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Abstract of a thesis submitted in partial fulfilment of the 

requirements for the Degree of Doctor of Philosophy  

Contribution of white clover hosts to the effectiveness of rhizobia symbioses 

by  

Sean Kevin Weith 

White clover (Trifolium repens L.) is an integral component of mixed pastures in New Zealand 

temperate agriculture, providing quality feed and a sustainable source of fixed nitrogen (N) through 

its symbiosis with strains of Rhizobium leguminosarum bv. trifolii. While there has been much focus on 

identifying and applying Rhizobium strain inoculants for improved N-fixation, there has been less 

attention on identifying and exploiting plant genetic factors to develop cultivars that can consistently 

form effective Rhizobium symbioses. The complexity of the clover-Rhizobium interaction makes for a 

challenging but valuable breeding target which represents an important strategy for increasing the 

sustainability of New Zealand’s pasture-based agriculture.  

In this study, the phenotypic variation of N-fixation capacity across individuals from 17 white clover 

cultivars, including a wild ecotype (‘Tienshan’) and a T. repens × T. uniflorum interspecific hybrid 

cultivar (‘AberLasting’), released between 1920 and 2003 and representing three leaf size classes were 

investigated. N-fixation capacity was assessed by growing plants in vermiculite/McKnight’s solution, 

where N was provided either by an effective commercial strain (TA1) or partially effective (S12N10) N-

fixing Rhizobium strain or supplied mineral N (positive control). Symbiotic traits recorded after 35 days 

of growth included Shoot and Root dry matter (DM), root to shoot ratio (RSR), and symbiotic potential 

(SP) which is the proportion of biomass generated through symbiosis relative to plants grown with 

mineral N. There were significant differences or interactions between and among cultivars and 

Rhizobium strains. Furthermore, there was a high degree of variability in N-fixation capacities of 

individuals within the cultivar populations. Multivariate analysis clustered cultivars across an N-

availability gradient and identified some cultivars that performed equally well (‘S100’) or equally poorly 

(‘Barblanca’) or had marked differential performance (‘Dutch’ and ‘Tienshan’) across effective or 

partially effective strains. 

In order to derive key quantitative genetic parameters which could be utilised for improving N-fixation 

in white clover, a genetically structured F3 population of half-sibling (HS) families (n = 120) underwent 

the same screening assay as in the previous study, with N being provided either by the commerical 

strain TA1 or supplied mineral N (positive control). Shoot and Root DM, SP as well as RSR were 
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measured and differed considerably among HS families, with 44% of families forming sub-optimal 

symbioses with TA1. Best linear unbiased predictor (BLUP) means for all traits were derived for each 

HS family and used to estimate significant additive variation and narrow-sense heritabilities, which 

ranged from 0.05 (RSR) to 0.33 (Shoot DM). This indicated there is additive genetic variability that can 

be exploited for improving the symbiotic interactions. These estimates also enabled the genetic gain 

for the examined traits to be predicted at 20%, 10% and 5% selection pressures while also identifying 

24 elite HS families that could be utilised in future selection validation work. 

The feasibility of applying genomic selection (GS) for improving genetic gain in white clover-Rhizobium 

associations using a HS family structure was investigated. The phenotypes of 118 HS families and a 

genomic relationship matrix derived from ~155,000 genotyping-by-sequencing single nucleotide 

polymorphism markers of the HS families’ corresponding maternal parents were used for genomic 

prediction (GP) using five models. Cross-validation predictive ability (PA) of symbiotic traits ranged 

from 0.14 (Root SP) to 0.36 when two traits (Shoot DM and Shoot SP) were combined into a multi-trait 

Smith-Hazel selection index. The PAs of the five GP models were similar across all traits and therefore 

the computationally efficient GP model Kinship using GBS with depth adjustment-GBLUP (KGD-GBLUP) 

was selected. Different parameters influencing PA were assessed and identified a minimum of 94 HS 

families using a training: test combination of 80: 20%, respectively, over 100 iterations was sufficient 

for generating PAs in this population. This work provides an ideal foundation to assess genomic 

selection for breeding white clover germplasm for improved N-fixation and productivity by 

undertaking among-(using phenotype) and-within (using GS) HS family selection. 

To determine relationships between performance with pure strains and soil communities, a subset of 

cultivars (n = 4) and HS families (n = 4) screened previously for differential N-fixation capacities were 

assessed with two pure strains (TA1 and S12N10) and five soil rhizobia extracts. Differences in the N-

fixation capacities with pure strains reflected those from the previous experiments. While there was 

considerable variation in symbiotic traits among populations with the five soil extracts, performance 

with the effective Rhizobium strain TA1 was often indicative of performance with the soil communities. 

Using multivariate pattern analysis, distinct clusters among the white clover populations were 

identified, which appeared to be driven by the number and appearance of nodules.  

In summary, the findings of this thesis will provide valuable information for facilitating the 

improvement of N-fixation in white clover in future breeding efforts.  

Keywords: White clover, Trifolium repens, Rhizobium, rhizobia, symbiosis, nitrogen fixation, symbiotic 

potential, nodulation, half-sib families, quantitative genetics, additive genetic variation, heritability, 

genomic selection, genotype-by-sequencing 
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Chapter 1  

Introduction 

1.1 Background 

White clover (Trifolium repens L.) as a forage legume is a key component of most New Zealand 

pastures. It is valued for its high nutritive content, stoloniferous growth, phenotypic plasticity and 

ability to fix nitrogen (N) through a symbiosis with soil bacteria Rhizobium leguminosarum bv. trifolii 

(R.lt) (Woodfield & Caradus, 1994; Jahufer et al., 2002). White clover is essential to New Zealand’s 

international competitive advantage with it adding to the economy of New Zealand by contributing to 

the feed-base that underpins livestock production. The annual contribution of white clover to the 

economy of New Zealand has been estimated to be NZ$3 billion (Caradus et al., 1996) which 

corresponds to NZ$4 billion in 2020 when adjusted for inflation.  

The output of New Zealand’s pastoral industry is dependent on the productivity of the pasture base. 

However, the productivity of pastures can be restricted by a deficiency of N, which is an essential 

element for plant growth (Mytton & Rys, 1985). The application of synthetically produced mineral N 

fertilisers has become a common practice to help address this issue. In recent years this practice has 

intensified, resulting in the New Zealand pastoral industry coming under increasing pressure to 

improve its sustainability through reductions in the use of fertilisers to prevent the leaching of nitrates 

(NO3
-) into ground water and waterways (Andrews & Lea, 2013). Increasing the amount of N that can 

be fixed by white clover through symbiosis with strains of R.lt is currently being considered as a key 

strategy that could help meet the growing N demands of New Zealand pastures (Boller & Nösberger, 

1987). Furthermore, there are also animal health benefits of grazing a mixed pasture containing white 

clover due to its high nutritive and feed value which help to increase animal live weight gains (Ulyatt 

et al., 1977; Ulyatt, 1984; Thomson et al., 1985).  

To help maximise N-fixation, it was common practice in New Zealand to inoculate white clover cultivars 

with commercial inoculant strains of Rhizobium (Lowther & Kerr, 2011). However, in some New 

Zealand pastures, the symbiotic success of these inoculant strains has been found to be limited by the 

effects of competition exerted from populations of naturalised strains of Rhizobium in the soil (Hale, 

1980; Mytton, 1983). Whilst many of these naturalised strains of rhizobia are abundant in the soil and 

able to nodulate white clover, several studies have demonstrated that they can have varying symbiotic 

potentials (SP) i.e. their effectiveness at fixing N with a host relative to a selected inoculant control 

strain (Lowther & Kerr, 2011; Wakelin et al., 2018). Thus, developing new white clover cultivars that 
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can consistently establish effective Rhizobium symbioses with different Rhizobium strains is seen as a 

favourable strategy for mitigating the effects of competition on the productivity of white clover in the 

field (Shi et al., 2019).  

1.2 Progress with improving white clover-Rhizobium interactions 

The complexity of the white clover-Rhizobium interaction makes for a challenging, yet valuable, 

breeding target. Thus far, the symbiotic associations of different white clover cultivars and the 

individuals within different cultivar populations have been found to be highly variable (Brockwell & 

Gibson, 1968; Mytton, 1975; Bonish, 1980; Bonish & MacFarlane, 1987). Factors that contribute to this 

variability have included the genetics of the host plant or Rhizobium strain (Mytton, 1983), genetic 

variation between white clover individuals (Russell & Jones, 1975), quality of cultivar seed (Bonish, 

1980) and environmental parameters such as temperature (Crush, 1995).  

While there has been much focus on identifying and applying inoculants containing Rhizobium strains 

with improved N-fixation (Lowther & Kerr, 2011), there has been far less attention on identifying and 

exploiting plant genetic factors to develop white clover cultivars that can consistently form effective 

Rhizobium symbioses. Since New Zealand white clover breeding efforts began in the 1930s, there has 

been extensive focus on developing white clover cultivars with broad agronomically related traits, such 

as sward persistence and yield (Abberton & Marshall, 2005; Widdup et al., 2015). However, up to now, 

New Zealand white clover breeding efforts have not focused on improving the N-fixation abilities of 

white clover cultivars with strains of Rhizobium (John Ford (PGG Wrightson, New Zealand), pers. comm. 

21 August 2020). This lack of focus for improving traits associated with N-fixation can likely be linked 

to the difficulties associated with measuring N-fixation traits as breeding targets and the selection of 

breeding material being conducted across plots that had been fertilised with mineral N which would 

have prevented any symbiotic limitations from being expressed. 

Development of white clover lines with improved N-fixation has been demonstrated at both an 

experimental and breeding programme level in a range of studies (Mytton, 1975; Mytton & Felice, 

1977; Hardarson & Jones, 1979b; Nutman, 1981). However, the breeding of these lines was often 

complicated by factors such as genotype-by-environment (G x E) interactions due to breeding material 

not being screened under more realistic environmental conditions or with communities of Rhizobium 

strains (Mytton, 1973).  
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1.3 Gaps in knowledge 

In order to improve the N-fixation abilities of white clover cultivars, plant breeders require a 

comprehensive understanding of quantitative genetic parameters such as additive genetic variation 

and heritability for traits associated with N-fixation. However, despite there being many studies that 

have investigated improving N-fixation in white clover (Mytton & Jones, 1971; Mytton & Rys, 1985; 

Crush & Caradus, 1995), the majority of these studies have focused on traits that are associated with 

nodulation (number and size of nodules) rather than biomass accumulation, such as dry matter (DM), 

which is of greater interest to plant breeders. Furthermore, the estimates from these studies have 

been limited to controlled or single environments which prevented the magnitude of G x E interactions 

on expression of N-fixation traits from being accurately estimated (Mytton, 1976, 1983).  

As white clover is an outbreeder due to self-incompatibility, its cultivars are heterogeneous collections 

of heterozygous individuals. The differences in the N-fixation capacities of white clover cultivars, 

therefore, are strongly dependent upon the associations between individual plants and different 

strains of Rhizobium which give rise to the cultivar mean performance. However, the symbiotic 

variation that individuals within populations of white clover contribute to overall symbiotic fitness of 

a cultivar presents the opportunity to select for improved N-fixation associations with the wide range 

of Rhizobium strains that are now abundant in New Zealand soils. To do this, improved understanding 

of the relevance of different symbiotic traits, the extent to which they vary, are heritable and aligned 

with other agronomic measures is needed (Mytton & Jones, 1971; Crush & Caradus, 1995). 

Furthermore, determining the extent to which the symbiotic performances of individuals can influence 

the overall symbiotic performances of different white clover cultivars would also provide valuable 

information to breeders for determining the most efficient selection methodologies for screening 

populations of white clover.  

With the onset of cheap genotyping platforms including genotyping-by-sequencing (GBS) (Elshire et 

al., 2011), breeding tools such as genomic selection (GS) have become feasible options for accelerating 

the genetic gains of traits in forage species by reducing the time that is needed to complete selection 

cycles (Meuwissen et al., 2001; Faville et al., 2018). Due to the complexities of assessing symbiotic 

traits, GS could offer some notable advantages compared to conventional selection methods for 

improving N-fixation in white clover. However, GS has yet to be utilised to predict traits associated 

with N-fixation in white clover. Thus, there is a need for studies to assess the predictive ability (PA) of 

genomic prediction (GP) models and to investigate factors that can affect PA.  
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1.4 Objectives 

This study aims to investigate and better understand variation in the symbiotic interactions of white 

clover with strains of Rhizobium and how this information may be used to improve the symbiosis 

through both conventional and molecular plant breeding approaches. Therefore, the overall aim of 

this study was split into two distinct objectives. The first was to investigate the effectiveness of the 

interactions between white clover cultivars and strains of Rhizobium. The second was to determine 

whether white clover-Rhizobium interactions could be improved through plant breeding strategies. 

The following four objectives were identified for this project; 

1. To measure the degree of variation in the symbiotic performances between and within a range 

of white clover cultivars with strains of Rhizobium. 

2. To estimate the magnitude of additive genetic variation among 120 half-sibling (HS) families 

for key traits associated with N-fixation and estimate the expected rate of genetic gain using 

HS family selection.  

3. To evaluate genomic selection as a breeding tool for improving traits associated with white 

clover-Rhizobium interactions by investigating the predictive ability (PA) of different genomic 

prediction (GP) models and the influence of modifying a range of GP parameters within these 

models. 

4. To verify the variation amongst white clover lines measured with pure strains of rhizobia 

extends to rhizobial communities in soils.  

The structure of the chapters in this thesis is depicted in Figure 1.1. 
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Figure 1.1: Schematic diagram of the structure and relationship between chapters in this thesis.  
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Chapter 2  

Literature review 

2.1 Role of nitrogen in plants 

Nitrogen (N) is an essential element for plant growth. It plays a key role in a range of biological 

functions. For example, N is a primary component of amino acids which are the building blocks of 

proteins, and is also a key part of the chlorophyll molecule which is essential for photosynthesis (Taiz 

& Zeiger, 2010). On a dry weight basis, plants typically contain between 1 to 6% N (McLaren & 

Cameron, 1996). Nitrogen occurs in nature in many forms. It is commonly taken up by plants in the 

form of either nitrate (NO3
-) or ammonium (NH4

+) and is translocated throughout the plant unaltered 

or in the reduced form as ammonia (NH3) (Paungfoo-Lonhienne et al., 2012). Nitrogen is the most 

limiting nutrient for plant growth in agricultural plant-based systems due to it being in such high 

demand for plant growth associated processes (Andrews et al., 2013). The vast majority of N in the 

environment is not directly available to plants and must be obtained from a range of sources before it 

can be used for growth (McLaren & Cameron, 1996).  

2.1.1 Importance of Legumes 

Legumes belong to the family Leguminosae. Legumes play a key role in the maintenance of world food 

and fibre production being utilised for food, forage, shelter, fuel and medicines (Kay, 1979; Herridge & 

Danso, 1995; Graham & Vance, 2003). A hallmark trait of legumes is their ability to form root nodules 

where atmospheric dinitrogen (N2) can be fixed through a symbiosis with soil bacteria known as 

rhizobia (Fred et al., 2002; Graham & Vance, 2003).The nitrogen fixation ability of legumes has been 

extensively utilised to enhance the productivity of crops in agriculture (Sessitsch et al., 2002). For 

example, it has been estimated that legumes globally reduce 100 million metric tonnes of N2 into NH3 

which is equivalent to over US$10 billion worth of N fertilisers per year (Howieson et al., 2008).  

2.1.1.1 Biological nitrogen fixation 

The process which involves rhizobia reducing atmospheric N2 into NH4
+ is known as biological N-fixation 

(BNF) or symbiotic N-fixation. To fix N, rhizobia utilise an enzyme known as nitrogenase (Prell & Poole, 

2006). The process of BNF is described by Equation 2.1 (Vance, 2008): 
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[Equation 2.1] 

𝑁2 + 16 𝐴𝑇𝑃 + 8 𝑒− + 10 𝐻+−> 2 𝑁𝐻3
 +  𝐻2 + 16 𝐴𝐷𝑃 + 16 𝑃𝑖   

Where: 𝑁2, is a free atmospheric dinitrogen molecule; 𝐴𝑇𝑃, (adenosine triphosphate) is the source 

of energy which is subsequently converted to 𝐴𝐷𝑃 (adenosine diphosphate) when consumed; 𝑁𝐻3
 , 

is ammonia; 𝑒−, is an electron; 𝐻+, is a hydrogen ion; 𝑃𝑖 is orthophosphate. 

Briefly, the process of N-fixation in legumes involves rhizobia reducing atmospheric N2 into NH3, which 

is subsequently converted via the nitrogenase enzyme into plant available ion NH4
+ (van Rhijn & 

Vanderleyden, 1995). The reduction of N2 to NH4
+ requires substantial energy inputs. For example, it 

has been estimated that the process of BNF in nodules consumes 13-28% of a legume plants total 

photosynthate (Vance, 2008). Moreover, Vance (2008) stated that based on the average of 30 studies, 

legume plants will expend 6-7 grams of carbon (C) per gram of N reduced.  

2.1.1.1.1 Factors affecting symbiotic nitrogen fixation 

Symbiotic N-fixation can be influenced by a range of different factors. Environmental factors such as 

temperature, moisture, acidity and a range of soil chemical factors have been shown to affect N-

fixation in different legume species (Hardarson, 1993). For example, it has been determined that 

edaphic factors such as soil acidity, calcium and aluminium can affect the rhizobial processes of 

proliferation and root-hair infection (Hardarson, 1993). Furthermore, temperature and moisture have 

been shown to affect nodulation and the survival of rhizobia (Zahran, 1999). The presence of free plant 

available N has also been shown to inhibit the processes of N-fixation and rhizobia nodulation (Ball et 

al., 1978). This can commonly occur as an adverse effect of the mineralisation of legume residues or 

the application of N fertilisers to soils (Hardarson, 1993). 

2.1.1.1.2 Methods for measuring nitrogen fixation 

There are several methods that can be used to directly or indirectly assess N-fixation in legumes. These 

methods include measuring plant biomass growth in N deficient soils (Herridge & Rose, 2000), 

acetylene reduction (Connolly & O'Keeffe, 1979), 15N methods (Unkovich et al., 1994) and N solute 

analysis (ureides) (Peoples et al., 1989). However, there is a consensus that under conditions where 

legumes, such as white clover, are grown in the absence of N that the measurement of above ground 

biomass is the most useful criterion for measuring N-fixation due to its simplicity and studies showing 

that plant DM is highly correlated with total plant N (Mytton, 1983). 
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2.1.2 Nitrogen fertilisers 

Nitrogen fertilisers represent another source of N that can be used directly by plants. Nitrogen 

fertilisers are commonly produced through the chemical manufacturing of NH3. The process known as 

Haber-Bӧsch, which involves N being combined with hydrogen (H) under pressure and heat, is used to 

manufacture NH3 (McLaren & Cameron, 1996). Examples of chemically manufactured fertilisers 

include urea, ammonium sulphate, ammonium nitrate, calcium ammonium nitrate and di-ammonium 

phosphate (McLaren & Cameron, 1996).  

In New Zealand, N fertilisers have been widely utilised to increase the productivity of pastures and 

correct N deficiencies (Andrews et al., 2009). However, in recent years the practice of applying N 

fertilisers has intensified. For example, between 1991 to 2009, the use of N fertilisers in New Zealand 

has significantly increased, with N fertiliser use on dairy farms averaging 120 kg N per hectare (Glassey 

et al., 2013). The intensified use of N fertilisers has led to the unsustainable practice of N fertilisers 

being over applied which has increased the leaching of NO3
- into ground water and waterways 

(Andrews & Lea, 2013). Furthermore, the Haber-Bӧsch process releases large amounts of carbon 

dioxide (CO2) whilst also having high fossil fuel energy costs which increases New Zealand’s carbon 

footprint. For example, the Haber-Bӧsch process has been estimated to annually consume ~2% of the 

world’s primary energy supply (Erisman et al., 2008). As a result of this, there is now significant 

pressure on the New Zealand pastoral industry to increase sustainability through the reduction of N 

fertiliser use.  

2.2 The New Zealand pastoral industry 

The economy of New Zealand is based on agricultural production and export (McLaren & Cameron, 

1996). A report by Sanderson & Webster (2009) that was commissioned by the Pasture Renewal 

Charitable trust in 2007 estimated that the contribution of agricultural products to the total GDP of 

New Zealand may be as high as 12%. In 2011, the New Zealand pastoral industry was estimated to have 

a gross production value of $19.6 billion (Ferguson et al., 2019).The New Zealand pastoral industry 

forms a considerable portion of the New Zealand agricultural sector and is globally respected for the 

high quality animal products it produces (Ford et al., 2015). In 2018, out of New Zealand’s total 

landmass of 26.8 million hectares (ha), 13.7 million ha (51%) were in agricultural land, of that, 7.5 

million ha were in pasture with over 11,100 farms. This constitutes close to 28% of New Zealand’s total 

land mass ("Compendium of New Zealand Farm Facts," 2020). Due to its extensive size, dairy exports 

make up almost a third of the annual New Zealand agricultural exports (Ford et al., 2015). 
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The New Zealand pastoral industry has historically had a high reliance on legumes due to the N inputs 

they can provide via N-fixation. The incorporation of legumes into pasture-based systems has helped 

to reduce on-farm costs by offsetting the need for regular N fertilisers applications. For pastures with 

a slope less than 12°, Ledgard et al. (1999) estimated that on average the annual input from legumes 

in pastures will be 185 kg N ha-1 year-1. In 2014, a highly conservative estimate by Delestre et al. (2015), 

which took into account the average costs of urea fertilisers at the time, placed the overall value of N-

fixation in New Zealand at $1.8 billion year-1.  

The most common legume species incorporated into New Zealand pastures are white 

(Trifolium repens L.), red (T. pratense) and subterranean (T. subterraneum) clovers (White & Hodgson, 

1999).  

2.3 White clover 

2.3.1 Origin 

White clover is a perennial legume and member of the genus Trifolium. It is an allotetraploid 

(2n=4x=32), which exhibits disomic inheritance that resulted from the hybridization of two diploid 

Trifolium species, T. occidentale and T. pallescens (Atwood & Hill, 1940; Ellison et al., 2006), and 

possesses a genome size of 1093 Mb (Bennett & Leitch, 2011). Based on the sequencing of the 

genomes of T. repens, T. occidentale and T. pallescens, Griffiths et al. (2019) estimated that the 

allopolyploidisation event that likely brought the alpine T. pallescens into close proximity with the 

coastal T. occidentale occurred 15–28,000 years ago during the last glaciation period. Molecular 

evidence also indicated that the broad adaptation and phenotypic plasticity which facilitated the global 

ecological niche expansion of white clover was likely underpinned by the allopolyploidisation and 

subsequent retention of the genomes of both progenitor species (Griffiths et al., 2019). 

The geographic origin of white clover has been regarded to be the Mediterranean (Williams et al., 

2010). To date, white clover populations in different environments are structured with a 

heterogeneous mixture of heterozygous individuals with a high degree of variance being observed 

between and within populations (Williams et al., 2010). This has been determined to be mainly due to 

its outbreeding nature and disomic inheritance (Williams et al., 2010).  
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2.3.2 Morphology 

White clover has two distinct morphological growth stages. The first is a tap-rooted phase with a white 

clover plant with stolon structures spreading out for at least two years (Caradus & Woodfield, 1998). 

The second phase is a clonal phase which involves the main stem and tap root dying and the formation 

of autonomous clonal plants from fragmented stolons with shorter secondary root systems (Brock & 

Tilbrook, 2000).  

Commercial cultivars of white clover are usually classified based on leaf size. For example, large to very 

large leaf cultivars are considered to be suitable for lax cattle grazing, medium leaf types are suitable 

for use under rotational grazing whilst small leaf types are suited to continuous hard sheep grazing 

(Abberton & Marshall, 2005). In addition, the leaf size of an individual white clover plant has been 

found to be highly correlated to the size and number of stolons produced (Abberton & Marshall, 2010). 

It has also been determined that the persistence and grazing tolerance of white clover can be linked 

to the effectiveness of an individual plants stolon network which serves as a soil anchor and storage 

reserve (Abberton & Marshall, 2010). Morphological traits such as plant height, stolon-associated traits 

e.g. thickness, branching and density, and leaf length have also been found to show a large degree of 

variation between genotypes within a white clover population (Jahufer et al., 1994).  

2.4 White clover in New Zealand 

2.4.1 Agricultural value 

White clover is the most extensively used legume in New Zealand with its overall importance being 

further attested through the sheer volume of research that has been devoted to improving its 

performance (Williams et al., 2007). New Zealand has been estimated to produce between 45 to 50% 

of the 8500 metric tonnes of global seed production of white clover per year (Mather et al., 1995). 

White clover contributes indirectly to the New Zealand economy through the N it fixes, the yield of 

forage and seed crops and the honey which is produced from bees used to pollinate it (Caradus et al., 

1995). The annual financial contribution of white clover to the New Zealand economy has been 

estimated at NZ$3 billion (Caradus et al., 1996) which corresponds to NZ$4 billion in 2020 when 

adjusted for inflation. This aligns with an unpublished report in 2013 which estimated that white clover 

contributed NZ$4.1 billion to New Zealand’s economy based on the aggregated value of N-fixation, 

sward quality and animal production in pastoral systems (Ferguson et al., 2019).  
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2.4.2 Agricultural use 

White clover possesses several favourable attributes that make it an ideal companion for pasture 

species such as perennial ryegrass (Lolium perenne), Italian ryegrass (Lolium multiflorum), tall fescue 

(Festuca arundinacea) and narrow leaf plantain (Plantago lanceolata) (White & Hodgson, 1999). One 

attribute is its ability to symbiotically fix N with strains of Rhizobium leguminosarum bv. trifolii (R.lt) 

which can be then transferred through the decomposition of below ground parts of the plant or animal 

excreta for use by other pasture species (Abberton & Marshall, 2005). In grazed pastures, white clover 

has been reported to provide up to 400 kg N ha-1 via biological N-fixation (Crush, 1987). Ledgard et al. 

(1999) estimated that in New Zealand dairy pastures white clover was able to fix between 99 to 231 

kg N ha-1 year-1. Under dryland conditions, Lucas et al. (2010) reported that white clover was able to 

fix on average between 18-90 kg N ha-1 year-1. Due to its allopolyploid origin (Griffiths et al., 2019), 

white clover also exhibits large phenotypic plasticity that allows it to adapt to a wide range of 

environmental conditions (Collins et al., 2002).  

Another favourable attribute of white clover is that its prostrate stoloniferous growth habit and large 

number of active growth points allow it to persist when subjected to interspecific competition stresses 

exerted by aggressive pasture species in a sward (Woodfield & Caradus, 1994; Caradus et al., 1995). 

Furthermore, these growth habits also help white clover to tolerate and regenerate after damage from 

heavy animal traffic or severe stock defoliation (Caradus et al., 1993). The seasonal growth activity of 

white clover also helps to complement the seasonal growth patterns of other pasture species (Caradus 

et al., 1996). For example, within New Zealand pastoral systems, white clover can complement the 

growth of perennial ryegrass due to it having a wider optimum temperature for growth (24°C; 18-30°C) 

than ryegrass (20°C; 18-21°C) (Brock, 2006). This helps to sustain herbage production as perennial 

ryegrass reaches maximum growth in late spring (Harris, 1987).  

2.4.3 Nutritive value 

White clover is highly favoured for its high digestibility and feeding value for animals. In contrast to 

perennial ryegrass, white clover has been found to have higher concentrations of crude proteins and 

readily fermentable carbohydrates (Ulyatt et al., 1977; Ulyatt, 1984; Thomson et al., 1985). Several 

studies have reported that the live weight gains of animals fed solely on white clover were consistently 

higher than hybrid ryegrass (L. hybridum) (Ulyatt, 1970), perennial ryegrass (Ulyatt, 1981), phalaris 

(Phalaris aquatic), lucerne (Medicago sativa) as well as lotus (Lotus pedunculatus) (Ulyatt et al., 1977). 

In addition, gross milk yield (kg day-1), lactose, protein and fat yield have also been found to be higher 

with cows that have been fed white clover in contrast to perennial ryegrass (Rogers et al., 1982; 

Thomson et al., 1985). 
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The productive advantages of white clover can be attributed to it improving the intake rate of grazing 

animals due to lower resistance to chewing. This has been linked to white clover having lower fibre 

width/length ratio and less cell wall in contrast to grass pasture species (Caradus et al., 1995). A 

number of feed stall studies with white clover have found that its lower breakdown resistance to eating 

and rumination by animals resulted in 10-35% higher intake (kg DM day-1) compared to perennial 

ryegrass (Rogers et al., 1979; Ulyatt, 1981; Castle et al., 1983).  

2.5 Rhizobia 

In this study, ‘rhizobia’ are defined as bacteria which can form root nodules on legumes. This generic 

term describes several genera and species of root nodulating bacteria including the genus Rhizobium 

which can nodulate white clover. Rhizobia are gram-negative, aerobic and heterotrophic bacteria that 

inhabit soil (Sprent, 2009). Rhizobia are commonly motile rods possessing flagella to propel them 

though the soil profile (Young et al., 1991).  

Rhizobia are diverse, with the genera Rhizobium, Sinorhizobium, Bradyrhizobium and Mesorhizobium 

containing the most agriculturally valuable species (van Rhijn & Vanderleyden, 1995; Gaunt et al., 

2001). Rhizobia were originally classified based on their ability to nodulate different legume hosts and 

their generation time on agar media. However, more recently rhizobia are classified according to the 

presence of nodulation (nod) and N-fixing (nif and fix) genes and their ability to produce specific acids 

or alkali on different growth media (Sprent, 2009).  

The legume of focus in this study is white clover. It is nodulated by rhizobia belonging to the genus 

Rhizobium, the species leguminosarum and biovar trifolii. Strains of Rhizobium leguminosarum bv. 

trifolii (R.lt) are known to vary extensively in their ability to fix N and form nodules with white clover 

(Howieson et al., 2005; Drew et al., 2012; Melino et al., 2012).  

2.5.1 Factors affecting rhizobia survival 

There are many factors which can affect the survival of rhizobia in the soil. Edaphic factors such as pH 

e.g. acidity and alkalinity (Fierer & Jackson, 2006), salinity (Howieson & Ballard, 2004), and abiotic 

factors such as heat (Alexandre & Oliveira, 2013) and water (Yates, 2008) have all been found to exert 

stress effects on the soil community dynamics of rhizobia. 
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2.5.2 Measuring rhizobia diversity 

In order to determine the relative nodulating abilities of rhizobia it is necessary to analyse the range 

of genotypes that are present in a rhizobial population (Thies et al., 2001). Since the advent of 

polymerase chain reaction (PCR), the development of molecular-based techniques has permitted the 

accurate identification and distinguishing of individual Rhizobium strains which are either naturalised 

or commercial inoculate strains (Thies et al., 2001; Graham, 2008). Examples of techniques used to 

study rhizobia include enterobacterial repetitive intergenic consensus (ERIC) sequencing (Versalovic et 

al., 1991), restriction fragment length polymorphism (RFLP) (Odee et al., 2002), repetitive extragenic 

palindromic (REP) sequences (Higgins et al., 1982) and the amplification/ sequencing of the rRNA 

(ribosomal ribonucleic acid) 16S-23S (Jensen et al., 1993), recA (Gaunt et al., 2001), GSII (Turner & 

Young, 2000), aptD (Gaunt et al., 2001) or dnaK (Stępkowski et al., 2003) genes. Recently, Fields et al. 

(2020) developed a multiplexed high-throughput amplicon sequencing (HTAS) method known as 

MAUI-seq which uses unique molecular identifiers (UMIs) to improve error correction and provide 

sensitive flexible profiling of microbial diversity using 16S rRNA as well as metabarcoding of 

environmental DNA. 

2.6 Legume inoculation 

The rhizobia capable of nodulating white clover are not native to New Zealand (Lowther & Kerr, 2011). 

They were either introduced accidently to New Zealand during the first waves of settlement in the late 

1800s or through the extensive inoculation of legume pastures from the 1960s onwards (Greenwood, 

1961; Gaur & Lowther, 1980; Ronson et al., 1996). Since their introduction, these rhizobia have been 

widely dispersed throughout New Zealand, apart from areas where agricultural cultivation is yet to 

occur (Gaur & Lowther, 1980). Thus, the inoculation of legumes is a common practice to ensure that 

the root hairs of a legume are nodulated by a strain of Rhizobium that can effectively fix N (Lowther & 

Kerr, 2011).  

2.6.1 White clover inoculation 

The inoculation of white clover seed with rhizobia did not commence until the 1950s when large areas 

of scrub and bush were being cleared for pastoral land (Sears et al., 1955; Cunningham, 1957; 

Greenwood, 1961). The rationale for this practice was that the virgin land that the pastures were being 

established in at the time would have little to no rhizobia present that could nodulate with the 

introduced legumes (Lowther & Kerr, 2011).  

 



14 
 

In the past several decades, the inoculation of white clover seed with superior strains of rhizobia was 

a common practice in New Zealand. This is because it ensured prompt and effective legume N2 fixation 

during plant establishment where populations of naturalised rhizobia were likely to be numerically low 

or likely to form less effective symbiotic associations than an inoculant strain (Bjalfve, 1949; Lowther 

& McDonald, 1973). For example, Young & Mytton (1983) reported that in Wales the inoculation of 

white clover gave a five-fold improvement in dry matter (DM) production in a pasture containing 

naturalised strains of R.lt. In recent years, however, there has been less focus on the practice of white 

clover seed inoculation in New Zealand. This is due to the overall success of inoculant Rhizobium strains 

being found to be limited to virgin soils with nil to low populations of naturalised rhizobia and R.lt 

populations being found to be widespread throughout New Zealand pasture soils following decades of 

seed inoculation (Lowther & Kerr, 2011). However, a recent survey of pastures across New Zealand 

identified many agronomic soils that contained rhizobia populations unable to support optimal white 

clover symbiotic performance (Wakelin et al., 2018; Shi et al., 2019) indicating a role for inoculation.  

2.6.2 Rhizobia strains 

2.6.2.1 Commercial strains 

Commercial inoculants are selected based on their compatibility, survival in soil and when 

incorporated in a seed coating, as well as their N-fixation abilities with their target legume host 

(Hardarson, 1993). In the past, the R.lt strains PDDCC 2666, 2668 and 2153 and CC275e have been 

used for inoculating white clover in New Zealand (Lowther & Kerr, 2011). At present, the Rhizobium 

strain TA1 is the strain used for inoculating white clover in both New Zealand and Australia (Lowther 

& Kerr, 2011). Rhizobium strain TA1 was isolated from subterranean clover in the 1950s in Tasmania, 

Australia and has been used as a commercial inoculant since 1956 (Herridge et al., 2008). One reason 

for TA1’s current extensive use can be attributed to it being easy to produce commercially (Lowther & 

Kerr, 2011).  

2.6.2.2 Naturalised strains 

In New Zealand, as a result of both commercial inoculation and accidental introduction, populations 

of naturalised Rhizobium strains have become widespread and reported to exceed 100,000 cells g-1 of 

soil (Gaur & Lowther, 1980; Hale, 1980; Patel & Lambert, 1985). Several studies have demonstrated 

that populations of naturalised Rhizobium strains can vary in their symbiotic potentials (SP) i.e. their 

effectiveness at fixing N with a host relative to a selected inoculant control strain. A review by Lowther 

& Kerr (2011) that summarised the findings from a range of studies conducted across New Zealand 

from 1980 and 1997 reported that, on average, the N-fixation effectiveness of naturalised Rhizobium 

strains were between 65% to 85% relative to commercial Rhizobium inoculant strains. Similarly, a 

survey of 60 Otago soils by Gaur & Lowther (1980) revealed that the N-fixation abilities of Rhizobium 
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isolates ranged between 2% and 138%. Recently, a broad survey of 26 different sites across New 

Zealand by Wakelin et al. (2018) reported large spatial variability between sites with rhizobia soil 

populations ranging from 95 to >1 x 108 cells g-1 of soil. Furthermore, when these populations where 

compared with Rhizobium strain TA1, their SPs ranged between 14% to 143% with significant spatial 

variability in the SPs of rhizobia within both farms and paddocks. Overall, the variation in SP that has 

been reported by these studies has led to the suggestion that naturalised Rhizobium populations are 

unlikely to support the optimal symbiotic performance of white clover (Shi et al., 2019). Thus, 

strategies other than seed inoculation need to be considered for improving the symbiotic performance 

of white clover.  

2.6.2.3 Diversity of rhizobia strains 

The symbiotic N-fixation abilities of commercial inoculant and naturalised strains of rhizobia vary 

considerably. This suggests that there is a large degree of diversity in the phenotypic and genetic 

characteristics of Rhizobium strain populations in nature (Pinto et al., 1974). In a study to establish the 

nature of the species boundary within a localised population of 72 R.lt isolates, Kumar et al. (2015) 

reported that genomic sequencing of the 16S rRNA region placed isolates into five genospecies based 

on criterion of average nucleotide identity (ANI). Yates (2008) proposed that the diversity of rhizobia 

in agricultural soils had five sources. These sources included the naturalised rhizobia population, 

commercial inoculants, mutations caused by genetic recombination within strain populations, variants 

that can arise from genetic transfer of plasmids as well as rhizobia that are accidentally introduced by 

aerial or seed-borne containment sources. Furthermore, it was also proposed that the diversity of 

Rhizobium strains can be influenced by the host plant that can compatibly nodulate with them.  

