -20 ○C.  

Phenolic compounds 
After grinding, 50 (±1) mg of the ground material was weighed into 10mL centrifuge tubes, to 

which 3 mL of acidified methanol (MeOH:H2O:HOAc at 79:20:1) was added (Hofmann and 

Jahufer, 2011). The samples were vortexed for 10 seconds, then extracted in the dark for 16-

18 hours. On completion of extraction, the tubes were vortexed for a further 10 seconds, 

followed by centrifuging at 4000 rpm for 5 minutes. 1800 µL of supernatant was syringe 

filtered (using 0.2 µm filters) into amber HPLC vials and stored at -20 ○C before being 

processed on an integrated HPLC machine (Agilent 1100 series, Agilent Technologies, 

Germany) (Hofmann and Jahufer, 2011). 

Each sample was run for 47 minutes at 0.8 ml min-1, using an injection volume of 10 µL. The 

HPLC gradient consisted of solvent A (1.5% H3PO4) and solvent B 

[HOAc:CH3CN:H3PO4:H2O (20:24:1.5:54.5)], mixed using a linear gradient starting with 80% 

A, decreasing to 33% A at 30 min, 10% A at 33 min and 0% at 39.3 min (Hofmann et al., 

2003). Rutin standards (quercetin 3-rutinoside C27H16O16 dissolved in methanol) at 0, 10, 25, 

50, and 100ppm were used to calibrate readings. Quercetin glycoside and kaempferol 

glycoside peaks were identified from the online spectra (Markham, 1982), and total 

concentrations (rutin equivalents) of each flavanol were calculated in mg g-1 DM for each 

sample.  
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Carbon isotope discrimination 
13C/12C isotopic composition (δ13C) relative to the standard (V-PDB) was measured in all 

samples by Analytical Services, Faculty of Agriculture and Life Sciences, Lincoln University, 

using EA-CF-IRMS (Elemental Analyser – Continuous Flow Isotope Ratio Mass 

Spectrophotometry) (PDZ Europa Ltd., United Kingdom). 13C discrimination (Δ) was 

calculated using the following equation (Farquhar et al., 1982); 

    
                 

               
 

where; δsource = δ13C of the air, assumed to be -8‰ and δproduct = δ13C of the sample.    

6.2.7 Soil measurements 

6.2.7.1 Soil moisture 

Soil moisture in the upper 0.2m portion of the soil profiles was monitored using time domain 

reflectometry (TDR). TDR rods (225 mm) were inserted into the soil and soil moisture was 

measured using a time domain reflectometer (Trace system, Soil Moisture Equipment, Santa 

Barbara, California, USA). Neutron probe access tubes (47 mm wide aluminium tubes) were 

installed to a depth of 1.5 m in the centre of three randomly selected plots per replicate at both 

trial sites in spring 2013. The access tubes allowed soil moisture measurements in 0.1 

increments from 0.25 to 1.15 m using a neutron probe (Troxler Electronic Industries Inc., 

North Carolina, USA) in the summer of 2013/2014. 

6.2.7.2 Soil surface temperature 

In the 2013/2014 summer, fortnightly soil surface temperatures were recorded in three 

randomly selected plots per replicate at both trial sites using an infrared thermometer; Fluke 

572 (Fluke Corp., Everett, WA, USA). Sward canopies were opened and three independent 

soil surface reading per plot were taken. The three readings per plot were averaged to 

determine the mean plot soil surface temperature. Where possible, soil surface readings where 

conducted midway between irrigation/rainfall events at the irrigated site. All readings at both 

sites were conducted within one hour between 1pm and 2pm.  

6.2.8 Trial management 

Following planting, repeated hand weeding along with herbicide spot spraying was used to 

keep volunteer white clover seedlings to a minimum. Both trials were allowed to establish for 

three months before measurements commenced. Six applications of nitrogen fertiliser (in the 
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form of urea) were applied across both trials in July 2012, December 2012, April 2013, 

August 2013, December 2013 and April 2014  at a rate of 30 to 35 kg ha-1
 of N per 

application. 

Both trial sites were rotationally grazed for 12-24 hours by a mob of 70 to 150 sheep (16 

times at the irrigated site and 12 times at the dryland site) over an 18 month period with time 

between grazings ranging from 20 days in summer to 63 days in winter. Post-grazing, 

nurseries were mown to a height of 4cm to homogenize the pasture cover. All cut herbage was 

removed from the experimental areas. The irrigated nursery was watered through November, 

December, January, February and March in both summer seasons. The dryland trial site was 

irrigated periodically throughout the summer of 2012/2013 to prevent plots from reaching 

permanent wilting point. Irrigation volumes for both sites are presented in Figure 6.1. The 

irrigated trial was inter-row sprayed in autumn 2013, spring 2013 and summer 2014 with a 

selective herbicide (Kamba 500 at a rate of 800 mL ha-1) to eliminate rapidly expanding plots 

from merging into one another. The dryland site was inter-row sprayed in autumn 2013 and 

summer 2014.  

 

Figure 6.1 Monthly irrigation volumes at the irrigated (■) and dryland (■) sites during 
the trial duration (August 2012 to March 2014).  
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6.2.9 Statistical analyses 

The objective of the data analysis was to: (i) estimate the magnitude of genotypic variation 

among vegetatively propagated full-sib families, (ii) estimate their interaction with the 

different seasons and years, (iii) estimate heritabilities on a full-sib family means basis and on 

an individual plant basis, and (iv) identify traits which may enhance white clover recovery 

post-summer moisture stress.  

6.2.9.1 Variance component analyses 

The Residual Maximum Likelihood (REML) (Harville, 1977; Patterson and Thompson, 1971; 

Patterson and Thompson, 1975) analysis option in GenStat (GenStat, 2003) was used for data 

analysis where only unbalanced data was available. The REML analysis was used to obtain 

BLUP (Best Linear Unbiased Predictors) and BLUE  (Best Linear Unbiased Estimate) 

adjusted means (White and Hodge, 1989). These adjusted means were used in the 

development of genotype × trait matrices that were used in pattern analysis.  

All linear models used in the analysis of variance were assumed to be completely random 

except, models 6.2, 6.3, 6.5 and 6.6, where environments and/or seasons were treated as fixed 

effects. Linear models used in the analyses of variance were adapted from equation 27 and 33 

proposed by Nyquist (1991) for individual samples within plots and plot totals of perennial 

species, respectively. Analyses using plot totals were used for herbage yield and persistence 

traits, whereas all other traits were measured using multiple samples per plot. Such 

measurements collected on individual plants within each plot allowed the error variance to be 

partitioned into variance due to both random plot effects (plot-to-plot variation) and within-

plot variance. Traits with no within-plot sampling resulted in plot effects and plant-within-

plot effects being confounded in the residual effect, which is added as ɛ(ijk) into equation 6.4, 

6.5 and 6.6 (Holland et al., 2002).  

Analysis of morphological traits within environments and seasons (sampled plots) 
Pijk = µ + Fi + Rj + aij + ɛijk         (6.1)
             
where; 

P is the phenotypic value of the kth plant in the ith family within the kth replicate 
µ   is the overall mean 
Fi   is the effect of full-sib family i N(0,    , 
Rj   is the effect of replicate j N(0,    , 
aij  is the effect of half-sib family I in replicate j N(0,    , 
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ɛijk is the residual effect of sample k taken from full-sib family I in replicate j 
(within-plot variation) N(0,    , 

 
Analysis of morphological traits within environments but across seasons (sampled plots) 
Pijkl = µ + Si + R(i)j + Fk + ajk + W(jk)l + FSik + c(ijk) + d(ijkl)              (6.2) 

where; 
µ   is the overall mean 
Si   is the fixed effect of season i, 
R(i)j  is the effect of replicate j within season i N(0,    , 
Fk   is the effect of full-sib family k N(0,    , 
a(jk) is the effect of full-sib family k within replicate j N(0,    , 
W(jk)l is the effect of sample l taken from full-sib family k within replicate j 

N(0,    , 
FSik  is the effect of full-sib family k within season I N(0,     , 
c(ijk) is the effect of full-sib family k within replicate j within season I N(0,    , 
d(ijkl) is the effect of sample l within full-sib family k within replicate j within 

season I N(0,    , 
 
 

Analysis of morphological traits across environments and seasons (sampled plots) 
Pijklm = µ + Ei + R(i)j + Fk +LFik + a(ijk)+ W(ijk)l + Sm +LSim + b(ijm) + FSkm + LFSikm + c(ijkm) + 
d(ijklm)            (6.3) 
             
where; 

µ   is the overall mean 
Ei  is the fixed effect of environment i, 
R(i)j  is the effect of replicate j within environment i N(0,    , 
Fk   is the effect of full-sib family k N(0,    , 
FEik  is the effect of full-sib family k within environment i N(0,     , 
a(ijk) is the effect of full-sib family k within replicate j within environment i 

N(0,    , 
W(ijk)l is the effect of sample l taken from full-sib family k, replicate j and 

environment I (within-plot variation) N(0,    , 
Sm   is the fixed effect of season m, 
SEim  is the fixed effect of season m within environment j, 
b(jjm)  is the effect of replicate j within season m within environment i N(0,    , 
FSkm  is the effect of full-sib family k within season m N(0,     , 
FSEikm is the effect of full-sib family k, within season m within environment i 

N(0,      , 
c(ijkm) is the effect of full-sib family k within replicate j within season m within 

environment i N(0,    , 
d(ijklm) is the effect of sample l within full-sib family k within replicate j within 

season m within environment i N(0,    , 
 

Analysis of morphological traits within environments and seasons (plot totals) 
Pij = µ + Fi + Rj + ɛij          (6.4) 
          
where; 

P is the phenotypic value of the ith family within the kth replicate 
µ   is the overall mean 
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Fi   is the effect of full-sib family i N(0,    , 
Rj   is the effect of replicate j N(0,    , 
ɛij is the residual effect of full-sib family I in replicate j N(0,    , 

Analysis of morphological traits within environments but across seasons (plot totals) 
Pijk = µ + Si + R(i)j + Fk  + FSik + ɛijk        (6.5)
  
where; 

µ   is the overall mean 
Si   is the fixed effect of season i, 
R(i)j  is the effect of replicate j within season I N(0,    , 
Fk   is the effect of full-sib family k N(0,    , 
FSki  is the effect of full-sib family k within season I N(0,     , 
ɛ(ijk) is the residual effect of full-sib family k in replicate j during season i N(0,    , 
 
 

Analysis of morphological traits across environments and seasons (plot totals) 
Pijklm = µ + Ei + R(i)j + Fk +LFik + a(ijk)+ Sl +LSil + b(ijl) + FSkl + LFSikl + ɛ(ijkl)  
            (6.6) 
             
where; 

µ   is the overall mean 
Ei  is the fixed effect of environment i, 
R(i)j  is the effect of replicate j within environment i N(0,    , 
Fk   is the effect of full-sib family k N(0,    , 
FEik  is the effect of full-sib family k within environment i N(0,     , 
a(ijk) is the effect of full-sib family k within replicate j within environment i 

N(0,    , 
Sl   is the fixed effect of season l, 
SEil  is the fixed effect of season l within environment i, 
b(jjl)  is the effect of replicate j within season l within environment i N(0,    , 
FSkl  is the effect of full-sib family k within season l N(0,     , 
FSEikl is the effect of full-sib family k, within season l within environment i 

N(0,      , 
ɛ(ijkl) is the effect of full-sib family k within replicate j within season l within 

environment i N(0,    , 
 
ANOVA in Genstat 16.0 was used for all analyses of variances where balanced data was 

available.  

6.2.9.2 Pattern analysis  

Pattern analyses techniques of principal component analysis (PCA) and cluster analysis were 

used to summarise information gathered from full-sib family × trait data sets (Gabriel, 1971; 

Kroonenberg, 1994; Watson et al., 1995). In order to remove scaling effects, the BLUP values 

for the respective attributes were standardised to have a mean of zero and a variance of one 

(Cooper and Delacy, 1994; Fox and Rosielle, 1982). In order to choose the optimum level of 

truncation for the resulting hierarchy from cluster analysis, the increase in the sum of squares 

among full-sib family groups as the number of groups increased was investigated (DeLacy, 
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1981). The group level selected was determined by the point where the percentage of the full-

sib family sum of squares among groups did not improve substantially as the number of 

groups increased.  

6.2.9.3 Heritability  

Heritabilities for all traits within seasons were calculated on a full-sib family means basis and 

on an individual plant basis (broad sense heritability). Heritabilities were calculated according 

to models proposed by Nyquist (1991) and Holland et al. (2002). Heritabilities on a full-sib 

family means basis were estimated using models 53 and 57 (Nyquist, 1991), but with the 

denominator replaced with the phenotypic variance among families means for perennial 

species (models 28 and 33, respectively). Heritabilities on an individual plant basis were 

estimated using model 54 (Nyquist, 1991), but with the denominator replaced with the 

phenotypic variance among individuals for perennial species (model 29). The co-variance 

among full-sib families is  
 
  
   

 

 
  
  (Fehr, 1987). Thus the numerators in equations 6.8, 

6.11 and 6.14 were multiplied two-fold to estimate heritabilities on an individual plant basis. 

Due to the confounding dominance effects in full-sib families, heritabilities on a single plant 

basis here are merely an upper limit to narrow sense heritabilities (Falconer, 1961) and 

therefore better represent broad sense heritabilities, because the full-sib family variance 

components comprises of both additive and non-additive genetic variation. 

Heritability on a full-sib family means basis – genotypic analysis of morphological traits 
within environments and seasons (sampled plots)      
           (6.7) 

  
   

  
 

  
  

  
 

   
  
 

  

 

 

Broad sense heritability on an individual plant basis – genotypic analysis of morphological 
traits within environments and seasons (sampled plots)     
           (6.8) 

  
   

   
 

  
    

    
 

 

Heritability on a full-sib family means basis – genotypic analysis of morphological traits 
within environments and seasons (plot totals)      
           (6.9) 

  
   

  
 

  
   

  
 

 

 

 
 



 

125 
 

 

Heritability on a full-sib family means basis – genotypic analysis of morphological traits 
within environments but across seasons (sampled plots)     
           (6.10) 

  
   

  
 

  
  

   
 

  
  
 

 
 

  
 

   
  
 

  
  

  
 

   

 

 

Broad sense heritability on an individual plant basis – genotypic analysis of morphological 
traits within environments but across seasons (sampled plots)    
           (6.11) 

  
   

   
 

  
     

    
    

    
    

  

 

Heritability on a full-sib family means basis – genotypic analysis of morphological traits 
within environments but across seasons (plot totals)     
           (6.12) 

  
   

  
 

  
  

   
 

 
 

   

  
   

  

 

Heritability on a full-sib family means basis – genotypic analysis of morphological traits 
across environments and seasons (sampled plots)      
           (6.13) 

  
   

  
 

  
  

   
 

  
   
 

   
    
 

   
   

   
   

    
   

     
  
 

    

 

Broad sense heritability on an individual plant basis – genotypic analysis of morphological 
traits across environments and seasons (sampled plots)     
           (6.14) 

  
   

   
 

  
     

     
       

        
        

  

Heritability on a full-sib family means basis – genotypic analysis of morphological traits 
across environments and seasons (plot totals)      
           (6.15) 

  
   

  
 

  
  

   
 

  
   
 

  
    
 

   
   

   
   

   

 

where; 
  
  – full-sib family,      – family × environment,      – family × season,       – family × season × 

environment,     – plot to plot,     – within plot,     – plot to plot × season,     – within plot × season 
 e  is the number of environments  

s   is number of seasons 
 r is number of replicates per location 
 n is number of plants per plot 
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6.3 Results 

6.3.1 Environmental measurements and plant water status  

Rainfall was distributed unevenly among months. Higher precipitation occurred in winter than 

in the summer months (Figure 6.2). Mean minimum and maximum temperatures varied with 

seasons (Figure 6.2). Total precipitation (which includes applied irrigation) was consistently 

higher at the irrigated site during the period of November to April in both successive years.  

Soil moisture content in the top 20 cm of the soil profile at the irrigated site ranged between 

24% and 30% before irrigation, except in mid-January 2013 when it decreased to 21% (Figure 

6.3). Soil moisture content post irrigation ranged from 30% to 38% depending on the 

irrigation volumes applied at the irrigated site. Soil moisture content at the dryland site 

declined in both successive years from field capacity (or near of it), to wilting point of 

approximately 7-8% during the summer months. Irrigation applied at the dryland site over the 

summer of 2012/13 kept the soil moisture content from falling below wilting point, however 

in the summer of 2013/14, the lack of both rainfall and irrigation caused the soil moisture 

content to drop below wilting point from mid-January to the end of February (Figure 6.3).  

Fortnightly soil moisture contents in the 0-115cm profile at the irrigated site on average 

varied little throughout the months of October 2013 to March 2014 (Figure D.3). There was 

some water extraction (10-15 mm3/mm3) in the top 40cm of the soil profile in both 

measurements taken in November 2013, but soil water levels were replenished by irrigation 

and rainfall by the next measurement in December 2013. Fortnightly soil moisture content in 

the 0-115cm profile at the dryland site demonstrated a declining pattern from field capacity in 

October 2013 to the lower limit (7-8% soil moisture content) of water extraction in soil layers 

down to 80cm in late January and February 2014 (Figure D.4). Soil moisture content 

continued to decline at that site in the lower layers of the soil horizon in the last measurements 

of February 2014. 

In the summer of 2013/14, at the dryland site, wilting point coincided with a soil moisture 

content of approximately 7-8% within the top 55 cm of the soil profile (Appendix; Figure 

D.4) and permanent wilting point of approximately 7-8% within the top 65 cm of the soil 

profile (Appendix; Figure D.4). 

Mean leaf water potential (MPa) was significantly (P <0.001) higher at the dryland site 

(180% and 236%) than the irrigated site in both successive summers (Figure 6.4). Leaf water 

potential was higher at the irrigated site (P<0.05) in all measurements taken in the summer of 
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2013/14, except for the measurement taken directly after a significant rainfall event in late 

December 2013. Leaf senescence at the dryland site prevented any further water potential 

measurements from mid-January onwards in the summer of 2014. In the summer of 2012/13, 

leaf water potential was higher at the irrigated site (P<0.05) in only half of the measurements 

taken. 

Mean soil surface temperatures were also significantly (P<0.001) higher at the dryland site 

(32.3oC) than the irrigated site (24.6oC) across the summer months of 2013/14 (Figure 6.5). 

The high soil surface temperature recorded at the irrigated site in the first week of February 

2014 (45.4oC) coincided with the completion of animal grazing when ground cover/pasture 

cover was low. There were no significant (P>0.05) differences between sites in the first and 

fourth week of January and February 2014. These recordings were taken on overcast days. 
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Figure 6.2 Mean monthly maximum (Δ, irrigated; ○ dryland) and mean minimum (▲ 

irrigated; ● dryland) air temperatures (A), monthly rainfall (B) at the 
irrigated site (■) and at the dryland site (■) and total monthly precipitation 
(including irrigation) (C) at the irrigated site (■) and at the dryland site (■) 
during the trial period August 2012 to May 2014. 
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Figure 6.3 Volumetric soil water content (%) of the irrigated (●) and the dryland (○) 
sites in the 0-20cm soil profile during the summer periods of (A) December 
2012 to April 2013 and (B) October 2013 to March 2014. Green arrows 
indicate observed wilting of the white clover plants at the dryland site. The 
flat broken line depicts projected wilting point of the soil at the dryland site. 
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Figure 6.4 Fortnightly mean leaf water potential (MPa) of sampled white clover plants 
at the irrigated (■) and dryland (■) sites during the summer-moisture deficit 
periods (A) 2012 to 2013 and (B) 2013 to 2014. Leaf senescence at the dryland 
site prevented measurements from late January onwards in 2014. LSD0.05 
indicated by error bar. 
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Figure 6.5 Mean soil surface temperatures measured at the irrigated (■) and dryland 
(■) sites during the summer 2013 to 2014. LSD0.05 indicated by error bar. 

6.3.2 Biochemistry  

6.3.2.1 Carbon isotope discrimination 

Results from the δ13C analysis were used to calculate ∆ for selected full-sib families at each 

site in each year. The analysis of variance indicated significant (P<0.001) genetic variation 

among the sampled full-sib families across sites and years. Full-sib families ranged from 

20.75‰ to 21.65‰ at the irrigated site and from 19.17‰ to 20.27‰ at the dryland site. The ∆ 

at the irrigated site was 6.6% and 9.1% higher (21.26‰ and 21.16‰) than at the dryland site 

(19.95‰ and 19.39‰) in 2013 and 2014, respectively (Appendix; Figure D.5). There were no 

significant (P>0.05) family × site, family × year and family × site × year interactions, 

indicating the relative performance of the sampled families did not change across 

environments or time. Larger leaved families demonstrated a lower ∆ than smaller leaf 

families across both sites and years (Appendix; Figure D.6). 
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6.3.2.2 Phenolic compounds 

Across sites and years, there was significant (P<0.001) genetic variation among selected full-

sib families for accumulation of quercetin glycosides, kaempferol glycosides, and total 

flavonol levels (Appendix; Figures D.7 and D.8). Both site and year main effects were 

significant (P<0.001) for a range of flavonol components. The total flavonol accumulation at 

the dryland site was 120% and 92% higher than the irrigated site in 2013 and 2014, 

respectively (Appendix; Figure D.9). Similarly, quercetin glycoside levels at the dryland site 

were 158% and 83% higher than the irrigated site in 2013 and 2014. Kaempferol glycoside 

levels were 70% and 107% higher at the dryland site than the irrigated site in 2013 and 2014, 

respectively.  

The ratio of quercetin to kaempferol was significantly (P<0.001) different among full-sib 

families across years and sites (Appendix; Figure D.7). No family × site, family × year and 

family × site × year interactions were identified for quercetin glycosides, total flavonols and 

the ratio of quercetin to kaempferol glycosides, indicating the relative performance of the 

selected families did not change across different seasons or environments.  

Pearson correlations identified no significant (P>0.05) correlations among flavonol 

components with either vegetative persistence (plot coverage %) or herbage yield (kgDM/ha) 

within or across experimental sites (Appendix; Figures D.10 and D.11). Significant 

correlations among flavonol components were identified within and among sites (Appendix; 

Figures D.10 and D.11). 

6.3.3 Summer herbage yield 

The irrigated site produced 140% and 511% (P <0.001) more clover herbage yield than the 

dryland site in the summers of both 2012 and 2013. There was significant (P <0.001) genetic 

variation among families and cultivars for summer herbage yield across both experimental 

sites and years (families ranged from 1185 to 2000 kg DM/ha). Significant year × family 

(P<0.001), environment × family (P<0.05), and year × environment × family (P<0.001) 

interactions were identified. 

At the dryland site, clover herbage yield among families varied from 1086 to 2208 kg DM/ha 

and from 159 to 423 kg DM/ha in summer 2013 and 2014, respectively. Variation among 

families at the irrigated site ranged from 1697 to 4303 kg DM/ha and from 1067 to 2409 kg 

DM/ha in summer 2013 and 2014, respectively. 
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6.3.4 Autumn recovery 

The irrigated site produced 119% and 478% (P <0.001) more clover herbage yield than the 

dryland site in the autumn of both 2012 and 2013. There was significant (P <0.001) genetic 

variation among families and cultivars for autumn herbage yield across both experimental 

sites and years (ranged from 349 to 1000 kg DM/ha). Significant year × family (P<0.001), 

and environment × family (P<0.001) interactions were observed. 

At the dryland site, clover herbage yield among families varied from 180 to 1180 kg DM/ha 

and from 93 to 326 kg DM/ha in autumn 2013 and 2014, respectively. Variation among 

families at the irrigated site ranged from 231 to 1390 kg DM/ha and from 496 to 1382 kg 

DM/ha in autumn 2013 and 2014, respectively. Across both years at the dryland site, 

heritability on a full-sib family means basis was 0.32 (Table 6.1). 

There were no significant differences (P>0.05) between sites for white clover vegetative 

persistence in autumn 2013, however vegetative persistence was significantly lower 

(P<0.001) at the dryland site (36%) than the irrigated site (79%) in autumn 2014. There was 

significant (P <0.001) genetic variation among families and cultivars for autumn vegetative 

persistence across both experimental sites and years (ranged from 53% to 93%). Significant 

year × family (P<0.001), environment × family (P<0.001), and year × environment × family 

(P<0.001) interactions were identified. 

At the dryland site, vegetative persistence among families varied from 66% to 100% and 10% 

to 70% in autumn 2013 and 2014, respectively. At the irrigated site, vegetative persistence 

among families varied from 63% to 100% and from 15% to 100% in autumn 2013 and 2014, 

respectively. Across both years at the dryland site, heritability on a full-sib family means basis 

was 0.47 (Table 6.1). 

Growing point density was 172% higher at the irrigated site than the dryland site. Within 

years, the irrigated site had 109% and 382% (P <0.001) more growing points per m-2 than the 

dryland site in autumn 2013 and 2014, respectively. There was significant (P <0.001) genetic 

variation among families and cultivars for growing point density across both experimental 

sites and years. Significant year × family (P<0.001), environment × family (P<0.001), and 

year × environment × family (P<0.001) interactions were identified. 

At the dryland site, growing point density among families varied from 746 to 2815 and from 

115 to 867 growing points m-2 in autumn 2013 and 2014, respectively. At the irrigated site, 

growing point density among families varied from 985 to 2422 and from 356 to 3111 growing 
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points m-2 in autumn 2013 and 2014, respectively. Across both years at the dryland site, 

heritability on a full-sib family means basis was 0.49 (Table 6.1). 

Significant positive correlation between spring growing point density and autumn herbage 

yield and vegetative persistence were observed at both experiment sites (Figure 6.6) 

Table 6.1 White clover autumn herbage yield, vegetative persistence and growing point 
density for the 40 full-sib families at the dryland trial site across years. 
Variance components:    

  – full-sib family,   
  – replicate,   

  – plot-to-
plot,   

  – within-plot,    
  – family × year,   

  – year × plot-to-plot and   
  – 

year × within plot. Heritabilities are presented on a full-sib family means 
basis    

 ) (upper limit of narrow sense heritability). 

Source HY 
(kgDM/ha × 10-4) 

 

Persistence* 
(% × 10-2) 

 

GPD 
(m-2 × 10-5) 

 
  
  0.455  0.420 0.429 

  
  0.264 0.180 0.185 

  
  0.106 0.135 0.000 

  
  - - 0.000 

   
  0.817 0.166 0.422 
  
  3.015 2.089 0.989 

  
  - - 0.891 

Mean 439 kgDM/ha 63% 1032 m-2 
Range 141-741 kgDM/ha 42-84% 426-1791 m-2 
  
  0.32 0.47 0.49 

*vegetative persistence  
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Figure 6.6  Correlations among white clover spring growing point density (GPD) and 
autumn herbage yield at the dryland site (A) and irrigated site (B) and spring 
growing point density and vegetative persistence at the dryland site (C) and 
irrigated site (D). 

6.3.5 Multi seasonal analyses 

6.3.5.1 Season fixed effects 

The fixed effects analysis indicated significant differences for herbage yield (P <0.001), 

vegetative persistence (P <0.05), leaf width (P <0.001), number of nodes (P <0.001), number 

of rooted nodes (P <0.001) and stolon branching (P <0.001) at the irrigated site (Table 6.2). 

Growing point density was not significantly (P = 0.059) different among seasons at the 

irrigated site. There was significant (P <0.001) differences among seasons for the expression 

of all traits at the dryland site (Table 6.2). 
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6.3.5.2 Morphological traits (LW, ST, NN, RN, BR, GPD) 

Across season analysis of variance indicated significant (P <0.05) variation among the 40 

full-sib families for growing point density (GPD), leaf width (LW), stolon thickness (ST) and 

stolon branching (SB) at both the irrigated and dryland sites (Table 6.2). No significant (P 

>0.05) variation among the 40 full-sib families was identified at either environment for 

number of nodes (NN) or rooted nodes (RN). 

Within-plot variance components over seasons were notably lower in comparison to within-

plot × seasons (Table 6.2). Plot-to-plot and plot-to-plot × season variance components were 

similar or lower than among family variance components. Heritabilities on a full-sib family 

means basis varied according to the trait, but heritabilities for ST and RN were consistently 

the highest and lowest at both environments, respectively. Similarly, heritability on an 

individual basis (broad sense) was highest for ST (0.38 ± 0.11 and 0.40 ± 0.11) and lowest for 

RN (0.03 ± 0.03 and 0.02 ± 0.02) at the irrigated and dryland sites, respectively.  

6.3.5.3 Vegetative persistence 

Across seasons, no significant variation for vegetative persistence was detected at either the 

irrigated or dryland site for the 40 full-sib families (Table 6.2). Vegetative persistence 

however was significantly (P<0.05) different among entries when both control cultivars 

(Nomad and Kopu II) were included in the analysis (Figure 6.7). At both environments, both 

plot-to-plot and plot-to-plot × season variance components were significant (P<0.05) and in 

the magnitude of one to three fold higher than the among family variance components (Table 

6.2). 

6.3.5.4 Herbage yield 

White clover herbage yield was significantly (P<0.05) different among the full-sib families 

across seasons at both the irrigated and dryland sites (Table 6.2). Seasonal full-sib herbage 

yield ranged from, 833-1636 kg DM/ha at the irrigated site to 410-879 kg DM/ha at the 

dryland site. The plot-to-plot variance component was 25.8% lower than the among family 

variance component at the irrigated site but 153% higher at the dryland site. The plot-to-plot × 

season variance component was higher than the among family variance component at both 

environments (236% and 458%). Heritability on a full-sib family means basis was higher at 

the irrigated site (0.62 ± 0.23) than at the dryland site (0.50 ± 0.24).
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Table 6.2 Test of fixed effects due to season, and across season morphological trait variance components and their associated standard errors (± SE) 
for the 40 white clover full-sib families at both the dryland and irrigated trial sites. Variance components:    

  – full-sib family,   
  – 

replicate,   
  – plot-to-plot,   

  – within-plot,    
  – family × season,   

  – season × plot-to-plot and   
  – season × within plot. Heritabilities 

were calculated on a full-sib family means basis    
 ) and on an individual plant basis (  

 ) where appropriate. 

Environment Source HY 
(kg/ha × 10-4) 

 

Persistence 
(% × 10-1) 

 

GPD 
(m-2 × 10-4) 

 

LW 
(mm-1) 

 

ST 
(mm-1 × 102) 

 

NN   
(no. m-1 × 10-2) 

 

RN 
(no. m-1 × 10-2) 

 

 

BR 
(no. m-1 × 10-2) 

 

 

Irrigated site Season P <0.001 P <0.05 P = 0.059 P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 
  -------------------------------------------------------------------Variance components (± SE) ------------------------------------------------------------------------- 
   

  2.45 ± 0.91 7.08 ± 3.57 9.64 ± 3.68 1.39 ± 0.44 1.12 ± 0.31 0.21 ± 0.18 0.13 ± 0.12 0.15 ± 0.08 
   

  0.91 ± 0.41 0.57 ± 0.65 0.31 ± 0.45 0.49 ± 0.31 0.13 ± 0.09 0.10 ± 0.09 0.06 ± 0.05 0.00 ± 0.01 
   

  1.82 ± 0.43 6.62 ± 2.11 3.16 ± 1.61 0.41 ± 0.15 0.27 ± 0.09 0.20 ± 0.14 0.11 ± 0.09 0.10 ± 0.07 
   

  - - 0.51 ± 0.98 0.00 ± 0.14 0.26 ± 0.10 0.33 ± 0.23 0.00 ± 0.15 0.00 ± 0.11 
    

  4.41 ± 0.60 10.94 ± 2.79 9.34 ± 2.44 0.69 ± 0.19 0.19 ± 0.07 0.75 ± 0.21 0.55 ± 0.16 0.12 ± 0.07 
   

  5.77 ± 0.38 17.86 ± 2.02 7.54 ± 2.01 0.48 ± 0.15 0.19 ± 0.08 0.30 ± 0.18 0.29 ± 0.14 0.17 ± 0.10 
   

  - - 17.53 ± 1.600   6.09 ± 0.22 3.91 ± 0.14 9.36 ± 0.34 6.83 ± 0.25 5.37 ± 0.20 
   

  0.62 ± 0.23 0.47 ± 0.26 0.61 ± 0.23 0.74 ± 0.23 0.83 ± 0.23 0.31 ± 0.27 0.29 ± 0.27 0.49 ± 0.26 
   

  - - - 0.31 ± 0.10 0.38 ± 0.11 0.04 ± 0.03 0.03 ± 0.03 0.05 ± 0.03 
 Mean 1231 86 1717 19.48 2.10 86.10 40.17 24.01 
 Range 833 to 1636 56.2 to 98.1 977 to 2376 16.9 to 21.9 1.85 to 2.34 73.6 to 101.2 30.42 to 53.57 16.07 to 33.00 
Dryland site Season P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 
  -------------------------------------------------------------------Variance components (± SE)---------------------------------------------------------------------------- 
   

  0.59 ± 0.27 5.05 ± 2.56 4.62 ± 1.66 0.72 ± 0.22 1.17 ± 0.32 0.15 ± 0.12 0.05 ± 0.06 0.26 ± 0.09 
   

  0.44 ± 0.20 2.69 ± 1.91 1.39 ± 0.96 0.22 ± 0.14 0.03 ± 0.04 0.15 ± 0.11 0.05 ± 0.04 0.09 ± 0.06 
   

  0.9 ± 0.21 8.02 ± 2.34 1.68 ± 0.89 0.23 ± 0.09 0.08 ± 0.08 0.00 ± 0.00 0.00 ± 0.08 0.00 ± 0.06 
   

  - - 0.00 ± 0.46 0.00 ± 0.09 0.02 ± 0.08 0.69 ± 0.19 0.00 ± 0.12 0.00 ± 0.12 
    

  1.03 ± 0.19 2.54 ± 1.53 2.58 ± 1.01 0.15 ± 0.08 0.27 ± 0.11 0.34 ± 0.15 0.05 ± 0.09 0.06 ± 0.06 
   

  2.70 ± 0.18 17.97 ± 2.03 5.33 ± 1.18 0.37 ± 0.10 0.61 ± 0.12 0.62 ± 0.15 0.61 ± 0.14 0.25 ± 0.10 
   

  - - 8.92 ± 0.81 4.10 ± 0.15 3.66 ± 0.13 7.33 ± 0.26 5.04 ± 0.19 4.72 ± 0.17 
   

  0.50 ± 0.24 0.48 ± 0.27 0.65 ± 0.23 0.77 ± 0.23 0.84 ± 0.23 0.34 ± 0.27 0.28 ± 0.29 0.72 ± 0.25 
   

  - - - 0.26 ± 0.08 0.40 ± 0.11 0.03 ± 0.03 0.02 ± 0.02 0.10 ± 0.03 
 Mean 642 67 1039 14.92 1.98 88.21 31.11 24.17 
 Range 410 to 879 46.2 to 83.0 582 to 1672 13.1 to 16.4 1.70 to 2.23 78.2 to 98.7 26.49 to 36.77 13.88 to 36.98 
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6.3.6 Multi seasonal and environmental analyses 

6.3.6.1 Environment and season fixed effects 

Test for fixed effects indicated differences between the two trial sites were significant for 

herbage yield (P <0.001), vegetative persistence (P <0.001), growing point density (P 

<0.001), leaf width (P <0.001), stolon thickness (P <0.01) and number of rooted nodes (P 

<0.001) (Table 6.3). No significant differences between environments were observed for 

number of nodes (P = 0.291) or stolon branching (P = 0.682). 

Test for fixed effects also indicated significant differences among seasons (P <0.001) for all 

traits. Likewise, significant (P <0.001) environment × season interactions were observed for 

all traits except stolon branching, indicating seasonal effects varied within the different 

environments. 

Mean full-sib family clover herbage yield across all seasons was two-fold higher at the 

irrigated site than at the dryland site (Table 6.4). The difference between sites was most 

pronounced in the summer of 2013/14, when the irrigated site produced six times more clover 

herbage yield than the dryland site. Similarly in autumn 2014, the irrigated site produced five-

fold more clover herbage yield than the dryland site. Vegetative persistence declined at both 

sites over the 20 month duration of the trial, from 100% to 79% and from 100% to 36% at 

irrigated and dryland sites, respectively. The decline in vegetative persistence at the dryland 

site coincided with a declining mean growing point density from 1579 m-2 in autumn 2013 to 

only 476 m-2 in autumn 2014. In contrast, the GPD at the irrigated site increased from 1722 

m-2 in autumn 2013 to 1841 m-2 in autumn 2014, despite a lower vegetative persistence grand 

mean. 

Leaf width and stolon thickness were larger (31% and 6%, respectively) at the irrigated site 

than at the dryland site. Both leaf width and stolon thickness were considerably larger in 

spring 2012 and 2013 than in autumn 2013 at both sites. The number of rooted nodes was 

25% higher at the irrigated site than at the dryland site. Season had a profound effect on both 

the number of rooted nodes and number of stolon branches, with autumn 2013 promoting 

substantially greater numbers than spring 2012 and 2013. The ratio of the number of rooted 

nodes to the number of nodes was highest in autumn 2013 with 0.65 and 0.47 rooted nodes 

per node at both the irrigated and dryland sites, respectively. In spring 2012 and 2013 these 

ratios were substantially lower with 0.39 and 0.21 and 0.27 and 0.28 at the irrigated and 

dryland sites, respectively.  
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6.3.6.2 Morphological traits (LW, ST, NN, RN, BR, GPD) 

Across environments and seasons, there was significant (P <0.05) variation among the 40 

full-sib families for growing point density (GPD), leaf width (LW), stolon thickness (ST), 

number of nodes (NN) and stolon branching (BR) (Table 6.3). No significant (P >0.05) 

variation was identified among the 40 full-sib families for either vegetative persistence (PER) 

or rooted nodes (RN) across environments.  

Family × season interactions (P <0.05) were observed for herbage yield, leaf width and stolon 

thickness (Table 6.3). No significant (P>0.05) family × environment interactions were 

observed for any of the other traits. Family × season × environment interactions (P <0.05) 

were observed for herbage yield, vegetative persistence, growing point density, number of 

nodes and number of rooted nodes.  

Repeated measurements for LW, ST, NN, RN, BR and GPD across seasons and environments 

substantially reduced within-plot variance components compared to within-plot × season × 

environment variance components (Table 6.3). Similarly, plot-to-plot variance components 

were again substantially lower than plot-to-plot × season × environment variance components.   

Heritabilities on a full-sib family means basis varied according to the trait, but similar to 

across season analyses, showed highest values for ST (0.90 ± 0.22) and lowest for RN (0.46 ± 

0.27). Heritabilities on an individual basis (broad sense) were 1.8, 2.5, 8.9, 10, and 15-fold 

lower than heritabilities on a family means basis for ST, LW, NN, BR and RN, respectively.  

6.3.6.3 Vegetative persistence 

No significant (P >0.05) differences among full-sib families were observed for vegetative 

persistence across all seasons and environments (Table 6.3). A significant (P <0.05) family × 

season × environment effect did however exist, reflecting genetic variation among families in 

specific environments and seasons (Tables 6.1 and 6.2). 

6.3.6.4 Herbage yield 

Similar to within season and across season analyses, white clover herbage yield was 

significantly (P < 0.05) different among the full-sib families across both environments and 

seasons (Table 6.3). In addition, significant (P < 0.05) family × season and family × season × 

environment interactions were observed for clover herbage yield. Both the plot-to-plot and 

plot-to-plot × season variance components were higher (134% and 433%, respectively) than 
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the among family variance component. Heritability on a full-sib family means basis was 

moderate at 0.52 ± 0.24. 
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Table 6.3 Test of fixed effects due to environment, season and environment × season, and across environment morphological trait variance 
components and their associated standard errors (± SE) for the 40 white clover full-sib families. Variance components:    

  – full-
sib family,   

  – replicate,   
 - plot-to-plot,   

  – within-plot,    
  – family × season,    

  – family x environment,     
  – family x 

season × environment,   
  – environment × season × replicate,   

  – environment × season × plot-to-plot and   
  – environment × 

season × within plot. Heritabilities were calculated on a family means basis    
 ) and on an individual plant basis (  

 ) where 
appropriate. 

Source HY 
(kg/ha × 10-4) 

 

Persistence 
(% × 10-1) 

 

GPD 
(m-2 × 10-4) 

 

LW 
(mm-1) 

 

ST 
(mm-1 × 103) 

 

NN   
(no. m-1 × 10-1) 

 

RN 
(no. m-1 × 10-1) 

 

 

BR 
(no. m-1 × 10-1) 

 

 

 -----------------------------------------------------------------Test of fixed effects (P values)----------------------------------------------
--------------------------- Environment P <0.001 P <0.001 P <0.001 P <0.001 P <0.01 P = 0.291 P <0.001 P = 0.682 

Season P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 
Env. × Season P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 P = 0.823 

 -------------------------------------------------------------------Variance components (± SE) ---------------------------------------------
-------------------------   

  0.98 ± 0.45 3.43 ± 2.18 4.54 ± 2.01 0.98 ± 0.29 11.84 ± 2.970 3.48 ± 1.22 1.05 ± 0.61 1.90 ± 0.66 
  
  0.47 ± 0.41 0.00 ± 0.70 0.18 ± 0.46 0.19 ± 0.19 0.46 ± 0.53 0.00 ± 0.00 0.00 ± 0.22 0.00 ± 0.15 

  
  1.31 ± 0.22 7.31 ± 1.58 2.35 ± 0.88 0.32 ± 0.08 1.75 ± 0.62 0.62 ± 0.88 0.19 ± 0.59 0.35 ± 0.44 

  
  - - 0.19 ± 0.51 0.02 ± 0.08 1.28 ± 0.63 5.27 ± 1.56 0.00 ± 0.96 0.00 ± 0.83 

   
  1.30 ± 0.28 0.60 ± 1.44 0.54 ± 1.17 0.32 ± 0.10 1.49 ± 0.62 2.03 ± 1.21 0.00 ± 0.78 0.66 ± 0.44 

   
  0.56 ± 0.33 2.64 ± 2.22 2.61 ± 1.63 0.08 ± 0.09 0.00 ± 0.44 0.00 ± 0.66 0.00 ± 0.73 0.06 ± 0.36 

    
  1.41 ± 0.27 6.14 ± 2.00 5.41 ± 1.60 0.11 ± 0.08 0.69 ± 0.65 3.30 ± 1.42 3.57 ± 1.27 0.27 ± 0.54 
  
  0.38 ± 0.14 1.67 ± 1.06 0.73 ± 0.53 0.18 ± 0.11 0.42 ± 0.33 1.24 ± 0.67 0.64 ± 0.47 0.61 ± 0.41 

  
  4.24 ± 0.20 17.92 ± 1.430 6.47 ± 1.13 0.43 ± 0.09 4.17 ± 0.75 4.91 ± 1.26 4.60 ± 0.98 2.05 ± 0.68 

  
  - - 13.22 ± 0.850 5.07 ± 0.13 37.8 ± 0.97 83.2 ± 2.18 59.25 ± 1.550 50.52 ± 1.310 

  
  0.52 ± 0.24 0.42 ± 0.27 0.56 ± 0.25 0.78 ± 0.23 0.9 ± 0.22 0.62 ± 0.22 0.46 ± 0.27 0.72 ± 0.25 

  
  - - - 0.31 ± 0.08 0.5 ± 0.1 0.07 ± 0.02 0.03 ± 0.02 0.07 ± 0.02 

Mean* 936 76 1378 17.19 2.04 87.20 35.64 24.09 
Range* 665 to 1268 55.2 to 91.2 854 to 1915 14.7 to 19.1 1.77 to 2.29 75.11 to 100.3 27.83 to 45.93 15.78 to 34.16 

*Presented in actual units  
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Table 6.4 Means for white clover vegetative morphological attributes calculated from across both site and season analysis of variances. 

Source Season HY 
(kgDM/ha) 

 

Persistence 
(%) 

 

GPD 
(m-2) 

 

LW 
(mm-1) 

 

ST 
(mm-1) 

 

NN   
(no. m-1) 

 

RN 
(no. m-1) 

 

 

BR 
(no. m-1) 

 

 

Irrigated site Multi-season 1231 86 1717 19.48 2.10 86.10 40.17 24.01 
Dryland site Multi-season 642 67 1039 14.92 1.98 88.21 31.11 24.17 

Irrigated site 

Spring 2012* 316 100 - 23.15 2.33 40.1 15.8 4.4 
Summer 
2012/13 

2521 - - - - - - - 
Autumn 2013 806 91 1722 13.04 1.84 133.9 87.4 47.2 
Spring 2013 1978 87 1588 22.25 2.13 84.3 17.3 20.5 
Summer 
2013/14 

1833 - - - - - - - 
Autumn 2014 979 79 1841 - - - - - 

Dryland site 

Spring 2012* 496 100 - 15.48 2.13 50.7 13.5 5.0 
Summer 
2012/13 

1566 - - - - - - - 
Autumn 2013 677 91 1579 11.41 1.83 104.4 48.8 46.1 
Spring 2013 989 75 1062 17.87 1.98 109.5 31.1 21.4 
Summer 
2013/14 

305 - - - - - - - 
Autumn 2014 205 36 476 - - - - - 

*Only one yield harvest within the spring 2012 season  
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6.3.7 Pattern analysis 

Principal component analyses (PCA) enabled the correlation of traits for specific sites for the 

full-sib families and two check cultivars × trait adjusted mean matrices. Traits included HY, 

PER, GPD, LW, ST, and BR, generated from variance component analyses across seasons but 

within sites (Figure 6.7). The correlation structure among traits was indicated by the 

directional vectors of the biplots. The biplots indicated similar associations between HY, 

PER, GPD, LW, ST, and BR at both sites.  

Across season analyses indicated a positive association (angles between the directional 

vectors were <45○) between HY, GPD and PER at both evaluation sites, as well as a positive 

association between ST and LW and a negative association (angles between directional 

vectors were equal or close to 180○) between ST and BR. Cluster analysis of the 40 full-sib 

families and two cultivars based on HY, PER, GPD, LW, ST and BR at the irrigated site 

generated five entry groups. There was separation between groups, with some degree of 

overlap between groups two and three. Group two displayed above population mean 

expression for BR and GPD, whereas group five had above average LW, HY and PER. 

Cultivar Nomad was clustered into group four which was below average for the bulk of 

morphological traits. Kopu II on the other hand was clustered into group five, with above 

average HY, LW and ST. Kopu II and Nomad were often on the opposite outer extremes of 

the white clover source population investigated. 

Cluster analysis of the 40 full-sib families and two cultivars based on HY, PER, GPD, LW, 

ST and BR at the dryland site again generated five entry groups. Families in group four 

displayed above average expression for BR and GPD, whereas families clustered into group 

two showed above average expression for GPD, PER and HY. Group three displayed above 

average expression for LW and ST. Nomad was clustered into group four which was above 

average for BR and had a strong negative association with both ST and LW. Kopu II on the 

other hand was clustered into its own distinct group, with above average ST and LW and a 

strong negative association with BR and the other cultivar Nomad at the dryland site. Full-sib 

families 3, 7, 10, 23, 30, and 38 displayed above population mean expression for most 

significant agronomic traits at both sites. Full-sib families 7 and 10 in particular, showed 

outstanding performance at both sites.   

Principal component analyses of the full-sib families and two cultivars × trait BLUP adjusted 

mean matrices enabled the correlation among traits for broad adaptation to sites. Traits 

included HY, GPD, LW, ST, NN, and BR, generated from variance component analyses 
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across both sites and seasons (Figure 6.8). The analyses of both PER and RN across both sites 

and seasons showed that there was no significant (P <0.05) difference in these traits among 

the families, and therefore they were not included in the PCA matrix. As with prior analyses, 

a positive association between LW and ST was evident, as well as associations between HY 

and GPD and GPD, NN and BR. The negative association between BR/NN and ST was still 

evident.  

Cluster analysis of the 40 full-sib families and two cultivars based on HY, GPD, LW, ST, 

NN, and BR generated four entry groups (Figure 6.8). These four groups showed considerable 

separation with almost zero overlap between groups. Full-sib families clustered into group 

two displayed consistent above average expression for HY, GPD, BR and NN across both 

sites and seasons. The families clustered into this group were similar to those identified as 

outstanding families at each site and included full-sib families 3, 7, 10, 23, 25, 26, 28, 34, 38, 

39 and 40. Nomad was also clustered into the above average agronomic group two. Kopu II 

was again clustered into its own unique group with above average HY and LW, and had a 

weak negative association with Nomad. Both cultivars were again at either extremes in the 

multivariate distribution of the white clover population investigated. 
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Figure 6.7 Biplots generated using adjusted means for morphological traits among the 40 white clover full-sib families and two cultivars (Nomad and 
Kopu II) across seasons at the irrigated (A and B) and dryland (C and D) sites. The different symbols indicate family groups 1-5 generated 
using cluster analysis (A and C). Family identities are labelled in B and D. The vectors represent clover herbage yield (HY), growing point 
density (GPD), clover sward persistence (PER), leaf width (LW), stolon thickness (ST) and number of stolon branches (BR).
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Figure 6.8 Biplot generated using adjusted means for morphological traits among the 40 

white clover full-sib families and two cultivars (Nomad and Kopu II) across 
all seasons and both trial sites. The different symbols indicate family groups 
1-4 generated using cluster analysis (A), and the numbers in (B) indicate 
family identity. The vectors represent clover herbage yield (HY), growing 
point density (GPD), leaf width (LW), stolon thickness (ST), number of nodes 
(NN) and number of stolon branches (BR). 
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6.4 Discussion 

6.4.1 Fixed effects 

Considerable differences between experimental sites were evident for the majority of the 

measured traits. The difference in summer seasonal clover herbage yield between sites was a 

reflection of their respective soil moisture contents. Both winter and early spring yields were 

comparable between sites when soil moisture levels were replenished. The discrepancies in 

autumn vegetative persistence between sites were also a reflection of their respective summer 

soil moisture contents in 2014, but not in 2013. Although plots at the dryland site experienced 

considerable water stress in the summer of 2012/13 (Figure 6.4), the regular application of 

irrigation in that season maintained plant water status above permanent wilting point and 

prevented detrimental effects to the white clover component of the mixed species plots. This 

was emphasised by the similar clover herbage yield and vegetative persistence in both sites in 

autumn 2013 (post-moisture stress) (Table 6.4). The irrigation volumes applied throughout 

the summer of 2012/2013 were similar to the minimum amounts required (40-60mm/month) 

for white clover growth (Brock, 2006). Contrary to the summer of 2012/13, vegetative 

persistence at the dryland site post-summer soil moisture stress in 2014 (autumn 2014) 

decreased by more than two-fold compared to the irrigated site, and clover herbage yield was 

4.5 fold less. The combination of water stress (below wilting point), absence of additional 

irrigation, and stress duration was detrimental to white clover vegetative persistence in the 

summer of 2013/14. The results suggest that a large component of white clover survival 

between years was regulated by plant water status. This was emphasised by the differences in 

plant water status and autumn vegetative persistence between successive summers. 