2.6.3 Rhizobia competition 

Competition presents difficulties when a commercial strain of Rhizobium is introduced into a soil where 

the naturalised strains of the same rhizobial species outnumber it (Hale, 1980; Mytton, 1983; 

McDermott & Graham, 1989). Competition involves one or more of the naturalised rhizobia genotypes 

competing with the introduced commercial strain for the occupancy of a nodule on a compatible host 

(Amarger, 1981; Thies et al., 2001).  

Competition can present significant problems when agricultural soils have been cultivated with 

legumes for long durations which leads to the development of large and complex communities of 

rhizobia (Thies et al., 2001) that often have reduced N-fixation capacity. For example, Brockwell & 

Bottomley (1995) found that it was difficult to introduce effective strains of rhizobia unless the resident 

soil rhizobia population was relatively low and ineffective at nodulating clover. Furthermore, some 

Rhizobium inoculant strains such as TA1 have been found to have poor persistence in soils which have 
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large numbers of rhizobia strains present. Brockwell et al. (1975) reported that Rhizobium strain TA1 

occupied less than 10% of nodules when it was inoculated and sown with seeds into a soil containing 

naturalised rhizobia at 10,000 cells g-1 of soil.  

It has been proposed that the host legume can influence which strains can form nodules (Sherwood & 

Masterson, 1974; Russell & Jones, 1975). Mytton (1983) proposed that although the most effective N-

fixing Rhizobium strains are the most competitive, their ability to form nodules as well as their capacity 

to fix N is also influenced by the genetics of the host legume plant.  

2.7 Nodulation 

The symbiosis between a legume and strain of rhizobia results in the formation of a specialised organ 

on the roots known as a nodule (Maunoury et al., 2008). Within these nodules, rhizobia fix N2 into NH3 

(van Rhijn & Vanderleyden, 1995). The inner cortex of nodules contains a barrier to oxygen diffusion 

which helps to minimise the concentration of oxygen within the nodule (Minchin, 1997). A nodule-

specific protein known as leghaemoglobin, that reversibly binds with oxygen (O2), provides the 

bacteroids within the nodule with a high rate of oxygen whilst preventing the increase in free oxygen 

concentration so that the oxygen sensitive enzyme nitrogenase can reduce N2 into NH3 (Oldroyd et al., 

2011; Singh & Varma, 2017). For temperate legume species including white clover, the type of nodules 

formed are referred to as being indeterminate (Figure 2.1). This term indicates that nodules of this 

type have a continuously growing meristem (Ferguson et al., 2010).  

Figure 2.1: Indeterminate nodules on the roots of a white clover plant.  

2.7.1 Nodulation mechanisms 

The symbiotic relationship between legumes and rhizobia has been extensively studied. It is regarded 

as a specialised interaction, dependent on the elaborate exchange of molecular signals between the 

host legume and rhizobia. The interaction between rhizobia and legumes is generally host species 

specific (Dénarié et al., 1992; Amarger, 2001).  
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2.7.1.1 Molecular signalling 

An exchange of molecular signals between a host legume and a Rhizobium bacterium is responsible 

for the initiation of root hair colonisation and N-fixation processes (Oldroyd et al., 2005). 

Communication is highly specific and serves as a means to ‘filter’ out any unwanted symbionts or 

pathogens (Yates, 2008).  

The primary legume communication molecules used by rhizobia are lipo-chito-oligosaccharide 

molecules called Nod-factors (Lerouge et al., 1990; Oldroyd et al., 2005). The chemical structure of 

different Nod-factor compounds serves as a molecular ‘key’ and ‘lock’ system for legumes and rhizobia, 

with the Nod-factor representing the ‘keys’ and receptor kinase enzymes of the plant as the ‘locks’ 

(Endre et al., 2002; Radutoiu et al., 2003). The release of plant produced phenolic signals into the 

rhizosphere activates the production of Nod-factor molecules via the induction of nod genes (Hirsch 

et al., 2001). The constitutive protein receptors known as NodD act as transcriptional activators for the 

nodulation genes (Maunoury et al., 2008).  

2.7.1.2 Symbiotic genes 

At present, more than 50 different genes have been linked to legume nodulation processes (Kobayashi 

& Broughton, 2008). These genes can be broadly divided into nodulation (nod) and nitrogen fixation 

(nif and fix) genes (Fischer, 1994). In most Rhizobium species studied to date, nod genes reside on large 

symbiotic plasmids which also carry the nif and fix N-fixing genes (Martínez-Romero, 1994). Specific 

nod genes can exist as either single copy genes, or have multiple homologous sequences which are 

located in various regions of the genome (Schwedock & Long, 1989). For R.lt, the genes nodD, nodE 

and nodR need to be activated in order to initiate nodulation-related processes (Schlaman et al., 1998).  

2.7.1.3 Nodulation 

The first step in the process of nodulation involves rhizobia responding to exudates such as flavonoids 

secreted by a legume and attaching to localised sites on the roots (Figure 2.2) (Peters & Verma, 1990; 

van Rhijn & Vanderleyden, 1995). The primary site of infection for most rhizobia are young growing 

root hairs (Bhuvaneswari et al., 1981). Next, subsequent branching, deforming, curling of root hairs 

and entrapment of rhizobia related events will occur (Figure 2.2) (Callaham & Torrey, 1981) followed 

by the formation of nodule primordia (Vasse & Truchet, 1984). The last step occurs when the rhizobia 

are released from the infection thread into membrane bound compartments called symbiosomes 

where the rhizobia differentiate into bacteroids capable of fixing atmospheric N (Oldroyd et al., 2005).  
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Figure 2.2: Legume nodulation. a) Rhizobia attracted to root hairs via flavonoids secreted by legume 

are induced to produce Nod factors. b) Signalling via Nod factor causes root hairs to curl 

which traps rhizobia leading to the development of an infection thread which allows access 

to cortical root cells of plant (image from Haag et al. (2013)).  

2.8 Preferential nodulation 

Work by Nicol & Thornton (1941) and Vincent & Waters (1953) reported that some legumes may be 

able to preferentially nodulate with specific symbiotic partners in the presence of strain competition. 

Subsequent studies have found that there is an inherent legume-Rhizobium selection phenomenon 

which encourages the formation of symbiotically effective relationships while also preventing the 

development of sub-optimal symbioses (Robinson, 1969b). To date, there has been several studies 

which have investigated selective nodulation in white clover. Table 2.1 summarises the studies that 

have provided evidence of selection for effective symbiotic partners for white clover and other 

Trifolium species with strains of R.lt.  
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Table 2.1: Experimental research reports which provide evidence of selection between rhizobia and 

white clover, together with the growth medium and initial inoculation rate. 

Based on the studies summarised in Table 2.1, there is considerable evidence that white clover has the 

ability to select and establish effective symbioses with different strains of Rhizobium based on their N-

fixation abilities. Unfortunately, the description of processes involved in the selection of effective 

symbiotic partners between legumes and rhizobia shows a lack of uniformity in the terms used to 

describe them. For example, selection (Robinson, 1969b), preference (Hardarson et al., 1982), partner 

choice (Heath & Tiffin, 2009) and host selection (McDermott & Graham, 1989) are all terms which have 

been used by different studies in the past. A study by Howieson & Ballard (2004), and later reviewed 

by Yates et al. (2011), attempted to uniformly define the mechanisms involved in the selection of 

effective rhizobial partners in legumes. The authors proposed that the relationships could be 

designated into three categories which will be described below.  

2.8.1 Selective nodulation 

Selective nodulation is a term used to describe an active phenomenon where an effective rhizobial 

strain is preferentially selected from a pool of variably effective and ineffective strains by the host 

legume (Howieson & Ballard, 2004; Yates et al., 2011). Selective nodulation has been reported in white 

clover by Russell & Jones (1975) and Jones & Hardarson (1979), subterranean clover by Robinson 

(1969b) as well as most recently by Yates et al. (2005) and Yates (2008) in a range of Trifolium spp. It 

is likely that selective nodulation is controlled through a complex biochemical communications system 

between the legume and rhizobia (Howieson & Ballard, 2004).  

Reference Symbiotic partners Growth 
Medium 

Inoculation (cells mL-1) 

Singer et al. (1964) Trifolium repens + R.lt AGM & 
GHFS 

106 & 107 

Jones & Russell (1972) Trifolium repens + R.lt AGM 107 

Masterson & Sherwood (1974) Trifolium spp. + R.lt AGM 108 

Russell & Jones (1975) Trifolium spp. + R.lt AGM 107 

Hardarson & Jones (1979a) Trifolium repens + R.lt AGM & 
GHFS 

107 & 107 

Hardarson & Jones (1979b) Trifolium repens + R.lt GHFS 107 

Jones & Hardarson (1979) Trifolium repens + R.lt GHFS 107 

Neilan et al. (1984) Trifolium repens + R.lt GHFS NR 

Denton et al. (2003) Trifolium spp. + R.lt SGHS + 
vermiculite 

104 

NR not recorded; AGM, agar growth medium; GHFS, glasshouse field soil; SGHS, sterilised 
glasshouse soil. 
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2.8.2 Exclusive nodulation 

Exclusive nodulation is a phenomenon where a proportion of rhizobia within a pool of different strains 

from a specific species that is normally able to nodulate a host legume are unable to do so (Howieson 

& Ballard, 2004). It has been proposed that legumes and rhizobia that can nodulate via this process 

may have a specific gene or set of genes that permit nodulation (Yates et al., 2011). Exclusive 

nodulation has been described by Gibson (1968) for TA1 and its inability to nodulate ‘Woogenellup’ 

subterranean clover and by Davis et al. (1988) for nodulation by R.l. viciae of Afghanistan pea.  

2.8.3 Promiscuous nodulation 

Promiscuous nodulation, occurs when there is no apparent selection or exclusion within a pool of 

rhizobial strains by a host legume, but the resulting symbiosis is always effective (Howieson & Ballard, 

2004). It has been suggested that legumes and rhizobia that nodulate by this phenomenon possess a 

wide set of genes which enables nodulation to occur between a wide diversity of strains and legume 

genotypes (Yates et al., 2011). Promiscuous nodulation occurs in a wide range of tropical legumes such 

as soybean (Glycine max) (Singleton et al., 1992; Date, 2000).  

2.8.4 Sanctioning 

When a single nodule on a legume host is occupied by a number of different rhizobia strains the 

rhizobia will face a ‘tragedy of the commons’ (Oono et al., 2009). When this occurs, nodules containing 

effective strains of rhizobia can indirectly supply photosynthate to competing ineffective ‘cheater’ 

rhizobia strains within the nodules (Kiers & Denison, 2008). Overtime the competing strains of rhizobia 

can destabilise the mutualism between a compatible rhizobia strain and its host and lead to its 

displacement or the majority of nodules on the host being occupied by cheater strains (Kiers & 

Denison, 2008).  

Work by Denison (2000), Denison & Kiers (2004) and Kiers & Denison (2008) have proposed the 

existence of a selective post-nodulation phenomenon in legumes called sanctioning. The ‘sanction 

hypothesis’ proposes that a host legume can sanction against cheater strains by actively directing more 

resources to nodules occupied by effective rhizobial strains (Kiers et al., 2007). Thus, the legume 

‘rewards’ cooperating rhizobial strains and ‘punishes’ less cooperative strains (Kiers et al., 2003). The 

redirection of resources away from nodules containing ineffective rhizobial strains allows a sanctioning 

legume to restrict the evolutionary success of cheater strains (Oono et al., 2009). Host sanctioning has 

been reported to occur in the nodules of soybean (Kiers et al., 2003; Kiers & Heijden, 2006) and lupin 

(Lupinus arboreus) (Simms et al., 2006). To date, there has been no work conducted to investigate 

whether host sanctioning occurs in temperate legumes such as white clover. 
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2.9 Plant breeding 

Symbiosis is a key, but complex trait, that may be improved for better performing plants via plant 

breeding. Plant breeding is the genetic improvement of a plant species phenotype through the increase 

of the frequency of alleles associated with a desired trait (Posselt, 2010). The aim of a plant breeder is 

to permanently and heritably change the distribution of gene frequencies that underpin traits of 

interest within the population of a plant species (Acquaah, 2012). The goals of plant breeders are 

diverse and are dictated by needs of crop producers, consumers and other factors such as ecological 

needs. (Acquaah, 2012).  

2.9.1 Quantitative genetics 

Most of the traits that plant breeders are interested in are quantitatively inherited (Acquaah, 2012). 

Traits that are quantitative, such as yield, are controlled by many genes that each contribute a small 

effect to the overall phenotypic expression of the trait (Acquaah, 2012). Breeding for quantitative traits 

is more challenging in contrast to breeding for qualitative traits. This is due to the difficulties that are 

associated with trying to accumulate favourable small effect alleles from a range of different loci in the 

genome. However, quantitative genetic principles have provided a powerful theoretical basis for plant 

breeders to select, improve and stabilise desirable genotypes (Hallauer, 2007).  

2.9.1.1 Variance components of quantitative traits 

The phenotype of a plant is an expression of the interaction between the genes that encode for the 

phenotype and the environment (Acquaah, 2012). The phenotype of a plant can be formulated as 

described by Equation 2.2: 

[Equation 2.2] 

𝑃 = 𝐺 + 𝐸 + 𝐺𝐸 

Where: 𝑃, is the phenotype of a plant; 𝐺, is the genotype of the plant; 𝐸, the environment the plant is 

grown and 𝐺𝐸, (also referred to as 𝐺 x 𝐸) the interaction between 𝐺 and 𝐸.  

Phenotypic variation is positively correlated with genetic diversity but is dependent on the differences 

amongst genotypes, environmental factors and the interaction between the genotypes and the 

environment (Falconer & Mackay, 1996). When the phenotypes of different individuals for a specific 

quantitative trait are measured, the observed values will represent the phenotypic values for each 

individual (Acquaah, 2012).  
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The genetic properties of a plant population can be determined by estimating the contributions of the 

components of variance (Falconer & Mackay, 1996; Moose & Mumm, 2008). Determining the 

components of variance enables the relative determinants of a plants phenotype to be estimated. The 

total variance of a quantitative trait can be expressed mathematically with Equation 2.3 described by 

Acquaah (2012): 

[Equation 2.3] 

𝜎 𝑃
2 =  𝜎 𝐺

2 + 𝜎 𝐸
2 + 𝜎 𝐺𝐸

2   

Where: 𝜎 𝑃
2 , is the total phenotypic variance of a segregated population; 𝜎 𝐺

2 , is the genotypic variance; 

𝜎 𝐸
2 , is the environmental variance and 𝜎 𝐺𝐸

2 , is the interaction between 𝜎 𝐺
2  and 𝜎 𝐸

2 .  

The genotypic component of variance can then be further partitioned into additive, dominant and 

interaction (epistasis) components described in Equation 2.4:  

[Equation 2.4] 

𝜎 𝐺
2  =  𝜎 𝐴

2 + 𝜎 𝐷
2 +  𝜎 𝐼

2 

Where: 𝜎 𝐺
2 , is the total genotypic variance; 𝜎 𝐴

2 , is the additive variance; 𝜎 𝐷
2 , is the dominance variance 

and 𝜎 𝐼
2, is the variance of the interaction between different genes.  

In plant breeding, the additive genetic variance is used as the primary determinant of the observable 

genetics as well as the response of plant population to selection. This is because additive genetic 

variance is the only observable component that the plant breeder can easily estimate, select and fix in 

a plant breeding population (Acquaah, 2012). As a result of this, additive variance is typically separated 

from the other genetic variance components (Acquaah, 2012).  

2.9.1.2 Genotype x environment interactions 

Genotype-by-environment (𝜎𝐺𝐸
2 ) (𝐺𝐸, G x E) interactions explain when the expression of a plants 

genotype or the performances of plant varieties differ based on the environment they are grown in 

(Basford & Cooper, 1998). G x E interactions are the result of the quantitative variation of genes for 

traits changing across different environments which causes the relative performances of genotypes to 

change based on the environment they are assessed in. G x E interactions are known to affect a wide 

range of economically important traits, especially complex polygenic traits such as DM yield, in 

different plant species (Basford & Cooper, 1998). G x E interactions can be caused by heterogeneity of 

genotypic variance across environments or the poor correlation of the performances of genotypes 

across an different environments (Cooper et al., 1993). To account for G x E interactions, plant 
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breeders need to evaluate breeding material in multiple environments with appropriate 

randomisation and replication in order account for the range of variation between each growing 

environments (Posselt, 2010).  

2.9.1.1 Heritability 

Heritability is defined as the ratio of genetic variation to total phenotypic variance (Falconer & Mackay, 

1996). It is a measure of the proportion of the observed variation in a plant that is inherited from the 

parent to the offspring and is a property that is specific to the trait of interest, the plant population 

and the environment (Kearsey & Farquhar, 1998; Acquaah, 2012). Estimates of heritability can be 

influenced by factors such mode of gene actions, differences in environmental factors between 

populations and allele frequencies (Visscher et al., 2008).  

The magnitude of heritability for a given trait indicates its complexity (Hallauer & Carena, 2010). 

Heritability estimate values, which are expressed as a fraction or a percentage ranging from 0 (no 

genetic variation driving phenotypic variation) to 1 (unity; phenotypic variation caused by genetics), 

are used to express the reliability of the phenotypic value to estimated breeding value (Falconer & 

Mackay, 1996). Heritability estimates can be grouped as low (<0.20), moderate (0.20-0.50) and high 

(>0.50) (Sikinarum et al., 2007; Posselt, 2010).  

The heritability of a trait will be high if the genetic variation between individuals for that trait within a 

population is large relative to environmental variation. Furthermore, complex polygenic traits such as 

dry matter yield will typically have low heritability because they are greatly influenced by the 

environment resulting in the environmental variation being larger than the genetic variation of the 

trait between individuals within the population (Sleper & Poehlman, 1995). Traits which have higher 

heritabilities can be improved faster than lower heritability traits (Nyquist & Baker, 1991).   

Heritability can be used by plant breeders to predict the response to a single generation of selection 

for a given trait of interest (Acquaah, 2012). Moreover, heritability can also be used by breeders for 

determining the appropriate method for selecting a desired trait within a given breeding pool (Nyquist 

& Baker, 1991).  
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2.9.1.1.1 Broad-sense heritability 

There are two forms of heritability. The first is defined as broad-sense heritability (ℎ 𝑏
2 ). Broad-sense 

heritability is estimated using the total genotypic variation (𝜎 𝐺
2 ), which includes additive, dominance 

and epistatic effects, using Equation 2.5 described by Bernardo (2002):  

[Equation 2.5] 

ℎ 𝑏
2 =  𝜎 𝐺

2 / 𝜎 𝑃
2  

Where: ℎ 𝑏
2 , is the broad-sense heritability; 𝜎 𝐺

2 , is the total genotypic variance and  𝜎 𝑃
2 , is the variance 

of the phenotype.  

Broad-sense heritability is a poor predictor of genetic gain with its usefulness being relegated to use in 

asexually propagated crops where both the additive and non-additive gene actions are fixed and can 

be passed from generation to generation (Acquaah, 2012).  

2.9.1.1.2 Narrow-sense heritability 

Narrow sense heritability (ℎ 𝑛
2 ) is the second form of heritability. Narrow-sense heritability is estimated 

using the variance of the additive or breeding value of an individual (𝜎 𝐴
2 ) as a numerator following 

Equation 2.6 described by Nyquist & Baker (1991): 

[Equation 2.6] 

ℎ 𝑛
2 = 𝜎 𝐴

2  / 𝜎 𝑃
2  

Where: ℎ 𝑛
2 , is the narrow-sense heritability; 𝜎 𝐴

2 , is the additive genetic variance and  𝜎 𝑃
2 , is the variance 

of the phenotype.  

In contrast to broad-sense heritability, narrow-sense heritability is more useful to plant breeders 

because it is the estimation of the additive genetic variance component which allows the response of 

plant species to selection to be estimated (Falconer & Mackay, 1996). If the narrow-sense heritability 

of a desired trait is high, the likelihood that the genetic improvement of the trait can be realised using 

a specific plant breeding method will be very high (Acquaah, 2012). However, if the narrow-sense 

heritability of a trait is low, plant breeders will need to utilise family selection strategies, such as full-

sibling and half-sibling (HS), that employ genotype replication and the partitioning of environmental 

as well as genetic effects in order to reduce error (Nguyen & Sleper, 1983).  
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2.9.1.2 Genetic gain 

Genetic gain is used to determine the relative efficiencies of different breeding methodologies. Genetic 

gain is an estimate of the change in the mean performance of a plant population for a desired trait 

that occurs with each cycle of selection in a breeding programme (Fehr, 1987). A typical cycle of 

selection in a breeding programme will consist of the establishment of a random mating population, 

the development, evaluation as well as selection of elite genotypes and the synthesis of selected 

genotypes as parent populations for the next cycle of selection (Fehr, 1987). The duration of each 

selection cycle can be influenced by the methods that are employed during each of the highlighted 

steps.  

The rate of genetic gain is influenced by several factors. These factors include the duration of the 

breeding method, resources available to the plant breeder, the biology of the species, the heritability 

of trait(s) of interest and the correlation between spaced plants with their performances in mixed 

species swards (Fehr, 1987). The basic equation, commonly referred to as the ‘breeder’s equation’, 

can be used to estimate genetic gain as described by Falconer & Mackay (1996) and Casler & Brummer 

(2008): 

[Equation 2.7] 

𝛥𝐺 =
𝑘𝑐𝜎 𝐴

2

√𝜎 𝑃
2

 

Where: 𝛥𝐺, is genetic gain; 𝑘, is selection intensity (standardised selection differential); 𝜎 𝐴
2 , is additive 

genetic variation; 𝑐, is parental control and 𝜎 𝑃
2  is phenotypic variance of the population.  

The breeders equation describes that the genetic gain of a plant species can be improved by increasing  

𝑘, the proportion of 𝜎 𝐴
2  in the population, the 𝜎 𝐴

2  coefficient via family structure or parental control 

and reducing non-genetic effects pooled into phenotypic variance e.g. environmental variance 

(Bernardo, 2002). The maximum potential for genetic gain for desired traits is proportional to the 

phenotypic variation (𝜎  𝑃
2 ) that is present in source population of a plant species (Moose & Mumm, 

2008). 

The parental control (𝑐) indicates the level of control the breeder has over the parents in a breeding 

program. For example, a value of 0.5 indicates control over one parent, such as in a half-sibling mating 

design, 1.0 indicates breeders have control over both parents, such as full-sibling mating, and a value 

of 2.0 for when clones or self-seeded lines are being utilised.  
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Selection intensity (𝑘) is dependent on a range of factors including the overall size of the population, 

the proportion of the population that is selected and the amount of phenotypic variation that is 

available in the population (Falconer & Mackay, 1996). Selection intensity can be increased by reducing 

the number of individuals that are selected provided the advanced population is not reduced to a size 

where a loss of genetic diversity can occur (Acquaah, 2012). A loss of genetic diversity in the advanced 

population increases the risks of inbreeding depression and genetic drift occurring in subsequent 

generations (Bernardo, 2002). Thus, increasing the genetic gain of a desired trait is essentially based 

on a balance between applying the appropriate intensity whilst maintaining genetic diversity.  

Selection pressure is a standardised selection differential which is a property of normal distribution 

that describes the proportion of the population that is selected. There is a table described by Falconer 

& Mackay (1996) which aligns each selection pressure and its associated 𝑘 value (Appendix D.9).  

2.10 Strategies of plant breeding 

In plant breeding, the first step in any programme is to establish a base population or breeding pool. 

A breeding pool is created by crossing a collection of germplasm that can represent the genetic 

diversity that is needed to achieve the breeding objectives of the programme. Next, superior 

individuals displaying traits associated with the breeding objective need to be identified and selected 

from the breeding pool so that they can be advanced to the next generation (Acquaah, 2012) 

There are a wide range of plant breeding methods that can used to create and select superior plant 

phenotypes as well as improve cultivars suited to the needs of the consumer or farmers (Moose & 

Mumm, 2008). The plant breeding methods utilised to improve a plant species are by in large 

determined by their mode of reproduction (Vogel & Pedersen, 1993). Plant breeding can be 

accomplished using two different general strategies which will be described.  

2.10.1  Conventional breeding  

Conventional plant breeding programmes aim to manipulate the genetic variation associated with 

desired traits through selection and crossing (Sleper & Poehlman, 1995). In forage species, such as 

white clover, selection procedures can be divided into two distinct phases. In the first phase, plant 

breeders will select plants among a source population and determine which populations are most 

suitable for their purposes (Hallauer & Carena, 2010). During this phase, multiple populations that 

express desirable traits may be combined so that a new base breeding population can be generated. 

For the second phase, selections among genotypes within different populations is undertaken in order 

to help maximise the rate of genetic improvement for desirable traits (Hallauer & Carena, 2010).  



27 
 

There are a range of different strategies which can be employed to select and breed plant populations. 

Plant breeders need to consider a range of factors including parental control, effective population sizes 

and G x E interactions in order to choose which method best suits their plant species as well as breeding 

objective (Fehr, 1987).  

2.10.1.1 Recurrent selection   

Recurrent selection-based methods are utilised during the second phase of plant breeding selection. 

Recurrent selection methods involve the generation of recurrent populations where selected 

individuals are interbred and reselected generation after generation (Hallauer & Carena, 2010).  

Recurrent selection breeding methods are designed to maintain genetic variability for further genetic 

improvement whilst increasing the frequency of alleles at multiple loci for quantitatively inherited 

traits of interest (Moose & Mumm, 2008). Recurrent selection can be split into two different 

approaches. The first involves breeders evaluating and selecting individuals as parents based on their 

phenotype (phenotypic selection). The second involves breeders selecting individuals as parents based 

on the performance of their progeny (genotypic selection) (Hallauer & Carena, 2010).  

2.10.1.1.1 Phenotypic selection 

Phenotypic selection-based methods are based on the evaluation of widely spaced individual plants, 

or replicated clones in rows or replicates, with the plants scored for their expression of traits of interest 

(Brummer et al., 2009; Posselt, 2010). One example of a phenotypic selection method is mass 

selection. Mass selection is a simplistic method used in cross-pollinated species that involves non-

replicated individuals being evaluated and selected on only a phenotypic basis (Posselt, 2010). In mass 

selection-based methods, the phenotypic variation that is measured is generated by the genetic 

variation (additive and non-additive) between individuals within a population and the variance in the 

environmental conditions within and across evaluation sites (Hallauer & Carena, 2010).  

One advantage of mass selection in contrast to other selection methods is that it permits the use of 

high selection intensities and short breeding cycles (Falconer & Mackay, 1996). Mass selection is also 

suitable for selecting individuals expressing traits with high additive variation co-efficient, moderate 

to high heritabilities and low G x E interaction effects (Falconer & Mackay, 1996). A disadvantage of 

mass selection is that significant G x E interactions can confound genotypic values during selection 

cycles (Posselt, 2010).  

 



28 
 

2.10.1.1.2 Half-sibling family selection 

In outbreeding forage species, such as white clover, genetic improvement based on a half-sibling (HS) 

family breeding system is a commonly utilised methodology (Casler & Brummer, 2008; Faville et al., 

2018; Jahufer & Luo, 2018). HS families are a derivative of a family selection method and are generated 

through the random mating of parent populations via open pollination, polycrossing, topcross or diallel 

mating (Allard, 1999). The selection of plant populations is based on family means obtained from 

replicated trials conducted across a range of different environments to account for large 

environmental variances and maintain genetic diversity (Nguyen & Sleper, 1983). In contrast to full-

sibling families, where the genetic contributions of both parents are known, only the genetic 

contributions of the maternal lines are known in HS families (Hallauer & Carena, 2010). Generating 

genetic families, such as HS families, is a commonly utilised strategy for estimating additive genetic 

variance in populations of a cross-pollinating species. This because in a HS family, ¼ of the total additive 

genetic variance resides among the families whilst the remaining ¾ is distributed within the families 

(Falconer & Mackay, 1996).  

2.10.2 Molecular breeding 

Molecular plant breeding involves the application of molecular biological or biotechnological 

techniques to improve and develop new plant cultivars (Moose & Mumm, 2008). The adoption of 

molecular plant breeding techniques has occurred at differing rates among different crop species due 

to scientific, economic as well as sociological factors (Moose & Mumm, 2008). It has now become 

common practice to integrate molecular markers into modern breeding programmes with 

conventional breeding approaches in order to increase the genetic gain (He et al., 2014).  

2.10.2.1 Marker-assisted breeding 

Marker-assisted selection (MAS) is one example of a molecular plant breeding approach which involves 

the use of molecular markers to make indirect selection of desirable breeding traits of interest in plant 

species (He et al., 2014). Molecular markers are stable differences in short deoxyribonucleic acid (DNA) 

sequences that can occur at specific locations within the chromosomes of a plant species (He et al., 

2014).  

Molecular markers are extremely useful in plant breeding because they can be used as ‘signposts’ for 

the locations of genes which encode for traits of agronomic breeding value. Molecular markers are 

also a key prerequisite for developing genetic maps. The generation of genetic maps can help to 

identify chromosomal regions containing genes controlling simple or quantitative traits, break down 

the genetic control of complex traits (Barrett et al., 2005; Barrett et al., 2007) and assist breeders with 

making rapid indirect selections of plants in the field (Semagn et al., 2006).  
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The identification of quantitative trait loci (QTLs) allows the dissection of genetic architecture of 

quantitative traits by statistical methods (Collard et al., 2005). The identification of QTLs allows 

breeders to break down the genetic controls of complex quantitative traits and provide information 

for how favourable QTLs can be stacked in breeding populations as well as inherited into new 

generations (Collard et al., 2005; Jones et al., 2009).  

2.10.2.1.1 Molecular marker methods 

The discovery and identification of molecular markers requires developing methods that permit the 

survey of variation in the genomes of plants. The first generation of methods for identifying molecular 

markers involved the use of restriction endonucleases such as RFLP (Schlötterer, 2004). Following the 

introduction of PCR, marker techniques such as random amplification of polymorphic DNA (RAPD) and 

amplified fragment length polymorphisms (AFLP) were introduced. All of these methods initially 

involved identifying markers through the separation of DNA fragments via gel electrophoresis 

(Schlötterer, 2004).  

In recent years, MAS was based on simple sequence repeats (SSRs) (Schlötterer, 2004). The 

introduction of SSR-based methods has helped to greatly facilitate agronomic improvements in a range 

of major crop species through the characterisation of genetic diversity, mapping of QTLs for key traits 

and cloning of genes (Thomson, 2014). SSRs can yield high information contents multiple alleles locus 

(Thomson, 2014). However, their genotyping density for screening populations for complex traits can 

be limited by the numbers of SSR motifs that are present in the genome of the species of interest 

(Wilkins & Humphreys, 2003; Thomson, 2014). Due to their low throughput, SSR markers can also be 

costly due to the time and labour costs that are associated with running gel-based SSR genotyping 

systems (Thomson, 2014).  

Due to the genotyping density and cost limitations of MAS markers such as SSR markers, there has 

been a shift in recent years to use DNA-sequence polymorphism-based methods to genotype and 

select plant species with large complex genomes. The most abundant class of DNA-sequence 

polymorphisms markers are single nucleotide polymorphisms (SNPs). SNPs are variations in the 

genome detected at the level of a single nucleotide base and are the most abundant source of variation 

in the genomes of both plant and animals (Hayes et al., 2013; Thomson, 2014). Due to their abundance 

and amenability to high-throughput automation, SNPs have become the preferred marker system in 

most plant species.  
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When contrasted with SSR-based markers, SNP-based marker methods are more flexible, easier, 

cheaper and faster to generate (Thomson, 2014). Additionally, the data management and ability to 

merge SNP marker data with databases with large marker information is more straightforward than 

SSR-markers (Thomson, 2014). In the last decade, the generation and identification of SNP markers 

has been greatly facilitated by introduction of high-throughput next generation sequencing techniques 

(He et al., 2014).  

2.10.2.1.2 Next generation sequencing 

The development of next generation sequencing (NGS) resulted from the high demand for flexible and 

faster low-cost sequence data. NGS technologies use massively parallel sequencing and imaging 

technologies that can produce thousands to millions of copies of SNP sequences concurrently (He et 

al., 2014). Some examples of NGS platforms include the Roche 454 FLX Titanium, Illumina HiSeq2500 

and Ion Torrent PGM (He et al., 2014). At present, NGS technologies have been utilised for a range of 

applications such as whole genome sequencing, resequencing genomes of several species and genome 

wide association (GWAS) studies (Elshire et al., 2011). 

2.10.2.1.3 SNP genotyping 

There are two main SNP genotyping platforms which can address a range of marker density and cost 

per sample requirements (Thomson, 2014). Fixed SNP arrays, also known as SNP chips, are one type of 

SNP genotyping platform. A fixed SNP array consists of a microarray with beads covered with 

oligonucleotides designed to detect a fixed set of SNP sequences that are fitted into patterned 

microwells (Thomson, 2014). Examples of fixed SNP microarrays include the Illumina BeadArray 

technology (Shen et al., 2005) and Affymetrix GeneChip array (Matsuzaki et al., 2004). At present, SNP 

marker arrays have been designed for a range of different crop species including maize and wheat 

(Ganal et al., 2011).  

Genotyping-by-sequencing (GBS), which is a restriction enzyme-based library method, is another type 

of SNP genotyping platform. Briefly, GBS involves DNA being digested into genomic fragments using 

restriction enzymes, followed by the ligation of unique DNA barcode adapters to fragments which are 

amplified using PCR. The DNA samples are pooled and size selection performed to create a library 

which is subsequently sequenced using a high-throughput method (Elshire et al., 2011; He et al., 2014). 

The generated sequencing data is then utilised to construct SNP libraries that can be used for further 

genetic analysis (Elshire et al., 2011; Faville et al., 2018). GBS protocols can be adapted for different 

uses by applying different enzyme combinations to adjust the sub-portion of the genome to be 

sequenced, for example using two-enzymes (PstI and MspI) whereas the original protocol focused on 

a single frequent cutting site enzyme ApeKI (He et al., 2014).  
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In contrast to fixed SNP arrays, GBS has several key advantages including that it can perform SNP 

genotyping and discovery simultaneously, and thereby significantly reducing SNP ascertainment bias 

which is an issue with fixed SNP arrays (Thomson, 2014). Ascertainment bias is a term that is used to 

describe systematic deviations from an expected theoretical result that can be attributed to the 

processes associated with finding SNPs and measuring their population specific allele frequencies 

(Heslot et al., 2013). GBS is also cheaper per sample and has reduced sample handling times due to 

the method requiring fewer PCR reactions as well as purification steps (Glaubitz et al., 2014; He et al., 

2014). Finally, GBS is ideally suited for the cost efficient generation of high density genotype datasets 

which are required for modern MAS methods such as genomic selection (Poland & Rife, 2012). 

One of the major challenges surrounding the use of GBS is that it requires considerable investment in 

bioinformatic support in order to allow the massive amounts of generated sequence data to be 

properly analysed and curated (Thomson, 2014). This challenge is typically addressed through the 

development of a GBS analysis pipeline. A GBS pipeline allows the sequence tags to be grouped and 

aligned with the reference genome of the plant species of interest as well as the SNP variants assigned 

to individual samples (Thomson, 2014). The TASSEL-GBS software is one example of a pipeline that has 

been developed to merge and call SNPs across the reference genome of specific plant species (Glaubitz 

et al., 2014). Another challenge with GBS is that due to the generation of high rates of missing SNP 

data, imputation using software will often be required to fill the gaps where missing SNP calls occur 

(Browning & Browning, 2009).  

2.10.3 Genomic selection 

One issue that has limited the success of MAS breeding to date is that many of the most valued 

agronomic traits in plant species such as dry matter (DM) yield are complex and polygenic in nature. 

MAS is based on a subset of genetic markers associated with the trait, thus, the proportion of genetic 

variance that can be captured by these methods for complex traits is over estimated (Beavis, 1998; 

Wilkins & Humphreys, 2003; Jannink et al., 2010). Genomic selection (GS) represents a compelling 

approach to overcome these limitations to improve the genetic gain of these complex traits. 

Genomic selection is a form of MAS that was first proposed by Meuwissen et al. (2001) for animal 

breeding. GS utilises genome-wide markers under the assumption that markers capture all of the small 

additive genetic effects associated with the complex trait (Goddard & Hayes, 2007). GS differs from 

MAS in the way that the breeding value of genotypes is estimated based on whole-genome markers 

covering most of the QTLs associated with a trait, rather than predefined significant markers, which in 

many cases overestimate the effects (Beavis, 1998; Heffner et al., 2009).  
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The central process of GS involves the establishment of a training population (TP) that consists of 

individuals that have been genotyped with genome-wide SNP markers and phenotyped for a desired 

trait (Figure 2.3) (Meuwissen et al., 2001; Heffner et al., 2009). Typically, a TP is genotyped and 

phenotyped for a range of targeted traits. The genotypic and phenotypic data are used to derive a 

statistical genomic prediction (GP) model. In this thesis, GS will be implemented as follows: (i) the 

maternal parents of the TP will be genotyped and HS families obtained from crosses of the TP will be 

phenotyped. (ii) the phenotype data from the TP will be used to select the best HS families. (iii) a 

proportion of seed of the best HS families will be grown to obtain the genome-wide marker 

information of the selection candidates known as the validation population. (iv) the genotypic 

information alone will be provided to the GP model to predict genomic estimated breeding values 

(GEBVs) of these selection candidates. The GEBV provides an estimate of breeding value for the 

selection candidate based on the combined allelic effect of all loci influencing the trait across the 

complete genome (Bhat et al., 2016). The GEBVs can then be used to rank and identify superior 

genotypes which can be recombined to create a new generation or synthetic population (Heffner et 

al., 2009). However, after a number of generations, the GP model will need to be retrained to account 

for breakdown of the relationship between the SNPs alleles and the trait due to successive generations 

of meiosis, which occurs faster in outbreeding plant species like white clover.  

Figure 2.3: Diagram of the genomic selection processes adapted from Heffner et al. (2009). 

GS has several advantages and disadvantages over conventional selection methods. Firstly, by 

selecting individuals based on their GEBVs, GS can save time and money which would be associated 

with generating phenotype data over multiple selection cycles in a recurrent selection breeding 

program (Meuwissen et al., 2001; Hayes et al., 2013; Faville et al., 2018). Another notable advantage 

of utilising GS in forage species is the ability to select individuals within a family, and access ¾ of the 

genetic variation, to increase the amount of genetic gain achieved per unit time (Faville et al., 2018). 

GS also allows the selection intensity to be increased in each breeding cycle, which can increase the 

genetic gain achieved for the target trait (Hickey et al., 2014).  

One of the main drawbacks of GS is that it is expensive due to the costs associated with establishing 

and genotyping TPs. The versatility of GS is also heavily dependent on the predictive ability (PA) of the 

statistical GP models for the trait under selection (Heffner et al., 2009; Hickey et al., 2014).  
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2.10.3.1 Genomic prediction models and factors that influence them 

The success of any GS-based programme is dictated by many factors, which are detailed in Heffner et 

al. (2009) and Lorenz et al. (2011). These factors include the size (Bentley et al., 2014; Arojju et al., 

2018) or composition of the TP (Asoro et al., 2011), the genetic architecture of traits (Combs & 

Bernardo, 2013; Grinberg et al., 2016), type and density of markers (Heffner et al., 2011), the 

relatedness between individuals in the training and validation population (Riedelsheimer et al., 2013) 

and G x E interactions (Lopez-Cruz et al., 2015; Sukumaran et al., 2017). The choice of the GP model 

which predict the GEBVs is also an important factor. A GP model needs to predict GEBVs at the highest 

possible accuracy i.e. strong correlations with the true breeding value. A GP model also needs to be 

easy to implement, computationally efficient and reliable across a large range of plant traits or 

different datasets (Heslot et al., 2012). 

The efficacy of different GP models can be determined using predictive ability (PA). PA is estimated 

using cross-validations based on the Pearson’s correlation coefficient between the true (observed) 

phenotypic (or breeding) value and the phenotype predicted by the GP model (GEBV) (Daetwyler et 

al., 2013). Prediction accuracy, a variant of PA, represents the uppermost limit of the PA for a given 

trait (Daetwyler et al., 2010). In contrast to PA, prediction accuracies will always be higher because 

they are derived by dividing PA by the square root of heritability.  

Genomic prediction models can be broadly classified into two groups which primarily differ in the way 

they weight marker data and their assumptions when treating the variance of marker effects (Desta & 

Ortiz, 2014). Moreover, some GP models are better suited for complex polygenic traits whilst others 

have been found to perform better with traits that are less complex or have qualitative inheritance 

(Lorenz et al., 2011).  

2.10.3.1.1 Whole-genome regression methods 

The first group are whole-genome regression methods which have been reviewed in depth by de los 

Campos et al. (2013). Whole-genome regression models are parametric and generally use linear 

regression-based statistics to predict GEBVs and include models such as Genomic-Best Linear Unbiased 

Prediction (GBLUP) (VanRaden, 2008). GBLUP uses a genomic relationship matrix (GRM) as covariance 

in a mixed model. The GRM is used to predict the genetic merit of individuals by estimating the realised 

proportion of the genome that is shared between two individuals (Goddard et al., 2011). GP models 

such as GBLUP also assume that traits are controlled by many loci with small effects so that only 

additive genetic variance is captured.  

 



34 
 

There are also several Bayesian (Bayes) statistics-based models which have been developed for GP. In 

contrast to standard GP models like GBLUP, Bayesian models treat the effects of different markers 

heterogeneously by assuming separate variances for each marker (Meuwissen et al., 2001). Examples 

of Bayesian models developed to date include Bayesian least absolute shrinkage and selection 

operator (Bayesian LASSO) (Park & Casella, 2008), Bayes A and BayesB (Meuwissen et al., 2001) and 

BayesCπ and Dπ (Habier et al., 2011). Using both simulation and empirical data, Daetwyler et al. (2013) 

reported that GBLUP as well as the Bayesian methods BayesB and BayesCπ were the benchmark 

methods for GP due to these methods being appropriate for either simple or complex traits.  

2.10.3.1.2 Machine-learning methods 

Machine learning methods, which have been reviewed by González-Camacho et al. (2018), are another 

group of GP methods. In contrast to whole-genome regression-based models, they are typically semi 

and non-parametric with very different underlying theory (Heslot et al., 2012). Support vector 

regression (SVR) is one example of a machine learning GP model. SVR is a semi-parametric method 

which uses a nonlinear kernel function to map input spaces to a feature space of a different dimension 

so that linear regression can be implemented (Heslot et al., 2012). 

Random forest (RF) is another example of a machine learning-based GP model (Breiman, 2001). RF is 

a supervised machine learning approach which utilises input variables to generate a series of decision 

regression trees which are used to train the prediction model (Breiman, 2001). Each decision tree is 

grown independently using subsets of bootstrap samples. At each of the points where the tree splits, 

a random subset of variables are selected to identify the best split which can be used to determine the 

associations between SNP markers and predict GEBVs for traits of interest (Li et al., 2018). 

2.10.3.2 Prospects of genomic selection 

Since its introduction, there has been growing interest regarding the implementation of GS into plant 

breeding programmes. The feasibility of GS has been recognised in a range of crop species such as 

wheat (Triticum aestivum) (Rutkoski et al., 2011; Charmet et al., 2014), barley (Hordeum vulgare) 

(Zhong et al., 2009), maize (Zea mays) (Bernardo & Yu, 2007; Zhao et al., 2012), rice (Oryza sativa) (Xu 

et al., 2014; Spindel et al., 2015) and oat (Avena sativa) (Asoro et al., 2011). Recently, GS has also been 

developed for use in forage species such as perennial ryegrass (Fè et al., 2016; Grinberg et al., 2016; 

Pembleton et al., 2018; Faville et al., 2020). Arojju et al. (2020) reported PAs ranging from 0.16 to 0.45 

for nutritive traits such as digestibility, crude protein, crude fat and water-soluble carbohydrates within 

a TP which was a composite of 517 perennial ryegrass individuals and their corresponding HS families.  
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In legumes, the feasibility of GS has been investigated in grain legumes such soybean (Glycine max) 

(Jarquín et al., 2014), chickpeas (Cicer arietinum) (Roorkiwal et al., 2016), lentil (Lens culinaris) (Haile 

et al., 2019) and peas (Pisum sativum) (Burstin et al., 2015; Tayeh et al., 2015) using traits such as grain 

yield, pod yield, thousand seed weight and days to flowering. However, there are fewer studies in 

forage legumes with studies by Annicchiarico et al. (2015), Jia et al. (2018) and Annicchiarico et al. 

(2018) reporting poor to good PA for traits such as DM yield, straw, grain yield, number of stem nodes 

and flowering date in lucerne. Li et al. (2015) reported PAs ranging from 0.21 to 0.66 using the data of 

lucerne plants that had been genotyped during two cycles of phenotypic selection. Thus far, GS has 

yet to be utilised for improving traits associated with symbiotic N-fixation , such as symbiotic potential 

(SP), in legumes such as white clover.  

2.11 White clover breeding 

There are a several factors which need to be considered when attempting to breed white clover. Firstly, 

white clover is an allogamous (cross-pollinating) species. This means individuals of this species are 

largely self-incompatible due to a gametophytic self-incompatibility mechanism that requires 

pollination by insect mediators (Brewbaker, 1954; Williams, 1983). This results in a high degree of 

heterozygous individuals within a given population which means the types of selection strategies that 

can be employed to breed this species are very restricted (Connolly, 2001). White clover is also very 

susceptible to inbreeding depression which can have deleterious impacts on its agronomic 

performance. To account for this, the number of individuals used in a white clover breeding 

programme need to be at a level which can retain genetic diversity e.g. including polycross plants. 

White clover breeding is also strongly affected by a range of biotic interactions. For example, it has 

been reported that varieties bred in one country will not always preform as expected in another 

country (Abberton & Marshall, 2005). Pederson et al. (1999) concluded that white clover cultivars 

should be selected with the grass and climate in which it is intended to be utilised. 

2.11.1  Breeding methodology 

The main objective in white clover breeding has been to produce a balanced sward with companion 

grass species while maximising yield when grown in a monoculture (Jahufer et al., 2002; Abberton & 

Marshall, 2005). It has also been determined that the breeding success of a white clover cultivar is 

dependent on the programmes selection criteria whilst utilising realistic evaluation environments for 

the cultivars intended use (Evans et al., 1996).  

 



36 
 

White clover cultivars are usually bred as either open pollinated or synthetic varieties (Breese & 

Hayward, 1972). The earliest white clover cultivars were the result of either improving the 

performances of existing ecotypes or hybridising persistent ecotypes with more agronomically 

valuable imported material. At present, phenotypic recurrent or mass selection programmes have 

become the most widely adopted breeding practice with the development of adapted breeding pools 

(Woodfield & Caradus, 1994; Abberton & Marshall, 2005). In contrast, spaced planted trials have been 

regarded as being unreliable for enabling the agronomic performances of white clover breeding 

material to be estimated (Gibson, 1964). There has also been a consensus that evaluating and selecting 

white clover cultivars under cutting/defoliation-based breeding programmes does not accurately 

reflect a cultivars performance under intensive grazing (Evans et al., 1992).  

In recent years, the most common breeding methodologies that have been used in New Zealand to 

develop white clover cultivars have been predominantly based on HS family selection (Woodfield et 

al., 2003; Bouton et al., 2005; Ayres et al., 2007). This can be linked to this breeding structure working 

well with outcrossing species such as white clover as it allows breeders to maintain genetic diversity 

by determining quantitative genetic effects which helps to prevent inbreeding depression (Nguyen & 

Sleper, 1983). 

2.11.2 Cultivar breeding progress in New Zealand 

White clover was initially introduced into New Zealand via the import of seed sourced from throughout 

Europe (Williams, 1983; Richards, 2011). Between 1928 and 1930, a survey of New Zealand white 

clover populations was conducted (Williams, 1983). The type 1 class identified in this study was the 

most superior and was certified for use in 1930 (Caradus & Hay, 1989; Richards, 2011). The varieties 

derived from this type were progressively improved up to 1957 (Caradus & Hay, 1989). The line 

selected from this process was named ‘Grasslands Huia’ (Williams, 1983). Since this point in time, 

hundreds of white clover lines have been evaluated. Between 1985 and 2007, a wide range of white 

clover cultivars, such as ‘Grasslands Demand’ (Widdup et al., 2015), ‘Grasslands Prestige’ (Cooper & 

Chapman, 1993) and ‘Grasslands Kopu II’ were bred and introduced for specific growing environments 

(Van den Bosch et al., 1986; Williams et al., 2007). Woodfield & Caradus (1994) estimated that the rate 

of improvement for the performances of white clover cultivars representing six decades of plant 

breeding ranged between 6 to 15% per decade. Using a set of 80 white clover cultivars that were 

released between 1920 and 2010, Hoyos-Villegas et al. (2019) reported that DM yield increased 0.087% 

and 0.162% per decade for cultivars released either before or after 1965, respectively.  
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Up to now, white clover breeding programmes in New Zealand have not focused on improving the N-

fixation capacities of cultivars with strains of Rhizobium. Furthermore, the majority of programmes 

conducted to date involved screening and selecting white clover populations for above ground traits 

in competitive swards supplied with large amounts of N which would not permit the expression of N-

fixation (John Ford (PGG Wrightson, New Zealand), pers. comm. 21 August 2020). 

2.12 Enhancing nitrogen fixation through breeding 

The concept of enhancing the N-fixation abilities of legume species through selection and breeding has 

existed for decades (Nutman, 1984; Herridge & Rose, 2000). Herridge & Danso (1995) proposed that 

any programme that has the goal to breed legume cultivars with enhanced N-fixation must meet 

several important criteria. These criteria included that the nodulation phenotype of the cultivar must 

be stable and have a high heritability, the cultivars ability to fix N2 needs to be associated with traits 

that help increase the nodulation of the plant and the grain/DM yield of the cultivar needs to be equal 

or exceed the current cultivars available on the market at the time of its breeding/introduction. The 

improvements to a legumes N-fixation ability also need to provide benefits to the soil-plant system. In 

order for plant breeders to breed legume cultivars with enhanced N-fixation, there are several key 

factors relating to legume-Rhizobium symbiosis that need to be understood. These will be described 

below. 

2.12.1  Basis of Legume-Rhizobium interactions 

The establishment of symbiosis between a legume host and a strain of Rhizobium is a function of a 

series of complex interactions (Mytton, 1983). The symbiotic phenotype of a legume is regarded to be 

the joint expression of the genotypes of both the legume and Rhizobium (Nutman, 1981). The 

symbiotic phenotype of a legume can also be affected by abiotic factors from the environment as well. 

The symbiotic phenotype of a legume can formulated using Equation 2.8 described by Mytton (1981): 

[Equation 2.8] 

𝑃 =  𝐺𝐿 +  𝐺𝑅 + (𝐺𝐿  ×  𝐺𝑅) + 𝐸 + (𝐺𝐿  ×  𝐸) + (𝐺𝑅  ×  𝐸) + (𝐺𝐿  ×  𝐺𝑅  × 𝐸) 

Where: 𝐺𝐿, legume genotype; 𝐺𝑅, Rhizobium genotype; (𝐺𝐿  × 𝐺𝑅), legume genotype-Rhizobium 

genotype interaction; 𝐸, environmental effects.  

The N-fixation effectiveness of a legume-Rhizobium symbiosis can vary significantly based on the 

genotype of the symbionts. For example, it is common that when large numbers of legume individuals 

and Rhizobium strains are screened together that specific combinations which can fix N above the 

mean of the population can be identified. These combinations are often selected for further use in 
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breeding programmes (Mytton, 1983). However, the specificity and stability of these combinations can 

vary significantly based on the strain of Rhizobium that is inoculated and the environment in which the 

N-fixation of the host legume is assessed. For example, a number of studies have demonstrated that 

symbiotic N-fixation effectiveness of a legume and rhizobia symbionts can be altered unpredictably 

when one of the symbiotic partners is changed (Nutman & Read, 1952; Young & Mytton, 1983). 

2.12.1.1 Phenotypic variation for nitrogen fixation 

Measuring the phenotypic variation of traits associated with N-fixation in populations of legumes 

inoculated with strains of Rhizobium is essential for identifying individuals that are suitable for 

breeding. To date, the common approach for measuring the phenotypic variation in legume 

populations has been to measure the total N that is accumulated by plants as a result of their symbiosis 

with a strain of Rhizobium (Mytton, 1983). This is often achieved by determining the correlation 

between the assessed symbiotic traits and the total N when grown under conditions devoid of mineral 

N (Mytton, 1984). 

There are several key factors that need to be considered when attempting to measure phenotypic 

variation in legume populations. Firstly, it has been reported that correlation coefficients between 

some symbiotic traits and total N often do not approach unity (Mytton, 1983). Secondly, the 

determination of these traits requires destructive harvesting which is often undesirable for breeding 

programmes as well as being tedious and time consuming (Mytton, 1983). The assessment of 

phenotypic variation for N-fixation also needs to consider the plants growth requirements. For 

example, Mytton (1984) stated that a legume plants capacity for using N can confound its ability to fix 

it and must be taken into account by any breeding programme aiming to improve N-fixation of a 

legume species. As a result of this, many studies have accounted for the effects of plant growth 

requirement by comparing the growth of plants dependent on Rhizobium fixed N with a positive 

control consisting of plants receiving non-limiting quantities of mineral N (Mytton, 1976; El-Sherbeeny 

et al., 1977a; Mytton & Felice, 1977; Bonish, 1980).  

Common traits which are used to assess phenotypic variation for symbiotic N-fixation effectiveness 

include shoot and root biomass, plant appearance as well as number, size, weight and interior colour 

of nodules (Mytton, 1984; Herridge & Rose, 2000). However, in general, DM yield measured from 

plants grown in N deficient media provides an accurate assessment of N-fixation whilst also being easy 

to measure (Mytton, 1983). 
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2.12.1.2 Genetic variation for N-fixation 

The development of cultivars with enhanced N-fixation needs to be based on the genetic variation and 

the feasibility of selecting symbiotic traits in a breeding programme (Mytton, 1978). It has been well 

established that the legume-Rhizobium symbiosis displays both qualitative and quantitative genetic 

variation (Mytton, 1983). Furthermore, traits associated with nodulation and N-fixation that are 

expressed by legume populations in symbiosis with Rhizobium strains are known to be determined by 

the genetic variation of the symbionts (El-Sherbeeny et al., 1977a; El-Sherbeeny et al., 1977b; Mytton, 

1983).  

A number of studies have determined that the variations in the amount of N that can be symbiotically 

fixed by white clover (Jones, 1962; Jones & Burrows, 1968; Connolly et al., 1969; Mytton & Jones, 

1971), red clover (Nutman, 1954), lucerne (Gibson, 1962), Caucasian clover (T. ambiguum) (Hely, 1972) 

and broad bean (Vicia faba) (El-Sherbeeny et al., 1977b) are polygenically controlled. For example, the 

observation of general and specific significant interactions for symbiotic N-fixation with plants of 

lucerne and strains of Rhizobium led Tan (1981) to propose that the expression of symbiotic genes in 

lucerne was unpredictably affected by the genetic makeup of the nodulating Rhizobium strain.  

In white clover, Mytton (1983) stated that on a population basis, the variability between host 

individuals and a strain of Rhizobium is normally distributed, thus indicating genetically interactive 

variation for N-fixation which is under multigenic control. Similarly, Mytton (1975) proposed that a 

large proportion of the genetic variation for N-fixation could be a function of the unique interactions 

between specific individuals and Rhizobium genotypes instead of the general genetic effects of a single 

symbiont. However, the degree of variation in the N-fixation abilities of individuals within populations 

of white clover cultivars still require investigation.  

2.12.1.3 Heritability of nitrogen fixation associated traits 

In order for plant breeders to genetically improve the N-fixation abilities of legumes, the heritability of 

desired traits first needs to be estimated (Herridge & Danso, 1995). For a symbiotic trait such as nodule 

number, a high heritability will generally be indicative of the genetics being less complex than a trait 

with low heritability (Herridge & Danso, 1995). There is a consensus to date that traits associated with 

N-fixation in grain legumes such as soybean and common bean (Phaseolus vulgaris) are moderately 

heritable (Herridge & Danso, 1995). Using three F2 populations of soybeans with 110 plants each, Ronis 

et al. (1985) reported that traits such as fixed N content of seeds had broad-sense heritabilities ranging 

from 0.53 to 0.60. In another study using 11 F2 populations of soybean ranging from 14 to 136 plants 

each, Herridge & Rose (1994) reported broad-sense heritabilities ranging from 0 to 0.31 for traits such 

as xylem ureide-N. Greder et al. (1986) reported broad-sense heritability estimates for nodule mass of 
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F3, F5 and F6 derived soybean populations ranged from 0 to 0.57 when inoculated with an effective 

Bradyrhizobium japonicum inoculant strain USA 110 and 0 to 0.66 when nodulated with native soil 

rhizobia. 

In white clover, there are few reports of heritabilities for traits associated with N-fixation. Mytton & 

Rys (1985) reported that the trait number and mass of nodules for a population of the white clover 

cultivar ‘S100’ had a broad-sense heritability estimate of 0.48. Furthermore, Mytton & Felice (1977) 

proposed that the specificity of nodulation exhibited by white clover cuttings inoculated with mixtures 

of Rhizobium strains could also be broadly heritable. However, all the heritability estimates reported 

in these studies were all broad-sense not narrow-sense and therefore don’t inform how much of the 

phenotypic variation can be exploited for breeding. Moreover, there is also a lack of estimates for the 

heritabilities of complex productivity symbiotic traits, such as shoot DM and SP, in white clover or other 

temperate legume species. 

2.12.2 Progress of breeding legumes with enhanced nitrogen fixation 

Different strategies have been proposed for breeding legumes for enhanced N-fixation. Bliss (1993) 

proposed that the selection and breeding of legumes for enhanced N2 fixation needs to be conducted 

under conditions of low soil N so that the expression of a legumes N-fixation potential can occur and 

to facilitate the discrimination and identification of low and high fixing individuals.  

In white clover, studies by Mytton (1975), Mytton & Felice (1977) and Hardarson & Jones (1979b) 

proposed that N-fixation could be enhanced by selecting plants that can exclude native strains with 

poor N-fixing abilities due to the inheritance of strain preference being additive without any dominant 

or maternal effects. In contrast, Mytton (1976) proposed that the N-fixation efficiency of white clover 

could be improved through a combination of artificial inoculation of effective N-fixing strains and the 

selection of high co-efficiency factors that affect the symbiosis between host and Rhizobium strain.  

The development of cultivars with improved N-fixation has been demonstrated at both an 

experimental and breeding programme level. For example, there are numerous studies with legume 

species including white clover, red clover, lucerne, soybean and common bean that have shown that 

traits such as yield, N content and nodulation can be improved through plant breeding (Nutman, 1954; 

Jones & Burrows, 1968; Connolly et al., 1969; Nutman et al., 1971; Bliss, 1993). A summary of the 

studies that describe programmes which have selected and bred for enhanced N2 fixation are 

described in Table 2.2.  
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Table 2.2: Summary of studies, species, programme and method of assessing symbiotic activity for 

selecting and breeding for enhanced N2 fixation reproduced from Herridge & Danso (1995). 

There have been a number of studies that have described breeding programmes that have aimed to 

enhance N-fixation in white clover (Mytton, 1975; Mytton & Felice, 1977; Hardarson & Jones, 1979b; 

Nutman, 1981). Mytton & Jones (1971) reported that the yield of the white clover cultivar ‘S100’ 

inoculated with a single strain of Rhizobium was increased by 9.1% in the first generation (S1), 34.2% 

in the second generation (S2) and 25.4% in the third generation (S3) by selecting for larger aggregate 

nodule volume in test tubes with nutrient solution. The authors also reported that traits for large 

nodules were more dominant over small nodule volume traits with selection for large nodules resulting 

in an increase in the number of nodules. However, it was reported that the selection for increased 

nodule volume also resulted in the symbiotic efficiency, expressed as yield per nodule weight, 

decreasing with each cycle of selection. Furthermore, none of the improved symbiotic effects from the 

selections were observed when these genotypes were grown in the presence of naturalised strains of 

Rhizobium in open pot cultures. In another study, Jones & Burrows (1968) reported that progeny of 

Reference Species Programme Assessment 

Nodulation N2 fixation 
Graham & Temple (1984) Common bean Selection/breeding Mass, number and 

carbon 
ARA, shoot DM and N 

McFerson & Bliss (1982) 
Attewell & Bliss (1985) 

Common bean Breeding Mass and number ARA and shoot DM 
N, grain yield and 15N (ID) 

Bliss (1993) Common bean Breeding Mass and number Shoot DM, N and grain 
yield 

Rennie & Kemp (1983a) 
Rennie & Kemp (1983b) 

Common bean Selection  15N (ID) 
15N (nat. abun.), shoot DM 

and N 
Seetin & Barnes (1977) Lucerne Screening/breeding Score ARA, Shoot and Root DM 

Barnes et al. (1984) Lucerne Breeding Score and nodule 
enzymes 

ARA, shoot and root DM 

Phillips & Teuber (1985) 
Teuber & Phillips (1988) 

Lucerne Breeding Number and 
flavonoids 

Shoot DM, %N, N and 15N 
(ID) 

Nutman (1984) Red clover Breeding  Time, number, size 
and mass 

ARA, shoot DM, %N and N 

Wu & Harper (1990) 
Wu & Harper (1991) 

Soybean Screening/breeding Mass number and 
enzymes 

ARA. Ureides-stem, leaves 
and xylem 

Shoot DM and N 
Leffel et al. (1992) Soybean Screening Occupancy, grain 

yield, N, N uptake 
Shoot DM and N 

Betts & Herridge (1987) 
Herridge & Betts (1988) 

Herridge et al. (1990) 
Herridge & Rose (1994) 

Soybean Screening 
 
 

Breeding 

Mass and number Ureides – xylem, stem and 
root and 15N (nat. abun.) 

 
Ureides – xylem, F2 single 
plant and non-destructive 

Song et al. (1995) Soybean Breeding Mass and number Ureides – xylem and 15N 
(nat. abun.) 

 
Mytton (1975) White clover Screening Score ARA, shoot and root DM 

ARA = acetylene reduction assay, ID = isotope dilution, nat. abun. = natural abundance 
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both F1 and F2 families derived from selections for high total nodule mass per plant from the white 

clover cultivar ‘S100’ had significantly higher nodule volume when inoculated with an effective strain 

of R.lt. However, it was also reported that as the size of the nodules increased there was a decrease in 

the N-fixation efficiency. Using a mutagenized population of the white clover cultivar ‘Grasslands Huia’, 

Crush & Caradus (1995) reported that seedlings selected for high and low nodulation fixed more N 

when they had fewer but larger sized nodules. This led the authors to conclude that selecting plants 

for fewer, but larger nodules provided an ideal model for breeding white clover cultivars with improved 

N-fixing capacities. 

The selection and breeding of N-fixation traits to date has been complicated by the effects of G x E 

interactions. A possible reason for this is due to the specialised nature of the strategies that have been 

implemented to improve legume N-fixation (Mytton, 1983). For example, several breeding 

programmes have shown that legumes bred for enhanced symbiotic traits in either artificial media or 

glasshouse conditions did not maintain their improvements when grown under more realistic 

environment conditions (Connolly et al., 1969; Mytton, 1973; Viands et al., 1981). Mytton (1976) 

proposed that a difference in the performances of white clover genotypes grown between artificial 

media and pots could be the result of seedlings failing to predict the symbiotic performances of mature 

plants. However, despite the high number of studies which have investigated enhancing N-fixation in 

legumes in white clover, there are a lack of estimates for the effects of G x E interactions on the 

expression of traits associated with N-fixation. 
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2.13 Summary 

Based on the review of the literature, the following conclusions can be made: 

• The intensified use of N fertilisers in New Zealand has led to an increase in the leaching of NO3 

from pastures into the environment.  

• Increasing the amount of N fixed by white clover with strains of Rhizobium could provide a 

sustainable source of N for meeting the growing N demands of New Zealand pastures.  

• The variation in the symbiotic potential (SP) of naturalised Rhizobium populations present in 

New Zealand soils are unlikely to support the optimal symbiotic performance of white clover.  

• Rhizobia competition hinders the establishment of effective symbioses between commercial 

strains of Rhizobium and white clover cultivars in New Zealand soils.  

• Legumes, such as white clover, may be able to preferentially nodulate with specific symbiotic 

partners in the presence of strain competition.  

• The nodulation preferences and mechanisms of different white clover cultivars require further 

investigation.  

• The degree of variation in the N-fixing abilities of individuals within different populations of 

white clover cultivars needs to be measured.  

• There is a lack of information regarding additive genetic variation as well as narrow-sense 

heritabilities of symbiotic traits that are associated with productivity such as dry matter and 

SP in white clover. 

• GS could be utilised to increase the rate of genetic gain for agronomically valued traits that are 

associated with N-fixation in white clover.  

• New Zealand white clover cultivar breeding efforts to date have not focused on genetically 

improving traits associated with N-fixation.  

• Efforts to improve traits associated with N-fixation in white clover have been hindered by the 

effects of G x E interactions which require estimation.  
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2.14 Next steps 

The literature review of this thesis identified a need to investigate N-fixation as a breeding trait in white 

clover cultivars. Therefore, due to half-sibling (HS) family breeding schemes being the most commonly 

utilised methodology for outbreeding forage species in New Zealand, the aim of this thesis was to look 

at N-fixation as a trait using quantitative genetics that can be derived from a HS family population so 

that the results can be aligned to the breeding work conducted within New Zealand. Thus, in this thesis: 

• The variation in white clover population genetics on the interactions with pure strains of 

Rhizobium will be investigated in Chapter 3. 

• Key quantitative genetic parameters associated with symbiotic traits will be investigated using 

a HS family population in Chapter 4. 

• The application of GS to improve selection using a HS family structure for white clover-

Rhizobium interactions will be investigated in Chapter 5. 

• Investigating how a selected set of white clover genetics interact with soil extracts instead of 

pure strains of Rhizobium will be investigated in Chapter 6. 
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Chapter 3  

Phenotyping the symbiotic performances of white clover 

cultivars with strains of rhizobia 

3.1 Introduction 

The formation and productivity of a legume-Rhizobium symbiosis is fundamentally an interaction 

between two components, these being the genotypes (individual) of both the plant and bacteria 

(Svenning et al., 1991). The performance of either of these components can be modified by changing 

either of the partners involved in the interaction (Mytton, 1975). 

In order to identify and develop white clover (Trifolium repens L.) cultivars with improved nitrogen (N)-

fixation capacity, individuals expressing desirable symbiotic traits in symbiosis with a range of 

Rhizobium leguminosarum bv. trifolii (R.lt) strains need to be identified. The identification of 

individuals with high N-fixation potential provides a genetic resource that can be utilised to breed new 

cultivars via conventional breeding methods (Connolly, 2001). Selection methods must therefore be 

able to accurately measure the variation in symbiotic N-fixation of white clover individuals with strains 

of Rhizobium (Mytton, 1978).  

The measurement of shoot dry matter (DM) accumulation has been considered the most useful 

criterion for the effectiveness of white clover-Rhizobium interactions (Mytton, 1978; Mårtensson & 

Rydberg, 1996). This can be attributed to this trait being the most agronomically valued and practical 

to measure in environments where white clover has been grown with absent or low mineral N so that 

the only source of N is via symbiosis (Mytton, 1983; Bliss, 1993). Mytton (1978) stated that variation 

in plant DM production arises from three main sources, with these being the general effects which are 

exerted by the genetics of the plant genotype, effects exerted by the Rhizobium strain and lastly the 

effects of the interaction between them. Thus, a well-designed plant assay should enable the relative 

contribution of all these plant variability sources to be considered and understood.  

Since the 1950s, studies with varying levels of success have been undertaken to measure white clover-

Rhizobium symbiotic interactions (Jones, 1962; Mytton, 1978). Across these studies, a wide range of 

methodologies were utilised including assessing white clover-Rhizobium interactions in trays filled with 

potting mix (Crush & Caradus, 1995), cans filled with sand (Crush & Caradus, 1995), pots with natural 

soil (Mytton, 1976), specimen tubes with vermiculite/McKnight’s solution (Brockwell & Gibson, 1968) 
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and screening mutants in sealed agar Petri dishes (Rolfe & Gresshoff, 1980). To date, the most common 

method which has been used to screen white clover-Rhizobium symbioses is an agar-tube based 

methodology (Mytton & Felice, 1977; Bonish, 1980). Whilst there are some key differences between 

the cited methods, some common features that they all possessed included that they had low levels 

of bacterial or fungal contamination, plants were screened in a low N environment and they were 

conducive to the growth of white clover.  

One issue which can be drawn from the current literature is that not only have there been few studies 

benchmarking different clover genetics in the form of different white clover cultivars, there are fewer 

which have considered the heterogeneous nature of white clover cultivars. Thus, there is a need for 

further work to investigate the interaction between white clover individuals and strains of Rhizobium 

within cultivars. The objective of this study was to measure the degree of variation in the symbiotic 

performances within and among a range of white clover cultivars with different strains of Rhizobium.  

3.2 Methods 

3.2.1 Benchmarking of white clover cultivar-rhizobia symbiotic performances 

The symbiotic performances of the individuals from 17 white clover cultivars inoculated with two 

strains of Rhizobium, one effective and one partially effective, were measured in four separate 

experiments (Experiments A-D) undertaken at Lincoln University. 

3.2.1.1 Development of screening protocol 

Two preliminary studies were completed to optimise the methodologies for screening white clover-

Rhizobium strain interactions. These preliminary studies examined the growth of the white clover 

cultivars ‘Grasslands Tribute’, ‘Grasslands Huia’ and ‘Klondike’ with commercial Rhizobium inoculant 

strains TA1 and CC275e. Both studies showed that the two strains formed effective N-fixation 

symbioses and therefore limited the opportunity to discriminate effective and ineffective interactions 

between cultivars and Rhizobium strains. Thus, a naturalised Rhizobium field isolate S12N10 which had 

been characterised as partially effective due to reduced N-fixation capacity compared to many 

naturalised strains sourced from NZ soils (Celine Blond (Lincoln University, New Zealand), pers. comm. 

15 November 2016) was used in subsequent experiments.  

The preliminary studies highlighted a high degree of variation in the Shoot DM and leaf greenness, as 

determined by a Minolta 502 Soil Plant Analysis Development (SPAD) chlorophyll meter (Konica 

Minolta Sensing Inc., Japan), among individuals within the cultivars ‘Grasslands Tribute’, 

‘Grasslands Huia’ as well as ‘Klondike’ which were inoculated with strains CC275e and TA1. In the first 

preliminary study using individual 70 mL vials (n = 150 plants cultivar-1), there were no significant 
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“cultivar” differences or cultivar-strain interactions among the white clover cultivars ‘Grasslands Huia’ 

and ‘Grasslands Tribute’ despite the large variation in the range of Shoot DM within cultivars when 

inoculated with strains CC275e and TA1. In the second experiment using 6 L high-sided trays, a 

significant (P≤0.001) cultivar-strain interaction for Shoot DM was detected as the cultivar ‘Klondike’ 

produced less Shoot DM with strain CC275e compared to TA1 whereas the Shoot DM of the white 

clover cultivars ‘Grasslands Huia’ and ‘Grasslands Tribute’ were similar with both strains.  

A statistical power analysis of the results of both preliminary studies determined that 16 individuals 

per cultivar-treatment combination was required to detect a significant interaction among and 

between white clover cultivars and Rhizobium strains. 

3.2.2 Experimental design 

To assess cultivar performance in subsequent experiments, a 4.4 L container was assigned one 

treatment and comprised four cultivars randomly assigned to one of four quadrants per container 

(Figure 3.1a). Autoclaved sterilised plastic labels were used to divide the surface of the vermiculite into 

four quadrants, and the cultivars, comprising 16 seedlings, were transplanted into their assigned 

quadrant. All equipment was prepared following the method described in Appendix A.1.  

Figure 3.1: a) Example 4.4 L container after 14 days of growth filled with Grade 3 vermiculite and low 

nitrogen McKnight’s solution with 16 transplanted seedlings per white clover cultivar. The 

pipette tip in the middle of each bay is used for watering seedlings without disturbing the 

vermiculite surface; b) Experimental set up for the white clover cultivar benchmarking 

experiments with individual containers representing different strain inoculation 

treatments arranged in a randomized complete block design in the growth room. 
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Treatment containers were arranged on two shelves (Figure 3.1b) in a randomised complete block 

design with either three (Expts A and B), six (Expt D) or eight (Expt C) replications as depicted in 

Figure 3.2. The white clover cultivar ‘Grassland Tribute’ was included as a control in each experiment 

(Expts A-D) to represent a benchmark cultivar against which the symbiotic performances of other 

cultivars may be compared within and among experiments. The number of replicates per experiment 

and number of cultivars evaluated within each experiment are described in Table 3.1. 

Figure 3.2 Example of the experimental design for benchmarking individuals of four white clover 

cultivars with eight replicates for each treatment (Expt C). 

 
Table 3.1: The experiments and corresponding white clover cultivars screened and number of 

replications within each experiment. 

Experiment Cultivars Replications 

A Aberlasting 
Grasslands Huia 

Rivendel 
Grasslands Tribute 

3 

B Barblanca 
Klondike 
Riesling 

Grasslands Tribute 

3 

C Grasslands Pitau 
Regal 

Tienshan 
Grasslands Tribute 

8 

D Dutch 
Kent 

Grasslands Kopu II 
Louisiana 

Grasslands Prestige 
S100 
S184 

Grasslands Tribute 

6 
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3.2.3 White clover 

White clover cultivars were selected to represent a range of commercial release dates, leaf size classes 

and points of geographic origin (Table 3.2 and 3.3). Cultivar seed was procured from either the white 

clover collection stored at the Margot Forde Germplasm Centre, AgResearch New Zealand, Palmerston 

North or local seed merchants. 