Within both sites, growing point densities were positively correlated with vegetative 

persistence and herbage yield. This is supported by previous studies where stolon density was 

a major factor governing persistence (Caradus and Williams, 1989; Woodfield and Caradus, 

1996). Spring growing point densities were moderate predictors of autumn vegetative 

persistence and herbage yield (Figure 6.6).  

Sim (2014) demonstrated in lucerne (Medicago sativa L.) on a similar soil type that the lower 

limit of soil moisture content was approximately 6-7%. It is therefore probable that the 

permanent wilting point seen in the summer of 2013/14 coincided with 0% plant available 

water content (PAWC) within the top 55-65cm of the soil profile (Appendix; Figure D.4). It is 

also apparent from the data that permanent wilting point also coincided at the point in time 
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when the soil moisture content within the top 20cm first declined below 8%. It is therefore 

also possible that the permanent wilting point of plants in this study coincided with depletion 

of PAWC in the top 20 cm of soil and not the maximum 65cm soil horizon (Figure 6.3). Due 

to the mixed species sward, it is difficult to differentiate the actual depth of clover soil water 

extraction. 

Black et al. (2003) reported water extraction depths of approximately 130 to 150 cm for white 

clover one to three years post establishment. Their research indicated that both taproots and 

nodal roots were present, and thus their data was not indicative of nodal rooting depth 

specifically. Reports of nodal rooting depth in field experiments are limited, although Nichols 

(2012) reported water extraction of white clover nodal roots up to at least 95cm. The shallow 

depths of nodal root water extraction in this study are therefore considerably lower than both 

Nichols (2012) and Black et al. (2003). The comparison between this study and that of Black 

et al. (2003) emphasises the potential loss in plant available water (soil type dependent) 

between establishment (tap-rooted) and vegetative (nodal rooted) morphological phases. This 

finding helps to shed light on the reported sharp decline observed in white clover vegetative 

persistence at approximately 18 months to 24 months post establishment; when white clover 

plants enter their vegetative phase, their taproots die and large plants fragment into smaller 

daughter clones relying on tertiary stolons and adventitious roots for survival (Knowles et al., 

2003; Thomas, 1987b). This decline is further exacerbated when combined with moisture 

stress (Knowles et al., 2003). Recognition of the positive association between tap rootedness 

and drought tolerance has been previously reported (Woodfield and Caradus, 1987).  

Regardless of water stress, there was also a decline in vegetative persistence at the irrigated 

site, albeit not to the extent observed at the dryland site. A similar finding was reported by 

Brock and Caradus (1996) where a decline in white clover persistence initially commenced 

prior to any soil moisture deficit. Whilst water access seems a major factor regulating 

vegetative persistence at the dryland site, this was not a contributing factor at the irrigated 

site. From this standpoint, it also seems likely that the immediate decline in vegetative 

persistence and herbage yield seen at the irrigated site could have also been associated with 

the vegetative morphological development phase of white clover. 

Purely from an observation point of view, it was interesting to note the differences in 

morphology between the clonal phase of white clover in the current trial, and its seedling 

phase which was run concurrently in the trial described in Chapter 5. It was apparent from the 

seedling phase in Chapter 5 that individual plants grown from seedlings (with their tap-root 



 

149 
 

still intact) seemed to have a much greater growing point density at their crown than the 

clonal cuttings in this experiment. This was by in large due to the seedlings still having their 

orthotrophic primary stem (Thomas, 1987a) which allowed multiple primary stolons to be 

radiated from a central growing point. Clonal fragments on the other hand could only produce 

an additional growing point at the original anchored node and relied on further branching 

from superseding tertiary stolons. Although speculative, it seemed that these smaller anchored 

clonal crowns not only resulted in less vigorous plants with fewer growing points, but also 

that they were more susceptible to damage from grazing ruminants. Brock and Caradus 

(1996) hypothesised that the point at which the population in general changes from 

dependency on seminal roots to nodal roots, may coincide with a loss in performance of the 

population per se. This statement was also supported by findings by Knowles et al. (2003). 

The lower frequency of rooted nodes at the dryland site compared to the irrigated site in 

autumn 2013 reflected the exposure level of nodal root primordia on the existing stolons to 

moisture over the summer period of 2012/2013. In contrast, the minor differences between 

sites for RN in spring 2012 and spring 2013, likely reflects the absence in moisture deficits 

between both sites over early spring. Root primordia require moisture to develop into nodal 

roots (Thomas, 1987b) and the expectation would be that the plants at the irrigated site would 

have had a much greater frequency of RN in autumn, given their elevated levels of soil 

moisture and water application throughout the summer periods. It is likely the higher 

frequency of RN estimated at the irrigated site in autumn 2013 was still biased downwards 

compared to the actual differences, if they had been measured during the summer moisture 

deficit period (Table 6.4).  

It could be argued that the quantity of initiated rooted nodes per unit of stolon did not 

accurately reflect the actual number of physically rooted nodes per unit of area. In retrospect, 

the former represents the response to the environment over the lifetime of a stolon segment 

(which may be short in comparison), whereas the latter represents an accumulation of 

fragmented stolons over a longer period of time (i.e. the whole summer). Both methods have 

been used independently to estimate the number of rooted nodes in previous studies (Jahufer 

et al., 1994; Jahufer et al., 1999), although the former has been previously investigated under 

the management of artificial grazing which would extend the life of a stolon segment and 

perhaps better reflect a longer proportion of the summer moisture deficit period compared to 

grazed stolons. 



 

150 
 

It is also important to note that the number of initiated rooted nodes may not translate into 

penetrating and developed permanent rooted nodes, especially at the dryland site where even 

actively growing nodal roots at root primordia struggled to penetrate the soil surface to anchor 

newly formed stolons. The seldom rainfall events and high evapotranspiration rates caused the 

soil to become hard and form a ‘baked’ like appearance, which became an impermeable layer 

for newly initiated nodal roots. Drying of the soil surface has been previously reported to 

inhibit the development of new nodal roots (Brock, 2006; Stevenson and Laidlaw, 1985). 

Even in the unlikely success of primordial roots penetrating the soil surface, the addition of 

grazing sheep further prevented nodal root establishment. Rotational grazing at three to four 

week intervals often ripped many newly anchored primordial roots from the soil surface, 

where the actively growing nodal root did not develop fast enough to anchor the stolon before 

grazing. This was more apparent at the dryland site, where canopy architecture was more 

open during the summer moisture deficit months.  

Considering the above, it is not recommended to use the number of initiated rooted nodes per 

unit of stolon as a proxy for the number of physical rooted nodes per unit of area in future 

studies. Instead, the direct measurement of physically rooted nodes per unit of area is 

recommended as demonstrated by Jahufer et al. (1999). To an extent in this study, post 

grazing GPD indirectly measured the number of rooted nodes per unit of area, because only 

anchored axillary buds gave rise to new growing points under rotational sheep grazing. This is 

supported by Brock et al. (1988) where under sheep grazing, rooted stolons accounted for 

85% of stolon mass. Furthermore, under drought conditions Brock (1988) also noted that 

stolon mass between rooted growing points withered and died, as large plants broke up into 

several smaller ones, leaving behind only anchored nodal roots.  

The significant reduction in GPD at the dryland site between spring 2013 and autumn 2014 

represents a greater ratio of stolon mortality to stolon formation. The rate of stolon mortality 

can be accelerated by disease, insect pests and water stress, and when this mortality exceeds 

stolon and nodal root formation, white clover persistence declines (Woodfield and Caradus, 

1996). Archer and Robinson (1989) expanded on the effects of water stress and reported the 

interaction between water stress and ambient air temperature in NSW tablelands, Australia. 

Their results demonstrated that stolon survival began to decline when plant available water 

content fell below 61% and the mean weekly ambient temperatures exceeded 20○C.  

In New Zealand, there is limited knowledge about the soil moisture threshold at which stolon 

survival begins to decline, but numerous studies have reported decreasing white clover 
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content in swards with increasing reductions in average summer rainfall (e.g. Knowles et al. 

2003). A similar pattern was observed in this experiment. The effect of temperature on stolon 

persistence has been investigated at the soil surface level, and stolons with lower levels of 

exposure to solar radiation via shading have increased stolon survival rates (Brock, 1988; 

Brock and Kim, 1994). 

A clear trend emerged between experimental sites for soil surface temperature in this study. 

Soil surface temperatures were higher at the dryland site than at the irrigated site, although 

there was also variation within the irrigated site, which typically reflected the stage of the 

defoliation rotation. The differences in soil surface temperatures between sites were at their 

greatest when the irrigated site was approaching defoliation, and canopy cover was high. The 

substantial reduction in soil surface temperatures due to pasture cover was similar to that 

reported by Brock and Hay (1993). It is therefore most probable that the increased soil 

temperatures, combined with water moisture deficits, were major contributing factors for the 

decline in GPD at the dryland site. 

In addition to companion species cover, a degree of stolon shading has also been shown to be 

associated with stolon burial (Brock and Kim, 1994). Limited protection from solar radiation 

via stolon burial was observed at the dryland site due to the ‘baked’ soil surface during spring 

and summer, and hence recovery of stolons in autumn was primarily dependent on survival of 

above ground biomass. Therefore a significant difference at the irrigated site was stolon 

shading, due to not only the companion sward species, but also the soil interface. It seemed 

stolon burial at the irrigated site was influenced by a higher frequency of worm casts and 

animal trampling than at the dryland site and reflects the mechanism of stolon burial in 

previous reports where the soil interface has been soft and wet (Cresswell, 1996; Hay et al., 

1987). In addition to both animal trampling and worm casts, nodal root contraction has been 

demonstrated to provide a third mechanism for stolon burial (Cresswell et al., 1999). However 

just like the former two, this mechanism is also compromised by factors increasing field soil 

resistance, such as lack of soil moisture/rainfall reduce. Buried stolons can account for up to 

40% of stolon mass in New Zealand pastures over summer (Hay et al., 1987), and therefore 

potentially provide substantially more protected growing points for recovery in autumn. 

Another major and often over-looked factor regulating stolon persistence is the effect of 

grazing animals per se. It was certainly obvious at the dryland site that as the summer 

moisture stress period commenced, the surrounding companion grass (predominantly 

ryegrass) became considerably weaker, resulting in an open sward that exposed the already 
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vulnerable white clover plants to over grazing. Sheep preferentially grazed white clover in the 

mixed species sward, and stripped the plants back to original anchored roots, creating a button 

like effect of the remaining growing points and thus preventing new nodal roots from 

developing. Hay et al. (1987) noted that under drought conditions where pasture growth was 

restricted, stolon mass was further reduced by sheep defoliation over and above losses by 

moisture stress alone.  

Brock and Kane (2003) emphasised the important beneficial effect of ryegrass for white 

clover and how it helps mitigate overgrazing. They also described the problem associated 

with stolon stripping (overgrazing), when grazing animals have access to emerging stolons in 

the absence of protection from companion sward species. This effect has been emphasised in 

multiple studies were set-stocking mitigates drought effects through increasing not only 

clover density, but also that of the surrounding grass species (Brock, 1988; Brock and Hay, 

1993; Brock and Caradus, 1996). The ability to restrict stolon loss via animal removal has 

also been demonstrated in moist and hence soft soil interfaces where stolons are tightly held 

to the surface (Cresswell, 1996). The reports that smaller leaf types demonstrate better overall 

persistence (Caradus and Mackay, 1991; Williams et al., 1982b) may therefore also be related 

to the ability of plants to withstand stolon mass removal among other factors.  

These data suggest vegetative persistence of white clover in both water limited and water 

sufficient environments seem to be linked to both abiotic factors such as water stress, solar 

radiation and heat stress, as well as biotic factors such as disease, pests and perhaps most 

importantly grazing ruminants. The results presented in this study, combined with other 

published work (Brock and Kim, 1994; Brock and Caradus, 1996; Caradus and Williams, 

1989; Woodfield and Caradus, 1996) indicate that white clover vegetative persistence is 

considerably determined by a moisture stress × heat × animal grazing × genotype interaction 

complex. The latter three factors can be largely mitigated by stock management (Brock and 

Kim, 1994; Brock and Caradus, 1996), which in the past and still to date is the best tool to 

mitigate drought effects in white clover pastures. Future studies investigating drought 

tolerance or resistance mechanisms in white clover must acknowledge the complexity of 

target environments and consider the transferability of traits improved in artificial 

environments to actual target environments. Improvements achieved in artificial environments 

maybe counterintuitive in actual farming systems. This is particularly relevant to stolon traits, 

where they are most likely to be removed by grazing ruminants. 
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Both leaf width and stolon thickness were significantly different between sites, although 

seasonal effects had a far greater influence on these traits. Temperature and photoperiod have 

been shown to largely influence organ growth in white clover (Junttila et al., 1990) and hence 

the extent of seasonal influence is not surprising. The similarity of NN and BR between sites 

was however less expected. Thompson and Harper (1988) reported significant differences in 

both photosynthetically active radiation (PAR) and the ratio of red to far red light between 

canopies present and absent with ryegrass foliage. While shading promotes larger leaf size 

(Caradus and Chapman, 1991) which was observed at the irrigated site, no decreases in NN or 

BR were observed, which could be due to lower levels of both PAR and the ratio of red to far 

red light (Thompson and Harper, 1988) in closed sward canopies. 

6.4.2 Variance components and heritabilities   

The results from this study suggest a significant amount of genetic variation for the 

morphological traits HY, GPD, PER, LW, ST, NN and BR within seasons and environments 

in the vegetatively propagated white clover population investigated. Genetic variation among 

full-sib families for the majority of these traits extended to seasons, years and environments. 

The extent of genetic variation observed in this population is similar to previous findings in 

other white clover populations and accessions (Caradus and Chapman, 1991; Jahufer et al., 

1994; Jahufer et al., 1995; Jahufer et al., 1999; Woodfield and Caradus, 1990). Both clover 

vegetative persistence (PER) and the number of rooted nodes (RN) were the only traits which 

showed no genetic variation across environments, seasons and years. Poor genetic variation 

for the proportion of rooted nodes has also been reported elsewhere in low rainfall accessions 

by Jahufer et al. (1995). 

The discrepancies in the heritabilities between the different traits reflect the proportion of 

environmental influence on the genetic expression of these traits. Among the traits, both 

stolon thickness (ST) and leaf width (LW) displayed the highest heritabilities. This is 

supported by previous findings where ST and LW have high heritabilities relative to other 

morphological traits (Annicchiarico and Piano, 1995; Annicchiarico et al., 1999; Caradus and 

Woodfield, 1990; Jahufer et al., 2013).  

The within-plot variance components demonstrate the degree of environmental influence on 

the phenotypic expression of individuals within families. For NN, RN and BR, these within-

plot variances were extremely large in comparison to the among families variance 

components. This highlights the inaccuracy of only obtaining individual plant data compared 

to the means of families for these traits. From a breeding perspective, these inaccuracies are 
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reflected in the differences between heritabilities calculated on a family means basis and on 

those on an individual plant basis. As discussed in Chapter 5, Nyquist (1991) recommended 

that when heritability on an individual plant basis is low due to large environmental effects, 

family selection should be implemented instead of phenotypic selection (i.e. mass selection). 

Taking this into account, the rationale for pursuing phenotypic selection on an individual 

plant basis for NN, RN and BR is questionable, and supports the rationale for family selection 

methods under these trial circumstances. Again as pointed out previously in Chapter 5, an 

important feature of family selection is that selection is based on family means which are 

obtained from replicated trials; and therefore are less affected by large environmental 

variances compared to individual selections (Nguyen and Sleper, 1983). 

A smaller reduction in the difference between heritabilities calculated on a family means basis 

compared to an individual plant basis was observed for both ST and LW. These findings 

suggest that phenotypic expressions for these two traits on an individual plant level are less 

confounded by environmental cues than NN, RN and BR. Phenotypic selection for both LW 

and ST is a satisfactory and reasonably accurate selection method for intra-population 

improvement. 

The task of drawing direct comparisons between heritabilities estimated in the present study 

with those estimated in other studies is somewhat challenging, despite what seems like a bulk 

of literature on heritabilities in white clover. Heritabilities have often been used to describe 

the ratio of genotypic to phenotypic variance among random genotypes that are not part of a 

random mating population (Fehr, 1987). In this context, the reference populations in these 

studies are ‘cultivars of the species’ and not a random mating population like in the current 

study. The phenotypic standard deviations of these reference populations are most likely to be 

significantly larger than those reported in closed segregating populations, and hence 

comparisons can be somewhat misleading. Numerous studies have also investigated genetic 

parameters when genotypes are a non-random sample, and estimates obtained from these 

studies pertain only to those genotypes and cannot be used to infer what would be expected if 

random genotypes were studied in a random mating breeding population (Fehr, 1987). In such 

cases, the term repeatability is often used instead of ‘heritability’. The comparison between 

this study and other studies is also confounded not only by the defoliation management of the 

trials, but also by the presence of companion sward species. Both factors have been shown to 

have large influences on white clover morphology and family ranking (Caradus et al., 1989; 

Evans and Williams, 1987). 
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To the best of my knowledge, Jahufer et al. (1999) is the sole study that has also investigated 

white clover breeding strategies comparable to the present study, despite significant 

differences in defoliation management and sward composition between studies. The study by 

Jahufer (1999) was conducted across both environments and years using 80 full-sib families 

and reported heritabilities on a full-sib family mean basis for clover herbage yield (0.38), 

stolon thickness (0.37), number of nodes (0.36), number of rooted nodes (0.14) and stolon 

branching (0.27), respectively. The heritabilities for all traits in this study compare favourably 

to those estimated in Jahufer et al. (1999), and likely reflect greater genotypic diversity in the 

population investigated for the traits tested in this experiment. 

Shifting away from directly comparable studies, Jahufer et al. (1994) presented accession 

mean repeatability measurements for 60 white clover accessions for leaf length, stolon 

thickness, number of nodes, number of rooted nodes and stolon branching in a study 

conducted using mono-culture plots under artificial defoliation. Jahufer et al. (1995) also 

reported line mean repeatability measurements for 40 white clover accessions for leaf length, 

stolon thickness, number of nodes, number of rooted nodes and stolon branching, using the 

same field procedures as described by Jahufer et al. (1994). Both repeatability estimates by 

Jahufer et al. (1994; 1995) compare unfavourably to the findings in this experiment, despite a 

much larger diversity in plant material evaluated in their experiments. Perhaps the comparable 

estimates between data in this study and both of the above studies either illustrate the great 

magnitude of genotypic diversity of the population tested in this study or the better adaptation 

of the population in this study to the test environments which allowed it to better express its 

genetic potential. 

Among traits with heritabilities calculated on an individual plant basis, it was interesting to 

note the substantially lower broad and narrow heritabilities in this study compared to those 

reported in the literature (Annicchiarico and Piano, 1995; Annicchiarico et al., 1999; Caradus 

and Woodfield, 1990; Cogan et al., 2006; Woodfield and Caradus, 1990). 

It could be argued that the current study magnifies the difference between quantification of 

genetic components in a random mating breeding population compared to those in either a 

diverse panel of accessions or a non-random sample of diverse selected genotypes within a 

population. As explained by Jahufer et al. (2002) there is a lack of quantitative genetic 

parameters estimated for random mating white clover breeding populations in multiple target 

environments, and therefore the necessity to estimate these in order to make valid estimates of 

responses to selection of various breeding methods is fundamental. Inaccurate estimates of 
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heritabilities in non-target environments would lead to a slower response to selection in actual 

field breeding programmes than estimated heritabilities would lead to believe. 

Lack of statistical differences among full-sib families across seasons and across environments 

and seasons (when check cultivars where excluded) for clover vegetative persistence was 

largely a result of the large plot-to-plot and season × plot-to-plot variation (Table 6.3). Plot-

to-plot variation averaged across both seasons and seasons within environments was 

consistently higher for vegetative persistence than in all other traits. It is likely that the small 

1m × 1m plots did not accurately reflect family vegetative persistence in each replicate and 

subsequently re-ranking among families occurred in successive replicates. Investigations into 

alternative effective plot sizes may be valuable from a plant breeder’s perspective to 

accurately estimate sward persistence in future studies to reduce plot-to-plot variation. 

The lack of genotype × environment interactions is an interesting discovery, and could point 

towards broad adaptation of the investigated clover population in both test environments. The 

significant genotype × season × environment interactions and genotype × season interactions 

are consistent with findings from previous studies (Jahufer et al., 2002; Jahufer et al., 2009; 

Jahufer et al., 2013) and underline the requirement for multi-season and multi-year testing to 

identify superior families.  

6.4.3 Pattern analysis 

Contrary to multiple studies where the correlations between HY and GPD or stolon density 

have been negative (Caradus and Williams, 1989; Jahufer et al., 1994), this study revealed a 

positive association between these traits. Jahufer et al. (1999) also reported a positive 

association between these traits in a study among 80 full-sib families. A striking similarity 

between the current study and that of Jahufer et al. (1999) is the identification of the 

breakdown of this negative association at the intra-population level. Many studies have 

presented data at a cultivar or accession level and hence neglected the quantitative nature of 

these traits within a random mating population.  

6.4.4 Physiological analyses 

Leaf water potential (ψ) is an indication of the water status of a plant. The findings reflected 

the severity of water stress at the dryland site over the summer months compared to the 

irrigated site. The significant drought induced reduction in white clover leaf water potential is 

similar to previous studies (Hofmann et al., 2007; Turner, 1991). 
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The discrimination against 13C (∆) was lower at the dryland site in both summers than at the 

irrigated site, indicating the proportion of 13C/12C assimilated in photosynthesis at the dryland 

site was lower, due to ribulose bisphosphate carboxylase (Rubisco) fixing proportionally more 
13CO2 (Barbour et al., 1996). Similar findings have been presented between water stressed and 

non-water stressed treatments in white clover (Ballizany et al., 2012a; Barbour et al., 1996). 

Contrary to the results of Barbour et al. (1996), significant genetic variation within sites was 

also observed in this field study, showing that intra-cultivar variation for ∆ does exist albeit at 

relatively low levels (~10%). The lack of family × environment and family × year interactions 

for this trait demonstrate that selection for families with lower ∆ in irrigated environments 

holds true to type in dryland environments too. Thus future breeding programmes should use 

the easily measurable trait 13C (∆) as a screening tool for the development of drought resistant 

germplasm. 

The higher accumulation of flavonoids at the dryland site is consistent with previous findings 

where water-stress induces an increase in these secondary plant metabolites (Ballizany et al., 

2012a). Contrary to previous findings in white clover (Hofmann and Jahufer, 2011), no 

significant negative correlations between herbage biomass and flavonol accumulation (and its 

components) were observed. This is therefore of significance, as the plant material in this 

study can be used for the development of white clover cultivars that are high in herbage yield 

and in protective flavonols. The concentrations of quercetin glycosides expressed among full-

sib families are consistent with the range of concentrations reported in the populations’ parent 

material (Tribute, Saracen and Trophy) (Hofmann and Jahufer, 2011). Similarly, the lower 

levels of quercetin glycosides expressed in the control cultivar Nomad is consistent with 

previous reports (Hofmann and Jahufer, 2011). Similarly to ∆, the lack of family × 

environment and family × year interactions demonstrate that families with higher flavonol 

concentrations in irrigated environments are also likely to have higher concentrations of these 

compounds in water limited environments.   

6.5 Conclusions 

 The low summer clover herbage yield among white clover families at the dryland site 

in 2013/14 demonstrate the poor adaptation of white clover to soils with low water 

holding capacity. These results agree with those presented by Mills and Moot (2010), 

and the use of alternative species such as sub-clover and lucerne are better suited in 

such environments for summer productivity.  



 

158 
 

 Genetic variation for both vegetative persistence and herbage yield post-summer 

moisture stress was observed, suggesting scope for developing cultivars that can 

vegetatively persist in moderate drought conditions and demonstrate improved 

recovery rates following rain.  

 Considerable genetic variation for most traits among the vegetatively propagated 

families was evident within and across sites. The trialling of clonal material may be 

useful for plant breeders trying to bypass the first 1-2 years of the white clover 

establishment phase. However due to its time consuming preparation and lack of 

assessment of field seedling establishment parameters, breeders may decide to use it 

sparingly at key stages of a breeding programme. 