Table 3.2: White clover cultivars organised based on their leaf size class (plant type), decade of 

introduction described by Woodfield & Caradus (1994) and Caradus & Woodfield (1997). 

 
 

Decade Small leaved (SL) Medium leaved (ML) Large leaved (LL) 

Ecotypes Tienshan   

1920s  Dutch White  

1930s Kent Wild White Aberystwyth S.100  Louisiana 

1940s Aberystwyth S184   

1950s  Grasslands Huia  

1960s   Regal 

1970s 
  

Grasslands Pitau 

1980s  Rivendel  

1990s Grasslands Prestige  Grasslands Kopu II 

Klondike 

2000-2010s AberLasting 
(White clover x Caucasian clover 

interspecific hybrid = ISH) 

Grasslands Tribute 

Riesling 

Barblanca 
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Table 3.3: Cultivar name, country and continent of origin, accession number and breeding background of historical cultivars used in study based on descriptions 

by Woodfield & Caradus (1994) and Caradus & Woodfield (1997). 

 

Cultivar Name  
(Year of release) 

Country 
(Continent of origin) 

Accession Breeding background 

AberLasting (2000) United Kingdom (Europe) 201654366 A Caucasian clover (Trifolium ambiguum)-white clover interspecific hybrid bred for dryland pastures with stoloniferous-
rhizomatous growth habit. 

Aberystwyth S.100 (1935) United Kingdom (Europe) C 6405 A cultivar with long petioles and stout stolons which was selected and bred from New Zealand, ‘White Dutch’ and 
English Wild white clovers.  

Aberystwyth S184 (1942) United Kingdom (Europe) C 6407 Bred from wild white clover populations in the United Kingdom for consistent growth under continuous grazing where 
a stolon mat was essential. Was selected for greater uniform productivity than wild white clovers. 

Barblanca (2000s) Netherlands (Europe) A87333 A medium-large leaved European cultivar which was bred in New Zealand using French, Portuguese, New Zealand and 
Spanish germplasm (Jahufer et al., 2003). 

Dutch White (1920) Netherlands (Europe) C 18969 A cultivar which is characterised by its erect leafy growth habit and smaller number of stolons. Leaflet widths have been 
recorded as being bigger in the United Kingdom than in New Zealand.  

Grasslands Huia (1957) New Zealand (Australasia) C 19739 A synthetic white clover cultivar which was produced from 7 original parents selected from New Zealand wild white 
No.1 strains which were collected from North Canterbury and Hawkes Bay for persistence and yields under grazing.  

Grasslands Kopu II (1990s) New Zealand (Australasia) C 20133 Developed and bred for its high stolon density relative to leaf size and high productivity and persistence under irrigated 
grazing conditions from a collection of persistent genotypes identified from a world collection of white clover cultivars 
(Woodfield et al., 2001). 

Grasslands Pitau (1978) New Zealand (Australasia)  C 10609 Selected from hybrids of a cool season Spanish strain and ‘Grasslands Huia’ which were backcrossed with ‘Grasslands 
Huia’ to improve stolon density and winter growth. 

Grasslands Prestige (1993) New Zealand (Australasia)  C 11696 Bred for use in sheep-grazed pastures from clover ecotypes collected and evaluated in Northland New Zealand. Final 
strain was bred from twelve parents which had better productivity than ‘Grasslands Huia’.  

Grasslands Tribute (2003) New Zealand (Australasia) C 26367 Initially bred in Victoria Australia from a collection of 20 white clover lines which included ecotypes from Australia, 
Southern Europe and Syria and New Zealand (Woodfield et al., 2003). 

Kent Wild White (1930) United Kingdom (Europe)  C 3754 Bred from an ecotype collected from fields of wild white clover in England, Wales and old Weald pastures in Kent to be 
a persistent growth under grazing.  

Klondike (1996) Denmark (Europe) 20950342 Bred and selected from existing Danish varieties for improved yield. 

Louisiana (1930s) USA (North America) C 3608 A naturalised type of the cultivar ‘Dutch’ white clover. Also known as Louisiana white. 

Regal (1962) USA (North America) C 15111 A synthetic white clover Ladino variety selected for improved summer growth and persistence in Alabama which was 
produced from five parent clones of the cultivar ‘Tillman’.  

Riesling (2000s) Netherlands (Europe)  A medium-large leaved cultivar developed in the Netherlands. 

Rivendel (1986) Denmark (Europe)  A small-medium leaved cultivar bred from four families of the small leaved ‘Pajbjerg’ material. 

Tienshan (Ecotype) China (East Asia) C 21223 Sourced from Tian Shan region of Northwest China (high altitude-drought conditions). No breeding, limited eco-
geographical data (Mårtensson & Rydberg, 1996). 
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A high altitude small leaved white clover ecotype known as ‘Tienshan’ was included in this study to 

represent an unimproved white clover variety (Tables 3.2 and 3.3). ‘Tienshan’ was discovered in the 

Tian Shan Mountains, which is an arid region located along the border between the People’s Republic 

of China and Kyrgyzstan (Mårtensson & Rydberg, 1996). ‘Tienshan’ was collected from a site that was 

located at an altitude of 2000 m and a latitude of 43.0° (Hofmann et al., 2000). ‘Tienshan’ seed was 

obtained from the germplasm collection stored at the Margot Forde Germplasm Centre, AgResearch 

New Zealand, Palmerston North.  

The white clover-Caucasian clover (T. ambiguum) interspecific hybrid (ISH) ‘AberLasting’ 

(Germinal® Seeds, New Zealand) was included in this study to represent a backcrossed white clover 

hybrid cultivar (Tables 3.2 and 3.3). ‘AberLasting’ is a recently introduced cultivar developed by 

Germinal® Seeds to incorporate the persistence and drought tolerance of Caucasian clover e.g. 

rhizomes with the pasture productivity agronomic traits of a small leaved white clover cultivar. Seed 

of the ISH ‘AberLasting’ was procured from a local seed merchant. Hereafter, all white clover lines, 

including the ecotype ‘Tienshan’ and ISH ‘AberLasting’ are referred to as cultivars. 

3.2.4 Rhizobia 

Two strains of Rhizobium leguminosarum bv. trifolii (R.lt) were selected for use in this study on the 

basis of their N-fixation abilities described in Table 3.4 to increase the opportunity for differences in 

the symbiotic performances between individuals within each white clover cultivar. TA1 is a commercial 

inoculant strain which can fix N effectively with white clover. S12N10 is a naturalised strain of 

Rhizobium isolated from a fresh New Zealand pasture soil and has shown partially effective N-fixation 

ability with white clover. Rhizobia were sourced from the Lincoln University rhizobia culture collection. 

Rhizobia strains were sourced directly from glycerol stocks stored at -80°C.  
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Table 3.4: Origin, nitrogen fixation ability and background of the Rhizobium leguminosarum bv. trifolii 

strains TA1 and S12N10. 

3.2.5 Preparation of growth material 

Plants were grown in 4.4 L containers (245 mm long x 125 mm deep; Viscount Plastics) containing 

500 g of Grade 3 vermiculite which was saturated with 2 L of low-N McKnight’s (McKnight, 1949) 

solution (Appendix A.3). Pre-seed transplantation, containers were wrapped in aluminium foil, sealed 

in two autoclaved bags and autoclaved for 15 min at 121°C in an automated steriliser. Dividers for 

separating cultivars were sterilised following standard operating protocol (Appendix A.1). Containers 

were stored at room temperature until required.  

3.2.6 Seed preparation 

White clover cultivar seeds were surface sterilised following a method described by Drew et al. (2012) 

with slight modifications. These included an initial sterilisation with 70% ethanol and not 96% ethanol, 

and the seeds were sterilised in 15 mL Falcon tubes. White clover seeds were immersed in 70% ethanol 

for 30 secs which was then removed prior to immersion for 5 min in 5 mL of 5% (53 g/L w/v) bleach 

(NaClO). Seeds were rinsed five times for 2 min each with 5 mL of autoclaved deionised water and left 

standing in the final rinse for 15 min. Water was decanted, and seeds were rinsed a further four times 

with 5 mL autoclaved deionised water for 2 min each and left in the final rinse for approximately 

2 hours. After a final rinse with autoclaved deionised water, seeds were plated onto 5% (w/v) water 

agar (Figure 3.3). Approximately 2 mL of autoclaved deionised water was pipetted into the lid of an 

inverted plate to generate humidity. Plates were wrapped in aluminium foil and stratified in a 

refrigerator for 24-48 hours at ~4°C to synchronise germination. Plates were then transferred to an 

incubator for 12-24 hours at 25°C in continuous darkness. 

Strain N-fixation 

ability 

Origin Background 

TA1 Effective Isolated from Trifolium 

subterraneum in Bridport, 

Tasmania in early 1950s 

(Bullard et al., 2005) 

Was primarily used as a commercial inoculant 

from 1961 to 2003 in Australia and New Zealand 

for clover species including white clover, red 

clover (T. pratense), suckling clover (T. dubium) 

and alsike clover (T. hybridum) (Reeve et al., 

2013).  

S12N10 Partially effective Isolated from fresh soil 

collected from Whataroa            

(-43.2776, 170.3757) 

Isolated by AgResearch New Zealand. 

Characterised by Lincoln University Plant 

Microbiology group as having sub optimal 

symbiotic potential with the isogenic line S10 

white clover (pers. comm. Celine Blond). 
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Figure 3.3: Plating of sterilised white clover seeds onto 5% w/v water agar in a Petri dish. 

When radicles of germinated seedlings were approximately 4 mm long, plates were flooded with 

autoclaved deionised water. Suspended seeds with consistent root length were selected for sowing. 

Seeds were transplanted individually into 1×1 cm holes in the vermiculite using flame sterilised 

tweezers. Completed containers were covered with a layer of Glad® cling film to maintain humidity 

during early stages of seed establishment. Holes which were 3×2 mm in diameter were made in the 

cling wrap in order to permit oxygen flow. Cling film was removed after 14 days of incubation in the 

plant growth room. 

3.2.7 Rhizobia preparation 

Rhizobia were grown in 50 mL falcon tubes containing sloped yeast mannitol agar (YMA) 

(Appendix A.2). Rhizobia were sub-cultured into new YMA tubes and grown in an incubator at 25°C in 

continuous darkness to verify that colonies were characteristic of Rhizobium (shiny white colonies) and 

were showing no evidence of bacterial or fungal contamination on YMA after 3-5 days. Rhizobia 

cultures were stored at a temperature between 3 to 5°C for up to 7 days until required.  

3.2.8 Inoculum preparation 

Individual pure cultures of the Rhizobium strains TA1 and S12N10 were initially prepared on YMA 

following the method previously described in Section 3.2.7. Cultures were incubated for four days at 

25°C in continuous darkness. Cultures of each strain were suspended in autoclaved deionised water 

and combined in a Schott bottle containing 500 mL of autoclaved deionised water to provide a 

concentration of 1 x 107 cells mL-1.  
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3.2.9 Inoculation 

Each white clover seedling was inoculated one day after sowing by pouring a suspension containing 

approximately 0.5 mL of a Rhizobium strain at a density of 1 x 107 cells mL-1 above each seedling. 

3.2.10 Estimation of rhizobia numbers 

The number of cells inoculated per Rhizobium strain was confirmed using a rhizobial suspension after 

seven one-in-ten serial dilutions. Initially, inoculant was diluted by transferring 100 µL of stock 

inoculant to 900 µL water in a 1.7 mL Eppendorf tube. The suspension was mixed thoroughly by 

shaking the tube vigorously by hand for 5 sec. This suspension was diluted similarly six more times to 

make 10-2, 10-3, 10-4 10-5 and 10-6 solutions. For each strain, 100 µL of the 10-3, 10-4 and 10-5 dilution 

step solutions were transferred and spread onto YMA. Plates were incubated at 25°C in continuous 

darkness for 48 hours. After 48 hours of incubation, colonies on plates were counted and colony 

forming units (cfu) in the undiluted solution calculated.  

3.2.11 Plant growth and maintenance 

Plants were grown in a growth room for 35 days with a 16-hour light/ 8-hour dark regime. Temperature 

of the growth room ranged from 20-26°C during the day and 16-20°C at night. Each treatment 

container received up to 500 mL of autoclaved deionised water every three to four days to maintain 

plant water status and prevent water loss from evapotranspiration. The amount of water added was 

estimated by weighing each container and adding water to approximately 80% of the initial benchmark 

weight. Water was applied to plants via a pipette tip that was embedded in the vermiculite medium 

after 14 days of growth. Positive control white clover cultivar individuals received approximately 

3.1 mL of 15 mmol L-1 ammonium nitrate (NH4NO3) (1.2 g/ L-1) every week (200 mL/ container-1) after 

14 days of growth.  

3.2.12 Measurements 

Shoot dry matter (DM) and Root DM were determined after 35 days of growth. Shoots and roots of 

individual plants were separated at the hypocotyl, dried in paper bags at 60°C and weighed using a 

four-decimal place precision balance. Root to shoot ratio (RSR) of white clover cultivar individuals was 

calculated post-harvest by dividing the amount of Root DM produced by the amount of Shoot DM. The 

number and appearance of nodules on all plants from each cultivar were counted as well as scored 

following the scale described in Table 3.5.  
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Table 3.5: Nodule scoring system used in this study. 

 

The type of nodule was determined by appearance at harvest. Nodules whose exterior colour was pink 

were classified as effective (Figure 3.4a) whereas nodules which appeared white in colour were 

classified as ineffective (Figure 3.4b) (Ballard et al., 2002).  

Figure 3.4: Example of a) an effective (pink) nodules and b) ineffective (white) nodules. 

3.2.13 Statistical analysis 

The objective of the data analysis of this study was to measure the interactions between a cohort of 

17 white clover cultivars with the Rhizobium strains S12N10 and TA1. All multivariate analyses, trait 

correlations and visualisation of data were conducted using R programming language 

(R Core Team, 2019). 

3.2.13.1 Symbiotic potential 

Shoot and Root DM values were used to calculate symbiotic potential (SP). The SP allowed the 

biological N-fixation of white clover cultivars to be compared. The SP indicates the proportion of 

biomass generated through symbiosis relative to plants grown with mineral N (positive control) 

achieved by an individual of a white clover cultivar while accounting for differences in DM production 

caused by differences in cultivar seed weight and net of seed N reserves. The SP was calculated using 

Equation 3.1 as described by Drew et al. (2012) with modifications:  

Score Description 

0 No nodules 

1 Few (<10) small white nodules 

2 Many (>10) small white nodules 

3 Mixture of white and pink nodules 

4 Few (<10) pink nodules 

5 Many (>10) pink nodules 
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[Equation 3.1] 

 

Where: Individual Cv. SDM (Rhizobium) is the shoot dry matter weight (mg) of an individual from a 

specific cultivar (Cv.); Cv. SDM Negative mean is the mean shoot dry matter (mg) for individuals from 

that specific cultivar that were grown with neither Rhizobium nor supplemental nitrogen (N); Cv. SDM 

Positive control mean is the mean shoot dry matter of individuals from that specific cultivar that were 

grown without Rhizobium but with supplemental N.  

3.2.13.2 Univariate analysis 

The symbiotic trait data of white clover cultivars were analysed using a mixed model in the program 

Flexi (Upsdell, 1994). The mixed model analysis was conducted by Martin Upsdell (Statistician) from 

AgResearch, Ruakura Agricultural Centre, Hamilton. The rationale for using a mixed model analysis in 

this study was to account for minor differences in conditions between experiments in which different 

cultivars were grown, using the cultivar ‘Grasslands Tribute’ as a control among experiments.  

The variation of growing conditions among experiments and among blocks within an experiment can 

be approximated by normal distributions with some estimated variances. The mixed model utilised in 

this study used the individual patterns of cultivars, experiments and blocks to estimate the variances 

of the distributions and the cultivar means adjusting for the differing patterns of conditions that the 

cultivars were grown in. Using a similar variance model for the year (decade) of introduction allows for 

a smooth estimate for the year effect which can follow the data more accurately than a straight line.  

The model for the white clover cultivars, where 𝑦𝑣𝑎𝑟 was either Shoot DM, Shoot SP or RSR, is 

described in Equation 3.2: 

[Equation 3.2] 

𝑦𝑣𝑎𝑟 = 𝑌𝑒𝑎𝑟 + 𝑂𝑟𝑖𝑔𝑖𝑛 + 𝐿𝑒𝑎𝑓 𝑆𝑖𝑧𝑒 + 𝐶𝑢𝑙𝑡𝑖𝑣𝑎𝑟. 

Year was modelled as a stationary smoothed variable with a Gaussian covariance function. The effects 

of different allocations of cultivars and treatments were accounted for by the model for the 

experimental design which was 𝑦𝑣𝑎𝑟 = 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡/𝐵𝑙𝑜𝑐𝑘. The full model fitted is described in 

Equation 3.3: 

 

 

𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝐶𝑣.  𝑆𝐷𝑀 (Rhizobium) −  𝐶𝑣. 𝑆𝐷𝑀 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑚𝑒𝑎𝑛 

𝐶𝑣. 𝑆𝐷𝑀 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑚𝑒𝑎𝑛 − 𝐶𝑣. 𝑆𝐷𝑀 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑚𝑒𝑎𝑛
𝑋 100 = 𝑆𝑦𝑚𝑏𝑖𝑜𝑡𝑖𝑐 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 (%) 
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[Equation 3.3] 

𝑦𝑣𝑎𝑟 = (𝑌𝑒𝑎𝑟 + 𝑂𝑟𝑖𝑔𝑖𝑛 + 𝐿𝑒𝑎𝑓 𝑆𝑖𝑧𝑒 + 𝐶𝑢𝑙𝑡𝑖𝑣𝑎𝑟) ∗ 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 + 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡/𝐵𝑙𝑜𝑐𝑘 

A model search was conducted to identify which terms in the full model described in Equation 3.3 were 

valid. The corrected Akaike Information Criterion (AIC) was used to evaluate the suitability of the model 

to the data. The results of the model search together with the probability that the model is the true 

model, assuming that the true model is among those tested for Shoot DM, Shoot SP and RSR are 

presented in Appendix B.1, B.2 and B.3, respectively. 

The term Treatment was in the most probable model for all the response variables. The term Cultivar 

was in the most probable model for Shoot DM and its Origin (continent of origin) in the most probable 

model for RSR. In the model search for RSR (Appendix B.3), the models with only Origin or Cultivar had 

probabilities of 50% and 40%, respectively, whilst the model with both Origin and Cultivar had a 

probability of just 2%. These results indicated that either Origin or Cultivar was needed but not both. 

Since each cultivar comes from only one continent and Cultivar, not Origin, is needed for the other 

response variables it was decided to leave Origin out of the model but to order the cultivars so that 

cultivars from the same continent of origin were grouped together. Any effects of Origin, Year of 

introduction and Leaf size of the cultivar on Shoot DM could not be detected from the data of this 

experiment. Thus, the model described in Equation 3.4 was used for all subsequent analyses.  

 [Equation 3.4] 

𝑦𝑣𝑎𝑟 = 𝐶𝑢𝑙𝑡𝑖𝑣𝑎𝑟 ∗ 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 + 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡/𝐵𝑙𝑜𝑐𝑘 

Since the design was unbalanced, each white clover cultivar-treatment combination produced in the 

tables for the mixed model analysis of each trait had a different Least Significant Difference (LSD). An 

approximate value for the LSD of each white clover cultivar-treatment combination for the traits Shoot 

DM, Shoot SP and RSR was obtained by adding the corresponding Least Significant Intervals (LSI) using 

the tables presented in Appendix B.4, B.5 and B.6, respectively.  

3.2.13.3 Phenotypic correlation coefficient 

A pairwise Pearson’s correlation coefficient was performed to determine the linear dependence of the 

symbiotic traits Shoot DM, Root DM, Shoot SP, Root SP, RSR with the number of pink nodules and the 

categorical groups decade of white clover cultivar introduction and white clover leaf size class. The 

Pearson’s correlation coefficient for each trait was generated from the means of white clover cultivars 

which had been separated into treatments using the ‘cor’ and ‘corrtest’ functions in the R package 

psych. The corresponding significance values (P≤0.05) for each correlation coefficient were generated 
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using the R package car. The correlation coefficients and P values for each symbiotic trait-treatment 

combination were used to construct a pairwise correlation matrix which was visualised by generating 

a correlation plot using the R package corrplot in R.  

3.2.13.4 Multivariate analysis 

Principal component analysis (PCA) and canonical discriminant analysis (CDA) were used to explore the 

relatedness between white clover cultivars based on their leaf size class and their expression of the 

symbiotic traits Shoot DM, Root DM, Shoot SP, Root SP, RSR and the number of pink nodules within 

different treatments. The PCA was selected to be an intermediate method to initially investigate the 

clustering of white clover cultivar-means and to identify the best grouping factor for CDA. The CDA was 

used to separate the white clover means further using treatment as a grouping factor and to identify 

clusters associated with the measured traits. The multivariate procedures were performed using the 

means of each white clover cultivar-treatment combination which were converted to eigenvalues and 

plotted as eigenvectors onto a biplot. CDA procedures and biplots were generated using the R package 

candisc. PCA procedures and biplots were generated using the ‘prcomp’ function in the R default 

package stats.  

3.2.13.5 Visualisation of data 

Symbiotic trait data was plotted and visualised using notched boxplots generated using the R package 

ggplot2. Boxplots were selected for presenting data in this study because they permit the quick 

visualisation of data, are suitable for large sample sizes and are ideal for skewed data sets (McGill et 

al., 1978). A notched boxplot is a variation of a typical boxplot which can be used for visualising and 

interpreting data. The notch of the boxplot displays the 95% confidence interval around the median 

(+/- 1.57 x interquartile range/square root of number of samples) (Figure 3.5). Chambers et al. (1983) 

stated that although it is not a formal test, if the notches of two different boxes do not overlap there 

is a strong indication that their medians differ from one another. 
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Figure 3.5: Appearance and description of a notched boxplot. 

3.3 Results 

3.3.1 Shoot dry matter 

The univariate mixed model derived in Section 3.3.13.4 did not detect any effects of the Origin, Year 

of introduction and Leaf size of the white clover cultivars on the Shoot DM data of this experiment. 

Using the derived mixed model (Equation 3.4), the adjusted estimates for mean Shoot DM production 

of all white clover cultivars (main effect of inoculation treatment) were calculated and ranged from 3.8 

(negative control) to 15.6 mg (positive control) (Table 3.6). White clover seedlings inoculated with the 

Rhizobium strain TA1 (11.7 mg) had 27% more Shoot DM production than seedlings inoculated with 

strain S12N10 (9 mg).  

The adjusted Shoot DM means presented in Table 3.6 show that there were large and significant 

(P≤0.001) interactions among the white clover cultivars and two strains of Rhizobium. Several cultivars 

(‘Barblanca’, ‘Kent’, ‘Louisiana’, ‘Grasslands Kopu II’, ‘Grasslands Prestige’, ‘S100’ and ‘S184’) showed 

no significant (P≤0.001) difference in Shoot DM when inoculated with the effective and partially 

effective Rhizobium strains TA1 and S12N10, respectively. Of these cultivars, ‘Barblanca’ performed 

equally poorly with both strains (~8.7 mg) relative to the positive control (18.7 mg), whereas ‘S100’ 

performed equally well with the rhizobia strains (~10.4 mg) compared to the N control (11.7 mg). In 

contrast, several cultivars (‘Dutch’, ‘Grasslands Huia’, ‘Klondike’, ‘Grasslands Pitau’, ‘Regal’, ‘Riesling’, 

‘Rivendel’, ‘Tienshan’ and ‘Grasslands Tribute’) had significantly (P≤0.001) higher Shoot DM production 

when inoculated with the effective strain TA1 than the partially effective strain S12N10. For some 

cultivars, the difference between TA1 and S12N10 was not large (‘Klondike’, ‘Grasslands Pitau’, 

‘Riesling’ and ‘Rivendel’) whereas some cultivars had larger differences (‘Dutch’, ‘Grasslands Huia’ and 
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‘Regal’). The ecotype ‘Tienshan’ in particular had a marked Shoot DM disparity between the biomass 

generated with effective and partially effective strains (68%) with S12N10 (4.6 mg) being close to that 

of the negative control (2.2 mg), whereas that of the TA1 treatment (14.2 mg) was similar to the 

nitrogen control (16.8 mg). ‘Aberlasting’, the interspecific hybrid (ISH) cultivar, performed well with 

both TA1 and S12N10, with 12.5 and 10.1 mg, respectively. The cultivars ‘Dutch’ and ‘S184’ generated 

similar biomass with strain TA1 as they did with N supplementation.  
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Table 3.6: Mixed model adjusted estimates for the mean shoot dry matter (Shoot DM; mg) of the white clover cultivars: ‘AberLasting’, ‘Barblanca’, ‘Dutch’, 

‘Grasslands Huia’, ‘Kent’, ‘Klondike’, ‘Grasslands Kopu II’, ‘Louisiana’, ‘Grasslands Pitau’, ‘Grasslands Prestige’, ‘Regal’, ‘Riesling’, ‘Rivendel’, ‘S100’, 

‘S184’, ‘Tienshan‘ and ‘Grasslands Tribute’ inoculated with a pure culture of Rhizobium leguminosarum bv. trifolii strain S12N10 or TA1 or grown with 

(No Rhizobia, + N) or without mineral nitrogen (No Rhizobia, No N) after 35 days of growth. Least significant difference (LSD) for the main effects of 

cultivar, treatment and cultivar x treatment interactions indicates significance at P≤0.05 according to Fisher’s pairwise LSD. 

White clover Cultivar Treatments Cultivar main effect (mg) 

(LSD=1.5 ns) No Rhizobia, + N 

(mg) 

TA1 

(mg) 

S12N10 

(mg) 

No Rhizobia, No N 

(mg) 

AberLasting 15.1 12.5 10.1 0.7 10 

Barblanca 18.7 8.9 8.4 2.8 10 

Dutch 12.8 12.2 8.6 5.1 10 

Grasslands Huia 17.5 14.9 10.9 0.2 10.1 

Kent 11.6 10.3 9.4 5.8 10 

Klondike 21.8 10.4 8.2 2.9 10.1 

Grasslands Kopu II 14.6 12.4 10.7 7.1 10.1 

Louisiana 13.8 11.1 10.1 7.1 10 

Grasslands Pitau 15.2 12.1 9.7 2.4 10 

Grasslands Prestige 13.1 10.6 10.5 6.5 10 

Regal 17.0 11 5.1 2.3 10 

Riesling 19.5 10.1 8.2 3.0 10 

Rivendel 19.5 13.5 10.1 0.8 10.1 

S100 11.7 10.4 10.4 5.5 10 

S184 12.7 12.2 10.5 5.6 10 

Tienshan 16.8 14.2 4.6 2.2 10 

Grasslands Tribute 15.5 12 8 2.9 10 

Treatment main effect (mg) 

(LSD = 1.6 P≤0.001) 
15.6 11.7 9 3.8 

Average LSD between cells 
within table = 2.0 
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3.3.2 Shoot symbiotic potential 

Using the derived mixed model (Equation 3.4), the adjusted estimates for mean Shoot SP of all white 

clover cultivars ranged from 12% to 88% when inoculated with either the Rhizobium strain S12N10 or 

TA1 (Table 3.7). White clover seedlings inoculated with the Rhizobium strain TA1 (65%) had 32% higher 

Shoot SP than seedlings inoculated with strain S12N10 (44%).  

The adjusted Shoot SP means presented in Table 3.7 show that there were large and significant 

(P≤0.001) interactions among the white clover cultivars and two strains of Rhizobium and generally 

reflected that of Shoot DM (Section 3.3.1). The cultivars ‘Barblanca’, ‘Klondike’, ‘Louisiana’, 

‘Grasslands Pitau’, ‘Grasslands Prestige’, ‘Riesling’, ‘Rivendel’ and ‘S100’ had similar Shoot SP when 

inoculated with the effective and partially effective Rhizobium strains TA1 and S12N10, respectively. 

Among these cultivars, ‘Barblanca’ had low Shoot SP (~45%) with both strains whereas ‘Grasslands 

Prestige’ (~57%) and ‘S100’ (~60%) maintained a higher shoot SP with TA1 and S12N10. In contrast, 

the cultivars ‘Dutch’, ‘Grasslands Huia’, ‘Kent’, ‘Grasslands Kopu II’, ‘Regal’, ‘S184’, ‘Tienshan’ and 

‘Grasslands Tribute’ had significantly (P≤0.001) higher Shoot SP when inoculated with the effective 

strain TA1 than strain S12N10. As with Shoot DM (Section 3.3.1), the greatest discrepancy between 

strains TA1 and S12N10 was with the ecotype ‘Tienshan’ (76% and 12%, respectively) followed by the 

cultivar ‘Regal’ (56% and 15%, respectively) with both populations having poor biomass production 

with strain S12N10. The ISH cultivar ‘Aberlasting’ performed well with both Rhizobium strains 

producing one of the highest Shoot SP (78%) with strain TA1. 
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Table 3.7: Mixed model adjusted estimates for the mean shoot symbiotic potential (Shoot SP; %) of the white clover cultivars: ‘AberLasting’, ‘Barblanca’, ‘Dutch’, 

‘Grasslands Huia’, ‘Kent’, ‘Klondike’, ‘Grasslands Kopu II’, ‘Louisiana’, ‘Grasslands Pitau’, ‘Grasslands Prestige’, ‘Regal’,  ‘Riesling’, ‘Rivendel’, ‘S100’, 

‘S184’, ‘Tienshan‘ and ‘Grasslands Tribute’ inoculated with a pure culture of Rhizobium leguminosarum bv. trifolii strain S12N10 or TA1 after 35 days 

of growth. Least significant difference (LSD) for the main effects of cultivar, treatment and cultivar x treatment interactions indicates significance at 

P≤0.05 according to Fisher’s pairwise LSD. 

 

White clover Cultivar Treatments Cultivar main effect 
(LSD=28%, ns) TA1 S12N10 

AberLasting 78% 61% 54% 

Barblanca 46% 43% 51% 

Dutch 88% 35% 53% 

Grasslands Huia 79% 57% 54% 

Kent 68% 50% 52% 

Klondike 49% 36% 51% 

Grasslands Kopu II 66% 44% 52% 

Louisiana 56% 41% 50% 

Grasslands Pitau 73% 54% 54% 

Grasslands Prestige 57% 57% 53% 

Regal 56% 15% 42% 

Riesling 52% 39% 52% 

Rivendel 61% 45% 46% 

S100 60% 61% 49% 

S184 82% 57% 55% 

Tienshan 76% 12% 45% 

Grasslands Tribute 60% 38% 51% 

Treatment main effect 

(LSD = 14% P≤0.001) 
65% 44% 

Average LSD between cells 
within table = 21% 
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The data presented in Figure 3.6 shows the extent of variation in the Shoot SP values among individuals 

within white clover cultivars inoculated with the Rhizobium strains S12N10 and TA1. Of the white 

clover cultivars inoculated with Rhizobium strain TA1, ‘AberLasting’ (36%), ‘Dutch’ (35%), 

‘Grasslands Huia’ (37%), ‘Kent’ (29%), ‘Grasslands Pitau’ (28%) and ‘S184’ (38%) had the highest 

percentage of individuals growing above 100% of the cultivars respective positive control (Figure 3.6). 

The cultivars ‘Barblanca’ (2%), ‘Klondike’ (1%), ‘Louisiana’ (19%), ‘Riesling’ (2%), ‘S100’ (17%) and 

‘Grasslands Tribute’ (5%) had the lowest percentage of individuals growing above 100% of the cultivars 

respective positive control mean when inoculated with the Rhizobium strain TA1.  

Of the white clover cultivars inoculated with Rhizobium strain S12N10, ‘S100’ (24%), ‘AberLasting’ 

(23%), ‘Grasslands Huia’ (20%), ‘Kent’ (22%), ‘Grasslands Prestige’ (20%) and ‘S184’ (20%) had the 

highest percentage of individuals growing above 100% of the cultivars respective positive control 

(Figure 3.6). The cultivars ‘Barblanca’, ‘Klondike’, ‘Riesling’, ‘Regal’ and ‘Tienshan’ had no individuals 

growing above 100% of the cultivars respective positive control.  
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Figure 3.6: Percentage of shoot dry matter relative to the cultivar positive control mean (Shoot SP) of the white clover cultivars ‘Barblanca’, ‘Dutch’, 

‘Grasslands Huia’, ‘Kent’, ‘Klondike’, ‘Grasslands Kopu II’, ‘Louisiana’, ‘Grasslands Pitau’, ‘Grasslands Prestige’, ‘Regal’, ‘Riesling’, ‘Rivendel’, ‘S100’, 

‘S184’ and ‘Grasslands Tribute’ as well as the interspecific hybrid ‘AberLasting’ and the ecotype ‘Tienshan‘ inoculated with a pure culture of the 

Rhizobium leguminosarum bv. trifolii strain S12N10 or TA1 after 35 days of growth. Bar indicates significant difference at P≤0.05 according to LSD. 
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3.3.3 Root to shoot ratio 

Using the derived mixed model (Equation 3.4), the adjusted estimates for mean RSRs of all white clover 

cultivars ranged from 0.37 to 0.66 when inoculated with either the Rhizobium strain S12N10 or TA1 

and 0.28 to 1.21 when grown with (positive control) or without mineral N (negative control) 

(Table 3.8). The treatment had a significant effect (P≤0.001) on the overall RSRs of white clover 

cultivars with the RSRs of cultivars increasing as the N availability of the treatments decreased. The 

mean RSRs of white clover seedlings grown with no mineral N and rhizobia (0.83) or inoculated with 

Rhizobium strain S12N10 (0.52) or TA1 (0.42) were 55%, 28% and 11% higher, respectively, than 

seedlings grown under mineral N with no rhizobia (0.37). The RSRs of white clover seedlings inoculated 

with the Rhizobium strain S12N10 were 19% higher than seedlings inoculated with strain TA1.  

The adjusted RSR means presented in Table 3.8 show that there were significant (P≤0.001) interactions 

among the white clover cultivars and two strains of Rhizobium. Comparing among treatments, within 

most cultivars there was no significant (P≤0.001) difference in RSR for the positive control and 

Rhizobium strain treatments (S12N10 and TA1), but there was a significant (P≤0.001) RSR increase in 

the corresponding negative control. The cultivars ‘Dutch’, ‘Kent’, ‘Grasslands Pitau’, ‘Regal’, ‘Riesling’, 

‘Tienshan’ and ‘Grasslands Tribute’ had significantly (P≤0.001) higher RSRs when inoculated with strain 

S12N10 than strain TA1. Of these cultivars ‘Regal’ and ‘Tienshan’ had very low Shoot biomass and SP 

with S12N10 whereas ‘Kent’ showed a trend toward reduced Shoot biomass and SP with S12N10 

(Tables 3.6 and 3.7). The ISH ‘Aberlasting’ had significantly higher RSR with strain S12N10 than TA1, 

with 0.5 and 0.4, respectively. The ISH ‘Aberlasting’ and cultivar ‘Grasslands Prestige’ had a significant 

(P≤0.001) increase in RSR with Rhizobium strains compared with the positive control.  

Within the positive control treatment, the cultivars ‘AberLasting’ (0.28) and ‘Regal’ (0.29) had 

significantly lower (P≤0.001) mean RSRs whereas the cultivar ‘S100’ (0.54) had significantly higher 

(P≤0.001) mean RSR than most cultivars (Table 3.8). In the negative control treatment, the cultivars 

‘Dutch’ (0.55), ‘Rivendel’ (0.56) as well as ‘S184’ (0.60) had significantly lower (P≤0.001) mean RSRs 

whereas the cultivars ‘Barblanca’ (1.16), ‘Tienshan’ (1.17) and ‘Grasslands Tribute’ (1.21) had 

significantly higher (P≤0.001) mean RSRs than most cultivars. Of the cultivars inoculated with 

Rhizobium strain S12N10, the cultivars ‘Kent’ (0.66), ‘Regal’ (0.61) and ‘Tienshan’ (0.62) had 

significantly higher (P≤0.001) mean RSRs than most cultivars. Of the cultivars inoculated with 

Rhizobium strain TA1, the cultivar ‘Grasslands Prestige’ (0.5) had significantly higher (P≤0.001) mean 

RSRs than ‘Grasslands Kopu II’ (0.37) and ‘Rivendel’ (0.37).  
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Table 3.8: Mixed model adjusted estimates for the root to shoot ratio (RSR) of the white clover cultivars: ‘AberLasting’, ‘Barblanca’, ‘Dutch’, ‘Grasslands Huia’, 

‘Kent’, ‘Klondike’, ‘Grasslands Kopu II’, ‘Louisiana’, ‘Grasslands Pitau’, ‘Grasslands Prestige’, ‘Regal’, ‘Riesling’, ‘Rivendel’, ‘S100’, ‘S184’, ‘Tienshan‘ and 

‘Grasslands Tribute’ inoculated with a pure culture of the Rhizobium leguminosarum bv. trifolii strain S12N10 or TA1 or grown with (No Rhizobia, + N) 

or without mineral nitrogen (No Rhizobia, No N) after 35 days of growth. Least significant difference (LSD) for the main effects of cultivar, treatment 

and cultivar x treatment interactions indicates significance at P≤0.05 according to Fisher’s pairwise LSD. 

 

White clover Cultivar  Treatments Cultivar main effect 

 (LSD=0.24 ns) No Rhizobia, + N TA1 S12N10 No Rhizobia, No N 

AberLasting 0.28 0.4 0.5 0.74 0.48 

Barblanca 0.45 0.48 0.56 1.16 0.65 

Dutch 0.31 0.41 0.52 0.55 0.45 

Grasslands Huia 0.39 0.44 0.47 0.89 0.55 

Kent 0.34 0.45 0.66 0.66 0.53 

Klondike 0.44 0.43 0.45 0.77 0.52 

Grasslands Kopu II 0.33 0.37 0.44 0.78 0.49 

Louisiana 0.34 0.38 0.45 0.70 0.47 

Grasslands Pitau 0.34 0.43 0.54 0.96 0.57 

Grasslands Prestige 0.33 0.5 0.53 0.89 0.56 

Regal 0.29 0.41 0.61 0.87 0.54 

Riesling 0.46 0.45 0.56 0.85 0.57 

Rivendel 0.37 0.37 0.46 0.56 0.45 

S100 0.54 0.49 0.46 0.73 0.55 

S184 0.35 0.41 0.48 0.60 0.47 

Tienshan 0.31 0.37 0.62 1.17 0.61 

Grasslands Tribute 0.39 0.44 0.52 1.21 0.63 

Treatment main effect  

(LSD = 0.12 P≤0.001) 
0.37 0.42 0.52 0.83 

Average LSD between cells 
within table = 0.11 
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3.3.4 Nodulation traits 

A synopsis of nodulation data is presented in Appendix B.7. White clover seedlings inoculated with the 

Rhizobium strain S12N10 (7.8) had 16% more pink nodules per plant than seedlings inoculated with 

strain TA1 (6.5). Overall, the cultivars ‘Grasslands Pitau’ (9.2) and ‘Rivendel’ (8.9) had significantly more 

(P≤0.05) pink nodules than all cultivars across both Rhizobium treatments (Appendix B.8). For each 

pink nodule formed, ‘Tienshan’ produced 0.7 mg of Shoot DM when inoculated with Rhizobium strain 

S12N10 in contrast to ‘Grasslands Huia’ and ‘Rivendel’ which produced 1.32 mg and 1.12 mg of Shoot 

DM per pink nodule, respectively. When inoculated with Rhizobium strain TA1, ‘Barblanca’ and 

‘Riesling’ both produced 1.46 mg of Shoot DM per pink nodule in contrast to ‘Grasslands Huia’ and 

‘Rivendel’ which produced 2.46 mg and 1.98 mg of Shoot DM per pink nodule, respectively. Any 

correlations between number of pink nodules and phenotype are described in Section 3.3.5. 

White clover seedlings inoculated with the Rhizobium strain S12N10 (0.8) had 44% more white nodules 

per plant than seedlings inoculated with strain TA1 (0.4). Overall, the cultivars ‘Tienshan’ (3.1) and 

‘Regal’ (2.6) had significantly more (P≤0.05) pink nodules than all cultivars across both Rhizobium strain 

treatments (Appendix B.8). For each white nodule formed, the cultivars ‘Tienshan’ and ‘Regal’ 

produced 0.58 mg and 1 mg of Shoot DM when inoculated with the Rhizobium strain S12N10. 

3.3.5 Phenotypic correlations 

Pairwise correlation coefficients (r) of six symbiotic traits, continent of origin, decade of introduction 

and leaf size class of 17 white clover cultivars are shown in Figure 3.7. Within the treatments, consisting 

of white clover cultivars inoculated with Rhizobium strain TA1 or S12N10, there were strong pairwise 

correlation coefficients between shoot and root traits for DM.  

Pairwise correlation coefficients ranged from a high positive correlation of 0.98 between Shoot DM 

and Root DM of Rhizobium strain S12N10 inoculated plants to a moderate negative correlation of 

– 0.46 between Shoot SP of strain TA1 inoculated plants and leaf size class (Figure 3.7). The trait Shoot 

DM had moderate to strong positive pairwise correlation coefficients ranging from 0.52 to 0.98 with 

the Root DM, number of pink nodules and Shoot SP of S12N10 or TA1 inoculated plants. Root DM had 

moderate to strong positive pairwise correlation coefficients ranging from 0.44 to 0.74 with the 

number of pink nodules and Shoot SP of S12N10 or TA1 inoculated plants. Shoot SP had moderate to 

strong positive pairwise correlation coefficients ranging from 0.44 to 0.77 with the number of pink 

nodules and Root SP of S12N10 or TA1 inoculated plants. The number of pink nodules had weak to 

moderate positive pairwise correlation coefficients (r = 0.28 and 0.62, respectively) with the Root SP 

of S12N10 or TA1 inoculated plants. RSR had weak negative correlation coefficients with the Shoot SP 
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(r = -0.32 and - 0.29, respectively) and Root SP (r = -0.04 and -0.31, respectively) of S12N10 or TA1 

inoculated plants.  

The categorical group continent of origin had a weak positive correlation (r = 0.25) with leaf size class 

as well as moderate negative correlation with the decade of white clover cultivar introduction (r = -

0.45) (Figure 3.7). The continent of origin also had weak to moderate negative correlations with the 

symbiotic traits RSR (r = -0.42) and Root DM (r = -0.28) of TA1 inoculated plants. The decade of white 

clover cultivar introduction had a moderate positive correlation (r = 0.41) with the RSR of plants 

inoculated with S12N10 as well as moderate negative correlations with Shoot SP (r = -0.39 and -0.42, 

respectively) and Root SP (r =- 0.37 and -0.39, respectively) of S12N10 or TA1 inoculated plants. The 

leaf size class of white clover cultivars had moderate negative pairwise correlation coefficients with 

Shoot SP (r = -0.35 and -0.46, respectively) and Root SP (r =-0.42 and -0.4, respectively) of S12N10 or 

TA1 inoculated plants. 
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Figure 3.7: Pearson’s pairwise phenotypic correlation plot of six symbiotic traits and the categorical 

groups continent of origin, decade of introduction and leaf size classes of 17 white clover 

cultivar populations with the Rhizobium leguminosarum bv. trifolii strains S12N10 (partially 

effective) and TA1 (effective). Data representing symbiotic traits is presented as 

standardised means. Cultivar categories are from left: Continent of Origin; Decade of 

Introduction and Leaf Size Class. Plant traits are from left: Shoot DM, shoot dry matter; 

Root DM, root dry matter; No. Pink Nodules, number of pink nodules; Shoot SP, shoot 

symbiotic potential; Root SP, root symbiotic potential; RSR, root to shoot ratio. The bold 

text, size and colour intensity of the circle are proportional to the correlation coefficient 

(r). Positive correlations are displayed in white-red and negative correlations in yellow-

green colour. The numbers in the lower triangle with white background are P values which 

indicate significant association at P≤0.05.  
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3.3.6 Multivariate analysis 

The dimensionality reduction-based methods principal component analysis (PCA) and canonical 

discriminant analysis (CDA) were used to explore the relationships between six symbiotic traits 

(Shoot DM, Root DM, Shoot SP, Root SP, number of pink nodules and RSR) and the categorical group 

leaf size class of 17 white clover cultivars grown separately with 4 treatments.  

A PCA was used to initially explore which grouping factors could separate cultivar mean differences 

and elucidate the relationships between the symbiotic traits and leaf size class (Appendix C.1). The PCA 

showed that treatment group was the strongest factor for separating cultivar means with the 

horizontal (PC1) and vertical axis (PC2) explaining 53.2% and 15.8%, respectively of the variance 

groupings.  

A CDA of the data set showed that the horizontal canonical axis (Can1) explained 71.1% of the variance 

in the mean differences between white clover cultivar-treatment groups (Figure 3.8). The variance of 

Can1 involved the clustering of cultivar-treatment groups based on the canonical scores of the 

Rhizobium strain S12N10 and TA1 treatment groups being similar relative to the other treatments 

which was driven by the symbiotic traits number of pink nodules and RSR pulling them away from the 

control treatments (positive and negative controls) (Appendix C.2). The canonical scores of the positive 

and negative control treatments was driven by the traits Shoot DM and Root DM pulling them away 

from the Rhizobium associated traits Shoot and Root SP. The categorical group leaf size class had no 

effect on the canonical scores of treatment groups due to the effects of the negative control treatment 

group.  

The vertical canonical axis (Can2) explained 28.8% of the variance in mean differences between the 

white clover cultivar-treatment groups (Figure 3.8; Appendix C.3). The variance of Can2 involved the 

clustering of cultivar-treatment groups based on the canonical scores of the Rhizobium strains S12N10 

and TA1 as well as positive control treatment group being similar. The clustering of these treatment 

groups was driven by the traits Shoot DM, Root DM, Shoot SP, Root SP and number of pink nodules 

pulling them away from the negative control group. The canonical score of the negative control group 

on the vertical axis was driven by the trait RSR pulling it away from the other treatment groups which 

were grouping based on the growth traits.  
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Figure 3.8: Canonical discriminant analysis (CDA) of six symbiotic traits to discriminate the four 

treatments of 17 white clover cultivar populations. Data representing symbiotic traits is 

presented as standardised means. Symbiotic traits associated with the first two dimensions 

are Shoot DM, shoot dry matter; Root DM, root dry matter; Shoot SP, shoot symbiotic 

potential; Root SP, root symbiotic potential; RSR, root:shoot ratio; Pink Nodules, number 

of pink nodules and the categorical group Leaf Size, leaf size class. Treatment groups are 

Negative (No rhizobia, no N), Positive (No Rhizobia, + N), Rhizobium strain S12N10 and 

Rhizobium strain TA1. White clover cultivars are ABL, ‘AberLasting’; BRB, ‘Barblanca’; DUT, 

Dutch’; HUI, ‘Grasslands Huia’; KNT, ‘Kent’; KLD, ‘Klondike’; KP2, ‘Grasslands Kopu II’; LOU, 

‘Louisiana’; PIT, ‘Grasslands Pitau’; PRS, ‘Grasslands Prestige’; RGL, ‘Regal’; RIS, ‘Riesling’; 

RIV, ‘Rivendel’; S10, ‘S100’; S18, ‘S184’; TIS, ‘Tienshan’; TR5, ‘Grasslands Tribute’ Exp. 5; 

TR5, ‘Grasslands Tribute’ Exp. 6; TR7, ‘Grasslands Tribute’ Exp. 7. 
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Based on the first CDA with all six symbiotic traits and categorical group leaf size class included 

(Figure 3.8), the trait number of pink nodules was removed from further multivariate work due to the 

negative and positive control treatments not having nodules as a result of not being inoculated with 

strains of Rhizobium. An initial PCA showed that treatment group was able to separate the five 

symbiotic traits with the horizontal (PC1) and vertical axis (PC2) explaining 61.67% and 17.5%, 

respectively of the variance groupings (Appendix C.4).  

A CDA of the data set showed that the horizontal canonical axis (Can1) explained 93.3% of the variance 

in the mean differences between white clover cultivars and treatment groups (Figure 3.9). The 

variance of Can1 involved the trait RSR pulling the negative control treatment group away from the 

other treatment groups (Appendix C.5). The canonical scores of the Rhizobium strain treatment groups 

were similar relative to the positive control treatment group with their clustering being driven by all 

the other traits (Shoot DM, Root DM, Shoot SP and Root SP). The categorical group leaf size class had 

no effect on the canonical scores of the treatment groups and separation of the cultivar means.  

The vertical canonical axis (Can2) explained 6.7% of the variance in mean differences between the 

white clover cultivar-treatment groups (Figure 3.9). The variance of Can2 involved the traits Root DM, 

Shoot SP and Root SP pulling the Rhizobium strain treatment groups away from the control treatment 

groups with the Rhizobium strain treatments having similar canonical scores (Appendix C.6). The 

canonical scores of the negative and positive control treatment groups were similar with clustering 

being driven by the traits Shoot DM and RSR.  
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Figure 3.9: Canonical discriminant analysis (CDA) of five symbiotic traits to discriminate the four 

treatments of 17 white clover cultivar populations. Data representing symbiotic traits is 

presented as standardised means. Plant symbiotic traits associated with the first two 

dimensions are Shoot DM, shoot dry matter; Root DM, root dry matter; Shoot SP, shoot 

symbiotic potential; Root SP, root symbiotic potential; RSR, root:shoot ratio and the 

categorical group Leaf Size, leaf size class. Treatment groups are Negative (No rhizobia, no 

N), Positive (No Rhizobia, + N), Rhizobium strain S12N10 and Rhizobium strain TA1. White 

clover cultivars are ABL, ‘AberLasting’; BRB, ‘Barblanca’; DUT, Dutch’; HUI, ‘Grasslands 

Huia’; KNT, ‘Kent’; KLD, ‘Klondike’; KP2, ‘Grasslands Kopu II’; LOU, ‘Louisiana’; PIT, 

‘Grasslands Pitau’; PRS, ‘Grasslands Prestige’; RGL, ‘Regal’; RIS, ‘Riesling’; RIV, ‘Rivendel’; 

S10, ‘S100’; S18, ‘S184’; TIS, ‘Tienshan’; TR5, ‘Grasslands Tribute’ Exp. 5; TR5, ‘Grasslands 

Tribute’ Exp. 6; TR7, ‘Grasslands Tribute’ Exp. 7.  
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The multivariate analysis (Figures 3.8 and 3.9) results show that, overall, there are large differences in 

the effectiveness of the symbiotic associations across the examined white clover cultivars with 

different Rhizobium inoculation treatments. The white clover cultivars ‘Grasslands Huia’ and ‘S100’ 

formed the most effective symbiotic associations with the Rhizobium strain S12N10 whilst the cultivars 

‘AberLasting’, ‘Grasslands Huia’ and ‘Dutch’ formed the most effective symbiotic associations with 

strain TA1. The effectiveness of the symbiotic associations of the cultivars ‘Dutch’, ‘Regal’ and 

‘Tienshan’ differed the most between Rhizobium inoculation treatments and therefore their means 

with each Rhizobium treatment were located in different spaces of Figures 3.8 and 3.9. The cultivar 

‘Barblanca’ performed equally poorly whereas ‘S100’ performed equally well with both Rhizobium 

strains relative to their positive controls which reflected the previous relationships identified in earlier 

sections of this chapter where traits where investigated individually.  

3.4 Discussion 

Accurate assessment of the symbiotic performances of individuals within white clover 

(Trifolium repens) populations is important for the genetic improvement of white clover-Rhizobium 

interactions. The objective of this study was to measure the degree of variation in the symbiotic 

performances of a range of white clover cultivars with strains of Rhizobium with differential symbiotic 

effectiveness. 

3.4.1 White clover cultivar-Rhizobium interactions 

It is clear from the large and significant interactions measured for shoot dry matter (DM) (Table 3.6) 

and symbiotic potential (SP) (Table 3.7) that different cultivars of white clover vary in their ability to 

form effective symbioses with pure strains of Rhizobium. These interactions were most apparent in 

the cultivars ‘Regal’, ‘Tienshan’ and ‘Dutch’ which produced significantly higher magnitudes of Shoot 

DM or SP when inoculated with the Rhizobium strain TA1 compared to strain S12N10. Interestingly, 

the cultivar ‘Barblanca’ showed similar trait performance with the effective and partially effective 

Rhizobium strains but performed poorly relative to the positive control whereas ‘S100’ performed well 

with both strains relative to its positive control.  
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Interactions involving a host population having an effective symbiosis with one strain of Rhizobium 

compared to another have been reported in various legume species including broad beans (Vicia faba) 

(El-Sherbeeny et al., 1977a; El-Sherbeeny et al., 1977b; Mytton et al., 1977) and lucerne 

(Medicago sativa) (Gibson, 1962; Tan, 1981). Mårtensson & Rydberg (1996) reported that six out of 16 

pea (Pisum sativum) cultivars showed significant cultivar x Rhizobium strain interactions in the 

production of DM and the proportion of nodule DM when inoculated with four strains of 

R. leguminosarum bv. viceae. Similar results have also been reported by Skøt (1983).  

In white clover, interactions involving both cultivars and ecotypes with different strains of Rhizobium 

have been reported by a number of studies (Lowe & Holding, 1970; Sherwood & Masterson, 1974; 

Bonish & MacFarlane, 1987). Mytton (1975) reported significant genotype-Rhizobium interactions 

using cuttings for 112 genotypes each from the white clover cultivars ‘S100’, ‘Sabeda’, ‘Katrina’ and 

‘Blanca’ inoculated with Rhizobium strains selected from a heterogeneous population by the highest 

yielding genotypes of each cultivar that were used for the cuttings. Similarly, Brockwell & Gibson (1968) 

reported significant differences in the Shoot DM production of seedlings from the white clover cultivar 

‘Grasslands Huia’ that were inoculated with 30 different Rhizobium strains including TA1.  

Using the multivariate analysis method canonical discriminant analysis (CDA) (Figure 3.9), it is possible 

to separate the examined cultivars into three broad groups based on their associations with Rhizobium 

strain S12N10. The first group contained cultivars such as ‘Tienshan’, ‘Regal’, ‘Barblanca’, ‘Klondike’ 

and ‘Riesling’ which can be characterised as having sub-optimal performances with S12N10. Cultivars 

such as ‘Grasslands Huia’ and ‘S100’, which performed much better with S12N10, would make up the 

second group. The remaining cultivars, including ‘Grasslands Tribute’, ‘S184’, ‘Dutch’ and 

‘Grasslands Prestige’, could be assigned to the third group on the basis of these cultivars having 

average performances S12N10. 

Overall, these results highlight the degree of variability for which the genetics of different white clover 

cultivars can interact and fix N symbiotically with different strains of Rhizobium. Furthermore, these 

results highlight the potential for identifying and exploiting interactions with specific cultivars and 

Rhizobium for genetically improving N-fixation in white clover in future breeding efforts.  

3.4.2 Symbiotic potential 

In this study, the rationale for using SP was because it provided a standardised indication for how well 

an individual was fixing N within a low N environment and helped to account for the contributions of 

seed N and seed weight (Drew et al., 2012). Shoot SP identified symbiotically effective individuals 

which were growing above the mean of N supplemented control plants, which resulted in them having 
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SPs greater 100% (Table 3.7 and Figure 3.6). This could be achieved because the SP formula used the 

cultivars positive control mean rather than individuals as a benchmark. For example, there were 

several white clover cultivars that had up to 38% of the individuals within the population growing 

above 100% of the cultivars biological maximum when dependent on N fixed through symbiosis with 

strains S12N10 or TA1.  

A possible explanation for why some individuals within different cultivar populations were able to grow 

above 100% of their biological maximum in the current study could relate to them possessing 

favourable alleles that provide them with the capacity to fix and utilise N more efficiently than other 

individuals (Mytton, 1983). For example, it has long been established that the variation in symbiotic 

performances of legumes can be accounted for by the combination of genetic differences between 

individuals, the effects of the environment and the interaction between them (El-Sherbeeny et al., 

1977b).  

In future work, the accuracy of using Shoot SP as an indicator of the N-fixation effectivness of white 

clover cultivar individuals could be validated and compared using methods such as 15N analysis. 

3.4.3 Frequency of individuals  

The variation in the N-fixation capacity of individuals within the white clover cultivars highlights that 

the average Shoot SP of cultivars may be influenced by the increased frequency of poor or good 

performing individuals (Figure 3.6). These results suggest that within the examined cultivars there has 

not been any selection for ability to form effective symbioses indicating that there is potential for 

improvement. 

Within the context of plant breeding, these findings have major implications for improving N-fixation 

in white clover. For example, the cultivars ‘Tienshan’, ‘Regal’, ‘Barblanca’, ‘Klondike’ and ‘Riesling’ had 

very few individuals with good SPs when inoculated with Rhizobium strain S12N10. Thus, it would seem 

that, as cultivars, these lines may be less likely to form effective associations with Rhizobium strains 

with similar N-fixing abilities as S12N10, and therefore would seem to have little potential for 

improvement. In contrast, within the cultivars ‘S184’ and ‘Rivendel’ there were a distinct group of 

individuals (n = 7 and 8, respectively) that had good SPs with strain S12N10 which might provide some 

basis for symbiotic improvement of these white clover lines. Furthermore, selecting individuals from 

within the white clover cultivars ‘S100’ and ‘Grasslands Prestige’ could also be beneficial due to the 

individuals within these cultivars being found to have high N-fixing capacities with both S12N10 and 

TA1 relative to their positive controls.  
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There are several factors that could be linked to these results. Firstly, the heterogeneity of symbiotic 

performances of individuals within different white clover cultivars was most likely a reflection of the 

outbreeding nature of white clover. In outbreeding legume species like white clover, the variation 

between individuals for non-symbiotic traits within one cultivar is usually considerable (Jones, 1962). 

Thus, it is possible that this could be extended to include traits associated with symbiotic N-fixation. 

For example, Russell & Jones (1975) reported large heterogeneity in symbiotic effectiveness between 

individuals within three white clover cultivars including ‘S100’, ‘Kersey’ and ‘Pajberg’. Similarly, Jones 

(1962) reported that individuals of the white clover cultivar ‘S100’ had a wide range of variation in the 

total number, size and weight of nodules produced by different genotypes when inoculated with a 

single effective strain of Rhizobium. 

The results of the current study may also highlight the polygenic nature of white clover-Rhizobium 

interactions. Studies by Connolly et al. (1969) and Jones & Burrows (1968) have reported that 

variations in the N-fixation capacities of individuals within populations of white clover cultivars can be 

linked to processes which are under polygenic control. Furthermore, in other legume species, up to 

100 genes have been linked to crucial stages of nodule development and N-fixation (Provorov & 

Tikhonovich, 2003). Thus, further work is required to investigate the genetic mechanisms and allelic 

variation which underlie the white clover cultivar-Rhizobium strain interaction.  

Finally, variances in the symbiotic compatibility of inoculated individuals within the examined white 

clover cultivars could also be linked to the findings of the current study. Differences in the compatibility 

of individuals within the population of a white clover cultivar have been shown in previous studies to 

influence the overall symbiotic effectiveness of white clover cultivars (Masterson & Sherwood, 1974; 

Bonish & MacFarlane, 1987). Bonish (1980) reported that five and seven individuals out of 24 each 

from the white clover cultivars ‘Grasslands Huia’ and ‘Grasslands Pitau’, respectively, grew poorly and 

were unable to establish a fully effective symbiosis when inoculated with the Rhizobium strain PDDCC 

2666.  

In the current study, it could be speculated that the presence of incompatible individuals within some 

of the examined white clover cultivars could be linked to their geographic origin. For example, it is 

possible that the marked differential performance of the ecotype ‘Tienshan’ with strains TA1 and 

S12N10 was linked to this ecotype having a particular set of alleles which resulted in it having specific 

Rhizobium compatibilities due to it originating in a specialised high-altitude niche environment. Thus, 

in future work, this result could be investigated further by screening ‘Tienshan’ with a wider range of 

Rhizobium strains that have N-fixation abilities that are similar to both S12N10 and TA1 in order to 

determine the Rhizobium genetics that ‘Tienshan’ is most compatible with. 
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Overall, these results highlight that future efforts aiming to improve white clover-Rhizobium 

interactions through plant breeding will need to account for plant to plant variation within different 

cultivar populations. Strategies that could be used to account for this variation could include selecting 

elite individuals with high N-fixation capacities to increase the overall SPs of cultivar populations, 

screening cultivar populations to remove individuals with poor N-fixation capacities or identifying and 

removing cultivars that have limited potential for symbiotic improvement.  

3.4.4 Root to shoot ratio 

The results presented in Table 3.8 and CDA biplot (Figure 3.9) clearly demonstrate that the root to 

shoot ratios (RSR) of white clover cultivars increased as the N availability of treatments was decreased. 

This result was expected as it is well established that the RSR of legumes reflects the functional 

equilibrium between the processes that occur in the root and shoots in the environment that an 

individual is grown in (Ryle et al., 1981). For example, when an individual is grown in an environment 

which lacks available N, it will rapidly increase its root growth relative to shoot growth. When the 

amount of plant available N is increased, the RSR will in turn decrease (Brouwer, 1962). Ryle et al. 

(1981) reported that plants from the white clover cultivar ‘Blanca’ which were grown in pots in both 

glasshouse and controlled environments which relied solely on N-fixation had higher RSRs in contrast 

to plants provided with mineral N. Moreover, when plants relying solely on N-fixation were supplied 

with NO3, the authors reported that their RSRs declined to values in between plants relying solely on 

N-fixation or mineral N.  

Another result of interest was that some white clover cultivars, such as ‘Tienshan’, ‘Regal’ and ‘Kent’, 

had significantly higher RSRs in contrast to other cultivars when inoculated with the partially effective 

N-fixing Rhizobium strain S12N10 (Table 3.8). Furthermore, the cultivars ‘Barblanca’, ‘Grasslands 

Prestige’ and ‘S100’ had similar Shoot DM (Table 3.6) and RSR with both strains S12N10 and TA1. These 

results indicate that these cultivars were allocating proportionally more or less 

photosynthate/resources into the root-nodule system when the amount of N fixed via symbiosis was 

limited. Thus, these results may suggest that white clover cultivars possess a mechanism that enables 

them to actively adjust the partitioning of photosynthate to the roots based on the N-fixation ability 

of the strain that they have established a symbiosis with.  

The partitioning of photosynthate has been proposed as an important factor which can influence the 

N-fixation capacities of legume species (Hardy & Havelka, 1976; Graham & Halliday, 1977; 

Quebedeaux, 1979). To date, increased partitioning of DM in relation to N-fixation has not been 

reported in white clover. However, studies by Sanders & Brown (1976) and Summerfield et al. (1977) 

have reported N-fixation related DM partitioning in soybeans (Glycine max) and cowpea 



 

80 
 

(Vigna unguiculata). Robinson et al. (1999) reported that N-induced root proliferation was an 

important resource capture mechanism used by the grass species perennial ryegrass (Lolium perenne) 

and smooth meadow grass (Poa pratensis) when grown in soil environments with patchy N 

distribution. Thus, in the current study, it is possible that white clover individuals increased the 

partitioning of photosynthate to their roots in order to explore the growth medium for new sources of 

N in response to the low N availability of treatments e.g. negative control and strain S12N10 they were 

grown within.  

The findings of the current study may provide evidence that suggests RSR could be used as an indicator, 

in combination with other above-ground biomass traits, for determining the N-fixation capacities of 

individuals relying on symbiotically fixed N with different strains of Rhizobium.  

3.4.5 Symbiotic trait correlations 

Moderate to strong positive relationships were found between the trait Shoot DM with the number of 

pink nodules and Root DM (Figure 3.7). This result is similar to the findings of Mytton (1973). In this 

study, the effects of seed weight on the growth and nodulation of seedlings from the cultivar ‘S100’ 

grown in both agar and soil pots were investigated. The authors reported that the plant weight of 

seedlings from three seed weight categories that were inoculated with the Rhizobium strain W82 had 

positive correlation coefficients with the number and volume of nodules.  

These findings may also suggest that the number of pink nodules on a white clover individual is not 

indicative of its N-fixation effectiveness with a given strain of Rhizobium. In grain legumes, differing 

relationships between the N-fixation effectiveness and number of nodules produced by an individual 

have been reported. For example, in broad beans , El-Sherbeeny et al. (1977a) reported that there was 

no consistent relationship between the number, size or weight of nodules with the amount of N fixed 

in eight varieties inoculated with a strain of R. leguminosarum bv. viciae. By contrast, work by 

Hardarson & Danso (1993) stated that the number and weight of nodules are often found to be 

correlated to N-fixation ability of a legume host provided that nodule data is collected in conjunction 

with other measurement traits. Thus, these findings warrant the need for further work to investigate 

how the relationship between the Shoot DM and pink nodules can differ with different strains of 

Rhizobium.  
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3.4.6 Release date, continent of origin and leaf size  

In this study, the examined white clover cultivars were selected to represent a range of commercial 

release dates, leaf size classes and points of geographic origin. Both the the mixed model analysis 

(Sections 3.3.1, 3.3.2 and 3.3.3) and phenotypic correlations (Figure 3.7) showed there was no 

significant relationships between any symbiotic traits and either leaf size class, continent of origin or 

decade of white clover cultivar release. This result was not unexpected due to these being artificial 

categories. For example, leaf size was a general class that had wide parameters and was based on the 

mean leaf size of the cultivars described by Woodfield & Caradus (1994) and Caradus & Woodfield 

(1997). However, within the examined cultivars the leaf size would have varied to a greater degree 

between individuals. Furthermore, the decade of introduction and continent of origin categories would 

have reflected the genetics that were available for selection into the breeding pool at the time or place 

the examined cultivars were bred. Therefore, the germplasm of the examined cultivars could have 

been sourced from anywhere in the world and any decade. Thus, the genetic variation for these traits 

appears to be consistent across the decades of introduction.  

It is difficult to speculate the reasons for these results due to a lack of focus on improving traits 

associated with N-fixation in white clover cultivars. To date, white clover breeding work has focused 

primarily on improving traits associated with the agronomic performance of white clover cultivars 

(Woodfield & Caradus, 1994; Hoyos-Villegas et al., 2019). Thus, there has been little consideration or 

attention given to improving the symbiotic performances of white clover cultivars. Therefore, based 

on these results, it is possible to speculate that whilst conventional breeding methods have improved 

traits associated with agronomic performance such as DM yield, traits associated with symbiotic 

performance in white clover may have remained unimproved. However, this result does contrast with 

an unpublished study cited by Woodfield (1999). In this study, 15N analysis was used to assess the N-

fixation capacities of a range of New Zealand white clover cultivars representing different decades of 

introduction across three different trial sites. Based on the 15N analysis results, the authors estimated 

that the N-fixation capacities of white clover cultivars had increased with a genetic gain rate of 1.2% 

per year. Thus, the results of this study warrant the need for further work to examine the effects of 

plant breeding on the symbiotic performances of cultivars. This could be undertaken using a large 

diverse collection of cultivars representing more regions and years of release.  
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3.4.7 Factors influencing results 

It is important to acknowledge that the results of the current study may have been influenced by 

several factors. One factor is the quality and age of the utilised white clover cultivar seed. For example, 

it is possible that differences in the ages and origins of the cultivar seed may have resulted in varying 

levels of seedling vigour at germination. Bonish (1980) reported that lower than average seed weights 

were a potential factor that affected the abilities of different genotypes of the cultivars ‘Grasslands 

Huia’ and ‘Grasslands Pitau’ to form an effective symbiosis with strains of Rhizobium. In a related 

Masters study, Ramana (2018) reported that the germination of old white clover cultivar seed, which 

included the cultivars ‘Irrigation’ and ‘Louisiana’; was approximately 30%. However, it is challenging to 

determine whether seed age was an influencing factor in the current study due to difficulties acquiring 

the relevant information regarding the ages or batches of the utilised white clover cultivar seed. 

Experiment-related factors, such as differences in growth temperature between screening 

experiments, could also have contributed to the differences in the expression of symbiotic traits by the 

examined white clover cultivars. For example, the screening experiments in the current study were 

conducted at different times of the year in a partially controlled growth room. Thus, the temperatures 

that were experienced by the assessed seedlings may have differed significantly depending on the time 

of the year they were grown. However, the inclusion of controls in each experiment and use of a mixed 

model for data analysis were all methods which were utilised in the current study to help control these 

issues. Thus, their overall impact on the interpretation of results in the current study was considered 

to be minimal.  

3.5 Conclusion 

The assessment of six symbiotic traits in 17 white clover cultivars inoculated with two Rhizobium 

strains revealed, at a higher level, there was no significant relationship between any symbiotic traits 

and either leaf size class, continent of origin or decade of white clover cultivar release. There were, 

however, significant and biologically useful symbiotic associations. These were most apparent in the 

cultivars ‘Regal’, ‘Tienshan’ and ‘Dutch’ which produced significantly higher magnitudes of Shoot DM 

or SP when inoculated with the Rhizobium strain TA1 compared to S12N10 as well as ‘Barblanca’ and 

‘S100’ which had similar trait performance with the effective and partially effective Rhizobium strains 

but performed either poorly or good, respectively, relative to their positive controls. However, among 

the examined cultivars, none were able to achieve a mean over 100% SP with either Rhizobium strain 

indicating there is opportunity for symbiotic improvement. Using CDA, cultivars were able to be 

separated into three broad groups. Cultivars ‘Tienshan’, ‘Regal’ and ‘Riesling’ were characterised by 

sub-optimal performance with strain S12N10, whereas cultivars ‘Grasslands Huia’ and ‘S100’ 
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performed better with S12N10. Within the group of cultivars that performed sub-optimally with 

S12N10, some cultivars (‘Tienshan’, ‘Barblanca’ and ‘Riesling’) lacked individuals that could effectively 

fix N above 100% SP and therefore would have limited opportunity for improvement. Within other 

cultivars, individuals were able to be identified with N-fixation capacities well above the cultivar mean 

indicating potential for identifying and selecting individuals that can fix N above the biological 

maximum of the cultivar population. These findings suggest that white clover cultivar population-

specific genetic factors could be explored as breeding targets for enhancing Rhizobium interactions to 

improve N-fixation in white clover.  

The magnitude of additive variation and narrow-sense heritabilities as well as expected rate of genetic 

gain of traits associated with N-fixation will be investigated using a genetically structured F3 half-sibling 

family population in Chapter 4.  
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Chapter 4  

Quantitative genetic analysis of traits associated with the 

white clover-Rhizobium interaction 

4.1 Introduction 

Over the last century, plant breeding has played a key role in the genetic improvement of agronomic 

performance of white clover (Trifolium repens L.). In addition to the contribution of white clover to the 

pasture sward in terms of high-quality forage and palatability, fixation of atmospheric nitrogen (N) is 

another vital attribute. Improvement of N-fixation in white clover will further enhance the 

sustainability of New Zealand pastures. However, in order for plant breeders to improve N-fixation in 

white clover, the genetic variation of symbiotic traits needs to be quantified and exploited in cultivar 

development programmes. The genetic variation for traits within the population of a plant species is 

determined by the frequency and distribution of genes responsible for their expression (Falconer & 

Mackay, 1996). The estimation of the type and magnitude of genetic variation for a desired trait is 

important as it enables the development of suitable and efficient breeding strategies for achieving 

maximum genetic gain per cycle of selection (Moll & Stuber, 1974).  

In the legume-rhizobia symbiosis, both the host plant and the Rhizobium strain contribute genetic 

variation which influences nodulation and N-fixation (Mytton, 1983). To date, there has been a range 

of studies which have shown that the variation in N-fixation capacities of individuals within populations 

of white clover and other legume species is quantitative and polygenically controlled (Gibson, 1962; 

Jones, 1962; Jones & Burrows, 1968; Connolly et al., 1969; El-Sherbeeny et al., 1977b). However, little 

is known regarding the degree of genetic variation for traits associated with N-fixation that is expressed 

within different white clover lines/cultivars that are inoculated with strains of Rhizobium.  

The total phenotypic expression of any individual in a population is a combination of its genotypic value 

(G), environmental effect (E) and a complex interaction of both (Falconer & Mackay, 1996). The 

genotypic variation can be partitioned into additive genetic variation, which are the average effects of 

genes, and non-additive components which include dominance genetic variation (allelic interactions) 

and non-allelic interactions/epistatic effects.  
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The expression and contribution of genes to the variation of quantitative traits can change across 

different environments (Basford & Cooper, 1998). This phenomenon is known as a genotype-by-

environment (G x E) interaction. Plant breeders typically account for G x E interactions by evaluating 

breeding material across a range of different environments (Posselt, 2010). The effects of G x E 

interactions on the breeding of white clover for agronomic traits has been widely recognised (Caradus 

& Imrie, 1993; Jahufer et al., 1999), however, there is a considerable gap in the literature regarding 

G x E interactions on the expression of symbiotic traits in white clover inoculated with different strains 

of Rhizobium.  

While the additive component is inherited from parents to offspring, the non-additive (dominance and 

epistatic interaction) components are not inherited (Falconer & Mackay, 1996). Of these two 

components, additive variation is of greatest value to plant breeders (Acquaah, 2012). To date, there 

are few studies reporting estimates of additive genetic variation for traits associated with N-fixation in 

legumes (Arrenddell et al., 1985; Greder et al., 1986; Herridge & Rose, 1994). Among these, however, 

the magnitude of additive genetic variation associated with N-fixation traits in the white clover-

Rhizobium strain interaction complex has not been estimated.  

Heritability is an important genetic parameter that is commonly used to quantify the genetic variation 

available for selection within a specific plant population (Hanson, 1963; Nyquist & Baker, 1991). 