 As in the previous chapter, differentials between heritabilities estimated on a family 

means basis and those on an individual plant basis, support the rationale for family 

selection methods for clover herbage yield, vegetative persistence, number of nodes, 

number of rooted nodes and number of branches. These data also suggest phenotypic 

mass selection is suitable for both leaf size and stolon thickness. 

 In both the current study and a previous study by Jahufer et al. (1999), intra-

population evaluation seems to identify the breakdown of the negative association 

between clover herbage yield and growing point density. This supports the notion by 

Woodfield and Caradus (1996) that it is possible to develop cultivars with increased 

growing point densities at a particular leaf size to improve vegetative persistence, 

while maintaining greater yield potential.  

 The significant genotype × season × environment interactions and genotype × season 

interactions are consistent with previous studies and demonstrate the requirement for 

multi-season and multi-year testing to identify superior families. 

 White clover vegetative persistence is a complex trait regulated by a number of factors 

including, moisture stress, heat, animal grazing, and genotype. As per previous 

studies, growing point density remains the most accurate predictor of autumn 

vegetative persistence and herbage yield.  

 Investigation into alternative effective plot sizes may be valuable from a plant 

breeding perspective to accurately estimate vegetative persistence in future studies and 

to reduce plot-to-plot variation. 
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Chapter 7 
Estimation of additive and non-additive genetic variation 

for traits associated with vegetative persistence and 
herbage yield 

7.1 Introduction 

The estimation of genetic parameters for key traits, associated with vegetative persistence and 

herbage yield in breeding populations, will enable the assessment of the merits of alternative 

breeding strategies to improve the rate of genetic gain (Jahufer et al., 2002). Although genetic 

parameters such as heritability have been estimated for a number of key traits (as discussed in 

Chapter 6), relatively few estimates are applicable to current random mating populations that 

have been evaluated across multiple environments. In addition, information on the relative 

importance of additive and non-additive genetic effects for key traits in white clover are 

limited (Jahufer et al., 2002). 

In forage species, the relative proportion of additive to non-additive genetic variation has been 

estimated in ryegrass (Breese and Hayward, 1972), tall fescue (Piano et al., 2007), meadow 

fescue (Simonsen, 1977), lucerne (Riday and Brummer, 2002a; Riday and Brummer, 2002b; 

Riday et al., 2002) and switchgrass (Bhandari et al., 2010). Further afield, in cropping species 

such as maize (Hallauer et al., 2010c) more extensive research has been conducted and larger 

emphasis has been placed on the estimation of quantitative genetic parameters. The 

availability of genetic parameters for key traits provides the opportunity for the simulation of 

a range of breeding methods available for forages (Casler and Brummer, 2008). These 

estimates help determine the most efficient breeding method resulting in increasing the rate of 

genetic gain per selection cycle or year.    

Partitioning of genetic variation into additive and non-additive genetic components is usually 

conducted using structured mating designs. There are a range of mating designs available for 

estimating genetic parameters such as; bi-parental mating, parent off-spring regression, diallel 

cross, North Carolina I, North Carolina II, North Carolina III, and test-crosses (Hallauer et al., 

2010b). However, the adoption of these various mating designs is influenced by the biology 

of the investigated species and the resources available to conduct the experiments.    
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In white clover, the main mating design of choice has been the diallel cross design and parent 

offspring regression (Annicchiarico et al., 1999; Caradus and Chapman, 1996; Hill, 1993; Hill 

and Michaelson-Yeates, 1987; Woodfield and Caradus, 1990). The diallel mating design 

(Griffing, 1956) is one of the most informative methods but requires a substantial amount of 

resources and hence is typically only applicable to a small selected set of genotypes. 

Problematically, these estimates therefore only pertain to the selected set of genotypes and do 

not accurately represent the populations parameters compared to a larger random sample 

(Fehr, 1987). While parent offspring regression allows a greater number of individuals to be 

evaluated, it does not provide information on the magnitude of non-additive variation and can 

be biased by the differential in age between parents and offspring and genotype × 

environment interactions (Casler, 1982). 

To enable a greater diversity of plants to be evaluated in a population, Jahufer (1998) adopted 

the use of the North Carolina I mating design to partition additive and non-additive genetic 

variation in two diverse populations of 40 full-sib families evaluated at a dryland and an 

irrigated set of trials in NSW, Australia. North Carolina mating designs (Comstock and 

Robinson, 1948) are an appropriate approach to determine additive and non-additive genetic 

variances when the genotypic material under study is a population (Sandoya et al., 2009). In 

New Zealand, no data is available on the magnitude of additive and non-additive variation for 

white clover vegetative persistence traits in a random mating population evaluated across 

multiple target environments.  

The objectives of the study described in this chapter were to; i) extend the analysis of the 

experiment reported in Chapter 6 to include the partitioning of genetic variation into both 

additive and non-additive genetic effects using a North Carolina I mating design, and ii), 

based on estimates in objective one, to make recommendations for alternative breeding 

strategies that may better capture the magnitude and type of genetic variation estimated in the 

investigated random mating population for a range of vegetative morphological traits. 

7.2 Materials and methods 

Experimental sites, design and measurements were described in Chapter 6. Germplasm and 

production of genetic families using the North Carolina I mating design was described in 

Chapter 3.  
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7.2.1 Statistical analyses 

The objective of the data analysis was to estimate the proportion of total genetic variation that 

is attributed to both additive and non-additive variation within the random mating population, 

and to estimate the magnitude and significance of the additive/non-additive × environment 

interaction based on half/full-sib performance across sites, seasons and years. Means and 

ranges among families are not presented, as the objective for this chapter was to investigate 

genetic variation at the population level. 

7.2.2 Variance component analysis 

The Residual Maximum Likelihood (REML) (Harville, 1977; Patterson and Thompson, 1971; 

Patterson and Thompson, 1975) option in GenStat (GenStat, 2003) was used to estimate 

variance components and also generate BLUP adjusted means. 

All linear models used in the analysis of variance were assumed to be completely random 

except model 7.2, 7.3, 7.5 and 7.6, where environments and/or seasons were treated as fixed 

effects. Linear models used in the analyses of variance were adapted from equation 27 and 33 

proposed by Nyquist (1991) for individual samples within plots and plot totals of perennial 

species respectively. These models were adapted to partition variation among “males” and 

“females” nested within “males” as illustrated by Hallauer, et al. (2010b).  Analyses using 

plot totals were used for herbage yield and persistence traits, whereas all other traits were 

measured from multiple samples per plot. Traits with data collected on individual plants 

within each plot allowed error variance to be partitioned into variance due to both random plot 

effects (plot-to-plot variation) and within-plot variance. Traits with no within-plot sampling 

resulted in plot effects and plant-within-plot effects being confounded in the residual effect, 

which is donated as ɛ in equation 7.4, 7.5 and 7.6 (Holland et al., 2002).  

North Carolina I analysis of morphological traits within environments and seasons 
(sampled plots) 
Pijkl = µ + Mi + Fij + Rk + aijk + ɛijkl       (7.1) 

            
where; 

P is the phenotypic value of the lth plant in the jth “female” mated to the ith “male” 
within the kth replicate, 

µ   is the overall mean, 
Mi  is the effect of the full-sib family from “Male” parent  j, N(0,    , 
Fj   is the effect of “female” parent j mated to “male” parent I, N(0,    , 
Rk   is the effect of replicate k, N(0,    , 
aijk is the effect of “female” parent j mated to “male” parent I within replicate k, 

N(0,   , 
ɛijkl is the residual effect of sample l taken from “female” i, which is mated to 

“male” parent i within replicate k (within-plot variation), N(0,    . 
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North Carolina I analysis of morphological traits within environments but across seasons 
(sampled plots) 
Pijklm = µ + Si + R(i)j + Mk + Fkl + ajkl + W(jkl)m + MSik + FSikl +c(ijkl) + d(ijklm) (7.2) 

where; 
µ   is the overall mean, 
Si   is the fixed effect of season i, 
R(i)j  is the effect of replicate j within season i, N(0,    ,  
Mk   is the effect of the full-sib family from “male” parent k, N(0,    , 
Fkl  is the effect of “female” parent l mated to “male” parent k, N(0,    , 
a(jkl) is the effect of “female” parent l mated to “male” parent k within replicate j, 

N(0,   , 
W(jkl)m is the effect of sample m taken from “female” l mated to “male” k within 

replicate j, N(0,    , 
MSik  is the effect of male parent k within season i, N(0,   

  , 
FSikl is the effect of “female” parent l mated to “male” parent k within season i, 

N(0,     , 
c(ijkl) is the effect of “female” parent l mated to “male” parent k within replicate j 

within season i, N(0,    , 
d(ijklm) is the effect of sample m taken from “female” parent l mated to “male” parent 

k within replicate j within season i, N(0,    .    

         

North Carolina I analysis of morphological traits across environments and seasons 
(sampled plots) 
Pijklmp = µ + Li + R(i)j + Mk + Fkl  + MEik + FEikl + a(ijkl)+ W(ijkl)m + Sp +SEip + b(ijp) + MSkp + 
FSklp + MSEikp + FSEiklp + c(ijklp) + d(ijklmp)      (7.3) 
             
where; 

µ   is the overall mean, 
Ei  is the fixed effect of environment i, 
R(i)j  is the effect of replicate j within environment I, N(0,    , 
Mk   is the effect of the full-sib family from “male” parent k, N(0,    , 
Fkl  is the effect of “female” parent l mated to “male” parent k, N(0,    , 
MEik  is the effect of male parent k within environment i, N(0,   

  , 
FEikl is the effect of “female” parent l mated to “male” parent k within environment 

i, N(0,     , 
a(ijkl) is the effect of “female” parent l mated to “male” parent k within replicate j, 

within environment i, N(0,   , 
W(ijkl)m is the effect of sample m taken from “female” parent l mated to “male” parent 

k within replicate j, within environment i, N(0,     , 
Sp   is the fixed effect of season p, 
SEip  is the effect of season p within environment i, 
b(ijp)  is the effect of replicate j within season p within environment i, N(0,    , 
MSkp  is the effect of male parent k within season p, N(0,   

  , 
FSklp is the effect of “female” parent l mated to “male” parent k within season p, 

N(0,     , 
MSEikp is the effect of male parent k within season p within environment i, 

N(0,    
  , 

FSEiklp is the effect of “female” parent l mated to “male” parent k within season p 
within environment i, N(0,      , 

c(ijklp) is the effect of “female” parent l mated to “male” parent k within replicate j 
within season p within environment i, N(0,    , 
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d(ijklmp) is the effect of sample m taken from “female” parent l mated to “male” parent 
k within replicate j within season p within environment i, N(0,    . 

 

North Carolina I analysis of morphological traits within environments and seasons (plot 
totals) 
Pijk = µ + Mi + Fij + Rk + ɛijk        (7.4) 

            
where; 

P is the phenotypic value of the jth “female” mated to the ith “male” within the kth 

replicate, 
µ   is the overall mean, 
Mi  is the effect of the full-sib family from “Male” parent j, N(0,    , 
Fj   is the effect of “female” parent j mated to “male” parent I, N(0,    , 
Rk   is the effect of replicate k, N(0,    , 
ɛijk is the residual effect of “female” parent j mated to “male” parent I within 

replicate k N(0,    . 
 

North Carolina I analysis of morphological traits within environments but across seasons 
(plot totals) 
Pijkl = µ + Si + R(i)j + Mk + Fkl + ajkl+ MSik + FSikl +ɛ(ijkl)     (7.5) 

where; 
µ   is the overall mean, 
Si   is the fixed effect of season i,  
R(i)j  is the effect of replicate j within season i, N(0,    ,  
Mk   is the effect of the full-sib family from “male” parent k, N(0,    , 
Fkl  is the effect of “female” parent l mated to “male” parent k, N(0,    , 
a(jkl) is the effect of “female” parent l mated to “male” parent k within replicate j, 

N(0,   , 
MSik  is the effect of male parent k within season i, N(0,   

  , 
FSikl is the effect of “female” parent l mated to “male” parent k within season i, 

N(0,     , 
ɛ(ijkl) is the residual effect of “female” parent l mated to “male” parent k within 

replicate j within season i, N(0,    . 
           

North Carolina I analysis of morphological traits across environments and seasons (plot 
totals) 
Pijklm = µ + Li + R(i)j + Mk + Fkl  + MEik + FEikl + a(ijkl)+ Sm +SEim + b(ijm) + MSkm+ FSklm + 
MSEikm + FSEiklm + ɛ(ijklm)         (7.6) 
             
where; 

µ   is the overall mean, 
Ei  is the fixed effect of environment i, 
R(i)j  is the effect of replicate j within environment i, N(0,    , 
Mk   is the effect of the full-sib family from “male” parent k, N(0,    , 
Fkl  is the effect of “female” parent l mated to “male” parent k, N(0,    , 
MEik  is the effect of male parent k within environment i, N(0,   

  , 
FEikl is the effect of “female” parent l mated to “male” parent k within environment 

i, N(0,     , 
a(ijkl) is the effect of “female” parent l mated to “male” parent k within replicate j, 

within environment i, N(0,   , 
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Sm   is the fixed effect of season m,  
SEim  is the fixed effect of season m within environment i,  
b(ijm)  is the effect of replicate j within season m within environment i, N(0,    , 
MSkm is the effect of male parent k within season m, N(0,   

  , 
FSklm is the effect of “female” parent l mated to “male” parent k within season m, 

N(0,     , 
MSEikm is the effect of male parent k within season m within environment i, 

N(0,    
  , 

FSEiklm is the effect of “female” parent l mated to “male” parent k within season m 
within environment i, N(0,      , 

ɛ(ijklm) is the residual effect of “female” parent l mated to “male” parent k within 
replicate j within season m within environment i, N(0,    . 

 

7.3 Results 

7.3.1 Within seasons and environments 

The variance components indicated significant (P<0.05) variation among “females” nested 

within “males” for clover herbage yield in the majority of the seasons at the irrigated site 

(Table 7.1) but only during the winter season at the dryland site (Table 7.2). Vegetative 

persistence was significantly different (P<0.05) among “females” nested within “males” at the 

irrigated site in spring 2013, but not significantly different in the other two seasons at the 

irrigated site, and all seasons at the dryland site. GPD was significantly different (P<0.05) 

among “females” nested within “males” in two of the three seasons at each site. Leaf width 

was significantly different (P<0.05) among “females” for all seasons at the irrigated site and 

two of the three seasons at the dryland site. Stolon thickness (P<0.05) was significantly 

different among “females” at both sites in two of the three seasons. Number of nodes was 

again significantly different (P<0.05) among “females” in two of the three seasons at the 

irrigated site, but only in one season at the dryland site. The number of rooted nodes was only 

significantly different (P<0.05) among “females” in autumn 2013 at the irrigated site. Number 

of stolon branches was significantly different (P<0.05) among “females” in one season at 

each site. 

No significant differences (P>0.05) among “males” were observed for any traits at either 

experimental site. Standard errors were large in comparison to components of variances 

among “males” and often among “females” nested within “males” for most traits. 

7.3.2 Across seasons but within environments 

There was significant (P<0.05) variation among “females” nested within “males” for clover 

herbage yield, vegetative persistence, growing point density, leaf width and stolon thickness 

at the irrigated site and for growing point density, leaf width, stolon thickness and number of 
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stolon branches at the dryland site (Table 7.3). No significant (P>0.05) variation among 

“males” was identified for any trait at either the irrigated or dryland site. 

Significant (P<0.05) “males” × season interactions were observed for herbage yield, 

vegetative persistence, and growing point density at the irrigated site and for herbage yield at 

the dryland site. Significant (P<0.05) “females” nested within “males” × season interactions 

were observed for herbage yield, growing point density, leaf width, number of nodes and 

number of rooted nodes at the irrigated site and for herbage yield, growing point density and 

stolon thickness at the dryland site.   

Similar to within season analyses, standard errors were large in comparison to components of 

variances among “males” and often among “females” nested within “males” for most traits. 

7.3.3 Across seasons and environments 

Across both seasons and environments, variance component analyses indicated significant 

(P<0.05) variation among “females” nested within “males” for leaf width, stolon thickness, 

number of nodes and stolon branching (Table 7.4). Significant (P<0.05) “females” nested 

within “males” × season interactions were observed for herbage yield, leaf width and stolon 

thickness. Significant (P<0.05) “males” × season × environment interactions were observed 

for herbage yield, persistence and number of rooted nodes. A significant (P<0.05) “females” 

nested within “males” × season × environment interaction was observed for herbage yield.  

Crude variance component estimates from across both seasons and environments showed 

among “males” variation accounted for a large proportion of among “females” nested within 

“males” variation (Figure 7.1) for most traits. The subtraction of the variation among “males” 

from the variation among “females” nested within “males” is indicative of the remaining 

genetic variation attributed to dominance gene action. Figure 7.1 illustrates that additive 

genetic variation is the primary source of variation for vegetative persistence, growing point 

density, leaf width, stolon thickness, number of rooted nodes and number of stolon branches. 

Dominance genetic variation appeared equal in proportion to additive variation for the 

number of nodes and even higher than additive variation for herbage yield, although due to 

the high standard errors these findings are inconclusive. The addition of both variation among 

“males” and variation among “females” nested within “males” accounted for the total 

variation observed among full-sib families presented in Chapter 6 (Table 6.3). 
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Table 7.1 North Carolina I analysis within seasons and sites. Variance components are presented along with their associated standard errors (± SE) 
for the 40 white clover full-sib families evaluated at the irrigated trial site. Variance components:   

  – males,     
  – females nested within 

males,    
  – replicate,    

  – within-plot and   
  – plot-to-plot.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Trait Season   
      

    
    

    
  

HY 
(kg/ha × 10-4) 

Spring 2012 0.51 ± 0.32 0.19 ± 0.17 0.07 ± 0.11 - 1.28 ± 0.21 
Summer 2012/13 3.86 ± 4.00 9.50 ± 4.59 3.36 ± 3.93 - 22.89 ± 3.670 
Autumn 2013 1.73 ± 1.29 2.24 ± 1.03 0.83 ± 0.95 - 4.82 ± 0.77 
Winter 2013 0.17 ± 0.11 0.14 ± 0.08 0.03 ± 0.04 - 0.43 ± 0.07 
Spring 2013 2.44 ± 3.56 14.87 ± 4.850 1.80 ± 2.09 - 11.35 ± 1.820 
Summer 2013/14 2.99 ± 2.46 6.04 ± 2.21 1.38 ± 1.56 - 7.19 ± 1.15 
Autumn 2014 2.47 ± 1.61 2.12 ± 0.97 1.34 ± 1.45 - 4.54 ± 0.73 

Persistence 
(% × 10-1) 

Autumn 2013 2.64 ± 2.16 3.32 ± 1.99 0.34 ± 0.65 - 11.99 ± 1.920 
Spring 2013 6.42 ± 4.70 9.10 ± 3.56 0.06 ± 0.40 - 13.27 ± 2.130 
Autumn 2014 21.43 ± 13.72 13.51 ± 8.050 1.45 ± 2.66 - 48.11 ± 7.700 

GPD 
(m-2 × 10-4) 

Autumn 2013 3.68 ± 2.90 3.61 ± 2.59 0.00 ± 0.43 11.23 ± 1.450 11.7 ± 2.87 
Spring 2013 5.46 ± 3.77 5.74 ± 2.58 0.54 ± 0.84 18.54 ± 2.390 2.58 ± 2.24 
Autumn 2014 18.25 ± 12.58 22.37 ± 8.490 0.77 ± 1.51 24.33 ± 3.140 17.62 ± 5.020 

LW 
(mm-1) 

Spring 2012 0.48 ± 0.50 1.34 ± 0.56 0.31 ± 0.37 5.93 ± 0.38 1.18 ± 0.39 
Autumn 2013 1.06 ± 0.68 1.04 ± 0.39 0.20 ± 0.23 5.18 ± 0.24 0.64 ± 0.20 
Spring 2013 0.40 ± 0.52 1.99 ± 0.67 1.01 ± 1.05 6.95 ± 0.30 0.98 ± 0.27 

ST 
(mm × 102) 

Spring 2012 1.12 ± 0.62 0.13 ± 0.22 0.21 ± 0.26 5.86 ± 0.38 0.72 ± 0.31 
Autumn 2013 0.72 ± 0.42 0.45 ± 0.18 0.21 ± 0.23 2.57 ± 0.12 0.32 ± 0.10 
Spring 2013 0.80 ± 0.51 0.8 ± 0.29 0.04 ± 0.06 4.72 ± 0.21 0.45 ± 0.15 

NN 
(no. m-1 × 10-2) 

Spring 2012 0.01 ± 0.03 0.08 ± 0.04 0.01 ± 0.01 1.02 ± 0.07 0.04 ± 0.04 
Autumn 2013 1.29 ± 0.85 1.10 ± 0.52 0.04 ± 0.11 14.22 ± 0.660 0.84 ± 0.41 
Spring 2013 0.18 ± 0.21 0.42 ± 0.26 0.23 ± 0.27 9.97 ± 0.44 0.56 ± 0.26 

RN 
(no. m-1 × 10-1) 

Spring 2012 1.00 ± 0.74 0.65 ± 0.59 0.44 ± 0.55 12.05 ± 0.780 1.99 ± 0.72 
Autumn 2013 9.40 ± 6.60 9.60 ± 4.80 1.30 ± 1.90 137.9 ± 6.400 7.90 ± 3.90 
Spring 2013 0.28 ± 0.48 0.71 ± 0.75 0.15 ± 0.30 29.58 ± 1.290 2.74 ± 0.93 

BR 
(no. m-1 × 10-1) 

Spring 2012 0.11 ± 0.11 0.06 ± 0.14 0.00 ± 0.00 4.55 ± 0.29 0.30 ± 0.20 
Autumn 2013 3.64 ± 2.66 1.11 ± 2.20 0.00 ± 0.00 97.98 ± 4.580 7.39 ± 3.02 
Spring 2013 1.11 ± 0.95 2.22 ± 0.90 0.29 ± 0.38 33.79 ± 1.470 0.16 ± 0.60 
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Table 7.2 North Carolina I analysis within seasons and sites. Variance components are presented along with their associated standard errors (± SE) 
for the 40 white clover full-sib families at the dryland trial site. Variance components:   

  – males,     
  – females nested within males,    

  
– replicate,    

  – within-plot and   
  – plot-to-plot. 

Trait Season   
      

    
    

    
  

HY 
(kg/ha × 10-4) 

Spring 2012 0.58 ± 0.37 0.27 ± 0.22 0.69 ± 0.73 - 1.53 ± 0.25 
Summer 2012/13 0.48 ± 1.20 3.48 ± 2.02 1.41 ± 1.70 - 11.8 ± 1.89 
Autumn 2013 0.86 ± 0.86 1.69 ± 0.98 0.49 ± 0.63 - 5.74 ± 0.92 
Winter 2013 0.49 ± 0.32 0.48 ± 0.21 0.12 ± 0.14 - 0.88 ± 0.14 
Spring 2013 1.77 ± 1.13 1.03 ± 0.66 0.29 ± 0.40 - 4.17 ± 0.67 
Summer 2013/14 0.19 ± 0.12 0.10 ± 0.07 0.02 ± 0.03 - 0.44 ± 0.07 
Autumn 2014 0.15 ± 0.11 0.08 ± 0.08 0.07 ± 0.09 - 0.62 ± 0.10 

Persistence 
(% × 10-1) 

Autumn 2013 0.51 ± 0.77 2.10 ± 1.10 0.37 ± 0.52 - 5.92 ± 0.95 
Spring 2013 8.68 ± 5.81 2.51 ± 4.04 3.93 ± 4.79 - 34.29 ± 5.490 
Autumn 2014 7.51 ± 5.44 2.74 ± 4.44 3.66 ± 4.60 - 37.78 ± 6.050 

GPD 
(m-2 × 10-4) 

Autumn 2013 2.06 ± 3.36 11.49 ± 4.890 3.02 ± 3.54 10.98 ± 1.420 15.35 ± 3.410 
Spring 2013 2.92 ± 2.24 4.13 ± 1.84 0.98 ± 1.19 10.48 ± 1.350 3.11 ± 1.50 
Autumn 2014 1.54 ± 0.93 0.00 ± 0.50 0.18 ± 0.31 4.92 ± 0.63 2.55 ± 0.86 

LW 
(mm-1) 

Spring 2012 0.00 ± 0.16 0.87 ± 0.36 0.34 ± 0.38 4.38 ± 0.28 0.57 ± 0.24 
Autumn 2013 0.76 ± 0.42 0.17 ± 0.14 0.04 ± 0.06 3.60 ± 0.16 0.64 ± 0.16 
Spring 2013 0.27 ± 0.26 0.66 ± 0.27 0.33 ± 0.36 4.55 ± 0.20 0.57 ± 0.17 

ST 
(mm × 102) 

Spring 2012 0.81 ± 0.55 0.90 ± 0.35 0.04 ± 0.08 5.22 ± 0.34 0.29 ± 0.23 
Autumn 2013 0.81 ± 0.47 0.33 ± 0.20 0.06 ± 0.09 3.38 ± 0.15 0.90 ± 0.20 
Spring 2013 0.88 ± 0.56 0.84 ± 0.30 0.00 ± 0.02 3.26 ± 0.15 0.59 ± 0.15 

NN 
(no. m-1 × 10-2) 

Spring 2012 0.03 ± 0.03 0.07 ± 0.05 0.00 ± 0.00 1.13 ± 0.07 0.05 ± 0.05 
Autumn 2013 0.06 ± 0.21 0.80 ± 0.36 0.15 ± 0.19 9.93 ± 0.44 0.58 ± 0.27 
Spring 2013 0.18 ± 0.21 0.29 ± 0.28 0.28 ± 0.33 9.54 ± 0.43 1.12 ± 0.35 

RN 
(no. m-1 × 10-1) 

Spring 2012 0.16 ± 0.16 0.00 ± 0.22 0.37 ± 0.43 10.19 ± 0.660 0.48 ± 0.43 
Autumn 2013 1.29 ± 1.33 1.15 ± 1.63 0.41 ± 0.75 63.86 ± 2.800 6.95 ± 2.21 
Spring 2013 2.21 ± 1.42 0.00 ± 1.10 0.73 ± 1.08 55.97 ± 2.500 8.09 ± 2.29 

BR 
(no. m-1 × 10-1) 

Spring 2012 0.10 ± 0.13 0.21 ± 0.18 0.28 ± 0.32 5.43 ± 0.35 0.21 ± 0.22 
Autumn 2013 0.86 ± 1.62 5.46 ± 2.49 0.71 ± 1.00 78.45 ± 3.430 3.49 ± 1.89 
Spring 2013 1.60 ± 1.13 0.87 ± 0.87 1.59 ± 1.75 38.84 ± 1.740 2.44 ± 1.09 
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Table 7.3 North Carolina I analysis across seasons but within environments. Morphological trait variance components and their associated 
standard errors (± SE) for the 40 white clover full-sib families at both the dryland and irrigated trial sites. Variance components:   

  – 
males,     

 – females nested within males,   
  – replicate,   

  – plot-to-plot,   
  – within-plot,    

  – males × season,      
  – females 

nested with males × season,   
  – season × plot-to-plot and   

  – season × within plot. 