Heritability can be split into either broad-sense (ℎ 𝑏
2 ) or narrow-sense (ℎ 𝑛

2 ) heritability. The main 

feature which differentiates these heritabilities are the components of variance needed to be 

determined in order to estimate them. Broad-sense heritability is the ratio of total genetic variance to 

total phenotypic variance, whereas narrow-sense heritability is the ratio of additive genetic variance 

to total phenotypic variance (Acquaah, 2012).  

To date, there have been several studies which have estimated the narrow-sense heritabilities of a 

wide range of morphologically associated traits in white clover, such as stolon branching and internode 

length (Caradus & MacKay, 1988) as well as leaflet width and petiole length (Caradus & Woodfield, 

1990). There are, however, fewer studies reporting estimates of narrow-sense or broad-sense 

heritabilities for traits associated with N-fixation, such as N-fixation symbiotic potential (SP) and 

nodulation traits, in white clover (Jones & Burrows, 1969; Mytton & Rys, 1985). Furthermore, there is 

a lack of information regarding estimates for the heritabilities of agronomically desired symbiotic traits 

such as shoot and root dry matter production and symbiotic potential.  
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In plant breeding, determination of quantitative genetic parameters such as additive variation and 

heritability enables prediction of trait performance under a range of selection pressures. For plant 

breeders, the key objective is to increase the rate of genetic gain for a given trait. In general, the greater 

the selection pressure, the greater the expected genetic gain (Fehr, 1987). Determining the rate of 

genetic gain provides key information regarding progress achieved with improving a desired trait and 

helps to inform the breeder of the efficiency of their breeding strategy (Jahufer et al., 2002). Genetic 

gain has been estimated for a limited range of traits in white clover (Caradus et al., 2000; George et 

al., 2018) and, thus far, there have been no studies estimating the rate of genetic gain for symbiotic 

traits in white clover.  

In the previous chapter (Chapter 3), white clover cultivars were benchmarked for symbiotic 

performance with an effective and a partially effective strain of Rhizobium and show a clear influence 

of the host genetics on the Rhizobium interaction. To investigate this further and determine 

quantitative genetic parameters of the interaction, a genetically structured breeding population 

comprising 120 half-sibling (HS) families was assessed for symbiotic traits. This population is a common 

approach to breeding in outcrossing species such as white clover and facilitates integration of the 

quantitative genetic estimates derived in this chapter with a breeding programme. The objectives of 

this study were to estimate the magnitude of additive genetic variation among 120 HS families for key 

traits associated with N-fixation and estimate the expected rate of genetic gain using HS family 

selection.  

4.2 Methods 

4.2.1 Half-sibling families 

A white clover half-sibling (HS) family population was chosen for use in the current study on the basis 

of it being a genetically structured population which would enable quantitative genetic parameters 

such as heritability to be estimated (Nyquist & Baker, 1991). This HS family population was developed 

through Grasslands Innovation Limited (GIL) by Greig Cousins, Dr Grace Ehoche and Dr Andrew Griffiths 

as part of the Pastoral Genomics Project at AgResearch Grasslands, Palmerston North. Permission to 

use this population was provided by Dr Derek Woodfield, PGG Wrightson Seeds.  

The HS family populations were developed in 2012 from 31 clonal cuttings from top performing 

breeding lines that were polycrossed to form an F1 synthetic population of 141 HS families. This F1 

population was then polycrossed to generate 137 F2 HS families. Two individuals were selected 

randomly from each HS family to make a total of 274 selected individuals which were poly-crossed to 

generate 274 F3 families. During the crossing process, the plants were placed in a single bee-proof 
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crossing tunnel house and pollinated with wild bumble bees (Bombus spp.) which had been collected 

and washed to remove any pollen before transfer into the tunnel houses. Additionally, the plants were 

repositioned randomly on a weekly basis to ensure non pollen bias. The population of 120 HS families 

used in this study was a random sample taken from the 274 F3 generation HS families.  

4.2.2 Rhizobia 

The Rhizobium leguminosarum bv. trifolii (R.lt) strain TA1 was selected to screen the symbiotic 

performances of HS families based on its effective N-fixation ability being representative of a 

commercially available inoculant strain and the phenotypic variability results described in Chapter 3. 

Colonies of Rhizobium strain TA1 were sourced directly from glycerol stocks stored at -80°C and plated 

initially onto yeast mannitol agar (YMA) (Appendix A.2) slopes following the method described in 

Section 3.2.7.  

4.2.3 Experimental design 

White clover HS families were grown in a randomised split plot experimental design with two replicates 

(growth rooms) generated using DeltaGen (Jahufer & Luo, 2018) software 

(http://agrubuntu.cloudapp.net/PlantBreedingTool/). Each replicate consisted of 60 4.4 L containers 

with two treatments placed under one of two light bank arrangements (Figure 4.1). Each 4.4 L 

container was assigned one treatment. Treatments consisted of HS families inoculated with a pure 

culture of the R.lt strain TA1 or grown with mineral N in the form of ammonium nitrate (NH4NO3) 

(positive control). Containers were setup with 4 quadrants as described in Section 3.2.2. Half-sibling 

families were randomly assigned to a treatment container and quadrant for each replicate using a row 

and column experimental design (Figure 4.2). A total of 16 seedlings per HS family were transplanted 

into one quadrant per treatment container.  

Four containers which were not inoculated with rhizobia nor provided with mineral N (negative 

control) were included per replicate to allow seed N reserves to be considered in the calculation of 

symbiotic potentials post-harvest and as an indicator of the absence of rhizobial contamination 

between experimental treatments (Figure 4.2). Negative control container was sown with a bulked 

mixed sample of all HS families. 

http://agrubuntu.cloudapp.net/PlantBreedingTool/
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Figure 4.1: Appearance of half-sibling family-treatment containers arranged in a randomised split plot 

experimental design in a single growth room replicate.  

 

Figure 4.2: Randomised split plot experimental design used for screening 120 half-sibling families 

inoculated with the Rhizobium strain TA1 or grown under mineral nitrogen. 
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4.2.4 Preparation of growth material 

Half-sibling families were grown in 4.4 L containers containing Grade 3 vermiculite and low-N 

McKnight’s solution as described in Section 3.2.5 with modifications. Modifications included 

containers being prepared with 0.4 kg of vermiculite and 1.8 L of 1:20 low N McKnight’s solution. 

Additionally, during preparation sufficient vermiculite/low N McKnight’s solution was supplied to bring 

the containers to a final weight of 2000 g. All equipment such as bay dividers and watering pipettes 

were sterilised following the method described in Appendix A.1.  

4.2.5 Seed preparation  

The seeds of each HS family were scarified lightly using sandpaper prior to surface sterilisation. The 

seed was sterilised following the method described in Section 3.2.6 with modifications. Modifications 

included the seeds of HS families being sterilised in batches of 15 using a higher throughput seed 

sterilisation method (Ross Ballard (SARDI, South Australia), pers. comm. 12 October 2018) 

(Figure 4.3a). This sterilisation method involved placing the seeds of each HS family into a 5 mL pipette 

tip that was sealed at the end with tape and covering the opening with multi cloth (muslin) which was 

secured with an elastic band (Figure 4.3b). During sterilisation, the seal at the end of the pipette tip 

was removed to permit the flow of ethanol, bleach or sterilised water into the pipette. After 

sterilisation, the elastic band securing the multi cloth was removed and the sterilised seed of each HS 

family was plated out onto a Petri dish containing filter paper saturated with 2 mL autoclaved deionised 

water. 

Figure 4.3: Example of a) seed of separate half-sibling families prior to sterilisation in 5 mL pipette tips 

covered with multi-cloth and sealed with an elastic band and b) half-sibling family seed 

being sterilised in 5% bleach.  
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Seeds were stratified for 24-48 hours at approximately 4°C in a refrigerated room to synchronise 

germination. The seeds were removed from the refrigerated room and incubated following the 

method described in Section 3.2.6. When the root radicles were approximately 4 mm long, the seeds 

of each HS family were sown into a designated container and sealed with cellophane following the 

method described in Section 3.2.6.  

4.2.6 Inoculation 

Colonies of the Rhizobium strain TA1 were streaked onto YMA slopes and incubated for 4-5 days at 

25°C in continuous darkness as described in Section 3.2.7. The inoculum was prepared to contain 

Rhizobium cells at a concentration of 1 x 107 cells mL-1 as described in Section 3.2.8. Each white clover 

HS family seedling was inoculated one day after sowing following the method described in 

Section 3.2.9. The number of Rhizobium cells inoculated per mL was determined by diluting the stock 

inoculum using seven ten-fold serial dilutions and plating inoculum onto YMA plates as described in 

Section 3.2.10.  

4.2.7 Growth environment 

Half-sibling family seedlings were grown in a controlled environment growth room with 2.2 m2 of 

available floor space at AgResearch Grasslands, Palmerston North. Seedlings were grown with a 

photoperiod of 16 hours light and 8 hours dark at a constant day and night temperature of ~22°C. 

Photosynthetically active radiation (PAR), which ranges between 400-700 nm (Sager & McFarlane, 

1997) was provided by four Apollo 600 watt light emitting diode (LED) (seegree®) light banks with two 

variants (6 and 12 bulbs) and two 4 x 100 watt Cob integrated LED (Easy Grow Ltd) light banks per 

growth room shown in Figure 4.4. Radiation corresponding to far-red (660 to 730 nm) and infrared 

(700 nm to 1000 nm) was provided by six 100 watt/240 V R95 Spotone incandescent lamps (Philips) 

per growth room which is shown in Figure 4.4.  
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Figure 4.4: Arrangement of Apollo 600 watt and Cob Integrated 100-watt LED light banks as well as 

R95 Spotone incandescent lamps arrangement in growth room.  

PAR from the Apollo 600 and Cob integrated LED light banks as well as the incandescent lamps were 

measured using a PS-100 Spectroradiometer (Apogee Instruments Inc., Logan, UT, USA). Each 

Apollo 600 LED light bank emitted radiation corresponding to the red (620-660 nm) and blue 

(430- 450 nm) wavelengths with a kelvin temperature rating of 6500 K as shown in Figure 4.5. Each 

Cob Integrated LED light bank emitted radiation corresponding to the ultraviolet (430 nm), blue 

(470 nm), green (525 nm), orange (610 nm), red (640 and 660 nm) and infrared (740 nm) wavelengths 

as shown in Figure 4.5. Each incandescent bulb emitted radiation corresponding blue (400 nm), far-red 

(710 to 850 nm) to near-infrared (780 to 1000 nm) wavelengths as shown in Figure 4.5.  

https://www.apogeeinstruments.com/ps-100-visible-to-near-infrared-range-lab-spectroradiometer/
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Figure 4.5: Combined spectral radiation wavelength of Apollo 600-watt LED and Cob Integrated 100-

watt light banks as well as Philips 100 W/240 V R95 Spotone incandescent lamps in growth 

room measured using a PS-100 Spectroradiometer. 

4.2.8 Plant growth and maintenance 

Each treatment container was watered to approximately 80% of the initial container benchmark 

weight at sowing (2000 g) at intervals of 1 to 3 days to maintain plant water status. Positive control HS 

family individuals received approximately 3.1 mL of 15 mmol L-1 NH4NO3 (1.2 g/ L-1) following a 

modification of the method described in Section 3.2.11. This modification involved positive control HS 

family individuals receiving their first addition of NH4NO3 nine days after sowing and weekly thereafter 

(200 mL/ container-1) for three weeks in contrast to 14 days as described in Section 3.2.11. This 

modification was made so that the positive control seedlings received N when N-fixation most likely 

began in Rhizobium inoculated seedlings. This timing of the initial dose was based on preliminary 

vermiculite assays when white clover individuals inoculated with TA1 had one or more pink nodules 

(Mytton, 1973).  

4.2.9 Measurements 

White clover HS family seedlings were harvested after 35 days of growth to assess the traits shoot dry 

matter (DM) and Root DM as described in Section 3.2.12. Additional traits Shoot symbiotic potential 

(SP), Root SP and Root to shoot ratio (RSR) were calculated using the dry weights as described in 

Section 3.2.12 and Section 3.2.13.1, respectively.  
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4.2.10  Statistical analysis 

The objective of the data analysis of this study was to estimate the magnitude of additive genetic 

variation for traits associated with N-fixation among the 120 HS families. All phenotype data was 

plotted and visualised with notched boxplots generated using the R package ggplot2 as described in 

Section 3.2.13.5. 

4.2.10.1 Variance component analyses 

A random linear model analysis using the residual maximum likelihood (REML) procedure (Patterson 

& Thompson, 1971; Harville, 1977) was conducted to estimate the ¼ additive genetic variance (𝜎 𝐴
2 ) 

that is accessible among the 120 HS families for each trait using DeltaGen (Jahufer & Luo, 2018) based 

on the following equation: 

[Equation 4.1] 

𝑌𝑖𝑗𝑘𝑙 = 𝑀 + 𝑓𝑖 + 𝑅𝑗 + 𝑟𝑘𝑗 + 𝑐𝑙𝑗 + 𝜀𝑖𝑗𝑘𝑙  

Where: 𝑌𝑖𝑗𝑘𝑙, is the value of an attribute measured from HS family 𝑖 in row 𝑘 and column 𝑙 of replicate 

𝑗 and 𝑖 = 1, 𝑗 = 1, 𝑘 = 1, 𝑙 = 1, where 𝑀, 𝑓, 𝑅, 𝑟, 𝑐 and 𝜀 are overall mean, random effect of HS families, 

random effect of replicate, random effect of row, random effect of column and residual effect, 

respectively.  

4.2.10.2 Best linear unbiased predictor values 

The means for trait responses of HS families were adjusted to account for spatial variation effects 

within the experimental design by generating best linear unbiased predictor (BLUP) values. The BLUPs 

were generated from REML analysis of all trait data as described by White & Hodge (1989) for each HS 

family treatment combination using DeltaGen.  

4.2.10.3 Phenotypic correlation coefficient 

A Pearson’s pairwise correlation coefficient was performed to determine the linear dependence 

between the traits Shoot DM, Root DM, Shoot SP, Root SP and RSR following the method described in 

Section 3.2.13.3. The Pearson’s correlation coefficient and significance values were calculated as 

described in Section 3.2.13.3. The calculated Pearson’s correlation coefficients and corresponding P 

values for each trait-treatment combination were used to construct a pairwise correlation matrix 

which was visualised by generating a correlation plot following the method described in 

Section 3.2.13.3. 
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4.2.10.4 Multi-trait analysis of variance  

A multi-trait analysis of variance (MANOVA) was performed to determine the genetic correlation 

between the symbiotic traits Shoot DM and Shoot SP. MANOVA was conducted in DeltaGen using a 

completely random linear model related to Equation 4.1 minus the row and column factors to generate 

variance-covariance and genetic correlation coefficients for the association between the symbiotic 

traits Shoot DM and Shoot SP.   

4.2.10.5 Pattern analysis 

Pattern analysis was conducted using a combination of cluster analysis and principal component 

analysis (PCA) to assess the grouping of HS families within each treatment based on the expression of 

symbiotic traits. Pattern analysis was conducted using the HS family-by-symbiotic trait BLUP matrix 

generated from REML analysis as described in Section 4.2.10.1. Cluster analysis was performed using 

a hierarchical agglomerative classification procedure (Wishart, 1969) with squared Euclidean distance 

as a measure of dissimilarity (Burr, 1968, 1970) and the Hartigan clustering algorithm (Hartigan, 1975) 

to identify optimum number of groups.  

The PCA analysis was performed in DeltaGen as described by Jolliffe (2002). Groups identified by 

cluster analysis were assigned individual colours and then superimposed onto a PCA biplot. The 

correlation structure among symbiotic traits was indicated by the angles between directional vectors.  

4.2.10.6 Narrow-sense heritability 

Narrow-sense heritability (ℎ 𝑛
2 ) values among HS families for each symbiotic trait were estimated on a 

HS family mean basis across treatments using a model proposed by Nyquist & Baker (1991) in 

DeltaGen. The equation for estimating ℎ 𝑛
2  of the symbiotic traits was the following: 

[Equation 4.2] 

ℎ 𝑛
2 =

𝜎 𝐴
2

𝜎 𝐴
2 +

𝜎 𝐴𝑅
2

𝑛𝑅
+

𝜎 𝜀
2

𝑛𝑅

 

Where: 𝜎 𝐴
2 , additive genetic variance (

1

4
 𝜎 𝐴

2  estimated among HS families); 𝜎 𝐴𝑅
2 , additive-by-replicate 

interaction; 𝜎 𝜀
2, residual variance; and 𝑛𝑅, number of replicates.  
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4.2.10.7 Predicting genetic gain 

Genetic gain (∆𝐺) was estimated for all symbiotic traits with significant additive genetic variance 

among the 120 HS families. To show predicted response to selection the ∆𝐺 per selection cycle was 

estimated for 5% (𝑘 = 2.06), 10% (𝑘 = 1.76) and 20% (𝑘 = 1.4) selection pressures (p) using the equation 

described by Casler & Brummer (2008) for HS family selection in obligate outcrossing forage crops: 

[Equation 4.3] 

∆𝐺𝐻𝑆𝐹 =  𝑘𝑓𝑐 

1
4

 𝜎 𝐴
2

𝜎𝑃𝐹
 

Where: ∆𝐺𝐻𝑆𝐹, genetic gain using among HS family selection; 𝑘𝑓, is the standardised selection 

differential among HS families; 𝑐, the parental control factor (𝑐 = 0.5 for HS families); and 𝜎𝑃𝐹, the 

phenotypic standard deviation among families.  

The 5%, 10% and 20% selection pressures correspond to 5, 10 and 20 individuals out of 100 being 

selected, respectively. Selecting 5 out of 100 individuals is a greater selection pressure than selecting 

20 plants out of 100. Associated selection intensity (𝑘) values for each selection pressure are based on 

the table presented in Appendix D.9 as described by Falconer & Mackay (1996) in which the selection 

pressure, the proportion of individuals selected, is converted to selection intensity, which represents 

the mean of the selected proportion in phenotypic standard deviations.  

4.2.10.8 Smith-Hazel Index 

The Smith-Hazel (SH) index described by Smith (1936) and Hazel (1943), was used in the current study 

to develop index coefficients to permit identification of white clover HS families on a multi-trait basis 

using DeltaGen based on Equation 4.4:  

[Equation 4.4] 

[𝑏] =  [𝑃]−1[𝐴][𝑤] 

Where: [𝑏] is the vector of index coefficients; [𝑃]−1 and [𝐴] are phenotypic and additive genetic 

variances and covariances, respectively; and [𝑤] is the vector of economic weightings.  

This generates an index based on quantitative genetic parameters to enable co-selection of multiple 

traits with a single value which permits the identification of HS families with high Shoot DM and Shoot 

SP. The economic weightings were substituted by desired genetic gain (Jahufer & Luo, 2018). Equal 

weightings (values = 1) were given to both traits. 
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4.2.10.9 Correlated response to selection 

The correlated selection of traits permits the selection of a primary trait whilst also getting a correlated 

response from a secondary trait which can be either desirable or undesirable. In this study, this was 

investigated to see whether it is possible to identify and select for plants with high biomass under 

symbiosis that also have large SP. Correlated response to selection (𝐶𝑅𝑌) for the symbiotic traits Shoot 

DM and Shoot SP was estimated using an equation proposed by Falconer & Mackay (1996): 

[Equation 4.5] 

𝐶𝑅𝑌−𝐻𝑆 =  𝑘𝑓𝑐ℎ𝑋ℎ𝑌𝑟𝐴𝑥𝑦𝜎𝑃𝑌   

Where: 𝑘𝑓,among HS family selection pressure; 𝑐, among HS family parental control; ℎ𝑋 and ℎ𝑌, square 

root of the narrow-sense heritabilities for symbiotic traits 𝑋 and 𝑌, respectively; 𝑟𝐴, genetic correlation 

between traits 𝑋 and 𝑌; and 𝜎𝑃𝑌 , among family phenotypic standard deviation of symbiotic trait 𝑌.  

4.3 Results 

4.3.1 Phenotype data 

A summary of the phenotype data described in this section is presented in Appendix D.1. All the 

phenotype values that are presented or described are unadjusted. 

4.3.1.1 Shoot dry matter 

The raw data were evaluated as an initial assessment of the Shoot DM variation within and among HS 

families. Positive control white clover HS families grown under mineral N had significantly higher 

(P≤0.001) mean Shoot DM production (25 mg) than HS families inoculated with the Rhizobium strain 

TA1 (11 mg) (Figure 4.6; Appendix D.1). Within the positive control treatment, the mean Shoot DM 

production of all HS families ranged from 7.4 mg to 49 mg. HS families within the top 20% for Shoot 

DM production included the lines 162, 179, 99 and 138 whereas the bottom 20% included the lines 83, 

76, 96 and 132. 

Within the Rhizobium strain TA1 treatment, the mean Shoot DM production of all HS families ranged 

from 3 mg to 23 mg. HS families within the top 20% for Shoot DM production included the lines 57, 

153, 179 and 88 whereas the bottom 20% included the lines 67, 72, 90 and 150 (Figure 4.6; 

Appendix D.1).  
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There was a high degree of variation in the Shoot DM production of individuals within HS families 

inoculated with Rhizobium strain TA1 with some families having tighter ranges for their phenotypic 

expression of Shoot DM than others (Figure 4.6). The HS families 57, 153, 179 and 187 had a higher 

number of individuals with good expression for Shoot DM whilst the HS families 67, 109, 199 and 68 

had higher numbers of individuals with poor Shoot DM expression when inoculated with TA1. There 

was also considerable variation within and between HS families grown under mineral N. Similarly, 

considerable variation between and within HS families either inoculated with TA1 or grown under 

mineral N were also observed in the expression of other phenotypic (Root DM and RSR) and symbiotic 

traits (Shoot and Root SP) (Appendix D.1). 
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Figure 4.6: Shoot dry matter (Shoot DM) production of 120 white clover half-sibling families inoculated with a pure culture of the Rhizobium leguminosarum bv. 

trifolii strain TA1 (bottom facet) or grown with no rhizobia and mineral nitrogen (positive control, top facet) after 35 days of growth. Green * and red 

x symbols indicate HS families with good or poor performances with strain TA1, respectively.
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The frequency of distributions for mean Shoot DM production of 120 HS families inoculated with the 

Rhizobium strain TA1 or grown under mineral N (positive control) are presented in Figure 4.7. Overall, 

biomass produced with TA1 is less than the positive control. Furthermore, biomass distribution under 

TA1 was skewed towards a higher proportion of low DM production compared to the positive controls. 

Of the 120 HS families, 44% (n = 53) had low Shoot DM means (0-9 mg) when dependent on the N-

fixation of Rhizobium strain TA1.  

Figure 4.7: Frequency of mean shoot dry matter (Shoot DM) production of 120 white clover half-sibling 

families inoculated with a pure culture of the Rhizobium leguminosarum bv. trifolii strain 

TA1 or grown with no rhizobia and mineral nitrogen (positive control) after 35 days of 

growth. 

4.3.1.2 Root dry matter 

White clover HS families grown under mineral N had significantly higher (P≤0.001) mean Root DM 

production (9 mg) than HS families inoculated with the Rhizobium strain TA1 (5 mg). The mean 

Root DM production of all HS families grown under mineral N ranged from 3.6 mg to 16 mg 

(Appendix D.1). HS families within the top 20% for Root DM production included the lines 162, 138, 

160 and 99 whereas the bottom 20% included the lines 83, 76, 96 and 74.  
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Within the Rhizobium strain TA1 treatment, mean Root DM production of all HS families ranged from 

1.6 mg to 9.9 mg (Appendix D.1). HS families within the top 20% for Root DM production included the 

lines 57, 78, 153 and 88 whereas the bottom 20% included the lines 67, 72, 199 and 109. 

4.3.1.3 Root to shoot ratio 

White clover HS families inoculated with Rhizobium strain TA1 had significantly higher (P≤0.001) mean 

RSR (0.48) than HS families grown under mineral N (0.37). The mean RSR of all HS families inoculated 

with Rhizobium strain TA1 ranged from 0.33 to 0.73 (Appendix D.1). HS families within the top 20% for 

RSR included the lines 176, 139, 82 and 177 whereas the bottom 20% included the lines 199, 190, 65 

and 105.  

Within the positive control treatment, the mean RSR of all HS families ranged from 0.26 to 0.6 

(Appendix D.1). HS families within the top 20% for RSR included the lines 83, 72, 92 and 143 whereas 

the bottom 20% included the lines 74, 105, 166 and 179.  

4.3.1.4 Shoot symbiotic potential  

Within the Rhizobium strain TA1 treatment, the Shoot SP grand mean was 40% with the mean Shoot SP 

of all HS families ranging from 7% to 92% (Appendix D.1). The HS family lines 187, 96, 34 and 76 were 

within the top 20% for Shoot SP whilst the lines 149, 68, 109 and 67 were included in the bottom 20%. 

4.3.1.5 Root symbiotic potential 

Within the Rhizobium strain TA1 treatment, the Root SP grand mean was 49% with the mean Root SP 

of all HS families ranging from 8% to 158% (Appendix D.1). The HS family lines 76, 78, 187 and 74 were 

within the top 20% for Root SP whereas the lines 67, 109, 72 and 199 were included in the bottom 

20%. 

4.3.2 Correlation between different measures of plant growth 

All data presented or described in the following sections represent BLUP adjusted means. Within the 

treatments, consisting of HS families inoculated with Rhizobium strain TA1 or grown under mineral N 

(positive control), there were strong pairwise correlation coefficients (r) between shoot and root traits 

for DM as well as SP (Figure 4.8). Among the treatments there were weak to moderate pairwise 

correlation coefficients between all traits.  
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Pairwise correlation coefficients of measures shown in Figure 4.8 ranged from a high positive 

correlation of 0.92 between Shoot DM and Root DM of TA1 inoculated plants to a moderate negative 

correlation of -0.4 between Shoot DM and RSR of plants grown under mineral N. The Shoot DM of TA1 

inoculated plants had a moderate positive pairwise correlation coefficient (r = 0.47) with the Shoot DM 

of plants grown under mineral N. The traits Shoot DM, Root DM, Shoot SP and Root SP of TA1 

inoculated plants had moderate to strong positive pairwise correlation coefficients ranging from 0.59 

to 0.92. The Shoot DM and Root DM of positive control plants had a strong positive correlation 

(r = 0.89). The RSR of plants inoculated with TA1 had a moderate negative correlation with the shoot 

traits Shoot DM and Shoot SP (r = -0.35 and -0.24, respectively). The RSR of positive control plants had 

a moderate negative correlation (r = -0.4) with Shoot DM. In TA1 inoculated plants, Root DM and Root 

SP were weakly negatively and positively correlated, respectively, with RSR (r = -0.05 and 0.12, 

respectively), whereas in the positive control plants Root DM had a weak positive correlation (r = 0.01) 

with RSR.  
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Figure 4.8: Pearson’s pairwise phenotypic correlation plot of five traits of 120 white clover half-sibling 

families inoculated with a pure culture of the Rhizobium leguminosarum bv. trifolii strain 

TA1 or grown with no rhizobia and mineral nitrogen (POS). Data representing traits are 

presented as best linear unbiased predictor (BLUP) adjusted means. Plant traits are from 

left: Shoot DM TA1 (shoot dry matter); Root DM TA1 (root dry matter); RSR TA1 (Root to 

Shoot Ratio); Shoot SP TA1 (shoot symbiotic potential); and Root SP TA1 (root symbiotic 

potential). The bold text, size and colour intensity of the circle are proportional to the 

correlation coefficient (r). Positive correlations are displayed in white-red and negative 

correlations in yellow-green colour. Numbers in the lower triangle with white background 

are P values which indicate significant association at P≤0.05.  

4.3.3 Genetic correlation  

Based on the results from phenotypic correlation analysis, only the genetic correlation between the 

symbiotic traits Shoot DM and Shoot SP of HS families inoculated with the Rhizobium strain TA1 was 

estimated. Multi-trait analysis of variance (MANOVA) revealed a strong positive genetic correlation 

(𝑟𝑔  = 0.62) between the symbiotic traits Shoot DM and Shoot SP expressed by the 120 HS families that 

were inoculated with the Rhizobium strain TA1 (Appendix D.2).  
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4.3.4 Pattern analysis 

Principal component analysis of the BLUP matrix of traits measured in 120 HS families grown with 

either mineral N (positive controls) or inoculated with the Rhizobium strain TA1 showed that 

components PC1 and PC2 explained 83.4% and 10% of the variation, respectively (Figure 4.9).  

There was a positive association (directional vectors are at <90° relative to each other) between Shoot 

DM and Root DM as well as the symbiotic traits Shoot SP and Root SP which reflected that of 

phenotypic correlation analysis (Figure 4.8). The RSR was negatively associated (directional vectors at 

>90° relative to each other) with the traits Shoot DM, Shoot SP, Root DM and Root SP (Figure 4.9).  

Pattern analysis identified a trend towards separating the clusters based on treatment with the HS 

families grown under mineral N showing above average expression of Shoot and Root DM (Figure 4.9). 

In comparison, the Rhizobium inoculated HS families predominately had reduced expression for Shoot 

and Root DM as well as corresponding SP but did have increased RSR. Within these trends, four 

additional cluster groups were identified (Table 4.1) which were separate other than some overlap 

between Cluster groups 3 and 4. Cluster group 1 consisted of HS families grown under mineral N 

treatment. The HS families within this Cluster group displayed above average expression for Shoot DM 

and Root DM. Cluster group 2 consisted mostly of HS families that were grown under mineral N, but 

also contained two HS families (lines 78 and 187) that had been inoculated with Rhizobium strain TA1. 

These two HS families performed similarly to mineral N treatments and displayed above average 

expression for Shoot DM, Shoot SP, Root DM, Root SP and RSR. Cluster groups 3 and 4 consisted mostly 

of HS families that were inoculated with the Rhizobium strain TA1, thus highlighting the performances 

of HS families when N is derived from symbiosis. Cluster group 3 had one HS family (line 83) from the 

mineral N treatment indicating it performed similarly to HS families inoculated with Rhizobium and 

displayed above average expression for RSR. Furthermore, Cluster groups 3 and 4 consisted of HS 

families that were closely associated with below-average expression of all traits except RSR indicating 

there was increased investment into root biomass above shoot biomass when HS families were grown 

within in a N-deprived environment.  
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Figure 4.9: Biplot generated by pattern analysis of five symbiotic traits to separate the differences 

between two treatments with 120 white clover half-sibling (HS) families. Data representing 

symbiotic traits are presented as best linear unbiased predictor (BLUP) adjusted means. 

Plant responses associated with PCA dimensions 1 and 2 are Shoot DM (shoot dry matter); 

Root DM (root dry matter); Shoot SP (shoot symbiotic potential); Root SP (root symbiotic 

potential); RSR (root to shoot ratio). Treatment groups are Rhizobium leguminosarum bv. 

trifolii strain TA1; and No Rhizobia, + N (positive control). Colours indicate HS family pattern 

analysis cluster groups. The coloured dashed circles indicate manually constructed trend 

line for treatment clusters; red, indicates TA1 cluster groups; green, indicates No Rhizobia, 

+ N treatment cluster groups. Some individual HS families that placed outside the cluster 

for a particular treatment have been identified.  

 

 

 

Line 187.TA1 

Line 78.TA1 

Line 83.POS 
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Table 4.1: Number of white clover half-sibling (HS) families assigned to cluster groups generated from 

the pattern analysis of five symbiotic traits of 120 HS families grown under mineral N 

(positive control) or inoculated with the Rhizobium leguminosarum bv. trifolii strain TA1. 

 

 

 

To investigate symbiotic performance more closely, the PCA was repeated while excluding the 

mineral N control treatment. The PCA of the BLUP matrix with the traits Shoot DM, Root DM and RSR 

as well as the symbiotic traits Shoot SP and Root SP of the 120 HS families under Rhizobium strain TA1 

treatment showed that 65% of the variation was explained by component 1 and 23% was explained by 

component 2 (Figure 4.10). The PCA shows that when HS families are reliant on N from the symbiosis 

with the strain TA1 there is a large degree of variation for the expression of all traits. 

As with the analysis when the mineral N control treatment was included (Figure 4.9), there was a 

positive association (directional vectors are at <90°) between the traits Shoot DM, Shoot SP, Root DM 

and Root SP. The RSR was weakly negatively associated (directional vectors are at >90°) with the Shoot 

DM, Shoot SP and Root DM and very weakly positively associated with Root SP. This contrasts with 

when the data of HS families grown under mineral N are included as there was a stronger negative 

correlation between RSR and the other traits (Figure 4.10). 

Pattern analysis resulted in the generation of three cluster groups (Table 4.2; Figure 4.10). There was 

complete separation between the cluster groups 1 and 2 with some overlap between the other cluster 

groups with each other. Cluster group 1 consisted of HS families that had above-average expression 

for Shoot DM, Shoot SP, Root DM and Root SP under symbiosis. Several HS families (lines 57, 153, 187) 

within cluster group 1 had above population mean expression for Shoot DM, Shoot SP and Root DM as 

well as Root SP (line 78). Cluster group 3 consisted of HS families that were closely associated with 

below-average expression of Shoot DM, Shoot SP, Root DM and Root SP. Several HS families (lines 82, 

176 and 177) within cluster group 3 had above population mean expression for the symbiotic trait RSR 

and a correlated under performance in the other biomass and symbiotic potential traits.  

 

 

Cluster group Treatments 

TA1  Positive control  

1 0 47 
2 2 72 
3 36 1 
4 82 0 
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When dependent on N sourced from symbiotic N-fixation, there is a widespread range of expression 

for traits associated with Shoot and Root biomass among the 120 HS families (Figure 4.10). The pattern 

analysis shows that several HS families are performing well with strain TA1 including families 57, 153 

and 187, whilst others performed poorly including families 82, 176 and 177. Furthermore, Figure 4.9 

also showed that the HS family 187 performed well when contrasted with HS families grown under 

mineral N. 

Figure 4.10: Biplot generated by pattern analysis of five symbiotic traits to separate the differences 

between 120 white clover half-sibling (HS) families inoculated with the Rhizobium 

leguminosarum bv. trifolii strain TA1. Data representing symbiotic responses are presented 

as best linear unbiased predictor (BLUP) adjusted means. Plant symbiotic responses 

associated with PCA dimensions 1 and 2 are Shoot DM, shoot dry matter; Root DM, root 

dry matter; Shoot SP, shoot symbiotic potential; Root SP, root symbiotic potential; RSR, 

root to shoot ratio. Numbers and colours indicate HS family line number and pattern 

analysis cluster groups, respectively. The coloured circles indicate HS families with above 

average expression for traits; solid blue circle, Shoot DM, Shoot SP and Root DM; solid red 

circle, Root SP; dotted black circle, RSR.  
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Table 4.2: Proportion of white clover half-sibling (HS) families assigned to cluster groups generated 

from the pattern analysis of five symbiotic traits of 120 HS families inoculated with only the 

Rhizobium leguminosarum bv. trifolii strain TA1.  

 

 

 

4.3.5 Additive genetic variation and narrow-sense heritability 

There was significant (P≤0.05) additive genetic variation among the 120 HS families for all the 

measured symbiotic traits (Table 4.3). The estimates for narrow-sense heritabilities for the symbiotic 

traits measured on a HS family basis ranged from 0.05 for RSR to 0.33 for Shoot DM (Appendix D.3 

to D.7). There was significant (P≤0.05) HS family genotype x replicate interaction effects for all the 

measured symbiotic traits.  

Table 4.3: Range, mean (x)̅, additive genetic variance (𝜎 𝐴
2 ), half-sibling (HS) family genotype-by-

replicate (𝜎 𝐴𝑅
2 ), residual variance (𝜎 𝜀

2), their associated ± standard error and narrow-sense 

heritability (ℎ 𝑛
2 ) of five symbiotic traits of 120 white clover HS families inoculated with 

Rhizobium leguminosarum bv. trifolii strain TA1.  

* significant additive genetic variation (P≤0.05) (This estimate is equal ¼ of total additive genetic 
variation as the analysis has been performed with a HS family structure)  

 

 

 

 

 

Cluster group Number of half-sib families 

1 39 

2 24 

3 57 

Trait Shoot DM (mg) Shoot SP (%) Root DM 
(mg) 

Root SP (%) RSR (mg/mg) 

Range 4.4 – 23 12% – 85% 2.1-9.6 10% – 140% 0.38 – 0.61 

x ̅ 11.4 40% 5.03 48% 0.48 

𝜎 𝐴
2  13.5 ± 2.5 * 0.01 ± 0.004 * 2.2 ± 0.44 * 0.04 ± 0.009 *  0.001 ± 0.0009 * 

𝜎 𝐴𝑅
2  4.7 ± 1.3 * 0.01 ± 0.002 * 0.9 ± 0.2 * 0.01 ± 0.005 * 0.003 ± 0.001 * 

𝜎 𝜀
2

 49.6 ± 1.1 0.09 ± 0.002 10.2 ± 0.2 0.2 ± 0.005 0.04 ± 0.001 

ℎ 𝑛
2

 0.33 ± 0.04 0.24 ± 0.04 0.28 ± 0.04  0.26 ± 0.03  0.05 ± 0.02 



 

108 
 

4.3.6 Predicted genetic gains 

The selection of HS families based on individual symbiotic traits at 20%, 10%, 5% selection pressures 

resulted in a range of predicted genetic gains (%𝛥𝐺) which differed for each trait 

(Figure 4.11; Appendix D.8). Applying a selection pressure of 20% among the 120 HS families would 

result in selection of the top 24 HS families for each trait with a predicted 𝛥𝐺 of 13%, 11%, 11%, 16% 

and 1.2% per cycle of selection for Shoot DM, Shoot SP, Root DM, Root SP and RSR, respectively. A 

selection pressure of 10% would identify the top performing 12 HS families for each trait and with a 

predicted 𝛥𝐺 of 16%, 14%, 13%, 20% and 1.5% per cycle of selection for Shoot DM, Shoot SP, Root 

DM, Root SP and RSR, respectively. As selection pressure increased to 5%, six HS families per trait 

would be identified for crossing and resulted in a predicted 𝛥𝐺 of 19%, 17%, 16%, 23% and 1.7% per 

cycle of selection for Shoot DM, Shoot SP, Root DM, Root SP and RSR, respectively.  