Environment Source HY 
(kg/ha × 10-4) 

 

Persistence 
(% × 10-1) 

 

GPD 
(m-2 × 10-4) 

 

LW 
(mm-1) 

 

ST 
(mm-1 × 102) 

 

NN   
(no. m-1 × 10-2) 

 

RN 
(no. m-1 × 10-2) 

 

 

BR 
(no. m-1 × 10-2) 

 

 Irrigated site 
 -----------------------------------------------------------------Test of fixed effects (P values)-------------------------------------------------------------

---------------- Season P <0.001 P <0.05 P = 0.059 P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 
 -------------------------------------------------------------------Variance components (± SE) ------------------------------------------------------------

-------------   
  0.00 ± 0.58 0.13 ± 3.38 3.07 ± 3.88 0.46 ± 0.43 0.78 ± 0.46 0.16 ± 0.20 0.07 ± 0.13 0.09 ± 0.08 

     
  2.60 ± 1.00 6.96 ± 3.14 6.81 ± 2.94 0.96 ± 0.38 0.41 ± 0.17 0.06 ± 0.14 0.07 ± 0.10 0.06 ± 0.06 

   
  0.91 ± 0.44 0.57 ± 0.65 0.31 ± 0.47 0.49 ± 0.31 0.13 ± 0.09 0.10 ± 0.08 0.06 ± 0.05 0.00 ± 0.01 

   
  1.82 ± 0.43 6.63 ± 2.12 3.16 ± 1.62 0.42 ± 0.15 0.27 ± 0.09 0.20 ± 0.14 0.11 ± 0.09 0.10 ± 0.07 

   
  - - 0.51 ± 0.98 0.00 ± 0.14 0.26 ± 0.10 0.34 ± 0.24 0.00 ± 0.15 0.00 ± 0.12 

    
  2.20 ± 0.64 10.04 ± 4.000 6.06 ± 2.82 0.19 ± 0.15 0.09 ± 0.06 0.33 ± 0.20 0.28 ± 0.16 0.07 ± 0.06 

      
  2.38 ± 0.47 1.67 ± 1.55 3.74 ± 1.78 0.53 ± 0.18 0.11 ± 0.07 0.46 ± 0.19 0.30 ± 0.13 0.06 ± 0.07 

   
  5.77 ± 0.38 17.86 ± 2.020 7.54 ± 2.01 0.48 ± 0.15 0.19 ± 0.09 0.29 ± 0.17 0.30 ± 0.14 0.17 ± 0.10 

   
  - - 17.53 ± 1.600 6.09 ± 0.23 3.91 ± 0.14 9.35 ± 0.35 6.81 ± 0.25 5.37 ± 0.20 

Dryland    

site 

 ------------------------------------------------------------------Test of fixed effects (P values)------------------------------------------------------------
------------ Season P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 

 -------------------------------------------------------------------Variance components (± SE)-------------------------------------------------------------
---------------   

  0.18 ± 0.24 4.80 ± 3.12 1.80 ± 1.59 0.33 ± 0.24 0.84 ± 0.47 0.08 ± 0.09 0.01 ± 0.05 0.07 ± 0.08 
     

  0.42 ± 0.25 0.62 ± 1.78 2.95 ± 1.44 0.41 ± 0.17 0.39 ± 0.17 0.09 ± 0.12 0.05 ± 0.05 0.19 ± 0.08 
   

  0.44 ± 0.20 2.69 ± 1.91 1.39 ± 0.96 0.22 ± 0.15 0.03 ± 0.04 0.15 ± 0.11 0.05 ± 0.04 0.09 ± 0.06 
   

  0.90 ± 0.21 8.02 ± 2.34 1.68 ± 0.89 0.23 ± 0.09 0.08 ± 0.08 0.00 ± 0.11 0.00 ± 0.08 0.00 ± 0.06 
   

  - - 0.00 ± 0.46 0.03 ± 0.09 0.01 ± 0.08 0.71 ± 0.20 0.00 ± 0.12 0.10 ± 0.12 
    

  0.47 ± 0.17 0.77 ± 0.98 0.37 ± 0.63 0.03 ± 0.05 0.00 ± 0.06 0.01 ± 0.09 0.12 ± 0.07 0.02 ± 0.04 
      

  0.60 ± 0.17 1.83 ± 1.58 2.24 ± 1.07 0.12 ± 0.09 0.27 ± 0.12 0.31 ± 0.17 0.00 ± 0.08 0.04 ± 0.07 
   

  2.70 ± 0.18 17.97 ± 2.030 5.33 ± 1.18 0.37 ± 0.10 0.61 ± 0.12 0.68 ± 0.18 0.61 ± 0.14 0.25 ± 0.10 
   

  - - 8.92 ± 0.81 4.10 ± 0.15 3.66 ± 0.13 7.31 ± 0.27 5.04 ± 0.19 4.72 ± 0.17 
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Table 7.4 North Carolina I analysis across both seasons and environments. Morphological trait variance components and their associated 
standard errors (± SE) for the white clover half/full-sib families. Variance components:   

  – males,     
 – females nested within 

males,   
  – replicate,   

  – plot-to-plot,   
  – within-plot,    

  – males × season,      
  – females nested with males × season,    

  – 
males × environment,       

  – females nested with males x environment,     
  – males × season x environment,        

  – females 
nested with males x season × environment,    

  – environment × season × replicate,   
  – environment × season × plot-to-plot and   

  
– environment × season × within plot. 

Source HY 
(kg/ha × 10-4) 

 

Persistence 
(% × 10-1) 

 

GPD 
(m-2 × 10-4) 

 

LW 
(mm-1) 

 

ST 
(mm-1 × 103) 

 

NN   
(no. m-1 × 10-1) 

 

RN 
(no. m-1 × 10-1) 

 

 

BR 
(no. m-1 × 10-1) 

 

 

 -----------------------------------------------------------------Test of fixed effects (P values)-----------------------------------------------------------
-------------- Environment P <0.001 P <0.001 P <0.001 P <0.001 P <0.01 P = 0.291 P <0.001 P = 0.682 

Season P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 
Environment × 

Season 
P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 P = 0.823 

 -------------------------------------------------------------------Variance components (± SE) ----------------------------------------------------------
------------   

  0.16 ± 0.33 2.09 ± 2.39 1.83 ± 2.12 0.41 ± 0.31 7.78 ± 4.48 1.00 ± 1.23 0.74 ± 0.64 0.68 ± 0.69 
    
  0.83 ± 0.47 1.51 ± 1.69 2.85 ± 1.62 0.59 ± 0.23 4.67 ± 1.49 2.51 ± 1.01 0.30 ± 0.49 1.23 ± 0.53 
  
  0.47 ± 0.41 0.00 ± 0.70 0.18 ± 0.46 0.19 ± 0.19 0.46 ± 0.53 0.00 ± 0.38 0.00 ± 0.22 0.00 ± 0.15 

  
  1.31 ± 0.22 7.31 ± 1.58 2.35 ± 0.88 0.32 ± 0.08 1.76 ± 0.62 0.64 ± 0.88 0.20 ± 0.60 0.35 ± 0.44 

  
  - - 0.19 ± 0.51 0.02 ± 0.08 1.29 ± 0.63 5.29 ± 1.56 0.00 ± 0.96 0.00 ± 0.83 

   
  0.50 ± 0.30 0.00 ± 1.75 0.00 ± 1.21 0.06 ± 0.08 0.18 ± 0.43 1.26 ± 1.03 0.00 ± 0.82 0.85 ± 0.37 

     
  0.84 ± 0.23 1.62 ± 1.02 0.56 ± 0.95 0.27 ± 0.10 1.31 ± 0.66 0.90 ± 1.17 0.32 ± 0.66 0.00 ± 0.44 
   
  0.00 ± 0.18 0.37 ± 2.23 0.60 ± 1.54 0.00 ± 0.05 0.33 ± 0.35 0.13 ± 0.44 0.00 ± 0.73 0.10 ± 0.17 

     
  0.70 ± 0.38 2.29 ± 1.86 2.05 ± 1.42 0.10 ± 0.10 0.00 ± 0.42 0.00 ± 0.69 0.00 ± 0.62 0.00 ± 0.43 
    
  0.83 ± 0.26 6.51 ± 2.69 3.24 ± 1.67 0.04 ± 0.06 0.18 ± 0.40 0.39 ± 0.90 3.04 ± 1.43 0.00 ± 0.21 

      
  0.65 ± 0.23 0.13 ± 1.21 2.42 ± 1.29 0.07 ± 0.08 0.54 ± 0.70 2.99 ± 1.53 0.74 ± 0.94 0.69 ± 0.68 
  
  0.38 ± 0.14 1.67 ± 1.06 0.73 ± 0.53 0.18 ± 0.11 0.42 ± 0.33 1.87 ± 1.12 0.64 ± 0.47 0.62 ± 0.41 

  
  4.24 ± 0.20 17.92 ± 1.430 6.47 ± 1.13 0.43 ± 0.09 4.16 ± 0.75 4.88 ± 1.26 4.61 ± 0.98 2.06 ± 0.68 

  
  - - 13.22 ± 0.850 5.07 ± 0.13 37.8 ± 0.97 83.16 ± 2.180 59.23 ± 1.540 50.51 ± 1.310 

  
  0.52 ± 0.24 0.42 ± 0.27 0.56 ± 0.25 0.78 ± 0.23 0.9 ± 0.22 0.62 ± 0.22 0.46 ± 0.27 0.72 ± 0.25 
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Figure 7.1 Partitioning of genetic variation among white clover full-sib families (■) [½ 
additive genetic variation and ¼ dominance genetic variation] for (A) 
herbage yield, (B) vegetative persistence, (C) growing point density, (D) leaf 
width, (E) stolon thickness, (F) number of nodes, (G) number of rooted nodes 
and (H) number of stolon branches into variation among males (■) [¼ 
additive genetic variation] and variation among females nested within males 
(□) [¼ additive genetic variation and ¼ dominance genetic variation] across 
both seasons and environments.       
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7.4 Discussion 

The standard errors of the variance components for the majority of the traits among “females” 

nested within “males” and especially among “males” were consistent among analyses 

conducted within, and among seasons and environments. The large magnitude of this variance 

across all the analyses of variances adversely affected the accuracy of partitioning genetic 

variation into its various forms of gene action. The lack of accurate estimates for the additive 

variance components did not enable reliable estimation of narrow sense heritabilities.   

Similarly, Jahufer (1998) reported a large number of negative or small positive genetic 

components of variances along with high standard errors among white clover stolon attributes 

when using the North Carolina I mating design. Jahufer (1998) concluded that possible 

explanations for the inaccuracies in their experiment included; (i) a lack of full-sib families 

evaluated and hence poor representation of the normal distribution of the population’s genetic 

diversity, and (ii) large sampling error which reduced the power of the experiment to detect 

additive and dominance genetic components of variance.  

Likewise, the descriptions of possible explanations provided by Jahufer (1998) seem fitting in 

the current study. As with Jahufer (1998), the ratios of variation among “males” and among 

“females” nested within “males” tend to suggest substantial problems with the North Carolina 

I analysis for these limited family experiments. Although North Carolina I matings design 

have been extensively and successfully used in the estimation of genetic components of 

variances in maize (e.g. Hallauer et al., 2010), the number of “male” half-sib groups and 

“females” nested within males (full-sib families) typically in maize far exceed the numbers 

used in the present study. The number of families evaluated is particularly important to 

adequately sample the base population.  

Studies by Sandoya et al. (2009) and Duque-vargas et al. (1994) are two of many successful 

examples of the North Carolina I analysis in the maize literature. In both cases, the number of 

full-sib families evaluated exceeded 150. A problem often encountered when large numbers 

of families are evaluated in the North Carolina I design (which is likely to be further 

exacerbated in forage species) is the increased experimental error due to an increase in 

replicate size, which can introduce more heterogeneous variation e.g. soil variation. This can 

be largely mitigated by using a technique of grouping progenies into sets by “males” which 

was proposed by Comstock and Robinson (1948) to reduce replication size and hence increase 

the precision of the experiment. Essentially this system stratifies replication within sets, or 

sets (as sub-blocks) within replications (Hallauer et al., 2010b). While stratification of the trial 
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design helps to reduce experimental error, there is no silver bullet for the increased cost 

associated with evaluating more families. The latter is a far more influential factor in 

determining the effectiveness of mating designs in forage species such as white clover. This 

factor alone is likely the chief reason for relatively few assessments of population genetic 

parameters in forage species.  

Although the considerable magnitude of standard errors prevented any definitive ratios of 

additive to non-additive genetic variation among the various traits, Figure 7.1 depicts an 

interesting trend among white clover attributes. Unlike the other morphological traits 

(excluding the number of nodes), the variation among “males” for herbage yield seemed to 

only account for a small component of the among “females” nested within “males” variance 

component. The remaining variation among “females” nested within “males” therefore 

indicates the possible presence of a significant proportion of non-additive variation. This 

finding, while purely speculative due to the high associated standard error certainly deserves 

some further attention. 

Michaelson-Yeates (1997) presented similar findings to the current study where significant 

positive heterosis was observed for clover herbage yield in a spaced-planted glasshouse trial, 

therefore indicating a significant proportion of non-additive variation. Similarly, they also 

observed minor non-additive genetic variation for other morphological traits. Hill and 

Michaelson-Yeates (1987) also reported highly significant additive and non-additive variation 

for herbage yield, and significant non-additive variation also extended to stolon number, leaf 

number and canopy height. Interestingly, it was also reported that non-additive genetic effects 

are more apparent in mixed species swards than in monocultures, indicating that the 

development of breeding material for varieties grown in mixed species swards should 

therefore be conducted under realistic competitive conditions (Hill, 1993; Hill and 

Michaelson-Yeates, 1987).  

In other forage species, the understanding of the proportion of additive to non-additive genetic 

variation is also limited, but by in large, it seems most traits are influenced primarily by 

additive genetic variation (Breese and Hayward, 1972). However, from a genetic gain 

perspective, understanding the magnitude of non-additive variation for various traits, and 

principally herbage yield, is of prime importance for forage species given the historic slow 

rates of genetic gains. The inability to exploit heterosis in commercial cultivars in forage 

species has been one of the major contributors to the lag in yield gain relative to grain crops 

(Casler and Brummer, 2008). 
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In crop species such as maize, the relative contribution of additive to non-additive variation 

differs considerably among traits and populations. Non-additive variation has a significant 

influence on components of grain yield (Hallauer et al., 2010c). Assuming no epistasis and 

linkage effects, additive and non-additive genetic variances on average account for 61.2% and 

38.8%  of the total genetic variation for grain yield in maize, respectively (Hallauer et al., 

2010c). In forage maize, similar to pasture species where the harvest index is the total above 

ground herbage mass, the ratio of non-additive to additive variation although significant, 

seems to be considerably less than its grain components (Bertoia and Aulicino, 2014). The 

adoption of hybrid cultivar systems to exploit non-additive variation in maize, can largely 

explain the exceptional rate of genetic gain observed. 

If non-additive variation is indeed shown to significantly influence herbage yield in white 

clover, the use of both breeding strategies that exploit non-additive variation in cross-

pollinating species and the release of non-additive exploiting cultivars may be commercially 

beneficial. While the use of conventional synthetics capture an appreciable amount of 

heterosis (Allard, 1960), the use of hybrids which capture a higher proportion of specific 

combining ability as well as good general combining ability are likely to be an improved 

option, such as 50% population hybrids (Barrett et al., 2010), 75% hybrids (Riday and Krohn, 

2010)) and F1 hybrids (Michaelson-Yeates et al., 1997).  

7.5 Conclusions 

 The results of this experiment coupled with the results presented by Jahufer (1998) 

demonstrate substantial problems associated with the North Carolina I mating design 

when using a limited number of full-sib families. 

 The trend in this experiment that clover herbage yield is influenced by a significant 

proportion of non-additive variation is consistent with prior studies and warrants 

further investigation. 

 The results of this experiment highlight the difficulties of obtaining genetic parameters 

for perennial pasture species. These difficulties are further exacerbated in species such 

as white clover that are grown in mixed swards and defoliated using grazing livestock. 

 Future studies should investigate the use of alternative mating designs such as the 

diallel cross to investigate genetic parameters instead of the North Carolina I mating 

design, unless an ample amount of full-sib families are evaluated to ensure families 

are representative of the populations’ normal distribution of genetic variation.  
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 Consistent with Chapter 6, investigations into alternative plot sizes and sampling 

frequencies per family would be beneficial in future studies to improve estimates of 

genetic components of variances and to reduce the associated standard error.  
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Chapter 8 
General conclusions  

8.1 Results and their application to plant breeders 

A key objective of this thesis was to investigate, using both empirical and theoretical data, 

several breeding strategies applicable to white clover that may enhance the rate of genetic 

gain relative to current practised breeding methods. It is clear from the literature that the 

predominant breeding method in white clover is phenotypic recurrent selection (Williams, 

1987; Woodfield and Caradus, 1994), although in some situations, progeny trialling of some 

description is also utilised (Woodfield et al., 2003). The evaluation of genetic families, 

representing a breeding population, followed by field protocols used by breeders, resulted in a 

number of key findings that will have significant implications to current white clover breeding 

strategies.  

8.1.1 Bi-parental and polycross pollination 

A fundamental aspect of all breeding programmes is the generation of advanced populations 

through the recombination of elite genotypes. Considering this, the lack of information 

available on the actual details of pollination within isolation cages for white clover therefore 

seemed somewhat surprising. A key finding from this thesis was the poor dispersal of paternal 

pollen at increasing distances from maternal recipients within isolation cages (Chapter 3). 

Similar to lucerne (Riday et al., 2013), and previous reports in white clover (Michaelson-

Yeates et al., 1997), this leptokurtic distribution of pollen in white clover isolation cages 

illustrates the importance of clonal replication or other methods of increasing the likelihood of 

random mating. Results from this thesis suggest clonal replication, in conjunction with higher 

seed yields and increased inflorescences per plant are likely to alleviate random mating issues 

in white clover isolations.  

From a downstream perspective and in particular for half-sib progeny trialling, it is imperative 

that random mating occurs to ensure a similar array of tester gametes are distributed among 

all maternal parents, so that variation in progeny performance among the tested parents is due 

primarily to the genetic potential of the parents and not the genetic contribution of the pollen 

source (Fehr, 1987). However, considering the workload and number of concurrent breeding 

pools in many commercial breeding programmes, the practicality of clonal replication in all 

polycrosses seems unsustainable. It is therefore perhaps best practice for breeders to use 
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topcrosses to generate half-sib families for progeny trialling. This can be achieved in an 

isolation block with male rows using seed from the base population or from the previous 

cycle as the pollen tester (Posselt, 2010). At least with this approach, the tester will provide an 

excess of pollen, which will predominate the pollen source (Posselt, 2010) and eliminate any 

differences in testers between evaluated half-sib progeny. 

The departure from random mating also has profound effects on genetic studies. The 

translation of variance components to covariance’s among relatives relies on the assumption 

of random mating, and hence a breach in this assumption makes estimated genetic parameters 

invalid. This is particularly important for future studies where additive genetic variance 

components are based on data collected from half-sib families generated using polycross 

mating designs.  

The lack of self-fertilisation in both the polycross and bi-parental progeny should provide 

confidence to breeders that relatively little inbreeding occurs within white clover isolation 

cages and is contrary to the findings in lucerne (Riday et al., 2013). Further confidence is 

gained by the nil detection of foreign pollen sources when breeders opt to capture and wash 

wild bumble bees for pollination.  

8.1.2 Adoption of novel breeding methods 

The objective of plant breeding is to genetically improve the performance of a species, which 

in this situation is white clover, in the most efficient manner possible (Fehr, 1987). 

Development of an efficient strategy hinges on the selection of an appropriate breeding 

method coupled with the thoughtful allocation of resources for population development and 

genotype selection (Fehr, 1987). Adoption of the most efficient method therefore requires 

prior information on the amount of genetic improvement a range of alternative methods can 

achieve, within a given resource allocation.  

The ideal scenario to compare alternative breeding methods would be to empirically measure 

realised genetic gain in terms of the mean performance of a population among a range of 

different methods. Unfortunately the empirical comparisons of different breeding methods is 

time consuming, laborious and in most cases far beyond practicality for most species. An 

obvious exception is maize, where alternative breeding methods have been compared 

empirically (Weyhrich et al., 1998). A common way for breeders to access the merits of 

alternative breeding methods is to compute the amount of genetic gain using prediction 

equations (Fehr, 1987). Genetic gain is often presented on a per year basis to account for the 
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variation in breeding method duration. Computation using prediction equations is based on 

genetic parameters estimated from genetic families representing random mating breeding 

populations. Similarly, the data generated from quantitative genetic experiments described in 

this thesis were able to be used to interpret the rationale for pursing various breeding methods 

in white clover. 

In many situations, data from the experiments conducted in this thesis may help breeders to 

optimise or compliment current breeding strategies as opposed to replacing them. In terms of 

complementation to current breeding strategies, one way for breeders to employ findings from 

this thesis, is to include paternity testing into breeding methods as discussed below. 

While the incorporation of paternity testing into breeding programmes such as lucerne (Riday 

et al., 2013) and red clover (Riday, 2011) requires little adjustment in breeding strategy since 

spaced-planted nurseries are already the norm (Riday, 2011), the progressive movement in 

white clover selection from mono-culture spaced-plants to duo-culture mini-plots (Woodfield 

and Caradus, 1994) makes the transition to paternity testing methods more problematic. For 

this reason, and the difficulty of maintaining individuality as discussed in Chapter 5, the use 

of paternity testing in white clover should be modified accordingly, to effectively transition 

into field breeding programmes. One such approach would be to use paternity testing to 

complement current plot systems as opposed to spaced-planted nurseries. While data can 

therefore not be collected on individual genotypes to determine paternal half-sib variances per 

se, since the best maternal families are also the best paternal families as shown in Chapter 5, 

there is no need to do so (assuming all paternal families are evaluated as maternal families). 

Consequently, best maternal families would be identified, and then paternity testing would be 

used to help identify plants within plots that also have superior paternal genetics. The 

combination of maternal and paternal selection in plots is similar to that demonstrated in 

spaced-planted nurseries, although selection within superior full-sib combinations based on 

phenotypic data is not available. No advantages are gained from paternal selection alone 

compared to maternal selection alone, since maternal and paternal genetic additive variances 

are similar (Chapter 5); contrary to the findings of Riday in red clover (2011).    

Marker assisted selection (MAS) for within plot selection is highly beneficial in white clover, 

as a common problem associated with perennial forage species is the lack of plant identity 

within plots, making within-family selection relatively difficult. In many cases, breeders 

mitigate this difficultly of within plot selection by exposing trials to a greater range of abiotic 

and biotic factors to promote reductions in plant density. However this technique is only 
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useful if survivorship within families is low and heritability of vegetative persistence on a 

single plant basis is relatively high. At least paternity testing within plots or even remnant 

seed improves selection in this scenario by doubling the parental control factor based on 

replicated family data. The addition of low survivorship is also beneficial in these 

circumstances, as less potential genotypes need to be screened with molecular markers for 

paternal identity. Traits with high heritability on an individual plant basis, such as leaf size 

and disease traits, may also be used as a preliminary criterion to put plants forward for 

paternity screening if plant density remains high.   

Purely from a quality control perspective, DNA testing within plots enables the removal of 

any containment white clover volunteers as well, which despite the best practices of breeders, 

still act as contaminants via the high buried seed counts of most soils in New Zealand 

(Clifford et al., 1990) and animal faeces (Suckling, 1950; Suckling, 1952). 

As opposed to complementation of current breeding strategies, a second aspect of this thesis 

was to investigate alternative breeding strategies per se. This approach requires estimation of 

genetic parameters and simulation using prediction gain models, taking into account the 

magnitude and type of genetic variation (additive and non-additive variation). To date, the 

lack of literature available on the genetic parameters of random mating white clover 

populations evaluated in multiple target environments has limited the ability to simulate 

prediction gain models with realistic data (Jahufer et al., 2002). The heritabilities estimated in 

the experiments of this thesis provide breeders with improved understanding of heritabilities 

in actual farming systems and consequently allow breeders to critically evaluate their 

breeding methodology more realistically, if these target environments are used to undertake 

selection. 

Data generated from both the spaced-planted nurseries (Chapter 5) and the mini-plot trials 

(Chapter 6) clearly demonstrate the superiority of family selection methods for low heritable 

traits. By in large these low heritable traits include clover herbage yield, vegetative 

persistence, number of nodes, number of rooted nodes and stolon branching. Traits where 

phenotypic recurrent selection methods are likely to be equally effective as or better than 

family selection methods include; leaf size, stolon thickness and growing point density. The 

benefit of family selection methods are well documented for low heritable traits as their data 

are obtained from replicated trials and therefore less affected by large environmental 

variances (Nguyen and Sleper, 1983), which is demonstrated by the differentials in 
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heritabilities estimated on an individual plant basis and those on a family means basis in 

Chapter 5 and 6. 

Among the family selection methods simulated, among-and-within-half-sib family selection 

(AWF-HS) according to the data generated in Chapter 5 (Figure 5.5) seems to be most the 

most logical choice for plant breeders to utilise if molecular markers are not available. These 

data are also supported by findings presented by Casler & Brummer (2008). AWF-HS 

selection allows breeders to accurately estimate the breeding worth of half-sib families for 

low heritable traits, as well as allowing for additional within family selection. The within 

family selection component would ideally suit traits of high heritability such as leaf size, 

growing point density, stolon thickness and  simply inherited traits such as disease. The 

combination of replicated family selection for yield and vegetative persistence and within 

family selection (individual plant selection) for disease, leaf size and growing point density 

would fit commercial breeding programmes objectives well. The additional integration of 

molecular markers for paternity testing, such as among-half-sib-and-within molecular 

determined full-sib family selection (AWF-HS+MFS), would further elevate genetic gain 

above traditional AWF-HS, and allow more accurate within family selection for low heritable 

traits (maternal and paternal selection) such as herbage yield, in addition to the high heritable 

traits as well.  

Crude estimates of additive and non-additive variances for most white clover attributes tend to 

agree with breeding methods which largely focus on additive genetic variation in white 

clover, and forage species in general (Breese and Hayward, 1972). The possible exception to 

this could be herbage yield as shown in Chapter 7. This finding, while speculative due to the 

high associated standard error certainly warrants some further attention. Considering this, it 

would be worthy to note that progeny evaluation using full-sib testing may not be advisable, 

due to the biases of non-additive variation between families. If non-additive variation is 

indeed shown to significantly influence herbage yield in white clover, half-sib selection is a 

better option if the breeder is not interested in capturing the non-additive variation in hybrid 

cultivars. 

As previously mentioned, when adopting half-sib evaluation, breeders must ensure random 

mating occurs within isolation cages. In addition, Vogel and Pederson (1993) highlighted the 

importance of conducting HSPT when the population is at linkage equilibrium. It was their 

belief that many breeders have sabotaged their own breeding success because parent 

genotypes in their polycross nurseries came from various germplasm sources and were not in 
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linkage equilibrium, and it was highly probable that the half-sib progeny differences between 

families where due to differing levels of heterosis.  

If the breeders opt to capture a proportion of the non-additive variation, the move towards 

hybrid evaluation and hybrid cultivars that are available for out-crossing forage species 

(Barrett et al., 2010; Michaelson-Yeates et al., 1997; Riday and Krohn, 2010) may be 

beneficial.  

8.1.3 Effective trial designs  

A reoccurring trend across both the mini-plot and spaced-planted nurseries was the high levels 

of family × replicate and family × season interactions. The former interaction recognises 

inaccuracies in family representation among replicates due to genetic sampling effects, 

whereas the latter represents re-ranking of families among different seasons due to family × 

environment/season interactions.   

The problem encountered due to genetic sampling effects was more prevalent in the spaced-

planted nurseries where the number of plants in each family per replicate was critically low. It 

is important to avoid genetic sampling effects by representing the family with at least a 

minimum number of plants per replicate according to family structure. For half-sib families, 

15-20 plants are adequate whereas for full-sibs somewhat lower numbers might be used 

(Posselt 2010).  

The significant family × season × environment interactions, and family × season interactions 

observed in both the mini-plots and spaced-planted nurseries are consistent with previous 

studies (Jahufer et al., 2002; Jahufer et al., 2009; Jahufer et al., 2013). The data from this 

thesis therefore supports the requirement for both multi-season and multi-year testing to 

identify superior families within the tested geographical area (Canterbury). It must be 

acknowledged however, that most breeding programmes evaluate material across a range of 

environments, differing in geographical effects. A recommendation on whether multi-season 

and multi-year testing is required across a range of geographical environments (reference 

population of environments) cannot be supported from data in this thesis and requires further 

experiments, although it is most likely.   

The adoption of the mini-plot methodology used in this thesis should also be re-examined in 

any future studies concerning white clover quantitative genetics. Whilst small space-planted 

mini-plots have niche purposes in commercial breeding programmes for the crude assessment 

of germplasm, they seem to lack finesse from a quantitative genetics perspective (apparent by 
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the large standard error of measured traits). Transplanted mini-plots have been routinely used 

in white clover breeding programmes because of their minimal area requirement, ability to 

assess a large number of entries, reliable establishment, and minimal soil disturbance resulting 

in reduced movement of buried seed to the soil surface. However, from a quantitative genetics 

perspective, they are confounded by a significant proportion of standard error.  

The use of alternative trialling methods would also need to take into account the likely 

assessment of desirable traits. Herbage yield is a trait that requires considerable attention due 

to its labour intensive quantification in mixed species swards. Development of technology 

that could accurately determine clover content quickly and accurately without the need for 

quadrat sampling and downstream manual sorting would be highly advantageous. It could be 

suggested that a progressive movement towards assessment of total yield (grass and clover 

components) as well as clover content (%) would provide a quicker means to assess herbage 

yield. In addition, this technique would better represent on farm value. 

8.1.4 White clover vegetative persistence   

It appears from the data and observations presented in this study, combined with prior studies, 

that a significant contributor of white clover persistence is regulated by a moisture stress × 

heat × animal grazing × genotype interaction. The data also demonstrated a decline in white 

clover persistence regardless of water stress and highlights the possibility of a loss in 

performance of the population per se due to the transition of white clover to its vegetative 

morphological phase as hypothesised by Brock and Caradus (1996).  

Physiological coupled with morphological data demonstrated that the white clover population 

investigated in this study was poorly adapted to low water holding capacity soils, such as 

those at Ashley Dene (dryland), and it supports findings presented by Mills and Moot (2010), 

where the use of alternative species such as sub-clover and lucerne are better suited for 

summer productivity in such soils. The significant genetic variation for herbage yield post-

summer moisture stress at the Ashley Dene (dryland) site however, supports scope for 

improved cultivars that can vegetatively persist in moderate drought conditions and 

demonstrate improved recovery rates following rain (Knowles et al., 2003). As with previous 

field studies, the best predictor for autumn herbage yield recovery and vegetative persistence 

was spring growing point density.  

8.2 Future work 

The findings point out a number of areas for future work: 
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 Further and more precise investigation into the quantity of non-additive variation 

expressed for herbage yield and other morphological traits in white clover grown in 

mixed sward target environments.  

 Validation of pollination patterns in field isolation cages with differing densities of 

pollinators. 

 Investigation into alternative field plot sizes that mitigate the large family × replicate 

interactions seen in the experiments of this thesis. 

 Investigation into the number of samples per plot to reduce the standard error of 

associated variance components in white clover traits.  

 Development of alternative evaluation tools that can determine clover content quickly 

and accurately without the need for quadrat sampling and downstream manual sorting. 

 Investigation into the role that stolon removal has on the long term persistence of 

white clover in both irrigated and summer moisture deficit environments. 

 Quantification of surface temperature × moisture stress × stolon removal interactions. 

 Validation for the requirement of multi-season and multi-year testing of white clover 

families across a range of environments differing in geographical effects.  

 Implementation of a stratified paternity testing method in white clover forage breeding 

programmes to enhance genetic gain  

 

 

 

 

 

 

 



 

183 
 

References 

Aastveit A.H., Aastveit K. (1990) Theory and application of open-pollinated and polycross in 
forage grass breeding. Theoretical and Applied Genetics 79:618-624. 

Abberton M.T., Marshall A.H. (2005) Progress in breeding perennial clovers for temperate 
agriculture. Journal of Agricultural Science 143:117-135. DOI: 
10.1017/s0021859605005101. 

Abberton M.T., Marshall A.H. (2010) White Clover, in: B. Boller, et al. (Eds.), Fodder Crops 
and Amenity Grasses, Springer New York. pp. 457-476. 

Abberton M.T., Thomas I. (2011) Genetic resources in Trifolium and their utilization in plant 
breeding. Plant Genetic Resources-Characterization and Utilization 9:38-44. DOI: 
10.1017/s1479262110000341. 

Allard R.W. (1960) Principles of Plant Breeding John Wiley & Sons, Inc, New York. 
Alm V., Fang C., Busso C.S., Devos K.M., Vollan K., Grieg Z., Rognli O.A. (2003) A 

linkage map of meadow fescue (Festuca pratensis Huds.) and comparative mapping 
with other Poaceae species. Theoretical and Applied Genetics 108:25-40. DOI: 
10.1007/s00122-003-1399-5. 

Anderson C.B., Franzmayr B.K., Griffiths A. (2010) High throughput, high yield, low cost 
DNA from difficult-to-extract plants, QMB Plant Satellite, Queenstown. 

Annicchiarico P., Piano E. (1995) Variation within and among Ladino white clover ecotypes 
for agronomic traits. Euphytica 86:135-142. DOI: 10.1007/bf00022019. 

Annicchiarico P., Piano E., Rhodes I. (1999) Heritability of, and genetic correlations among, 
forage and seed yield traits in Ladino white clover. Plant Breeding 118:341-346. DOI: 
10.1046/j.1439-0523.1999.00387.x. 

Archer K.A., Robinson G.G. (1989) The role of stolons and seedlings in the persistence and 
production of white clover (Trifolium repens L. cv. Huia) in temperate pastures on the 
Northern Tablelands, New South Wales. Australian Journal of Agricultural Research 
40:605-616. DOI: 10.1071/ar9890605. 

Atwood S.S. (1940) Genetics of cross-incompatibility among self-incompatible plants of 
Trifolium repens. Journal of the American Society of Agronomy 32:955-68. 

Atwood S.S. (1941) Cytological basis for incompatibility in Trifolium repens. American 
Journal of Botany 28:551-7. DOI: 10.2307/2437001. 

Atwood S.S. (1942) Genetics of self-compatibility in Trifolium repens. Journal of the 
American Society of Agronomy 34:353-64. 

Atwood S.S. (1943) "Natural crossing" of white clover by bees. Journal of the American 
Society of Agronomy 35:862-70. 

Atwood S.S., Hill H.D. (1940) The regularity of meiosis in microsporocytes of Trifolium 
repens. American Journal of Botany 27:730-35. DOI: 10.2307/2436899. 

Atwood S.S., Garber R.J. (1942) The evaluation of individual plants of white clover for 
yielding ability in association with bluegrass. Journal of the American Society of 
Agronomy 34:1-6. 

Ayres J.F., Fitzgerald R.D., Jahufer M.Z.Z., Norton M.R. (1992) White clover improvement 
for the Australian sheep industry Wool Technology and Sheep Breeding 39:162-167. 

Ayres J.F., Caradus J.R., Lane L.A., Murison R.D. (1996) White clover breeding for dryland 
sheep and cattle pastures in Australia. White clover: New Zealand's competitive edge. 
Joint symposium, Lincoln University, New Zealand, 21-22 November 1995.:155-158. 

Ayres J.F., Caradus J.R., Murison R.D., Lane L.A., Woodfield D.R. (2007) Grasslands 
Trophy - a new white clover (Trifolium repens L.) cultivar with tolerance of summer 
moisture stress. Australian Journal of Experimental Agriculture 47:110-115. DOI: 
10.1071/ea04029. 



 

184 
 

Ballizany W.L., Hofmann R.W., Jahufer M.Z.Z., Barrett B.A. (2012a) Genotype x 
environment analysis of flavonoid accumulation and morphology in white clover 
under contrasting field conditions. Field Crops Research 128:156-166. DOI: 
10.1016/j.fcr.2011.12.006. 

Ballizany W.L., Hofmann R.W., Jahufer M.Z.Z., Barrett B.A. (2012b) Multivariate 
associations of flavonoid and biomass accumulation in white clover (Trifolium repens) 
under drought. Functional Plant Biology 39:167-177. DOI: 10.1071/fp11193. 

Ballizany W.L., Hofmann R.W., Jahufer M.Z.Z., Barrett B.A. (2014) Variation for 
constitutive flavonols and morphological traits in a new white clover population. 
Environmental and Experimental Botany 105:65-69. DOI: 
10.1016/j.envexpbot.2014.04.006. 

Barbour M., Caradus J.R., Woodfield D.R., Silvester W.B. (1996) Water stress and water use 
efficiency of ten white clover cultivars. White clover: New Zealand's competitive 
edge. Joint symposium, Lincoln University, New Zealand, 21-22 November, 
1995.:159-162. 

Barrett B., Baird I., Woodfield D. (2009) White Clover Seed Yield: A Case Study in Marker-
Assisted Selection, in: T. Yamada and G. Spangenberg (Eds.), Molecular Breeding of 
Forage and Turf. pp. 241-250. 

Barrett B., Griffiths A., Schreiber M., Ellison N., Mercer C., Bouton J., Ong B., Forster J., 
Sawbridge T., Spangenberg G., Bryan G., Woodfield D. (2004) A microsatellite map 
of white clover. Theoretical and Applied Genetics 109:596-608. DOI: 
10.1007/s00122-004-1658-0. 

Barrett B.A., Baird I.J., Woodfield D.R. (2005) A QTL analysis of white clover seed 
production. Crop Science 45:1844-1850. DOI: 10.2135/cropsci2004.0679. 

Barrett B.A., Turner M.A., Lyons T.B., Rolston M.P., Easton H.S. (2010) Evaluation of semi-
hybrid perennial ryegrass populations. Proceedings of the New Zealand Grassland 
Association 72:11-16. 

Barrett B.A., Faville M.J., Sartie A.M., Jahufer M.Z.Z., Crush J.R., Hume D.E., Woodfield 
D.R., Easton H.S. (2007) QTL development and validation in forage plant mapping 
populations, Breeding and seed production for conventional and organic agriculture. 
Proceedings of the XXVI meeting of the EUCARPIA fodder crops and amenity 
grasses section, XVI meeting of the EUCARPIA Medicago spp group, Perugia, Italy, 
2-7 September 2006. pp. 307-311. 

Bernardo R. (2010) Recurrent selection, Breeding for quantitative traits in plants, Stemma 
Press, Woodbury, Minnesota. pp. 232-258. 

Bertoia L.M., Aulicino M.B. (2014) Maize forage aptitude: Combining ability of inbred lines 
and stability of hybrids The Crop Journal 2 407-418. 

Bhandari H.S., Saha M.C., Bouton J.H. (2010) Genetic Variation in Lowland Switchgrass 
(Panicum virgatum L.), in: C. Huyghe (Ed.), Sustainable Use of Genetic Diversity in 
Forage and Turf Breeding. pp. 67-71. 

Black A.D., Moot D.J., Lucas R.J. (2003) Seasonal growth and development of Caucasian 
and white clovers under irrigated and dryland conditions. Legumes for dryland 
pastures. Proceedings of a New Zealand Grassland Association symposium:81-90. 

Blum A. (1985) Breeding crop varieties for stress environments. Critical Reviews in Plant 
Sciences 2:199-238. DOI: 10.1080/07352688509382196. 

Bosch J.v.d., Woodfield D.R., Clifford P.T.P., Caradus J.R. (1996) White clover breeding, 
flowering, and farm management as it relates to beekeeping. New Zealand Beekeeper 
3:24-25. 

Bouton J.H. (2010) Future development and uses, in: B. Boller, et al. (Eds.), Fodder crops and 
amenity grasses, Springer. 

Bouton J.H., Woodfield D.R., Caradus J.R., Wood D.T. (2005) Registration of 'Durana' white 
clover. Crop Science 45:797-797. 



 

185 
 

Breese E.L., Hayward M.D. (1972) The genetic basis of present breeding methods in forage 
crops. Euphytica 21:324-336. DOI: 10.1007/bf00036773. 

Brewbaker J.L. (1954) Incompatibility in autotetraploid Trifolium repens L. I. competition 
and self-compatibility. Genetics 39:307-16. 

Brink G.E., Pederson G.A. (1998) White clover response to a water-application gradient. 
Crop Science 38:771-775. 

Brock J.L. (1988) Evaluation of New Zealand bred white clover cultivars under rotational 
grazing and set stocking with sheep. Proceedings of the New Zealand Grassland 
Association 49:203-206. 

Brock J.L. (2006) Grazing management of white clover in mixed pastures. Proceedings of the 
New Zealand Grassland Association 68:303-307. 

Brock J.L., Hay R.J.M. (1993) An ecological approach to forage management. Proceedings of 
the XVII International Grassland Congress:837-842. 

Brock J.L., Kim M.C. (1994) Influence of the stolon/soil surface interface and plant 
morphology on the survival of white clover during severe drought. Proceedings of the 
New Zealand Grassland Association 56:187-191. 

Brock J.L., Caradus J.R. (1996) Influence of grazing management and drought on white 
clover population performance and genotypic frequency. White clover: New Zealand's 
competitive edge. Joint symposium, Lincoln University, New Zealand, 21-22 
November, 1995.:79-82. 

Brock J.L., Tilbrook J.C. (2000) Effect of cultivar of white clover on plant morphology 
during the establishment of mixed pastures under sheep grazing. New Zealand Journal 
of Agricultural Research 43:335-343. 

Brock J.L., Kane G.L. (2003) Variability in establishing white clover in pastures on farms. 
Proceedings of the New Zealand Grassland Association 65:223-228. 

Brock J.L., Hay M.J.M., Thomas V.J., Sedcole J.R. (1988) Morphology of white clover 
(trifolium-repens l) plants in pastures under intensive sheep grazing. Journal of 
Agricultural Science 111:273-283. 

Brock J.L., Albrecht K.A., Tilbrook J.C., Hay M.J.M. (2000) Morphology of white clover 
during development from seed to clonal populations in grazed pastures. Journal of 
Agricultural Science 135:103-111. DOI: 10.1017/s0021859699008060. 

Brown C.D., Green R.B. (2003) The challenges facing legumes in a dryland environment - a 
consultant's view. Legumes for dryland pastures. Proceedings of a New Zealand 
Grassland Association:7-12. 

Brownstein M.J., Carpten J.D., Smith J.R. (1996) Modulation of non-templated nucleotide 
addition by taq DNA polymerase: Primer modifications that facilitate genotyping. 
Biotechniques 20:1004-+. 

Broyles S.B., Wyatt R. (1990) Paternity analysis in a natural-population of asclepias-exaltata - 
multiple paternity, functional gender, and the pollen-donation hypothesis. Evolution 
44:1454-1468. DOI: 10.2307/2409329. 

Brummer E.C. (1999) Capturing heterosis in forage crop cultivar development. Crop Science 
39:943-954. 

Brummer E.C. (2013) Global impact of sown temperate pastures on productivity and 
ecosystem stability - what progress have we made? , Proceedings of the 22nd 
International Grasslands Congress, Sydney, Australia. 

Brummer E.C., Bouton J.H., Kochert G. (1993) Development of an RFLP map in diploid 
alfalfa. Theoretical and Applied Genetics 86:329-332. 

Burton G.W. (1974) Recurrent restricted phenotypic selection increases forage yields of 
Pensacola bahiagrass. Crop Science 14:831-835. 

Burton G.W. (1979) Modifying recurrent restricted phenotypic selection to improve forages. 
Agronomy Abstracts.:57. 



 

186 
 

Burton G.W. (1982) Improved recurrent restricted phenotypic selection increases bahiagrass 
forage yields. Crop Science 22:1058-1061. 

Burton G.W. (1983) Improving the efficiency of forage-crop breeding. Proceedings of the 
XIV International Grassland Congress, Lexington, Kentucky, June 15-24, 1981:138-
140. 

Burton G.W. (1992) Recurrent restricted phenotypic selection, in: J. Janick (Ed.), Plant 
breeding reviews, John Wiley & Sons, New York. pp. 101-113. 

Burtt E. (2012) Ashley Dene Lincoln University Farm The first 100 years Christchurch, New 
Zealand. 

Busbice T.H. (1969) Inbreeding in synthetic varieties. Crop Science 9:601-04. 
Caradus J.R., Williams W.M. (1989) Breeding for legume persistence in New Zealand, 

Persistence of forage legumes. Proceedings of a trilateral workshop held in Honolulu, 
Hawaii, 18-22 July 1988. pp. 523-539. 

Caradus J.R., Woodfield D.R. (1990) Estimates of heritability for, and relationships between, 
root and shoot characters of white clover .1. replicated clonal material. Euphytica 
46:203-209. DOI: 10.1007/bf00027219. 

Caradus J.R., Mackay A.C. (1991) Performance of white clover cultivars and breeding lines 
in a mixed species sward .2. Plant characters contributing to differences in clover 
proportion in swards. New Zealand Journal of Agricultural Research 34:155-160. 

Caradus J.R., Chapman D.F. (1991) Variability of stolon characteristics and response to 
shading in two cultivars of white clover (Trifolium Repens L.). New Zealand Journal 
of Agricultural Research 34:239-247. 

Caradus J.R., Chapman D.F. (1996) Selection for and heritability of stolon characteristics in 
two cultivars of white clover. Crop Science 36:900-904. 

Caradus J.R., Woodfield D.R., Stewart A.V. (1996) Overview and vision for white clover. 
White clover: New Zealand's competitive edge. Joint symposium, Lincoln University, 
New Zealand, 21-22 November, 1995.:45-49. 

Caradus J.R., Mackay A.C., Van den Bosch J., Woodfield D.R. (1989) Comparative 
evaluation of white clover cultivars in spaced plant and small mixed species plot trials. 
New Zealand Journal of Agricultural Research 32:433-436. 

Caradus J.R., Clifford P.T.P., Chapman D.F., Cousins G.R., Williams W.M., Miller J.E. 
(1997) Breeding and description of 'Grasslands Sustain', a medium-large-leaved white 
clover (Trifolium repens L) cultivar. New Zealand Journal of Agricultural Research 
40:1-7. 

Caradus J.R., Mackay A.D., Wewala S., Dunlop J., Hart A., Vandenbosch J., Lambert M.G., 
Hay M.J.M. (1992) Inheritance of phosphorus response in white clover (trifolium-
repens l). Plant and Soil 146:199-208. DOI: 10.1007/bf00012013. 

Caradus J.R., Hay M.J.M., Mackay A.D., Thomas V.J., Dunlop J., Lambert M.G., Hart A.L., 
Vandenbosch J., Wewala S. (1993) Variation within white clover (trifolium-repens l) 
for phenotypic plasticity of morphological and yield related characters, induced by 
phosphorus supply. New Phytologist 123:175-184. 

Casey N.M., Milbourne D., Barth S., Febrer M., Jenkins G., Abberton M.T., Jones C., 
Thorogood D. (2010) The genetic location of the self-incompatibility locus in white 
clover (Trifolium repens L.). Theoretical and Applied Genetics 121:567-576. DOI: 
10.1007/s00122-010-1330-9. 

Casler M.D. (1982) Genotype x environment interaction bias to parent-offspring regression 
heritability estimates. Crop Science 22:540-542. 

Casler M.D. (2001) Patterns of variation in a collection of timothy accessions. Crop Science 
41:1616-1624. 

Casler M.D., van Santen E. (2000) Patterns of variation in a collection of meadow fescue 
accessions. Crop Science 40:248-255. 



 

187 
 

Casler M.D., Brummer E.C. (2008) Theoretical expected genetic gains for among-and-within-
family selection methods in perennial forage crops. Crop Science 48:890-902. DOI: 
10.2135/cropsci2007.09.0499. 

Cecen S., Gosterit A., Gurel F. (2007) Pollination effects of the bumble bee and honey bee on 
white clover (Trifolium repens L.) seed production. Journal of Apicultural Research 
46:69-72. 