Figure 4.11: Predicted estimated genetic gains (𝛥𝐺) relative to absolute means and number of half-

sibling (HS) families selected for selection pressures of 20%, 10% and 5% per selection cycle 

for five symbiotic traits, for the 120 white clover HS families inoculated with the Rhizobium 

leguminosarum bv. trifolii strain TA1.  
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4.3.7 Selection of half-sib families based on breeding values and Smith-Hazel 

index 

The selection of HS families based on their breeding values (BLUPs) for Shoot DM and Shoot SP when 

inoculated with the Rhizobium strain TA1 resulted in the selection of 24, 12 and 6 HS families from a 

total of 120 at selections pressures of 20%, 10%, 5% per selection cycle, respectively (Table 4.4). At a 

20% selection pressure per selection cycle a total of 15 HS families (lines 23, 34, 53, 54, 57, 69, 78, 94, 

153, 158, 164, 171, 187, 189 and 198) were common across the top 24 HS families selected based on 

their breeding values with both Shoot DM and Shoot SP. At a 10% selection pressure per selection 

cycle a total of 8 HS families (lines 53, 57, 78, 94, 153, 164, 187 and 189) were common across the top 

12 HS families selected based on their breeding values with both Shoot DM and Shoot SP. At a 5% 

selection pressure per selection cycle a total of 3 HS families (lines 78, 153 and 187) were common 

across the top 6 HS families selected based on their breeding values with both Shoot DM and Shoot 

SP. 

When HS families were selected based on both their Shoot DM and Shoot SP BLUPs and SH index 

values, a total of 13 HS families (lines 23, 34, 53, 57, 69, 78, 94, 153, 164, 171, 187, 189 and 198) were 

common across the top 24 HS families selected at a 20% selection pressure per selection cycle 

(Table 4.4). At a 10% selection pressure per selection cycle a total of 6 HS families (lines 57, 78, 94, 

153, 164 and 187) were common across the top 12 selected HS families. At a 5% selection pressure per 

selection cycle a total of 2 HS families (lines 153 and 187) were common across the top 6 selected HS 

families.  
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Table 4.4: White clover half-sibling (HS) families selected at selection pressures of 20%, 10% and 5% per selection cycle from 120 HS families inoculated with the 

Rhizobium leguminosarum bv. trifolii strain TA1 based on their breeding values (BLUPs) for the symbiotic traits Shoot DM and Shoot SP or Shoot DM 

and Shoot SP BLUPs adjusted for the Smith-Hazel index (SH index).  

 

Single-trait selection Multi-trait selection 

Selection pressure Rank Half-sib 
Family no. 

Shoot DM BLUP 
value (mg) 

Half-sib 
Family no. 

Shoot SP BLUP 
value (%) 

Half-sib 
Family no. 

SH index value 

20% 10% 5% 1 57 23.3 187 85 57 13.1 
2 187 20.5 78 82 179 12.7 
3 153 20.3 153 72 88 12.2 
4 78 20.1 96 71 153 11.9 
5 179 19.7 34 70 164 11.3 
6 164 19.6 53 70 187 10.6 

 7 94 18.9 76 69 23 10.6 
 8 53 17.6 164 65 48 10.4 
 9 88 17.4 57 64 94 10.2 
 10 198 17.3 94 62 78 10.1 
 11 23 16.9 69 60 99 10.0 
 12 189 16.9 189 60 34 9.97 

  13 105 16.9 83 59 171 9.79 
  14 69 16.3 39 58 198 9.72 
  15 171 16.3 129 58 69 9.72 
  16 8 16.0 54 58 53 9.69 
  17 34 15.9 171 57 15 9.60 
  18 173 15.8 23 55 189 9.46 
  19 48 15.6 43 54 163 9.42 
  20 120 15.6 110 54 22 9.26 
  21 54 15.5 73 52 173 9.22 
  22 118 15.5 158 52 138 9.21 
  23 158 15.4 198 52 3 9.15 
  24 163 15.2 152 52 120 9.07 
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4.3.8 Correlated response to selection 

Correlated response to selection at 20%, 10% and 5% selection pressures resulted in a range of 

predicted 𝛥𝐺𝑐 for the Shoot SP and Shoot DM under symbiosis depending on which trait was selected 

as the primary trait (Table 4.5). Correlated response in Shoot SP as primary trait to selection for Shoot 

DM resulted in predicted 𝛥𝐺𝑐  of 8%, 10% and 12% at selection pressures of 20%, 10% and 5% per cycle 

of selection, respectively. Correlated response in Shoot DM as primary trait to selection for Shoot SP 

resulted in predicted 𝛥𝐺𝑐 of 7%, 9% and 10% at selection pressures of 20%, 10% and 5% per cycle of 

selection, respectively.  

Table 4.5: Estimated correlated response (CR) to selection per cycle for the symbiotic traits Shoot DM 

and Shoot SP for selection pressures of 20% (𝛥𝐺𝑐 20), 10% (𝛥𝐺𝑐 10) and 5% (𝛥𝐺𝑐 5) and per 

selection cycle, using the 120 white clover half-sibling families inoculated with the 

Rhizobium leguminosarum bv. trifolii strain TA1.  

 

4.4 Discussion 

In plant breeding, quantitative genetic parameters, such as additive genetic variation and heritability, 

for desired traits need to be estimated so that breeders can calculate the rate of genetic gain to 

determine the most efficient breeding strategy for their species and traits of interest. The objectives 

of this study were to estimate the magnitude of additive genetic variation among 120 half-sibling (HS) 

families for key traits and to calculate the expected rate of genetic gain using HS family selection. 

 

 

 

Primary trait  Secondary trait Primary trait 
absolute mean 

Pressure per 
selection cycle 

CR to selection 
relative to 

absolute mean 

Shoot SP (%) 

 

Shoot DM (mg) 40% 𝛥𝐺𝑐 20 0.03 (8.65%) 

  𝛥𝐺𝑐 10 0.04 (10.8%) 

  𝛥𝐺𝑐 5 0.05 (12.72%) 

Shoot DM (mg) 

 

Shoot SP (%) 11.4 mg 𝛥𝐺𝑐 20 0.83 (7.29%) 

  𝛥𝐺𝑐 10 1.04 (9.7%) 

  𝛥𝐺𝑐 5 1.22 (10.73%) 
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4.4.1 Phenotypic variation 

This study examined the expression of traits associated with N-fixation within a genetically structured 

random sample of 120 white clover HS families taken from a random mating F3 population inoculated 

with a pure strain of Rhizobium leguminosarum bv. trifolii (R.lt). It is clear from Figure 4.6 that shoot 

dry matter (DM) differed considerably between HS families, regardless of whether they were 

inoculated with a strain of Rhizobium or grown under mineral N. Additionally, 44% of the 120 HS 

families formed sub-optimal symbioses with strain TA1 (Figure 4.7). This result is surprising considering 

that the HS families examined in the current study were generated from elite breeding material that 

may have been inoculated with TA1, or similar commercial strains, or grown under high N soil 

conditions when developed as a cultivar.  

The findings of the current study have provided some valuable insights for measuring the symbiotic 

performances of white clover HS family populations inoculated with strains of Rhizobium in future 

studies. Firstly, as shown by the phenotypic correlation between Shoot DM and Shoot symbiotic 

potential (SP) (Figure 4.8), the magnitude of Shoot DM produced by the HS families inoculated with 

Rhizobium strain TA1 was moderately correlated to production when supplied with mineral N. This 

indicates that the range of biomass under TA1 was not accurately predicted by its biomass under N 

supplementation. Thus, this finding suggests that further work is needed to investigate the genetics of 

individuals that can effectively fix N and grow close to that when N is supplied.  

Another important insight from these results is that they demonstrate that the expression of traits in 

some HS families were more impacted than others when dependent on symbiotically fixed N. Thus, 

these results could possibly reflect the potential complexity of the genetics and mechanisms that 

underlie the symbiotic interactions of white clover with strains of Rhizobium.  

4.4.2 Phenotypic and genetic correlations 

The phenotypic correlation coefficients in Figure 4.8 for all symbiotic traits ranged from weak to strong 

and positive or negative in pairwise associations. The most notable positive phenotypic correlation 

coefficients occurred between the traits Shoot DM, Shoot SP and Root DM. Within the context of this 

experiment, the strong positive associations between these traits indicates the possibility of 

implementing indirect selection. This shows that Shoot DM could be used as a proxy for Root DM 

production and/or Shoot SP for determining symbiotic performance in white clover. The benefits of 

this relates to the time and resources that are required to set up positive controls to determine Shoot 

SP and the measurement of Root DM being labour intensive and expensive (Mytton, 1983; Hardarson 

& Danso, 1993; Azam & Farooq, 2003). Furthermore, Shoot SP does not give insight into the total 
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biomass, only the proportion generated through symbiosis with Rhizobium strains relative to the 

positive control. For example, a plant with small biomass may have high SP if the biomass generated 

in its respective positive control is low. However, it is important to acknowledge that this approach 

may only be relevant when using pure strains. Therefore, the HS families examined in the current study 

need to be screened with communities of rhizobia e.g. soil extracts in order to investigate whether the 

relationship between Shoot DM, Shoot SP and Root DM can change. 

This result aligns with previous studies. For example, a review by Mytton (1983) states that the 

measurement of plant DM accumulation is the most simple, easiest and accurate method of 

assessment of symbiotic N-fixation in populations of legumes due to plant DM often being highly 

correlated with total plant N where the plant is grown in N deficient soil. However, there are some key 

factors that need be taken into consideration if Shoot DM is to be used as the only trait for measuring 

N-fixation. Firstly, the symbiotic production of Shoot DM would need to be measured under low N 

conditions to ensure that the N-fixation abilities of white clover plants are not inhibited (Bliss, 1993). 

Secondly, Root DM may still need to be assessed for studies that aim to quantify the N-fixation rates 

of white clover using methods such as 15N. For example, Jorgensen & Ledgard (1997) reported that 

large proportions of fixed N were accumulated in the roots of the white clover cultivar ‘Grasslands 

Huia’. This led the authors to propose that N-fixation could be quantified using only Shoot DM provided 

that total DM was estimated due to 15N being found to be uniformly distributed in different parts of 

the plant. Thus, while measuring the roots of plants may not be necessary for ranking the symbiotic N-

fixation in plants/treatments, it will still be necessary for estimating the total amounts of N fixed.  

Only the genetic correlation between the measures Shoot DM and Shoot SP was estimated in this 

study. These traits were selected on the basis of the phenotypic correlation analysis, their agronomic 

value and the practicality for measuring them. The genetic correlation coefficient between these traits 

was positive and moderate (Section 4.3.3). This result indicates that the genetic mechanisms for these 

traits are likely to be closely associated.  

To date, phenotypic and genetic correlations between white clover traits such as stolon density, 

branching and thickness (Jahufer et al., 1995) and the number of seeds per pod, potential floret size 

and potential seed yield (Jahufer & Gawler, 2000) have been reported. For example, Annicchiarico et 

al. (1999) reported that the DM yield of 16 white clover genotypes as well as their HS progenies had a 

positive genetic correlation with leaf size traits and a negative correlation with stolon density. 

However, there are currently few studies which have reported the phenotypic and genetic correlations 

between symbiotic traits for white clover or other legume species. A study by Arrenddell et al. (1985) 

identified significant phenotypic and genetic correlations between the symbiotic traits number and 
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weight of nodules as well as between the number and weight of nodules with nitrogenase activity of 

Virginia x Spanish peanut (Arachis hypogaea) crosses inoculated with a single strain of Rhizobium. 

Overall, the phenotypic and genetic correlation results from the current study indicate that for future 

breeding efforts, the symbiotic trait Shoot DM would be the most suitable trait for assessing N-fixation 

in white clover when using pure strains of Rhizobium.  

4.4.3 Additive genetic variation and narrow sense heritability 

The estimation of significant additive genetic variation and the low to moderate narrow-sense 

heritabilities which ranged from 0.05 for RSR to 0.33 for Shoot DM provides a new set of quantitative 

genetic estimates for symbiotic traits in white clover (Table 4.3). Heritability estimates can be grouped 

as low (<0.20), moderate (0.20-0.50) and high (>0.50) (Sikinarum et al., 2007; Posselt, 2010). Within 

the context of this study, the moderate heritability of Shoot DM indicates that 33% of the phenotypic 

variation is apportioned to the additive components which are inherited from parent to progeny and 

thus provides an estimate of genetic variation that can be manipulated by breeders in cultivar 

development (Falconer & Mackay, 1996). Furthermore, these results indicate that the traits with 

moderate narrow-sense heritabilities such as Shoot DM could be improved faster than traits with lower 

heritabilities such as RSR (Nyquist & Baker, 1991). Overall, these results highlight the genetic potential 

within the F3 random mating population for the genetic improvement of the examined traits utilising 

this information to breed for improved white clover-Rhizobium interactions. 

At present, the availability of information on additive genetic variation for symbiotic traits in white 

clover is limited. Estimates of narrow-sense heritability, the ratio of additive to phenotypic variation, 

have been published in the literature for a range of traits in white clover. Studies by Annicchiarico et 

al. (1999), and Woodfield & Caradus (1990) reported narrow-sense heritabilities ranging from 0.09 to 

0.99 for traits such as internode length and leaflet size, stolon and leaf number as well as shoot and 

root dry weight, respectively. Directly comparing the heritabilities estimated in the current study with 

the cited studies is challenging due to the majority of these studies reporting heritabilities for non-

symbiosis associated traits. Moreover, many of the traits in these studies such as leaflet size, which 

Annicchiarico et al. (1999) reported a narrow-sense heritability estimate of 0.99, are less complex in 

contrast to the symbiotic traits examined in the current study. However, when comparing a more 

complex polygenic trait such as Shoot DM with these studies, the estimate of the current study (0.33) 

falls in between the estimates of Woodfield & Caradus (1990) and Annicchiarico et al. (1999) who 

reported narrow-sense heritabilities of 0.09 and 0.52, respectively. A potential reason for this could 

relate to Woodfield & Caradus (1990) utilising cultivars whilst the current study and Annicchiarico et 

al. (1999) utilised HS family populations.  
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To date, this is the first estimate of additive genetic variation and narrow-sense heritabilities for traits 

associated with symbiotic performance in white clover. Thus, the availability of information for 

comparing the findings of the current study to is limited. Mytton & Rys (1985) reported a broad-sense 

heritability of 0.48 for the number and mass of nodules for a population of the white clover cultivar 

‘S100’. When compared to Mytton & Rys (1985), the narrow-sense heritabilities estimated in the 

current study are considerably lower. However, it is important to note that narrow-sense estimates 

are smaller than broad-sense. This is because broad-sense heritability is calculated from the total 

genetic variation as a proportion of the phenotypic variation, and therefore is higher than narrow-

sense which is calculated based only on the additive genetic variation as a proportion of the phenotypic 

variation (Acquaah, 2012). Furthermore, Mytton & Rys (1985) estimated the broad-sense heritability 

of a trait associated with nodulation in contrast to the current study which examined the heritabilities 

of biomass associated traits. There are several studies which have reported that the broad-sense 

heritability estimates for shoot dry matter traits associated with N-fixation are higher than nodulation 

traits such as number or mass of nodules for other legume species. For example, Arrenddell et al. 

(1985) reported that the progenies of a Virginia x Spanish peanut cross inoculated with a single strain 

of Rhizobium had broad-sense heritabilities for nodule number and shoot weight ranging from 0.25 to 

0.57 and 0.53 to 0.85, respectively.  

When compared to other legume species, the estimates of the current study mostly align with the 

narrow-sense heritabilities of similar symbiotic traits that have been previously reported. Miller et al. 

(1986) noted the top shoot dry weight of five cowpea (Vigna unguiculata) genotypes inoculated with 

different strains of rhizobia had a low narrow-sense heritability estimate of 0.17 whilst the number of 

nodules and nitrogenase activity had high narrow-sense heritability estimates of 0.55 and 0.62, 

respectively. In contrast, Hobbs & Mahon (1982) reported a narrow-sense heritability estimate of 0.43 

for the shoot dry matter of 85 pea (Pisum sativum) genotypes selected to represent a range of N-

fixation abilities. A possible reason for the differing narrow-sense heritability estimates between the 

current study and highlighted studies most likely relates to utilisation of different breeding 

populations. For example, it has been well established that estimates of genetic parameters are 

population specific (Falconer & Mackay, 1996).  

4.4.4 Genotype x environment interactions  

The estimation of significant HS family x replicate (growth room) interactions indicated that some of 

the HS families differed in their relative expression of the measured symbiotic traits across the two 

replicates (Table 4.3). This result indicates that there are differences among the growth rooms which 

meant that the quantitative genetic model utilised in the current study apportioned more of the 
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detected variation to the interaction term. While this may have reduced the proportion of genetic 

variation detected, the additive genetic variation identified in the current study was significant. This 

result can be linked to the need for screening HS families across two different growth rooms. For 

example, it is likely that environmental parameters such as temperature and light differed between 

growth rooms which would have caused the expression of traits by HS families to vary across replicates.  

To date, studies by Mytton & Jones (1971) and Mytton (1983) have reported the effects of genotype-

by-environment (G x E) interactions on the expression of traits associated with N-fixation in white 

clover. There is also consensus that G x E interactions have confounded the genetic improvement of 

symbiotic traits in a range of legume species when grown under field conditions (Connolly et al., 1969; 

Mytton, 1973; Viands et al., 1981). In addition, it has been proposed that the methods for evaluating 

the expression of symbiotic traits across different environments can strongly influence the magnitude 

of G x E interactions in white clover (Mytton, 1983). For example, a study by Mytton (1976) reported 

a difference in the performances of white clover genotypes grown between agar tubes and pots.  

The HS family x replicate interactions estimated in the current study have some important implications 

for studying symbiotic traits in white clover. Firstly, these results emphasise the importance of 

accounting for G x E interactions as much as possible when evaluating the expression of symbiotic 

traits in white clover breeding populations. This could be achieved by assessing symbiotic trait 

expression across a range of environments. Secondly, these findings demonstrate that it is still possible 

to estimate key quantitative parameters which can be utilised for the genetic improvement of white 

clover under the effects of G x E interactions.  

4.4.5 Predicted genetic gain 

Genetic gain was estimated for the traits Shoot DM, Root DM, Shoot SP, Root SP and RSR, based on 

selection for increased trait expression among the 120 white clover HS families, at three selection 

pressures; 20%, 10% and 5% (Figure 4.11). As expected, the highest predicted genetic gains were 

achieved for all traits when the highest selection pressure of 5% was applied. Notable genetic gains of 

19%, 17% and 23% were predicted using among family selection, at 5% selection pressure, for Shoot 

DM, Shoot SP and Root SP, respectively.  

Genetic gain has been estimated for traits such as grain yield and stalk strength in crop species 

including wheat (Triticum aestivum) (Austin et al., 1980) as well as DM accumulation in forage species 

including switch grass (Panicum virgatum) (Jahufer & Casler, 2015) and perennial ryegrass 

(Lolium perenne) (Faville et al., 2018). In white clover, genetic gain has been estimated for traits such 

as DM yield and resistance to clover cyst and root-knot nematode (Caradus et al., 2000). Using a global 
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collection of 110 white clover cultivars and ecotypes, Woodfield & Caradus (1994) estimated that the 

rate of genetic improvement for mean DM yield as well as clover content was 6% per decade. More 

recently, Hoyos-Villegas et al. (2019) reported that DM yield increased 0.087% and 0.162% per decade 

for a set 80 white clover cultivars that were either released before or after 1965, respectively. 

However, it is important to note that the genetic gain reported in the cited studies was determined 

using linear regression between the year of release and the dependent variables of seasonal or annual 

growth of the examined cultivars. 

At present, there are few studies reporting estimated genetic gains for symbiotic traits in white clover 

or other legume species. However, an unpublished study cited by Woodfield (1999) reported that the 

genetic gain for N-fixation of a range of New Zealand white clover cultivars was 1.2% per year using 

15N analysis across three different trial sites. This result led the authors to conclude that the increase 

in N-fixation was possibly the result of indirect selection for forage yield traits. It should also be 

emphasised that the results of the current study are specific to the breeding pool used to generate the 

120 HS families. Thus, the lack of published information on traits associated with N-fixation make the 

comparison of results difficult.  

4.4.6 Correlated response to selection 

The correlated response to selection for the symbiotic traits Shoot DM and Shoot SP at selection 

pressures of 20%, 10% and 5% resulted in a range of predicted genetic gains (Table 4.5). These 

estimated gains differed depending on which traits were being directly or indirectly selected. This 

result indicates the potential for applying indirect selection for improving expression of these traits.  

Correlated responses to selection have been investigated for white clover traits such as production of 

seed heads (Annicchiarico & Piano, 1997), the number, length and diameter of stolons (Collins et al., 

1997) and yield (Rowe & Brink, 1993). However, it should be noted that none of these studies reported 

genetic gain for any of the traits similar to those examined in the current study. Moreover, there is 

also limited information available regarding correlated response to selection for symbiotic traits in 

white clover. For example, a study by Jones & Burrows (1968) reported that the selection for increased 

nodule tissue in F1 and F2 populations derived from the white clover cultivar ‘S100’ resulted in a 

correlated response which increased the number of nodules per plant.  

Overall, this result provides new information that indicates the potential for simultaneously increasing 

genetic gain for both Shoot DM and Shoot SP through indirect selection. This result has important 

implications for improving the symbiotic performance of white clover. Being able to indirectly select 

for Shoot SP would save significant time and resources as it would negate the requirement for growing 
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mineral-N controls (Mytton, 1983). However, future work would be required to further validate 

whether genetic gain for Shoot SP can be achieved using indirect selection for Shoot DM in field-based 

breeding programmes. 

4.4.7 Comparison of selection approaches 

This study compared two different approaches for ranking and selecting HS families based on the traits 

Shoot DM, Root DM, Shoot SP, Root SP as well as RSR. The first approach examined was a single-trait 

selection method (Table 4.4). This involved HS families being ranked based on their best linear 

unbiased predictor (BLUP) values for Shoot DM or Shoot SP. The selection of HS families with a single-

trait approach resulted in a set of 24, 12 and six HS families being selected at selection pressures of 

20%, 10% and 5%, respectively. Furthermore, at a selection pressure of 5% three HS families (lines 78, 

153, 187) were found to be ranked in the top six families for both Shoot DM and Shoot SP. 

The HS families identified from the top 24 BLUP rankings, selected at 20%, for either trait would 

represent ideal candidates for inclusion into a breeding pool for genetic improvement of these traits. 

Although the six individual HS families selected at 5% pressure would result in a higher response to 

selection, this would generate a breeding pool with a narrower genetic diversity for the two traits 

(Fehr, 1987). 

This study also examined two multi-trait selection approaches. The first involved ranking and selecting 

HS families based on the Smith-Hazel (SH) index. Briefly, the SH index is utilised in plant breeding to 

define the genetic worth of an individual on the basis of a linear function of genetic values of multiple 

traits (Baker, 1974). A key advantage of the SH index is that it enables the phenotype information of 

an individual to be combined with their quantitative genetics. In the current study, the SH index was 

utilised to facilitate the identification of HS families with the highest expression for both Shoot DM and 

SP. When combined with the single trait BLUPs, the SH index identified two HS families (lines 153, 187) 

which were ranked in the top six families at a selection pressure of 5% (Table 4.4).  

To date, the SH index has been successfully utilised for the breeding of crop species such as barley 

(Hordeum vulgare) (Eshghi et al., 2011), wheat (Gebre‐Mariam & Larter, 2006) and maize (Zea mays) 

(Bänziger & Lafitte, 1997). However, there are fewer examples of the SH index being applied in the 

breeding of forage species. Jahufer & Casler (2015) reported that the utilisation of the SH index in 

switchgrass (Panicum virgatum) enabled the identification and selection of HS families for enhancing 

yield and ethanol production whilst reducing Klason lignin. Humphreys (1995) reported that the use of 

the SH index based on quality and biomass traits successfully facilitated the identification of perennial 

ryegrass populations with good genetic potential for cultivar development. However, there are 
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currently no studies reporting the use of the SH index for symbiotic traits in white clover or other 

legume species. Thus, the results of the current study demonstrate the potential benefits of utilising 

multi-trait selection indices such as the SH index for facilitating the ranking and selecting of HS families 

in future work.  

The graphical summary of the second multi-trait approach, known as pattern analysis, showed that HS 

families located between clusters 2 and 3, notably HS families 78, 153 and 187, represented families 

with above average expression of the symbiotic traits Shoot DM and Shoot SP (Figure 4.10). Moreover, 

a pattern analysis with only the BLUP values of HS families inoculated with Rhizobium strain TA1 

showed that HS families, notably lines 57, 153 as well as 187, located within cluster group 1 had above 

average expression for the symbiotic traits Shoot SP, Root DM and Root SP. As shown by Figure 4.6, 

the performances of these HS families were linked to these population having higher frequencies of 

individuals that formed an effective symbiosis with Rhizobium strain TA1. Based on the results from 

both pattern analyses, the HS families located within the identified clusters would represent ideal 

candidates for the genetic improvement of white clover N-fixation.  

There are some notable advantages and disadvantages for selecting HS families using either of the 

examined selection approaches. One of the key advantages of selecting HS families using a single-trait 

approach in contrast to a multi-trait approach is that higher rates of genetic gain can be achieved from 

the former method. In contrast, selecting HS families based on a multi-trait approach would enable 

plant breeders to select individuals which have higher genetic worth across a range of different 

symbiotic traits. Thus, multi-trait selection could enable breeders to select families for a range of 

environments or agronomic requirements. However, the use of a multi-trait selection approach would 

require plant breeders to compromise for lower genetic gains per trait per selection cycle. It is also 

important to acknowledge that there are clear similarities between the top HS families identified using 

pattern analysis and the SH index. For example, both the pattern analysis (Figure 4.10) and SH index 

(Table 4.4) identified that the HS families 153 and 187 would be suitable candidate populations for 

selection based on their above average expression of the symbiotic traits Shoot DM and Shoot SP. 

Thus, these results suggest that either of these approaches would be feasible options for identifying 

and selecting HS families on a multi-trait basis. 

4.4.8 Applications for breeding 

Within the examined HS family population, the estimated additive genetic variation (𝜎 𝐴
2 ) for the traits; 

Shoot DM, Root DM, Shoot SP and Root SP, enable genetic gain (𝛥𝐺) for these traits to be predicted at 

20%, 10% and 5% selection pressure. These results indicate the potential for genetic improvement of 

these traits using the genetic diversity within the breeding population from which the 120 HS families 
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were generated. However, while it would be possible to make selections based on the current study’s 

data, it is important to emphasise that this is a preliminary investigation. Moreover, the 120 HS families 

were evaluated within a single environment under a set of controlled conditions which differs from 

sward-based field environments. Due to the complexity of symbiotic traits, there are several steps 

which would need to be fulfilled before progressing to the evaluation of the expression of symbiotic 

traits under field-based conditions. For example, the logical next step in this work would be to repeat 

this genetic experiment by assessing HS families inoculated with diverse communities of Rhizobium 

strains in soil extracts to provide an indication of which HS families perform best. Furthermore, it would 

be preferable to conduct this work across multiple environments to account for the effects of G x E 

interactions and to fully validate the findings of the current study. Following the completion of this 

work, selections facilitated by marker-assisted selection methods such as genomic selection (GS) could 

be made as a proof of concept for improving the expression of symbiotic traits in white clover. The 

potential feasibility of marker-based breeding approaches, such as GS, for improving the symbiotic 

performances of HS families will be investigated in Chapter 5.  

4.5 Conclusion 

The current study provides a new set of estimates for key quantitative genetic parameters for 

symbiotic traits in white clover. The expression of Shoot DM differed considerably between HS families, 

with 44% of families forming sub-optimal symbioses with the Rhizobium strain TA1. The significant 

estimated additive genetic variation indicates the potential to select among the 120 white clover HS 

families for the genetic improvement of N-fixation traits such as Shoot and Root DM and SP. The low 

to moderate heritability estimates indicates that there is additive genetic variability that can be 

exploited for improving the symbiotic interactions of white clover populations with strains of 

Rhizobium such as TA1. However, further work will be required to estimate the narrow-sense 

heritabilities of traits associated with N-fixation for white clover over a wider range of environments. 

The estimation of G x E interaction effects shows that there were replicate/block effects in the 

experiment that would be best controlled in future experiments. The phenotypic and genetic 

correlation as well as the correlated response to selection results indicate that Shoot DM could 

potentially be utilised as the sole symbiotic trait for estimating the N-fixation abilities of white clover 

cultivars in future breeding efforts. Finally, this study has identified 24 candidate HS families that could 

potentially be advanced for future breeding efforts to improve the N fixing abilities of white clover.  
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Chapter 5  

Developing genomic selection for improving the 

white clover-Rhizobium interaction 

5.1  Introduction 

In previous chapters, the influence of the genetics of different clover populations on symbiotic traits 

(Chapter 3) was quantified, and this was developed further in Chapter 4 where significant additive 

variation for symbiotic traits was estimated in a genetically structured white clover 

(Trifolium repens L.) half-sibling (HS) breeding pool. This information alone would be sufficient to make 

selections to assess how this quantitative genetic information can be used to improve symbiotic traits 

in white clover, a breeding target that has been difficult to realise (Mytton, 1978, 1983). However, the 

advent of high-density molecular platforms which require few genomic resources, such as genotyping-

by-sequencing (GBS) (Elshire et al., 2011), has led to the adaptation of a novel breeding tool, genomic 

selection (GS) in many plant breeding programmes.  

GS was first proposed by Meuwissen et al. (2001) as a form of marker-assisted selection (MAS) which 

utilises genome-wide markers to capture total additive genetic variance of traits under selection and 

estimate the breeding value, upon which selections can be made. In GS, the combined phenotypic and 

genotypic information of a training population (TP) is used to develop a genomic prediction (GP) model 

which can predict the genomic estimated breeding values (GEBVs), for individuals in a test or selection 

population using only genotypic profiles (Heffner et al., 2009).  

GS has some notable advantages in contrast to conventional breeding strategies. Through the 

prediction of GEBVs, GS can reduce the time to complete a breeding cycle which increases genetic gain 

per unit time and avoids the need for repeatedly phenotyping individuals outside a TP in a breeding 

population under selection which can save time and money (Hickey et al., 2014) and also increase 

selection intensity which further increases genetic gain. GS offers an opportunity to select at a seedling 

stage for traits that may only exhibit on mature plants such as persistence, seed yield and dry matter 

(DM) yield (Faville et al., 2020). Finally, the use of dense genome-wide markers allows small effect loci 

to be captured, making GS suitable for the selection of complex traits with low to moderate heritability 

(Wilkins & Humphreys, 2003; Hickey et al., 2014). 
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The use of GS as a feasible plant breeding tool has been recognised in several major crop species 

including wheat (Triticum aestivum) (Lopez-Cruz et al., 2015; Hayes et al., 2017), barley 

(Hordeum vulgare) (Zhong et al., 2009; Lorenz et al., 2012) and maize (Zea mays) (Zhao et al., 2012). 

In recent years, GS has also been adopted in forage species such as lucerne (Medicago sativa) (Jia et 

al., 2018) and perennial ryegrass (Lolium perenne) (Grinberg et al., 2016; Faville et al., 2020). However, 

there is currently no information available regarding the utilisation of GS to improve traits associated 

with the performance of white clover in symbiosis with strains of Rhizobium leguminosarum bv. trifolii 

(R.lt). 

In outbreeding forage species, such as white clover, lucerne and perennial ryegrass, genetic 

improvement based on a HS family breeding system is a commonly utilised methodology (Casler & 

Brummer, 2008; Faville et al., 2018; Jahufer & Luo, 2018). In a HS family structured population or 

breeding pool, 25% of the additive genetic variance resides among the families and 75% within the 

families (Casler & Brummer, 2008). Therefore, traditional breeding methods, where the best families 

are identified based on phenotype information and individuals subsequently selected at random from 

within those families for crossing, can only access 25% of the additive genetic variation. In addition to 

the other benefits described above, GS can also be used to increase the rate of genetic gain by 

accessing the 75% of additive genetic variation within families by genotyping selection candidates from 

the highest ranked families, generating GEBVs and then selecting the best individuals from within the 

highest ranked families based on their estimated phenotype (Faville et al., 2018; Faville et al., 2020). 

The white clover HS families assessed in Chapter 4 for quantitative genetic parameters are ideal 

candidates for testing the application of GS for clover-Rhizobium symbiotic traits.  

The success of a GS breeding programme is dependent on the predictive ability (PA) of the genomic 

prediction (GP) models. There are currently several models which have been developed for GP which 

differ based on their assumptions when treating the variance of the target traits (Desta & Ortiz, 2014). 

GP models can be broadly classified as either whole-genome regression, reviewed by de los Campos 

et al. (2013), or machine learning methods, which are outlined by González-Camacho et al. (2018). 

Whole-genome regression models are parametric and generally use linear regression based statistics 

to predict GEBVs (Habier et al., 2013). Examples of whole-genome regression models include Genomic-

Best Linear Unbiased Prediction (GBLUP) (Goddard et al., 2011) and Bayesian least absolute shrinkage 

and selection operator (Bayesian LASSO) (Park & Casella, 2008). Machine learning-based GP models 

are typically non-parametric with their underlying theory being very different to linear whole-genome 

regression models (Heslot et al., 2012). Examples of machine learning models include support vector 

regression (SVR) (Heslot et al., 2012) and Random forest (RF) (Breiman, 2001).  
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There are several factors which can influence the PA of GP models including trait heritability, genetic 

architecture of traits, TP size, the relatedness between training and test population and marker 

coverage over the genome (Daetwyler et al., 2010; Daetwyler et al., 2013). To date, there have been 

no studies which evaluated the PA of different GP methods for symbiotic traits in white clover.  

The objectives of this study were to utilise the phenotypic information of symbiotic traits generated 

using the HS families described in Chapter 4 and incorporate these with high density marker data to 

derive GP models for improving traits associated with the white clover-Rhizobium interaction. To 

evaluate this, the PA of different GP models, and the influence of modifying a range of GP parameters 

within these models, were investigated using the phenotypic and genotypic data in a training 

population of white clover HS families.  

5.2 Methods 

5.2.1 Phenotype data 

Phenotypic data was obtained from 120 white clover HS families taken from a random mating F3 

population which was inoculated with the Rhizobium strain TA1 or grown with mineral nitrogen (N) 

supplementation (positive control) as described in Chapter 4. Symbiotic traits included shoot dry 

matter (DM), Root DM, shoot symbiotic potential (SP), Root SP and root to shoot ratio (RSR) which 

were calculated as described in Section 4.2.9. A linear mixed model analysis was performed based on 

a residual maximum likelihood (REML) approach to generate best linear unbiased predictors (BLUPs) 

as described in Section 4.2.10.2 using the software DeltaGen (Jahufer & Luo, 2018).  

5.2.1.1 Smith Hazel Index 

The Smith-Hazel (SH) index, described by Smith (1936) and Hazel (1943), was used in the current study 

to develop index coefficients to permit identification of white clover HS families with the highest N-

fixation capacities on a multi-trait basis using DeltaGen based on Equation 4.4 as described in 

Section 4.2.10.8. 

5.2.2 Genotype data 

The approach utilised in this study was to genotype the maternal parents of the selected 120 HS 

families and infer their phenotype/breeding values based on the performance of their corresponding 

HS families described in Chapter 4.  
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The genotype data used in this study was obtained through the generation of GBS libraries for the 

maternal parent of each of the 120 HS families from the TP that have been described in Section 4.2.1. 

The GBS analysis identified 154,924 single nucleotide polymorphisms (SNPs) that underpinned the 

subsequent GP modelling. These genotype data were generated in consultation with a 

bioinformatician (Ruy Jauregui) at AgResearch, Grasslands Research Centre, Palmerston North as part 

of another parallel PhD GS project (Grace Ehoche) which developed the HS family training population. 

The data of two HS families was excluded from this study due to either missing phenotypic or genotypic 

data reducing the number of families to 118 for final GS analysis.  