Chapman D.F., Mackay A.D., Devantier B.P., Dymock N. (1993) The impact of white clover 
cultivars on nitrogen fixation and livestock production in New Zealand hill pasture, 
Proceedings of the 17th International Congress New Zealand Grassland Association, 
Palmerston North, New Zealand. pp. 420-421. 

Clement W.M.J. (1965) Flower color, a factor in attractiveness of alfalfa clones for honey 
bees. Crop Science 5:267-68. 

Clifford P.T.P., Sparks G.A., Woodfield D.R. (1996) The intensifying requirements for white 
clover cultivar change. White clover: New Zealand's competitive edge. Joint 
symposium, Lincoln University, New Zealand, 21-22 November, 1995.:19-24. 

Clifford P.T.P., Baird I.J., Grbavac N., Sparks G.A. (1990) White clover soil seed loads: 
effect on requirements and resultant success of cultivar-change crops. Proceedings of 
the New Zealand Grassland Association 52:95-98. 

Cogan N.O.I., Abberton M.T., Smith K.F., Kearney G., Marshall A.H., Williams A., 
Michaelson-Yeates T.P.T., Bowen C., Jones E.S., Vecchies A.C., Forster J.W. (2006) 
Individual and multi-environment combined analyses identify QTLs for 
morphogenetic and reproductive development traits in white clover (Trifolium repens 
L.). Theoretical and Applied Genetics 112:1401-1415. DOI: 10.1007/s00122-006-
0241-2. 

Collard B.C.Y., Jahufer M.Z.Z., Brouwer J.B., Pang E.C.K. (2005) An introduction to 
markers, quantitative trait loci (QTL) mapping and marker-assisted selection for crop 
improvement: The basic concepts. Euphytica 142:169-196. DOI: 10.1007/s10681-005-
1681-5. 

Comstock R.E., Robinson H.F. (1948) The components of genetic variance in populations of 
biparental progenies and their use in estimating the average degree of dominance. 
Biometrics 4:254-66. DOI: 10.2307/3001412. 

Cooper M., Delacy I.H. (1994) Relationships among analytical methods used to study 
genotypic variation and genotype-by-environment interaction in plant-breeding multi 
environment experiments. Theoretical and Applied Genetics 88:561-572. DOI: 
10.1007/bf01240919. 

Cooper M., Delacy I.H., Eisemann R.L. (1993) Recent advances in the study of genotype x 
environment interactions and their application to plant breeding, in: B. C. Imrie and J. 
B. Hacker (Eds.), 10th Australian Plant Breeding Conference, Gold Coast, 
Queensland. 

Cosgrove G.P. (2005) Novel grazing management: making better use of white clover, 
Proceedings of South Island Dairy Event, Lincoln University. pp. 181-190. 

Cresswell A. (1996) White clover roots cause stolon burial. White clover: New Zealand's 
competitive edge. Joint symposium, Lincoln University, New Zealand, 21-22 
November, 1995.:136-136. 

Cresswell A., Hamilton N.R.S., Thomas H., Charnock R.B., Cookson A.R., Thomas B.J. 
(1999) Evidence for root contraction in white clover (Trifolium repens L.). Annals of 
Botany 84:359-369. DOI: 10.1006/anbo.1999.0928. 

Crush J.R. (1987) Nitrogen Fixation, in: M. J. Baker and W. M. Williams (Eds.), White 
Clover, C.A.B International, Wallingford, U.K. pp. 185-201. 

Davies W.E. (1970) White clover breeding: a review. Occasional Symposium 6 of the British 
Grassland Society:99-122. 



 

188 
 

Davies W.E., Tyler B.F. (1961) The assessment of breeder's material. Report. Welsh Plant 
Breeding Station, 1960:31. 

De Lucas J.A., Forster J.W., Smith K.F., Spangenberg G.C. (2012) Assessment of gene flow 
in white clover (Trifolium repens L.) under field conditions in Australia using 
phenotypic and genetic markers. Crop & Pasture Science 63:155-163. DOI: 
10.1071/cp11224. 

DeLacy I.H. (1981) Cluster analysis for the interpretation of genotype x environment 
interaction, in: D. E. Byth and V. E. Mungomery (Eds.), Interpretation of plant 
reponse and adaptation to agricultural environments, Australian institute of 
agricultural science Queensland branch. pp. 277-292. 

Dijkstra J., Vos A.L.F.d. (1972) The evaluation of selections of white clover (Trifolium 
repens L.) in monoculture and in mixture with grass. Euphytica 21:432-449. DOI: 
10.1007/bf00039339. 

Duque-vargas J., Pandey S., Granados G., Ceballos H., Knapp E. (1994) Inheritance of 
tolerance to soil acidity in tropical maize. Crop Science 34:50-54. 

Eisemann R.L., Cooper M., Woodruff D.R. (1990) Beyond the analytical methodology, better 
interpretation and exploitation of genotype-by-environment interaction in plant 
breeding?, in: M. S. Kang (Ed.), Genotype-by-environment interaction and plant 
breeding, Lousisiana State University: Baton Rouge. pp. 108-117. 

Ellison N.W., Liston A., Steiner J.J., Williams W.M., Taylor N.L. (2006) Molecular 
phylogenetics of the clover genus (Trifolium - Leguminosae). Molecular 
Phylogenetics and Evolution 39:688-705. DOI: 10.1016/j.ympev.2006.01.004. 

Evans D.R., Williams T.A. (1987) The effect of cutting and grazing managements on dry-
matter yield of white clover varieties (trifolium-repens) when grown with s23 
perennial ryegrass. Grass and Forage Science 42:153-159. DOI: 10.1111/j.1365-
2494.1987.tb02102.x. 

Evans D.R., Williams T.A., Evans S.A. (1992) Evaluation of white clover varieties under 
grazing and their role in farm systems Grass and Forage Science 47:342-352. DOI: 
10.1111/j.1365-2494.1992.tb02279.x. 

Evans D.R., Williams T.A., Evans S.A. (1996) Breeding and evaluation of new white clover 
varieties for persistency and higher yields under grazing. Grass and Forage Science 
51:403-411. DOI: 10.1111/j.1365-2494.1996.tb02074.x. 

Falconer D.S. (1961) Introduction to quantitative genetics Oliver and Boyd Ltd, Edinburgh  
Farquhar G.D., Oleary M.H., Berry J.A. (1982) On the relationship between carbon isotope 

discrimination and the inter-cellular carbon-dioxide concentration in leaves. Australian 
Journal of Plant Physiology 9:121-137. 

Faville M.J., Griffiths A.G., Jahufer M.Z.Z., Barrett B.A. (2012) Progress towards marker-
assisted selection in forages, Proceedings of the New Zealand Grassland Association, 
Vol 74. pp. 189-194. 

Fehr W.R. (1987) Principles of cultivar development. Volume 1. Theory and technique. 
Ford J. (2013) Personal communication AgResearch, Palmerston North. 
Forster I.W. (1974) Behaviour and effectiveness of bees in pollinating legumes. Proceedings 

of the New Zealand Grassland Association 36:105-110. 
Fox P.N., Rosielle A.A. (1982) Reducing the influence of environmental main-effects on 

pattern-analysis of plant-breeding environments. Euphytica 31:645-656. DOI: 
10.1007/bf00039203. 

Gabriel K.R. (1971) The biplot graphical display of matrices with application to principle 
component analysis. Biometrika 58:453-467. 

Galloway L.F., Cirigliano T., Gremski K. (2002) The contribution of display size and 
dichogamy to potential geitonogamy in Campanula americana. International Journal of 
Plant Sciences 163:133-139. DOI: 10.1086/324556. 



 

189 
 

Galwey N.W. (2006) Introduction to mixed modelling: beyond regression and analysis of 
variance John Wiley & Sons, Ltd, West Sussex, England. 

Gardner C.O. (1961) An evaluation of effects of mass selection and seed irradiation with 
thermal neutrons on yield of corn. Crop Science 1:241-45. 

GenStat. (2003), VSN International, Oxford, UK. 
George J., Dobrowolski M.P., de Jong E.v.Z., Cogan N.O.I., Smith K.F., Forster J.W. (2006) 

Assessment of genetic diversity in cultivars of white clover (Trifolium repens L.) 
detected by SSR polymorphisms. Genome 49:919-930. DOI: 10.1139/g06-079. 

Gerber S., Chabrier P., Kremer A. (2003) FAMOZ: a software for parentage analysis using 
dominant, codominant and uniparentally inherited markers. Molecular Ecology Notes 
3:479-481. DOI: 10.1046/j.1471-8286.2003.00439.x. 

Gibson P.B. (1964) A technique requiring few seed for evaluating white clover strains. Crop 
Science 4:344-45. 

Gjertson D.W., Brenner C.H., Baur M.P., Carracedo A., Guidet F., Luque J.A., Lessig R., 
Mayr W.R., Pascali V.L., Prinz M., Schneider P.M., Morling N. (2007) ISFG: 
Recommendations on biostatistics in paternity testing. Forensic Science International-
Genetics 1:223-231. DOI: 10.1016/j.fsigen.2007.06.006. 

Gramshaw D., Read J.W., Collins W.J., Carter E.D. (1989) Sown pastures and legume 
persistence: an Australian overview. Persistence of forage legumes. Proceedings of a 
trilateral workshop:1-22. 

Griffing B. (1956) Concept of general and specific combining ability in relation to diallel 
crossing systems. Australian Journal of Biological Sciences 9:463-93. 

Griffiths A.G., Barrett B.A., Simon D., Khan A.K., Bickerstaff P., Anderson C.B., Franzmayr 
B.K., Hancock K.R., Jones C.S. (2013) An integrated genetic linkage map for white 
clover (Trifolium repens L.) with alignment to Medicago. BMC Genomics 14. DOI: 
10.1186/1471-2164-14-388. 

Guthridge K.M., Dupal M.P., Kolliker R., Jones E.S., Smith K.F., Forster J.W. (2001) AFLP 
analysis of genetic diversity within and between populations of perennial ryegrass 
(Lolium perenne L.). Euphytica 122:191-201. DOI: 10.1023/a:1012658315290. 

Haag W.L., Hill R.R., Jr. (1974) Comparison of selection methods for autotetraploids. II. 
Selection for disease resistance in alfalfa. Crop Science 14:591-595. 

Hallauer A.R., Miranda J.B. (1981) Quantitative genetics in maize breeding Iowa State 
University Press, Ames, Iowa. 

Hallauer A.R., Carena M.J., Filho J.B.M. (2010a) Quantitative genetics in maize breeding 
Springer, New York. 

Hallauer A.R., Carena M.J., Filho J.B.M. (2010b) Hereditary variance: mating design, in: A. 
R. Hallauer, et al. (Eds.), Quantitative genetics in maize breeding, Springer, New 
York. pp. 81-168. 

Hallauer A.R., Carena M.J., Filho J.B.M. (2010c) Hereditary Variance: Experimental 
Estimates, in: A. R. Hallauer, et al. (Eds.), Quantitative genetics in maize breeding, 
Springer, New York. pp. 169-221. 

Harris S.L., Clark D.A., Auldist M.J., Waugh C.D., Laboyrie P.G. (1998) Optimum white 
clover content for dairy pastures. Proceedings of the New Zealand Grassland 
Association 59:29-33. 

Harris W. (1987) Population dynamics and competition, in: M. J. Baker and W. M. Williams 
(Eds.), White Clover, C.A.B International, Wallingford. pp. 203-298. 

Hart A.L. (1987) Physiology, in: M. J. Baker and W. M. Williams (Eds.), White Clover, 
C.A.B International, Wallingford, UK. pp. 125-152. 

Harville D.H. (1977) Maximum likelihood approaches to variance component estimation and 
related problems. Journal of the American Statistical Association 72:320-340. 



 

190 
 

Hay M.J.M. (1983) Seasonal-variation in the distribution of white clover (trifolium-repens l) 
stolons among 3 horizontal strata in 2 grazed swards. New Zealand Journal of 
Agricultural Research 26:29-34. 

Hay M.J.M., Chapman D.F., Hay R.J.M., Pennell C.G.L., Woods P.W., Fletcher R.H. (1987) 
Seasonal-variation in the vertical-distribution of white clover stolons in grazed swards. 
New Zealand Journal of Agricultural Research 30:1-8. 

Healey A., Furtado A., Cooper T., Henry R.J. (2014) Protocol: a simple method for extracting 
next-generation sequencing quality genomic DNA from recalcitrant plant species. 
Plant Methods 10. DOI: 10.1186/1746-4811-10-21. 

Helgadottir A., Marum P., Dalmannsdottir S., Daugstad K., Kristjansdottir T.A., Lunnan T. 
(2008) Combining winter hardiness and forage yield in white clover (Trifolium 
repens) cultivated in northern environments. Annals of Botany 102:825-834. DOI: 
10.1093/aob/mcn159. 

Hill J. (1993) Effects of interspecific competition on the inheritance of quantitative traits in 
white clover. Plant Breeding 110:212-219. DOI: 10.1111/j.1439-0523.1993.tb00580.x. 

Hill J., Michaelson-Yeates T.P.T. (1987) Effects of competition upon the productivity of 
white clover-perennial ryegrass mixtures - genetic-analysis. Plant Breeding 99:239-
250. DOI: 10.1111/j.1439-0523.1987.tb01178.x. 

Hill J., Norris I.B., Michaelson-Yeates T.P.T. (1989) The inheritance of floral characters in 
white clover (Trifolium repens). Annals of Applied Biology 115:101-113. DOI: 
10.1111/j.1744-7348.1989.tb06816.x. 

Hill R.R., Jr., Shenk J.S., Barnes R.F. (1988) Breeding for yield and quality, in: A. A. 
Hanson, et al. (Eds.), Alfalfa and alfalfa improvement. pp. 809-825. 

Hofmann R.W., Jahufer M.Z.Z. (2011) Tradeoff between biomass and flavonoid 
accumulation in white clover reflects contrasting plant strategies. PloS one 6:e18949. 

Hofmann R.W., Lin W., Stilwell S.A., Lucas R.J. (2007) Comparison of drought resistance in 
strawberry clover and white clover. Proceedings of the New Zealand Grassland 
Association 69:219-222. 

Hofmann R.W., Campbell B.D., Bloor S.J., Swinny E.E., Markham K.R., Ryan K.G., 
Fountain D.W. (2003) Responses to UV-B radiation in Trifolium repens L. - 
physiological links to plant productivity and water availability. Plant Cell and 
Environment 26:603-612. DOI: 10.1046/j.1365-3040.2003.00996.x. 

Holland J.B., Bingham E.T. (1994) Genetic improvement for yield and fertility of alfalfa 
cultivars representing different eras of breeding. Crop Science 34:953-957. 

Holland J.B., Nyquist W.E., Cervantes-Martinez C.T. (2002) Estimating and interpreting 
heritability for plant breeding: An update. Plant Breeding Reviews, Vol 22 22:9-112. 

Hussain S.W., Williams W.M. (1997) Development of a fertile genetic bridge between 
Trifolium ambiguum M. Bieb. and T-repens L. Theoretical and Applied Genetics 
95:678-690. DOI: 10.1007/s001220050612. 

Inostroza L., Acuna H. (2010) Water use efficiency and associated physiological traits of nine 
naturalized white clover populations in Chile. Plant Breeding 129:700-706. DOI: 
10.1111/j.1439-0523.2009.01742.x. 

Isobe S., Koelliker R., Hisano H., Sasamoto S., Wada T., Klimenko I., Okumura K., Tabata S. 
(2009) Construction of a consensus linkage map for red clover (Trifolium pratense L.). 
BMC Plant Biology 9. DOI: 10.1186/1471-2229-9-57. 

Jahufer M.Z.Z. (1998) Developing efficient white clover (Trifolium repens) breeding 
stratergies for the dryland summer moisture stress environments of Australia, School 
of Land and Food, The University of Queensland. 

Jahufer M.Z.Z., Cooper M., Brien L.A. (1994) Genotypic variation for stolon and other 
morphological attributes of white clover (Trifolium repens L.) populations and their 
influence on herbage yield in the summer rainfall region of New South Wales  
Australian Journal of Agricultural Research 45:1639-1639. 



 

191 
 

Jahufer M.Z.Z., Cooper M., Lane L.A. (1995) Variation among low rainfall white clover 
(Trifolium repens L.) accessions for morphological attributes and herbage yield. 
Australian Journal of Experimental Agriculture 35:1109-1116. DOI: 
10.1071/ea9951109. 

Jahufer M.Z.Z., Cooper M., Harch B.D. (1997) Pattern analysis of the diversity of 
morphological plant attributes and herbage yield in a world collection of white clover 
(Trifolium repens L.) germplasm characterised in a summer moisture stress 
environment of Australia. Genetic Resources and Crop Evolution 44:289-300. DOI: 
10.1023/a:1008692629734. 

Jahufer M.Z.Z., Cooper M., Bray R.A., Ayres J.F. (1999) Evaluation of white clover 
(Trifolium repens L.) populations for summer moisture stress adaptation in Australia. 
Australian Journal of Agricultural Research 50:561-574. DOI: 10.1071/a98141. 

Jahufer M.Z.Z., Cooper M., Ayres J.F., Bray R.A. (2002) Identification of research to 
improve the efficiency of breeding strategies for white clover in Australia - a review. 
Australian Journal of Agricultural Research 53:239-257. DOI: 10.1071/ar01110. 

Jahufer M.Z.Z., Clements R., Durant R., Woodfield D.R. (2009) Evaluation of white clover 
(Trifolium repens L.) commercial cultivars and experimental synthetics in south-west 
Victoria, Australia. New Zealand Journal of Agricultural Research 52:407-415. 

Jahufer M.Z.Z., Dunn A., Baird I., Ford J.L., Griffiths A.G., Jones C.S., Woodfield D.R., 
Barrett B.A. (2013) Genotypic variation for morphological traits in a white clover 
mapping population evaluated across two environments and three years. Crop Science 
53:460-472. DOI: 10.2135/cropsci2012.06.0370. 

Jahufer M.Z.Z., Ford J.L., Widdup K.H., Harris C., Cousins G., Ayres J.F., Lane L.A., 
Hofmann R.W., Ballizany W.L., Mercer C.F., Crush J.R., Williams W.M., Woodfield 
D.R., Barrett B.A. (2012) Improving white clover for Australasia. Crop & Pasture 
Science 63:739-745. DOI: 10.1071/cp12142. 

Jiang G.-L. (2013) Molecular markers and marker assisted breeding in plants, in: S. B. 
Andersen (Ed.), Plant breeding from laboratories to fields, InTech. 

Jones E.S., Hughes L.J., Drayton M.C., Abberton M.T., Michaelson-Yeates T.P.T., Bowen 
C., Forster J.W. (2003) An SSR and AFLP molecular marker-based genetic map of 
white clover (Trifolium repens L.). Plant Science 165:531-539. DOI: 10.1016/s0168-
9452(03)00212-7. 

Junttila O., Svenning M.M., Solheim B. (1990) Effects of temperature and photoperiod on 
vegetative growth of white clover (Trifolium repens) ecotypes. Physiologia Plantarum 
79:427-434. 

Kalinowski S.T., Taper M.L., Marshall T.C. (2007) Revising how the computer program 
CERVUS accommodates genotyping error increases success in paternity assignment. 
Molecular Ecology 16:1099-1106. DOI: 10.1111/j.1365-294X.2007.03089.x. 

King J., Thomas A., James C., King I., Armstead I. (2013) A DArT marker genetic map of 
perennial ryegrass (Lolium perenne L.) integrated with detailed comparative mapping 
information; comparison with existing DArT marker genetic maps of Lolium perenne, 
L. multiflorum and Festuca pratensis. BMC Genomics 14. DOI: 10.1186/1471-2164-
14-437. 

Knowles I.M., Fraser T.J., Daly M.J. (2003) White clover: loss in drought and subsequent 
recovery. Legumes for dryland pastures. Proceedings of a New Zealand Grassland 
Association:37-41. 

Koelliker R., Rosellini D., Wang Z.-Y. (2010) Development and application of 
biotechnological and molecular genetic tools, in: B. Boller, et al. (Eds.), Fodder crops 
and amenity grasses, Springer. 

Kolliker R., Jones E.S., Jahufer M.Z.Z., Forster J.W. (2001) Bulked AFLP analysis for the 
assessment of genetic diversity in white clover (Trifolium repens L.). Euphytica 
121:305-315. DOI: 10.1023/a:1012048103585. 



 

192 
 

Kroonenberg P.M.K. (1994) The TUCKALS line: a suite of programs for three-way data 
analysis. Computational Statistics and Data Analysis 18:73-96. 

Lambeth C., Lee B.C., O'Malley D., Wheeler N. (2001) Polymix breeding with parental 
analysis of progeny: an alternative to full-sib breeding and testing. Theoretical and 
Applied Genetics 103:930-943. DOI: 10.1007/s001220100627. 

Lane L.A., Ayres J.F., Lovett J.V. (2000) The pastoral significance, adaptive characteristics, 
and grazing value of white clover (Trifolium repens L.) in dryland environments in 
Australia: a review. Australian Journal of Experimental Agriculture 40:1033-1046. 
DOI: 10.1071/ea99141. 

Ledda L., Roggero P.P., Veronesi F. (2000) Comparisons among different plant breeding 
approaches applied to red clover. Cahiers Options Mediterraneennes 45:63-67. 

Lee C.K., Eagles H.A., McFarlane N.M., Kelly K.B. (1993) Genetic-variation within white 
clover (trifolium-repens l) populations from north-central victoria. Australian Journal 
of Experimental Agriculture 33:333-336. DOI: 10.1071/ea9930333. 

Markham K.R. (1982) Techniques of flavonoid identification Academic Press, London. 
Marshall A.H., Rascle C., Abberton M.T., Michaelson-Yeates T.P.T., Rhodes I. (2001) 

Introgression as a route to improved drought tolerance in white clover (Trifolium 
repens L.). Journal of Agronomy and Crop Science-Zeitschrift Fur Acker Und 
Pflanzenbau 187:11-18. DOI: 10.1046/j.1439-037X.2001.00495.x. 

Michaelson-Yeates T.P.T., Marshall A., Abberton M.T., Rhodes I. (1997) Self-compatibility 
and heterosis in white clover (Trifolium repens L). Euphytica 94:341-348. DOI: 
10.1023/a:1002989410326. 

MichaelsonYeates T.P.T., Marshall A.H., Williams I.H., Carreck N.L., Simpkins J.R. (1997) 
The use of isoenzyme markers to determine pollen flow and seed paternity mediated 
by Apis mellifera and Bombus spp. in Trifolium repens, a self-incompatible plant 
species. Journal of Apicultural Research 36:57-62. 

Microsoft-Office. (2010) Excel Microsoft Corporation. 
Mills A., Moot D.J. (2010) Annual dry matter, metabolishable energy and nitrogen yields of 

six dryland pastures six and seven years after establishment. Proceedings of the New 
Zealand Grassland Association 72:177-184. 

Mitchell R.J. (1994) Effects of floral traits, pollinator visitation, and plant size on ipomopsis-
aggregata fruit production. American Naturalist 143:870-889. DOI: 10.1086/285637. 

Morgan J.P. (1988) Polycross designs with complete neighbor balance. Euphytica 39:59-63. 
DOI: 10.1007/bf00025112. 

Nguyen H.T., Sleper D.A. (1983) Theory and application of half-sib matings in forage grass 
breeding. Theoretical and Applied Genetics 64:187-196. DOI: 10.1007/bf00303763. 

Nichols S.N. (2012) Introgression of root and shoot characteristics in Trifolium repens x 
Trifolium uniflorum interspecifc hybrids, Lincoln University. 

Nyquist W.E. (1991) Estimation of heritability and prediction of selection response in plant-
populations. Critical Reviews in Plant Sciences 10:235-322. DOI: 
10.1080/07352689109382313. 

Parsons A.J., Edwards G.R., Newton P.C.D., Chapman D.F., Caradus J.R., Rasmussen S., 
Rowarth J.S. (2011) Past lessons and future prospects: plant breeding for yield and 
persistence in cool-temperate pastures. Grass and Forage Science 66:153-172. DOI: 
10.1111/j.1365-2494.2011.00785.x. 

Patterson H.D., Thompson R. (1971) Recovery of inter-block information when block sizes 
are unequal. Biometrika 58:445-554. 

Patterson H.D., Thompson R. (1975) Maximum likelihood estimation of components of 
variance, in: L. C. A. Corsten and T. Postelnicu (Eds.), Proceedings of the 8th 
International Biometrical Conference, International Biometrics Society, Bucuresti, 
Romania. 



 

193 
 

Piano E., Annicchiarico P., Romani M., Pecetti L. (2007) Effect of the number of parents and 
their combining ability on the performance of synthetic varieties in tall fescue. 
Australian Journal of Agricultural Research 58:1100-1105. DOI: 10.1071/ar06424. 

Posselt U.K. (2010) Breeding methods in cross-pollinated species, in: B. Boller, et al. (Eds.), 
Fodder crops and amenity grasses. pp. 39-87. 

Puchooa D. (2004) A simple, rapid and efficient method for the extraction of genomic DNA 
from lychee ( Litchi chinensis Sonn.). African Journal of Biotechnology 3:253-255. 

Riday H. (2009) Correlations between visual biomass scores and forage yield in space planted 
red clover (Trifolium pratense L.) breeding nurseries. Euphytica 170:339-345. DOI: 
10.1007/s10681-009-9991-7. 

Riday H. (2011) Paternity testing: a non-linkage based marker-assisted selection scheme for 
outbred forage species. Crop Science 51:631-641. DOI: 10.2135/cropsci2010.07.0390. 

Riday H., Brummer E.C. (2002a) Forage yield heterosis in alfalfa. Crop Science 42:716-723. 
Riday H., Brummer E.C. (2002b) Heterosis of agronomic traits in alfalfa. Crop Science 

42:1081-1087. 
Riday H., Krohn A.L. (2010) Increasing Population Hybridity by Restricting Self-

Incompatibility Alleles in Red Clover Populations. Crop Science 50:853-860. DOI: 
10.2135/cropsci2009.05.0282. 

Riday H., Brummer E.C., Moore K.J. (2002) Heterosis of forage quality in alfalfa. Crop 
Science 42:1088-1093. 

Riday H., Reisen P., Raasch J.A., Santa-Martinez E., Brunet J. (2015) Selfing rate in an 
alfalfa seed production field pollinated with leafcutter bees. Crop Science 55:1087-
1095. 

Riday H., Johnson D.W., Heyduk K., Raasch J.A., Darling M.E., Sandman J.M. (2013) 
Paternity testing in an autotetraploid alfalfa breeding polycross. Euphytica 194:335-
349. DOI: 10.1007/s10681-013-0938-7. 

Rowe D.E., Brink G.E. (1993) Heritabilities and genetic correlations of white clover clones 
grown in three environments. Crop Science 33:1149-1152. 

Rumbaugh M.D., Caddel J.L., Rowe D.E. (1988) Breeding and quantitative genetics, in: A. A. 
Hanson, et al. (Eds.), Alfalfa and alfalfa improvement. pp. 777-808. 

Saha M.C., Mian R., Zwonitzer J.C., Chekhovskiy K., Hopkins A.A. (2005) An SSR- and 
AFLP-based genetic linkage map of tall fescue (Festuca arundinacea Schreb.). 
Theoretical and Applied Genetics 110:323-336. DOI: 10.1007/s00122-004-1843-1. 

Saiki R.K., Scharf S., Faloona F., Mullis K.B., Horn G.T., Erlich H.A., Arnheim N. (1985) 
Enzymatic amplification of beta-globin genomic sequences and restriction site 
analysis for diagnosis of sickle-cell anemia. Science 230:1350-1354. DOI: 
10.1126/science.2999980. 

Salinger J. (2003) Climate reality - actual and expected. Legumes for dryland pastures. 
Proceedings of a New Zealand Grassland Association:13-18. 

Sandoya G., Malvar R.A., Revilla P., Butron A. (2009) Effects of selection for maize 
resistance to Sesamia nonagrioides on the additive and dominant components of 
genetic variance. Plant Breeding 128:244-248. DOI: 10.1111/j.1439-
0523.2008.01579.x. 

SAS. (2008) The SAS system for Windows, SAS Institute, Cary, North Carolina. 
Schlotterer C. (2004) The evolution of molecular markers - just a matter of fashion? Nature 

Reviews Genetics 5:63-69. DOI: 10.1038/nrg1249. 
Schuelke M. (2000) An economic method for the fluorescent labeling of PCR fragments. 

Nature Biotechnology 18:233-234. DOI: 10.1038/72708. 
Signorovitch J., Nielsen R. (2002) PATRI - paternity inference using genetic data. 

Bioinformatics 18:341-342. DOI: 10.1093/bioinformatics/18.2.341. 
Sim R. (2014) Water extraction and use of seedling and established dryland lucerne crops, 

Lincoln University. 



 

194 
 

Simonsen O. (1977) Genetic variation in diploid and autotetraploid populations of Festuca 
pratensis. Hereditas 85:1-24. 

Sleper D.A., Poehlman J.M. (2006) Quantitative inheritance in plant breeding, Breeding Field 
Crops, Blackwell Publishing, Ames, Iowa. 

Smith K.F., Tasneem M., Kearney G.A., Reed K.F.M., Leonforte A. (2001) Evaluation of 
herbage yield in a forage grass breeding program: comparison of visual rating versus 
measurement in single-row plots or swards. Australian Journal of Experimental 
Agriculture 41:1161-1166. DOI: 10.1071/ea01029. 

Stevenson C.A., Laidlaw A.S. (1985) The effect of moisture stress on stolon and adventitious 
root development in white clover (trifolium-repens l). Plant and Soil 85:249-257. DOI: 
10.1007/bf02139629. 

Stewart C.N. (1997) Rapid DNA extraction from plants, in: M. R. B. R. Micheli (Ed.), 
Fingerprinting methods based on arbitrarily primed PCR. pp. 25-28. 

Strickler K., Vinson J.W. (2000) Simulation of the effect of pollinator movement on alfalfa 
seed set. Environmental Entomology 29:907-918. DOI: 10.1603/0046-225x-29.5.907. 

Suckling F.E.T. (1950) The passage of white clover seeds through the body of sheep and the 
effect on germination capacity. Proceedings 12th Conf. N.Z. Grassld Assoc.:108-21. 

Suckling F.E.T. (1952) Dissemination of white clover ( Trifolium repetis) by sheep. New 
Zealand Journal of Science and Technology 33:64-77. 

Taylor N.L. (2008) A century of clover breeding developments in the United States. Crop 
Science 48:1-13. DOI: 10.2135/cropsci2007.08.0446. 

Thomas R.G. (1987a) The structure of the mature plant, in: M. J. Baker and W. M. Williams 
(Eds.), White Clover, C.A.B International Wallingford. pp. 1-30. 

Thomas R.G. (1987b) Vegetative growth and development, in: M. J. Baker and W. M. 
Williams (Eds.), White Clover, C.A.B International Wallingford. pp. 343-419. 

Thomas R.G. (1987c) Reproductive development, in: M. J. Baker and W. M. Williams (Eds.), 
White Clover, CAB International, Wallingford, UK. pp. 63-123. 

Thompson L., Harper J.L. (1988) The effect of grasses on the quality of transmitted radiation 
and its influence on the growth of white clover trifolium-repens. Oecologia 75:343-
347. DOI: 10.1007/bf00376935. 

Thomson D.J. (1984) The nutritive value of white clover, in: D. J. Thomas (Ed.), Occasional 
Symposium of the British Grasslands Association. pp. 78-92. 

Thomson D.J., Beever D.E., Haines M.J., Cammell S.B., Evans R.T., Dhanoa M.S., Austin 
A.R. (1985) Yield and composition of milk from friesian cows grazing either 
perennial ryegrass or white clover in early lactation Journal of Dairy Research 52:17-
31. 

Turner L.B. (1990a) Water relations of white clover (Trifolium repens) - water potential 
gradients and plant morphology. Annals of Botany 65:285-290. 

Turner L.B. (1990b) The extent and pattern of osmotic adjustment in white clover (Trifolium 
repens L.) during the development of water stress. Annals of Botany 66:721-727. 

Turner L.B. (1991) The effect of water stress on the vegetative growth of white clover 
(Trifolium repens L.) - comparison of long term water deficit and a short term 
developing water stress Journal of Experimental Botany 42:311-316. DOI: 
10.1093/jxb/42.3.311. 

Ulyatt M.J. (1981) The feeding value of herbage: can it be improved? New Zealand 
Agricultural Science 15:200-205. 

Vanwijk A.J.P., Reheul D. (1991) Achievements in fodder crops breeding in maritime Europe 
in: A. E. A. Dennijis (Ed.), Fodder Crops Breedings : Achievements, Novel Strategies 
and Biotechnology. pp. 13-18. 

Vleugels T., Cnops G., Roldan-Ruiz I. (2014) Improving seed yield in red clover through 
marker assisted parentage analysis. Euphytica 200:305-320. DOI: 10.1007/s10681-
014-1188-z. 



 

195 
 

Vogel K.P., Pedersen J.F. (1993) Breeding systems for cross-pollinated perennial grasses, 
Plant Breeding Reviews. pp. 251-274. 

Watson S.L., DeLacy I.H., Podlich D.W., Basford K.E. (1995) GEBEI: an analysis package 
using agglomerative hierarchical classificatory and SVD ordination procedures for 
genotype × environment data, Centre for Statistics Research Report, Department of 
Agriculture, The University of Queensland, Australia. 

Weaver N. (1965) Foraging behavior of honeybees on white clover. Insectes Sociaux 12:231-
240. 

Webb T.H., Claydon J.J., Harris S.R. (2000) Quantifying variability of soil physical 
properties within soil series to address modern land-use issues on the Canterbury 
Plains, New Zealand. Australian Journal of Soil Research 38:1115-1129. DOI: 
10.1071/sr99091. 

Westbrooks F.E., Tesar M.B. (1955) Tap root survival of ladino clover. Agronomy Journal 
47:403-410. 

Weyhrich R.A., Lamkey K.R., Hallauer A.R. (1998) Responses to seven methods of recurrent 
selection in the BS11 maize population. Crop Science 38:308-321. 

White T.L., Hodge G.R. (1989) Predicting breeding values with applications in forest tree 
improvement Kluwer Academic, Boston, MA. 

Whitlock R., Hipperson H., Mannarelli M., Burke T. (2008) A high-throughput protocol for 
extracting high-purity genomic DNA from plants and animals. Molecular Ecology 
Resources 8:736-741. DOI: 10.1111/j.1755-0998.2007.02074.x. 

Williams E.G., Plummer J., Phung M. (1982a) Cytology and fertility of trifolium repens, 
trifolium ambiguum, trifolium hybridum, and interspecific hybrids New Zealand 
Journal of Botany 20:115-120. 

Williams W.M. (1987) Genetics and breeding, in: M. J. Baker and W. M. Williams (Eds.), 
White clover. pp. 343-419. 

Williams W.M., Lambert M.G., Caradus J.R. (1982b) Performance of a hill country white 
clover selection. Proceedings of the New Zealand Grassland Association 43:188-195. 

Williams W.M., Easton H.S., Jones C.S. (2007) Future options and targets for pasture plant 
breeding in New Zealand. New Zealand Journal of Agricultural Research 50:223-248. 

Williams W.M., Verry I.M., Ansari H.A., Ellison N.W., Hussain S.W., Widdup K.H., Nichols 
S.N., Williamson M.L., Naeem M., Ullah I. (2010) Splitting the clover genome: 
radical new clovers for agriculture. Proceedings of the New Zealand Grassland 
Association 72:273-276. 

Winter P., Kahl G. (1995) Molecular marker technologies for plant improvement. World 
Journal of Microbiology & Biotechnology 11:438-448. DOI: 10.1007/bf00364619. 

Woodfield D.R. (1999) Genetic improvements in New Zealand forage cultivars. Proceedings 
of the New Zealand Grassland Association 61:3-7. 

Woodfield D.R., Caradus J.R. (1987) Adaptation of white clover to moisture stress. 
Proceedings of the New Zealand Grassland Association 48:143-149. 

Woodfield D.R., Caradus J.R. (1990) Estimates of heritability for, and relationships between, 
root and shoot characters of white clover II. Regression of progeny on mid-parent. 
Euphytica 46:211-215. DOI: 10.1007/bf00027220. 

Woodfield D.R., Caradus J.R. (1994) Genetic improvement in white clover representing six 
decades of plant-breeding. Crop Science 34:1205-1213. 

Woodfield D.R., Caradus J.R. (1996) Factors affecting white clover persistence in New 
Zealand pastures. Proceedings of the New Zealand Grassland Association 58:229-235. 

Woodfield D.R., Easton H.S. (2004) Advances in pasture plant breeding for animal 
productivity and health. New Zealand Veterinary Journal 52:300-310. 

Woodfield D.R., Clifford P.T.P., Baird I.J., Cousins G.R., Miller J.E., Widdup K.H., Caradus 
J.R. (2003) Grasslands Tribute: a multi-purpose white clover for Australasia. 
Proceedings of the New Zealand Grasslands Association 65:157-162. 



 

196 
 

Woodfield D.R., Clifford P.T.P., Cousins G.R., Ford J.L., Baird I.J., Miller J.E., Woodward 
S.L., Caradus J.R. (2001) Grasslands Kopu II and Crusader: new generation white 
clovers. Proceedings of the New Zealand Grassland Association 63:103-108. 

Woodward S.L., Caradus J.R. (2000) Performance of white clover cultivars and breeding lines 
in rotationally grazed Waikato dairy pasture, New Zealand. New Zealand Journal of 
Agricultural Research 43:323-333. 

Wright C.E. (1965) Field plans for a systematically designed polycross. Record of agricultural 
research, Ministry of Agriculture, Northern Ireland Vol 14, Part 1. 

Wright S. (1939) The Distribution of Self-Sterility Alleles in Populations. Genetics 24:538-
52. 

Xu Y., Crouch J.H. (2008) Marker-assisted selection in plant breeding: from publications to 
practice. Crop Science 48:391-407. DOI: 10.2135/cropsci2007.04.0191. 

Zhang Y., Sledge M.K., Bouton J.H. (2007) Genome mapping of white clover (Trifolium 
repens L.) and comparative analysis within the Trifolieae using cross-species SSR 
markers. Theoretical and Applied Genetics 114:1367-1378. DOI: 10.1007/s00122-
007-0523-3. 

 

 

 

 

 

 

 

 

 



 

197 
 

Appendix A 

Generation of half-sib and full-sib families  
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A.1 Adjusted (for unequal maternal sampling) observed outcross progeny counts per 
full-sib family plotted against the distance of pollen donor from recipient 
maternal parents. Each data point represents a full-sib family. 
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Number of harvested inflorescences per plant
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A.2 Relationship between seed yield per clone and the number of harvested 
inflorescences per clone in two 20 parent polycrosses pollinated by bumble bees. 
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A.3 Relationship between the number of paternal parents per maternal half-sib 
family and the number of harvested inflorescences per clone in two 20 parent 
polycrosses pollinated by bumble bees.   
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A.4 Relationship between maternal seed yield (g plant-1) and the number of 
contributing paternal parents. 
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Appendix B 

Methodology development: paternity testing in white clover   

 

B.1 Correlation between paternity assignment rates (%) and average maternal half-
sib family LOD scores. 

 

B.2 Correlation between average maternal half-sib family LOD scores and the 
number of null alleles in their respective maternal parents genotype. 
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Appendix C 

Application of paternity testing in white clover  

C.1 Chemical characteristics of the soil sampled before capital fertiliser application at 
the AgResearch and Ashley Dene field experiments (0-15cm soil profile) in 2012 

 AgResearch Ashley Dene 
pH  6.1 6.4 
Calcium (MAF QT) 8 12 
Olsen Phosphate (µg/mL)  23 29 
Potassium (MAF QT) 15 3 
Sulphate Sulphur (ppm) 14 10 
Magnesium (MAF QT) 15 26 
Sodium (MAF QT) 6 7 
Copper (ppm) 1.4 0.6 
Cobalt (ppm) 1.9 0.3 
Iron (ppm) 365 815 
Manganese (ppm) 120 19 
Zinc (ppm) 2.3 1.5 
 

C.2 Physical characteristics of soil profiles at the AgResearch and Ashley Dene trial 
sites 

 AgResearch (irrigated) Ashley Dene (dryland) 

Soil type Templeton silt loam Lowcliffe stony silt loam 
Horizons  Ah (18-20cm) 

Bg (30-45cm) 
BC (10-15cm) 
C    (onwards) 

Soil description  Moderately deep silt loam 
with moderate to high 
water holding capacity. 

Stony silt loam with 
imperfect drainage. 
Shallow soil with >20 cm 
of stone-free material 
overlying very stony 
horizons.  

References   Burtt (2012)  
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C.3 AgResearch polycross nursery layout. Each cell represents a plant within a plot of four. Each maternal half-sib family is represented by 
the centre number in each plot of four cells. The paternal identity of individual plants is illustrated by the corresponding number in 
each cell. The symbol ‘?’ is assigned to progeny with no determined paternity.   
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C.4 Ashley Dene polycross nursery layout. Each cell represents a plant within a plot of four. Each maternal half-sib family is represented 
by the centre number in each plot of four cells. The paternal identity of individual plants is illustrated by the corresponding number in 
each cell. The symbol ‘?’ is assigned to progeny with no determined paternity.
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Appendix D 

Genetic variation in a breeding population for persistence and 

production under summer moisture stress  

D.1 Chemical characteristics of the soil sampled before capital fertiliser application at 
the AgResearch (irrigated) field experiment (0-15cm soil profile) in 2012 and 2013 

 2012 2013 
pH  6.1 6.2 
Calcium (MAF QT) 9 9 
Olsen Phosphate (µg/mL)  24 17 
Potassium (MAF QT) 16 8 
Sulphate Sulphur (ppm) 15 5 
Magnesium (MAF QT) 16 16 
Sodium (MAF QT) 6 6 
Copper (ppm) 1.3 - 
Cobalt (ppm) 1.7 - 
Iron (ppm) 355 - 
Manganese (ppm) 100 - 
Zinc (ppm) 2.3 - 
Potentially available N (kg/ha) - 132 
Mineral N (ppm) - 12 
Ammonium Nitrogen (ppm) - 8 
Nitrate Nitrogen (ppm) - 5 

D.2 Chemical characteristics of the soil sampled before capital fertiliser application at 
the Ashley Dene (dryland) field experiment (0-15cm soil profile) in 2012 and 2013. 

 2012 2013 
pH  6.4 6.4 
Calcium (MAF QT) 12 13 
Olsen Phosphate (µg/mL)  29 23 
Potassium (MAF QT) 3 2 
Sulphate Sulphur (ppm) 10 5 
Magnesium (MAF QT) 26 26 
Sodium (MAF QT) 7 6 
Copper (ppm) 0.6 - 
Cobalt (ppm) 0.3 - 
Iron (ppm) 815 - 
Manganese (ppm) 19 - 
Zinc (ppm) 1.5 - 
Potentially available N (kg/ha) - 93 
Mineral N (ppm) - 7 
Ammonium Nitrogen (ppm) - 4 
Nitrate Nitrogen (ppm) - 3 
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D.3 Volumetric soil water content (mm3/mm3) of the 0-115cm soil profile at the 
irrigated site during the summer period of October 2013 to February 2014. Dates 
of measurements are shown. 
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D.4 Volumetric soil water content (mm3/mm3) of the 0-115cm soil profile at the 
dryland site during the summer period of October 2013 to February 2014. Dates of 
measurements are shown. 
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D.5 Mean 13C discrimination (±SEM) for the irrigated (■) and dryland (■) sites in the 
summer moisture deficit periods of 2013 and 2014.  
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D.6 Correlation between carbon 13C discrimination among selected full-sib families 
and leaf width at the (A) irrigated site in 2013, (B) irrigated site in 2014, (C) 
dryland site in 2013 and (D) dryland site in 2014.  
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D.7 P-values obtained from analyses of variances for phenolic compounds. 

Year Site Source Total 
Flavonols 

(mg/g) 

Total 
Quercetin 
glycosides 

(mg/g) 

Total 
Kaempferol 
glycosides 

(mg/g) 

Quercetin: 
Kaempferol 

ratio 

2013 Irrigated Family P<0.01 P<0.05 P<0.001 P<0.001 
Dryland Family P<0.001 P<0.05 P<0.001 P<0.05 

2014 Irrigated Family P<0.001 P<0.01 P<0.001 P<0.05 
Dryland Family P<0.01 n.s P<0.001 P<0.01 

2013 

Multi 

Site P<0.001 P<0.001 P<0.001 P<0.001 
Family P<0.001 P<0.001 P<0.001 P<0.001 
Site*Family P<0.05 n.s n.s n.s 

2014 
Site P<0.001 P<0.001 P<0.001 P<0.01 
Family P<0.001 P<0.001 P<0.001 P<0.001 
Site*Family n.s n.s P<0.05 P<0.05 

Multi 

Irrigated 
Site P<0.05 P<0.01 P<0.001 n.s 
Family P<0.001 P<0.01 P<0.001 P<0.001 
Year*Family n.s n.s n.s n.s 

Dryland 
Site P<0.001 P<0.001 n.s P<0.01 
Family P<0.001 P<0.01 P<0.001 n.s 
Year*Family n.s n.s P<0.05 n.s 

Multi Multi 

Site P<0.001 P<0.001 P<0.05 n.s 
Year P<0.001 P<0.001 P<0.001 P<0.05 
Family P<0.001 P<0.001 P<0.001 P<0.001 
Site*Family n.s n.s n.s n.s 
Year*Family n.s n.s n.s n.s 
Site*Year*Family n.s n.s P<0.05 n.s 
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D.8 Mean quercetin glycoside (■) and kaempferol glycoside (■) accumulation in the 
leaves of 18 white clover full-sib families and two cultivars Nomad and Kopu II at 
the (A) dryland site and (B) irrigated site across both years.  
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D.9 Mean (±SEM) total flavonols (A), quercetin glycosides (B), kaempferol glycosides 
(C), and (D) quercetin glycosides to kaempferol glycosides ratio for all selected 
full-sib families and two cultivars at the irrigated (■) and dryland (■) sites in 2013 
and 2014. 
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D.10 Pearson correlations among flavonol components at each experimental site across both years. 

 

Quercetin 
(mg/g) 

Quercetin 
(P) (mg/g) 

Quercetin 
(P+S) 
(mg/g) 

Kaempferol 
(mg/g) 

Kaempferol 
(P) (mg/g) 

Kaempferol 
(P+S) 
(mg/g) 

Flavanol 
(mg/g) 

Quercetin: 
Kaempferol 

Yield 
(KgDM/ha) 

---------------------------------------------------------------------------------------------------AgResearch----------------------------------------------------------------------------- 
Quercetin (P) (mg/g) 0.895***         
Quercetin (P+S) (mg/g) 0.909*** 0.921***        
Kaempferol (mg/g) -0.06 -0.18 -0.182       
Kaempferol (P) (mg/g) 0.514* 0.522* 0.527* 0.257      
Kaempferol (P+S) (mg/g) 0.049 -0.015 0.007 0.92*** 0.514*     
Flavonol (mg/g) 0.699** 0.536* 0.544* 0.672** 0.566** 0.695**    
Q:K 0.537* 0.585* 0.568* -0.735*** -0.028 -0.626** -0.128   
Yield (KgDM/ha) 0.047 0.021 -0.008 -0.246 -0.019 -0.304 -0.141 0.238  
Persistence (%) 0.024 -0.113 -0.058 -0.144 -0.018 -0.233 -0.086 0.182 0.841*** 
--------------------------------------------------------------------------------------------------Ashley Dene------------------------------------------------------------------------------ 
Quercetin (P) (mg/g) 0.697** 

        Quercetin (P+S) (mg/g) 0.752*** 0.83*** 
       Kaempferol (mg/g) 0.188 -0.109 -0.026 

      Kaempferol (P) (mg/g) 0.536* 0.584** 0.602** 0.313 
     Kaempferol (P+S) (mg/g) 0.212 0.03 0.123 0.871*** 0.429 

    Flavonol (mg/g) 0.762*** 0.372 0.462* 0.779*** 0.548* 0.708*** 
   Q:K 0.24 0.423 0.311 -0.814*** -0.17 -0.638** -0.384 

  Yield (KgDM/ha) -0.127 0.036 -0.052 -0.005 0.129 -0.178 -0.084 -0.243 
 Persistence (%) 0.028 0.179 0.157 0.242 0.359 0.199 0.177 -0.391 0.75*** 

Note: P – primary glycoside peak, P+S – primary and secondary glycoside peaks 
***P<0.001 
**   P<0.01 
*     P<0.05 
 
 



 

 

213 

D.11 Pearson correlations among flavonol components across both sites and years. 

 

Quercetin 
(mg/g) 

Quercetin 
(P) (mg/g) 

Quercetin     
(P+S) 
(mg/g) 

Kaempferol 
(mg/g) 

Kaempferol 
(P) (mg/g) 

Kaempferol 
(P+S) 
(mg/g) 

Flavanol 
(mg/g) 

Quercetin: 
Kaempferol 

Yield 
(KgDM/ha) 

Quercetin (P) (mg/g) 0.775*** 
        Quercetin (P+S) (mg/g) 0.816*** 0.868*** 

       Kaempferol (mg/g) 0.038 -0.181 -0.165 
      Kaempferol (P) (mg/g) 0.587** 0.601** 0.619** 0.263 

     Kaempferol (P+S) (mg/g) 0.139 0.000 0.032 0.907*** 0.438* 
    Flavonol (mg/g) 0.702** 0.394 0.433 0.738*** 0.584** 0.741*** 

   Q:K 0.381 0.489* 0.443* -0.807*** -0.088 -0.671** -0.318 
  Yield (KgDM/ha) 0.011 0.054 0.034 -0.083 0.056 -0.218 -0.052 0.017 

 Persistence (%) 0.011 -0.031 0.037 0.118 0.169 0.002 0.092 -0.208 0.849*** 
Note: P – primary glycoside peak, P+S – primary and secondary glycoside peaks 
***P<0.001 
**   P<0.01 
*     P<0.05 
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