5.2.2.1 DNA isolation 

The genomic DNA (gDNA) of the maternal parents of the selected 120 white clover HS families was 

extracted following a high throughput method described by Whitlock et al. (2008) with modifications 

described by Anderson et al. (2018). All work was conducted as part of another parallel PhD GS project.  

For each HS family, approximately 50 mg of fresh shoot tissue was placed into a single well of two 

Corning® 1 mL deep well 96-well extraction plates, freeze dried for 48 hours at -50°C and loaded with 

two 2.38 mm stainless steel beads. The extraction plates were heat sealed with a Thermal Bond seal 

and homogenised for 2 min at 25 Hz using QIAGEN Tissue Lyser plate adapters (QIAGEN, Venol, 

Netherlands). The plates were centrifuged at 4000 x g for 1 min. The thermal bonds were removed and 

500 µL of pre heated homogenisation buffer (Appendix A.4) and 1.8 µL of 20 µg µL-1 proteinase K was 

added per well from a reservoir using a multichannel pipette. The extraction plates were sealed with 

a new Thermal Bond and shaken forcefully to dislodge the beads and ensure thorough mixing. They 

were then centrifuged for 10 min at 4000 x g in a Hettich Rotanta 460R centrifuge (Hettich 

Group, Kirchlengern, Germany) with a swing bucket rotor. The thermal bond seals were removed and 

300 µL of the supernatant was transferred into a new Axygen® 1.1 mL 96-well plate, combined with 

300 µL of precipitation buffer (Appendix A.5), sealed with an Axygen® sealing mat and mixed well by 

plate inversion. Plates were placed in an ice water bath for 15 min then centrifuged at maximum speed 

(8595 x g) for 30 min. A new AcroPrep™ Advance 96 filter plate (Pall Corporation, Ann Arbor, MI, USA) 

was mounted on top of a recycled Axygen® 1.1 mL 96-well deep well collection plate, 400 µL of 

supernatant was mixed with 600 µL binding buffer (BB) per well (Appendix A.6) and centrifuged at 

4000 x g for 2 min.  

The flow-through was discarded and collection plate surface dried with a paper towel. The filter plate 

contents were washed and centrifuged at 4000 x g for 2 min at room temperature in separate steps, 

first with 300 µL per well of BB, then with 300 µL per well of wash buffer (Appendix A.7) and lastly with 

300 µL per well of absolute ethanol. The flow through was discarded, and the membrane dried by 
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centrifuging the filter plate at 4000 x g for 5 min at room temperature before swapping to a fresh 

Axygen® 1.1 mL 96-well deep well plate for DNA elution. 115 µL of 10 mM Tris HCl pH 8 and 0.04 µL of 

100 mg mL-1 RNase A was added per well with the contents being centrifuged at 4000 x g for 1 min at 

room temperature to obtain a final 100 µL eluent of DNA per well.  

DNA purity was assessed from spectral profiles and A260/280 and A260/230 absorbance ratios with a 

Nanodrop ND-2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA). Furthermore, DNA 

integrity was assessed by visualisation after resolution via electrophoresis on a 0.8% (wt/vol) agarose-

tris/borate/EDTA (TBE) gel and subsequently stained with ethidium bromide (Figure 5.1). Samples 

were also quantified using Hoechst Fluorometric 33258 dye stock on a Biomek Synergy HTX multi-

mode reader. The concentrations of all HS family DNA samples were normalised to 20 ng/µL. 

Figure 5.1: Example of an agarose gel showing DNA extracted from white clover half-sibling family 

maternal lines. The first and last lanes in rows contain λ/HindIII DNA size marker fragments. 

(Photo courtesy of Grace Ehoche).  

5.2.2.2 Production of GBS libraries 

A total of three GBS libraries were constructed following the method described by Elshire et al. (2011) 

with modifications described by Faville et al. (2018). All work was conducted as part of another parallel 

PhD GS project. 100 ng of DNA from each HS family was pipetted onto a 96-well plate containing dried 

down ApeKI barcode and common adapters using a Nanodrop II robot (GC biotech, Waddinxveen, 

Netherlands). The 96-well plate was sealed with an Air-O-Seal sterile tape plate seal, briefly spun down 

and dried using a SpeedVac Concentrator (Thermo Fisher Scientific, Waltham, MA, USA). DNA was 

digested using the enzyme ApeKI (New England Biolabs, Ipswich, MA, USA). The digestion mixture for 

one 96-well plate contained 10 X NEBuffer 3.1, ApeKI enzyme and nuclease-free water. 20 µL of the 

ApeKI digestion master mix was aliquoted per well using a Nanodrop II robot. The plates were sealed 

with adhesive PCR plate seals, briefly spun down and incubated for 2 hours at 75°C. DNA was then 

ligated to the unique barcode and common adapter in each well. The ligation mixture for one 96-well 
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plate contained 10X NEB ligase buffer (New England Biolabs, Ipswich, MA, USA), NEB T4 DNA Ligase 

(New England Biolabs, Ipswich, MA, USA) and nuclease-free water. 30 µL of the DNA ligation master 

mixture was pipetted per well using a Nanodrop II robot. The plates were sealed, briefly spun down, 

ligated for 1 hour at 22°C and heated for 20 min at 65°C. 5 µL of DNA from each well was pooled 

together, the pooled DNA was cleaned using E.Z.N.A.® Cycle Pure Kit (Omega Bio Tek, Norcross, GA, 

USA) and 50 µL eluted using the elution buffer provided.  

For each pooled library, three 50 µL PCR’s were performed. The PCR reaction mixture contained NEB 

Taq 2X master mix (New England Biolabs, Ipswich, MA, USA), PCR primer mix (12.5 pmol/µL for each 

primer) and 4 µL of pooled DNA. The PCR amplification conditions were as follows: 72°C for 5 min, 

denaturation at 98°C for 30 secs, 18 cycles of 98°C for 10 secs, annealing at 65°C for 30 secs and 

extension at 72°C for 30 secs, with a final Taq extension step of 72°C for 5 min. The PCR reactions for 

each pooled library were pooled together for purification with the E.Z.N.A.® Cycle Pure Kit, the libraries 

were then eluted with 35 µL of elution buffer. Each 96-well plate included a blank and a common 

positive control sample to verify that the amplification of DNA reactions had occurred and the absence 

of DNA contamination.  

5.2.2.3 Quality assessment of GBS libraries 

GBS libraries were assessed for quality based on spectrophotometric wavelength ratios prior to 

sequencing by first assessing 1.5 µL of each library on the Nanodrop ND-2000 spectrophotometer. 

30 µL of each library was put through a Pippin Prep™ DNA size selector (Sage Science, 

Beverly, MA, USA) to isolate DNA fragments between the sizes of 193 and 313 bp. Isolated DNA 

fragments for each GBS libraries were sequenced on two lanes of an Illumina HiSeq 2500 

(Illumina, San Diego, CA, USA) at AgResearch Invermay Agricultural Centre, New Zealand.  

5.2.2.4 GBS data analysis 

The analysis of GBS data was conducted in house by Ruy Jauregui (Bioinformatician) at AgResearch, 

Grasslands Research Centre, Palmerston North. The reads were quality trimmed and filtered using 

Trimmomatic (Bolger et al., 2014) with a sliding window of 10% of the read length that retained regions 

with an average q-score above 15. Reads that were shorter than 100 nt after trimming were also 

discarded. In total, this process on average resulted in 5% of the raw reads being discarded. Genetic 

variants were called using the TASSEL 5.0 GBS pipeline as described by Glaubitz et al. (2014) to the 

version 5 of the white clover reference genome (Griffiths et al., 2019) with standard parameters. The 

pipeline produced a variant call format (VCF) file using VCF tools as described by Danecek et al. (2011) 

which retained 361,220 multiallelic SNPs (bi-, tri, tetra-). Further SNPs were removed that had a 

missing rate of > 50% among the samples, minimum minor allele frequency (MAF) < 0.001 and a read 
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depth of < 12.75 (median) which left a total of 154,924 SNPs. After this filtering procedure, two 

samples were removed as they didn’t meet the quality criteria. Removing these two parental 

genotypes removed the corresponding HS families from further analysis. The dosage of alternate 

alleles was converted to a numerical code based on whether the allele was the one in the reference 

genome (set as reference) or an alternate SNP allele: where 0 denotes no alternate allele (homozygous 

reference), 1 for one alternate allele (heterozygous reference and alternate allele) and 2 for alternate 

alleles (homozygous alternate allele).  

A genomic relationship matrix (GRM) was calculated based on the method, Kinship using GBS with 

Depth adjustment (KGD) proposed by Dodds et al. (2015) and implemented by Faville et al. (2018). 

KGD enables the estimation of unbiased relatedness even using the low depth sequence data 

generated from GBS (Faville et al., 2020). Using KGD, data is considered to be a set of allele reads and 

not genotypes. The GRM is calculated using SNPs which only have reads in both individuals which 

allows the GRM to be calculated without the need for imputing missing values (Arojju et al., 2020). For 

implementing the rest of the GP models evaluated in this study, the missing values for each SNP were 

mean imputed. 

5.2.3 Multi-dimensional scaling 

The population structure of the TP composed of 118 HS families was assessed using multi-dimensional 

scaling (MDS) based on the KGD-GRM described in Section 5.2.2.4. The genetic structure was visualised 

using an MDS ordination plot which was based on the distance metric coordinates of each HS family 

using the R package ggplot2.  

5.2.4 Genomic prediction modelling 

Five genomic prediction (GP) models were used in this study to determine genomic estimated breeding 

values (GEBVs) that underpins GS. The GP modelling was based on a training set consisting of HS 

families (n = 118) which had both phenotypic (symbiotic traits) and genotypic (sequenced maternal 

parents) data available. All models were implemented in this study through R programming language 

(R Core Team, 2019).  
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5.2.4.1 GBLUP 

Genomic-Best Linear Unbiased Prediction (GBLUP) is a linear mixed model which predicts GEBVs based 

on a GRM generated using whole genome-wide marker data (Habier et al., 2013). The GRM was 

calculated using an A.mat function in the R package rrBLUP (Endelman, 2011) using the imputed SNPs 

based on a method proposed by VanRaden (2008). The method computes the coefficients of 

dissimilarities between pairs of genotypes which describes the genetic relationship between the 

individuals (de los Campos et al., 2013). GBLUP assumes that the trait is complex and controlled by 

many genes with small effects (Goddard et al., 2011). The R package rrBLUP (Endelman, 2011) was 

used to fit a linear mixed model using the kin.blup function following Equation 5.1: 

 [Equation 5.1] 

𝑦 = 𝜇 + 𝑋𝑢 + 𝑒 

Where: 𝑦, is the n x 1 vector of BLUPs (estimated in stage 1); 𝜇, is the 𝑛 𝑥 1 vector of the grand mean; 

𝑋, is the 𝑛 𝑥 𝑚 design matrix; and 𝑢, is the 𝑚 𝑥 1 vector of the random marker effects with 

𝑢 ~ 𝑁(0, 𝜎 𝑢
2  𝐺), where: 𝐺, is the 𝑛 𝑥 𝑛 ‘genomic relationship matrix (GRM)’; and 𝑒, is the 𝑛 𝑥 1 vector 

of random errors with 𝜖 ~ 𝑁(0, 𝜎 𝑒
2 𝐼), where: 𝐼, is the 𝑛 𝑥 𝑛 identity matrix. 

5.2.4.2 KGD-GBLUP 

Kinship using GBS with depth adjustment-GBLUP (KGD-GBLUP) is a modification of GBLUP designed to 

address specific features of genotypes generated from the GBS marker platform such as low read 

depth, and it doesn’t require the imputation of missing data (Dodds et al., 2015). For KGD-GBLUP, the 

GRM was estimated as described in Section 5.2.2.4. KGD-GBLUP models were fitted using the rrBLUP 

package.  

5.2.4.3 Bayesian LASSO 

Bayesian least absolute shrinkage and selection operator (LASSO) differs from standard GP models like 

GBLUP because it treats the effects of different markers heterogeneously by assuming separate 

variances for each marker. Bayesian LASSO, which was proposed by Tibshirani (1996), is a method 

which permits marker effects departing from normality, that is to model SNPs with large effect and 

shrinks the unimportant variances to smaller values, unlike GBLUP or ridge regression-BLUP (RR-BLUP) 

which shrinks all variances towards zero (Heffner et al., 2009). The R package BGLR (Pérez & de Los 

Campos, 2014) was used to fit a linear regression model using mean imputed SNPs described by Park 

& Casella (2008). 

 



 

129 
 

5.2.4.4 Support vector regression 

Support vector regression (SVR) is a semi-parametric method which uses a nonlinear kernel function 

to map input spaces to a feature space of a different dimension so that linear regression can be 

implemented (Heslot et al., 2012). SVR converts predictor variables to set distances among 

observations to produce an 𝑛 𝑥 𝑛 matrix which can be used for a linear regression model (Lorenz et 

al., 2011). A form of SVR known as linear kernel epsilon SVR (𝜖SVR) regression was used in this study. 

The SVR modelling was implemented using the R package e1071 using mean imputed SNPs based on 

the equation described by Cortes & Vapnik (1995). 

5.2.4.5 Random forest 

Random forest (RF) is a non-parametric and non-linear machine-learning algorithm approach. RF 

generates a series of decision regression trees to train the prediction model (Breiman, 2001). A total 

of 500 trees were used in this study with 33% of the total number of SNPs being used to find the best 

split at each node of the total variables measured. The RF modelling was implemented using the R 

package RandomForest using mean imputed SNPs based on an equation described by Breiman (2001).  

5.2.5 Predictive ability via cross-validation  

Predictive ability (PA) was determined as the Pearson’s correlation coefficient (𝑟𝑝) between the 

observed phenotypic value (BLUPs) and predicted phenotype (GEBVs). The PA of each GP model was 

assessed using a Monte–Carlo cross-validation technique.  

For each cross-validation, the data of all HS families was randomly split with 80:20% assigned to 

training: testing the model, respectively. The training subsets were used to develop the GP model. 

GEBVs were derived in the test subsets based on their genotype information. The correlation between 

the test subset GEBVs and phenotype data gave rise to the PA. The bias for PA was determined by 

regressing the observed phenotypic value (BLUPs) onto the predictions (GEBVs) and measuring the 

slope. A bias value of 1 indicated that an unbiased PA estimate was obtained from the GP model (Faville 

et al., 2018). All bias values below 1 were considered as upward biased, where the predicted values 

are routinely greater than the actual values. By contrast, values above 1 were considered as downward 

biased.  

Prediction accuracy (𝑟𝐴) was determined by dividing PA by the square root of narrow-sense heritability 

(ℎ𝑛
2) for each trait. Narrow-sense heritabilities of each trait were determined as described in 

Section 4.2.10.1. Prediction accuracy for the trait RSR was not determined due to the mean PA for this 

trait being negative in these HS families when inoculated with the Rhizobium strain TA1. 
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5.2.5.1 Evaluation of training-test set sizes 

Five different training: test set ratios were evaluated in the current study using KGD-GBLUP to 

determine the most suitable parameters for evaluating the PA of GP models. The training: testing sets 

consisted of 60:40%, 70:30%, 80:20%, 90:10% and 95:5% of the 118 HS families being assigned to 

training and testing the model, respectively. In addition, the cross-validation training: test set ratios 

were assessed over 100, 500, 1000 and 2000 iterations to determine the influence of the number of 

iterations on calculation of PA from the GP model. The GP model KGD-GBLUP was selected to evaluate 

training: test sets and number of iterations on the basis of the computation time required to generate 

PA.  

5.2.5.2 Effect of training set size on predictive ability 

The effects of HS family training population (TP) size on PA was conducted using GBLUP. Considering 

the computational load, KGD-GBLUP was not extended for testing the training set size effect on PA. A 

data matrix was established to hold the results of each iteration. The data was split into nine iterations. 

For each iteration, between 100% to 20% of the 118 HS families were randomly retained and assigned 

into either training or test sets. For each iteration, a cross-validation was conducted with 80% of HS 

families being randomly assigned for training and 20% assigned for testing over 100 iterations, based 

on the results of Section 5.2.5.1.  

5.2.6 Visualisation of predictive abilities 

The PA for symbiotic traits were plotted and visualised with notched boxplots generated using the R 

package ggplot2 as described in Section 3.2.13.5. 

5.2.7 Pearson’s correlation coefficient  

A Pearson’s product-moment correlation coefficient was performed to determine the linear 

dependence between the PA and narrow-sense heritabilities estimated in Chapter 4 (Table 4.1) for the 

symbiotic traits Shoot DM, Root DM, Shoot SP and Root SP of the 118 HS families inoculated with the 

Rhizobium strain TA1. The symbiotic trait RSR was removed from the Pearson’s correlation analysis 

due to the negative mean PA. The Pearson’s correlation coefficient was calculated using the combined 

means of the PA and heritabilities of all symbiotic traits in R using the package ggpubr.  
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5.3 Results 

There are a range of different genomic prediction (GP) models available as well as different parameters 

to operate them that may influence the generation of genomic estimated breeding values (GEBVs) and 

subsequent predictive ability (PA). The work in the parallel PhD project provided 154,924 SNPs and a 

genomic relationship matrix (GRM) for 118 maternal parents whose corresponding half-sibling (HS) 

families had been phenotyped in Chapter 4. This enabled the phenotype of the 118 genotyped 

maternal parents to be inferred from the HS progeny and provide the data for GP modelling. The aim 

of this study was to investigate how modifying model parameters and testing different GP models can 

influence the PA of the derived genomic estimated breeding values.  

5.3.1 Training population genetic structure 

MDS analysis revealed no clustering of individuals into groups, indicating an absence of genetic 

structure within the 118 HS families which make up the training set (Appendix E.6). 

5.3.2 Cross-validation of different training vs test set predictive abilities 

The PAs of two symbiotic traits, Root SP and the SH index for simultaneous selection for Shoot DM and 

Shoot SP of 118 white clover HS families inoculated with the Rhizobium strain TA1, are presented in 

Figure 5.2 as exemplar traits for assessing the influence of modifying parameters in GP models.  

The influence of different cross-validation training to test set ratios on the variability of PAs was 

assessed. The mean PA of the traits SH index and Root SP with the training: test sets of 60:40%, 70:30%, 

80:20%, 90:10% and 95:5% ranged from 0.14 to 0.38 (Figure 5.2). The effect of modifying the split 

between training and test subsets was similar for both traits. As the number of HS families assigned to 

train the model increased, thereby decreasing the number of HS families to test and derive a 

correlation coefficient between GEBV and phenotype, the variation of PA increased. This trend became 

more prominent beyond the 80:20% training: testing splits. The highest mean PA for SH index and Root 

SP were obtained when 95:5% (𝑟𝑝 = 0.38) and 80:20% (𝑟𝑝 = 0.18) of the 118 HS families were assigned 

to training and testing sets, respectively. The lowest mean PA for SH index (𝑟𝑝 = 0.31) and Root SP 

(𝑟𝑝 = 0.14) were obtained when 60:40% of HS families were assigned to training and testing, 

respectively. The mean PA bias for SH index and Root SP ranged from 0.90 to 1.02, which is close to 1 

suggesting the predictions are unbiased (Appendix E.2). This indicates that PA estimates gave good 

approximations of the phenotype. Based on this result, the training: testing split 80:20% for cross-

validation was considered to be the best compromise between mean PA and variability. 
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The mean PA of the traits Shoot DM, Shoot SP, Root DM and RSR for HS families inoculated with the 

Rhizobium strain TA1 or grown under mineral N, which are not presented in Figure 5.2, ranged from -

0.25 to 0.33 and followed a similar trend to the traits SH index and Root SP (Appendix E.1). The mean 

PA bias of the traits Shoot SP (1.48), Shoot DM (positive control) (1.25) and Root DM (positive control) 

(1.28) was slightly biased downwards (bias above 1) whereas the PA bias of traits Shoot DM (0.86) and 

Root DM (0.89) was slightly biased upwards (bias below 1) (Appendix E.2). The model failed to predict 

breeding values for RSR trait and this was reflected in large negative PA bias.  

Figure 5.2: Influence of training: test set sizes on genomic prediction (GP) model predictive ability (PA) 

for shoot and root traits of a structured white clover population whose nitrogen source is 

either supplied or derived from symbiosis. Mean PA is based on Pearson’s correlation (𝑟𝑝) 

between actual and predicted value of the GP model Kinship using GBS with Depth 

adjustment-Genomic Best Linear Unbiased Prediction (KGD-GBLUP) using the adjusted 

means (BLUPs) for two symbiotic traits. One trait is a Smith-Hazel multi-trait selection index 

for both Shoot DM and Shoot SP, and the other is root symbiotic potential (Root SP) of 118 

HS families inoculated with the Rhizobium leguminosarum bv. trifolii strain TA1. PA was 

evaluated using various training: test set combinations (60:40%, 70:30%, 80:20%, 90:10% 

and 95:5%, respectively) and cross validated over 500 resampling iterations. The line in the 

centre of the notch and the diamonds represent the median and mean PA, respectively, for 

each training: test combination.  
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5.3.3 Effects of model iterations on predictive ability 

Having identified that an effective training: test set for evaluating PA was 80:20%, the next step in this 

study was to assess the influence of the number of cross-validation iterations on PA. The PA of the 

symbiotic traits Root SP and SH index of 118 white clover HS families inoculated with the Rhizobium 

strain TA1 are presented as exemplar traits in Figure 5.3.  

The mean PA of traits SH index and Root SP ranged from 0.14 to 0.36 with the GP model KGD-GBLUP 

when calculated based on 100, 500, 1000 and 2000 iterations (Figure 5.3). The highest mean PA for SH 

index and Root SP was obtained with iterations of 100 (𝑟𝑝 = 0.36) and 500 (𝑟𝑝 = 0.18), respectively. The 

lowest mean PA for SH index and Root SP was obtained with iterations of 500 (𝑟𝑝 = 0.34) and 100 

(𝑟𝑝 = 0.14), respectively. The mean PA bias for SH index and Root SP ranged from 0.92 to 1.01, which 

is close to 1 indicating predictions are unbiased across the different iterations (Appendix E.2). This 

indicates that PA estimates gave good approximations of the phenotype as described in Section 5.3.2. 

The mean PA of the traits Shoot DM, Shoot SP, Root DM and RSR ranged from -0.20 to 0.34 and 

followed a similar trend to the traits SH index and Root SP (Appendix E.1). The mean PA bias of the 

traits Shoot SP (1.80), Shoot DM (positive control) (1.22) and Root DM (positive control) (1.35) was 

slightly biased downwards (bias above 1) whereas the PA bias of traits Shoot DM (0.85) and Root DM 

(0.86) was slightly biased upwards (bias below 1) (Appendix E.2). The model failed to predict breeding 

values for RSR trait and this was reflected in large negative PA bias.  

Based on these results, 100 iterations were selected as the standard for cross-validation as it generated 

very similar results to greater numbers of iteration whilst also requiring the least computational power. 
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Figure 5.3: Influence of the number of cross-validation iterations on genomic prediction (GP) model 

predictive ability (PA) for shoot and root traits of a structured white clover population 

whose nitrogen source is either supplied or derived from symbiosis. Mean PA is based on 

Pearson’s correlation (𝑟𝑝) between actual and predicted value of the GP model Kinship 

using GBS with Depth adjustment-Genomic Best Linear Unbiased Prediction (KGD-GBLUP) 

using the adjusted means (BLUPs) for two symbiotic traits. One trait is a Smith-Hazel multi-

trait selection index for both Shoot DM and Shoot SP, and the other is root symbiotic 

potential (Root SP) of 118 half-sibling (HS) families inoculated with the Rhizobium 

leguminosarum bv. trifolii strain TA1. PA was evaluated using various cross-validation 

iterations (100, 500, 1000 and 2000) with 80% of HS families assigned to training and 20% 

to testing over 100 re-sampling iterations. The line in the centre of the notch and the 

diamonds represent the median and mean PA, respectively, for each cross-validation 

iteration. 

5.3.4 Predictive ability of different genomic prediction models 

Based on the results described in Section 5.3.2 and Section 5.3.3, the evaluation of different GP models 

in this study were conducted with an 80:20% training: testing set over 100 iterations. This enabled 

comparison of a range of GP models using a robust set of parameters whilst maintaining the 

computational time requirements at a practicable level.  
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Using different GP models (Bayesian LASSO, GBLUP, KGD-GBLUP, RF and SVR), the mean PA of all traits 

of the 118 white clover HS families inoculated with the Rhizobium strain TA1 or grown under mineral 

N ranged from -0.19 to 0.36, and there was a high consistency (concordance) for PA among the 

evaluated models within each trait (Figure 5.4). For shoot traits, there was no significant difference 

(indicated by the notches of boxplots) among PAs derived from the different models except for RF, 

which generated lower PAs for Shoot SP and Shoot DM (positive control). In contrast, in root traits, 

particularly Root SP and DM (positive control), there was greater variation in PAs derived from the 

different GP models with PAs generated from GLBLUP being above SVR for Root SP and RF being below 

the other GP models for Root DM (positive control). The model SVR failed to predict breeding values 

for RSR trait due to negative PA values as observed for other GP models (Figure 5.4). Across all of the 

traits, Bayesian LASSO, GBLUP and KGD-GBLUP had the greatest concordance. 

The highest mean PA was obtained with the GP model KGD-GBLUP (𝑟𝑝 = 0.36) for the trait SH index 

and the lowest mean PA was obtained with KGD-GBLUP (𝑟𝑝 = -0.19) for the trait RSR from the HS 

families inoculated with TA1 (Figure 5.4). Of the examined parametric linear regression models, GBLUP 

had the highest mean PA for the most traits including Shoot SP (TA1) (𝑟𝑝 = 0.27) and Root SP (TA1) 

(𝑟𝑝 = 0.18) as well as Shoot DM (positive control) (𝑟𝑝 = 0.35) and Root DM (positive control) (𝑟𝑝 = 0.26). 

Of the examined non-parametric machine learning models, RF had the highest PA for the most traits 

including Shoot DM (TA1) (𝑟𝑝 = 0.31) and RSR (TA1) (𝑟𝑝 = -0.12) as well as the RSR (𝑟𝑝 = 0.02) of positive 

control plants.   

The mean PA bias for all traits for the GP model KGD-GBLUP (1.13) was slightly biased downwards (bias 

above 1) whereas the bias of the GP models Bayesian LASSO (0.81) and SVR (0.81) was slightly biased 

upwards (bias below 1) (Appendix E.3). The PA bias of the GP models RF (0.95) and GBLUP (0.96) was 

close to 1 suggesting the predictions for these models were good approximations of the phenotype.  
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Figure 5.4: Evaluation of the predictive ability (PA) of different genomic prediction (GP) models for shoot and root traits of a structured white clover population 

whose nitrogen source is either supplied or derived from symbiosis. Mean PA is based on Pearson’s correlation (𝑟𝑝) between actual and predicted 

value for adjusted means (BLUPs) of shoot and root traits using the GP models: Bayesian least absolute shrinkage and selection operator 

(Bayesian LASSO), Genomic-Best Linear Unbiased Prediction (GBLUP), Kinship using GBS with Depth adjustment-GBLUP (KGD-GBLUP), random forest 

and support vector regression (SVR) using 118 white clover half-sibling (HS) families inoculated with the Rhizobium leguminosarum bv. trifolii strain 

TA1 or grown under mineral N (positive control) as a training set. Smith-Hazel index was based on BLUPs of the symbiotic traits shoot dry matter 

(Shoot DM) and symbiotic potential (Shoot SP) of families inoculated with Rhizobium strain TA1. PA was evaluated with 80% of HS families assigned 

to training and 20% to testing over 100 iterations. The line in the centre of the notch and the diamonds represent the median and mean PA, 

respectively, for each GP model cross-validation. SVR model failed to predict breeding values for RSR trait and are not presented.
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5.3.5 Predictive ability of symbiotic traits with KGD-GBLUP 

Based on the consistency of PAs, lack of bias and minimal compute time, all subsequent work in this 

study was conducted with the GP model GBLUP and KGD-GBLUP with the data of HS families being 

randomly split so that 80:20% of the 118 HS families were assigned to training: testing the model 

respectively, over 100 iterations.  

The mean PA of all traits of the 118 white clover HS families inoculated with the Rhizobium strain TA1 

or grown under mineral N with the GP model KGD-GBLUP ranged from -0.19 to 0.36 (Figure 5.5). Only 

the trait RSR when inoculated with TA1 or grown under mineral N had negative mean PA with the 

lowest mean PA of -0.19 and -0.04, respectively. The trait SH index of white clover HS families 

inoculated with Rhizobium strain TA1 had the highest mean PA of 0.36.  

The mean PA of shoot traits (𝑟𝑝 = 0.29) was 63% higher than root traits (𝑟𝑝 = 0.11) (Figure 5.5). The 

mean PA of traits from HS families inoculated with the Rhizobium strain TA1 (𝑟𝑝 = 0.19) were 27% 

higher than traits from HS families grown under mineral N (𝑟𝑝 = 0.14). 
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Figure 5.5: Mean predictive ability (PA) based on Pearson’s correlation between actual and predicted 

value (𝑟𝑝) of the GP model Kinship using GBS with Depth adjustment-Genomic Best Linear 

Unbiased Prediction (KGD-GBLUP) using the adjusted means (BLUPs) of the traits shoot dry 

matter (Shoot DM), shoot symbiotic potential (Shoot SP), root dry matter (Root DM), root 

symbiotic potential (Root SP) and root to shoot ratio (RSR) of 118 white clover half-sibling 

(HS) families inoculated with the Rhizobium leguminosarum bv. trifolii strain TA1 or grown 

under mineral N (positive control). Smith-Hazel index was based on BLUPs of the symbiotic 

traits Shoot DM and Shoot SP of HS families inoculated with Rhizobium strain TA1. PA was 

evaluated with 80% of HS families assigned to training and 20% to testing over 100 

iterations. The line in the centre of the notch and the diamonds represent the median and 

mean PA, respectively, for each symbiotic trait cross-validation. 

When the PA of the symbiotic traits Shoot DM, Shoot SP, Root DM and Root SP of the 118 HS families 

inoculated with the Rhizobium strain TA1 were adjusted for their narrow-sense heritabilities 

determined in Chapter 4, the mean prediction accuracies ranged from 0.27 to 0.54 (Table 5.1). Root 

DM had the highest mean prediction accuracy (𝑟𝐴 = 0.54) for root traits whilst Shoot DM had the 

highest mean prediction accuracy (𝑟𝐴 = 0.48) for shoot traits. The mean prediction accuracies of shoot 

traits (𝑟𝐴 = 0.46) were 12% higher than root traits (𝑟𝐴 = 0.4).  
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Table 5.1: Narrow-sense heritability (ℎ𝑛
2), mean predictive ability (𝑟𝑝) and mean prediction accuracy 

(𝑟𝐴) of the symbiotic traits shoot dry matter (DM), Shoot symbiotic potential (SP), Root DM 

and Root SP of 118 white clover half-sibling (HS) families inoculated with the Rhizobium 

leguminosarum bv. trifolii strain TA1. Predictive ability was generated using adjusted 

means (BLUPs) and the GP model Kinship using GBS with Depth adjustment-Genomic Best 

Linear Unbiased Prediction (KGD-GBLUP) with 80% of HS families assigned to training and 

20% to testing over 100 iterations. Prediction accuracy was derived by dividing the 

predictive ability by the square root of the trait narrow-sense heritability.  

 

5.3.6 Effects of heritability on predictive ability 

There was a moderate positive correlation (𝑟 = 0.58) that was insignificant (P = 0.41) between the PA 

generated from the GP model KGD-GBLUP and the narrow-sense heritabilities of the symbiotic traits 

Shoot DM, Shoot SP, Root DM and Root SP for the 118 white clover HS families inoculated with the 

Rhizobium strain TA1 (Appendix E.5).  

5.3.7 Effects of training population size on predictive ability 

Having identified the most suitable GP models, training to test set combination and cross-validation 

iterations, the next step in this study was to test the effect of reducing the total number of HS families 

on PA. This is because the time, cost and resources associated with assessing 118 HS families are 

significant, and phenotyping fewer families may provide sufficient data. Furthermore, assessing the 

impact of reducing the number of HS families will provide an insight into the robustness of the current 

training set size.  

The mean PA of all traits for HS families inoculated with the Rhizobium strain TA1 or supplemented 

with mineral N ranged from -0.20 to 0.35 when the number of families assessed ranged from 100% to 

20% of the 118 families using the GP model GBLUP (Figure 5.6). Only RSR had mean PAs that were 

negative. In general, the PA variation increased as the number of HS families used in the GP model 

decreased from 118 (100%) to 23 (20%). For most traits, with the exception of Shoot SP, similar levels 

of PA variation occurred when 118 (100%), 106 (90%) and 94 (80%) HS families were used in the GP 

model.  

 

Trait Shoot DM (mg) Shoot SP (%) Root DM (mg) Root SP (%) 

ℎ 𝑛
2

 0.33 ± 0.04 0.24 ± 0.04 0.28 ± 0.04  0.26 ± 0.03 

𝑟𝑝 0.28 0.22 0.29 0.14 

𝑟𝐴 0.48 0.44 0.54 0.27 
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The trait Shoot DM of HS families grown under mineral N had the highest mean PA of 0.35 with a TP 

size of 118 (100%) (Figure 5.6). For TA1 inoculated HS families, the trait SH index had the highest mean 

PA (𝑟𝑝 = 0.33) with a TP size of 94 (80%). The lowest mean PA (𝑟𝑝 = -20) was obtained with the trait RSR 

for HS families inoculated with TA1 with a TP size of 106 (90%). The mean PA bias of all traits with 

individuals inoculated with the Rhizobium strain TA1 or grown under mineral N ranged from 0.79 to 

1.83 (Appendix E.4). 

Excluding the negative PA traits, the mean decrease in PA for all traits as the number of HS families 

decreased was 19% (Figure 5.6). The trait RSR of HS families inoculated with TA1 had the largest 

decrease (30%) in mean PA. The trait Root DM of HS families inoculated with TA1 had the smallest 

decrease (7%) in mean PA. On average the largest drop in PA occurred when only 30% (35 HS families) 

of the total 118 HS families were not assigned to the training: testing set. Based on these results, a 

minimum of 94 HS families would be sufficient for determining PAs for the examined symbiotic traits 

within this breeding population.  
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Figure 5.6: Evaluation of the effect of reducing the total number of white clover half-sibling (HS) families on genomic prediction (GP) model predictive ability (PA) 

for shoot and root traits of a structured white clover population whose nitrogen source is either supplied or derived from symbiosis. Mean PA is based 

on Pearson’s correlation (𝑟𝑝) between actual and predicted value for adjusted means (BLUPs) of shoot and root traits of 118 HS families inoculated 

with the Rhizobium leguminosarum bv. trifolii strain TA1 or grown under mineral N (positive control) using the GP model Genomic Best Linear Unbiased 

Prediction (GBLUP). Smith-Hazel index was based on BLUPs of the symbiotic traits shoot dry matter (Shoot DM) and symbiotic potential (Shoot SP) of 

HS families inoculated with Rhizobium strain TA1. PA was evaluated with 80% of HS families assigned to training and 20% to testing over 100 iterations 

with 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% and 100% of 118 HS families randomly assigned to training. The line in the centre of the notch and 

the diamonds represent the median and mean PA, respectively, for each GP model cross-validation.
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5.4 Discussion 

Characterising the white clover-Rhizobium symbiosis and focusing on production traits such as dry 

matter (DM) and symbiotic potential (SP), is not only labour intensive and expensive, but these traits 

also have complex genetic architectures which make their genetic improvement difficult through 

conventional breeding strategies. Genomic selection (GS) represents a promising tool for facilitating 

the genetic improvement of these traits in white clover. However, factors such as training population 

(TP) size and trait heritability can significantly influence the predictive ability (PA) of the genomic 

prediction (GP) models that generate the genomic estimated breeding values (GEBVs) that are used to 

rank and select individuals as part of GS (Daetwyler et al., 2010; Daetwyler et al., 2013). Thus, the 

objectives of this study were to investigate different GP models, and the influence on PAs from 

modifying a range of GP parameters within these models using the phenotypic and genotypic data of 

118 white clover half-sibling (HS) families inoculated with the Rhizobium strain TA1 or grown with 

mineral nitrogen (N).  

5.4.1 Optimisation of genomic prediction model parameters 

The initial focus of this study was to determine the influence of training: test set proportions and 

iterations to provide a platform for assessing other models using Kinship using GBS with Depth 

adjustment-Genomic Best Linear Unbiased Prediction (KGD-GBLUP) as a computationally expedient 

method.  

The results of this study provide a new set of parameters for cross validating the PA of GP models for 

symbiotic traits in white clover (Figures 5.2 and 5.3). The variance in PA increased as the number of HS 

families allocated to training: testing the model was increased from 60:40% to 95:5%, respectively. 

Furthermore, the number of iterations used in cross-validation with the GP model KGD-GBLUP was 

also found to have no effect on the variance of PA. Based on these results, a set size which randomly 

splits and allocates 80:20% of the data for the 118 HS families to training: testing, respectively, run 

over 100 iterations would represent the most suitable parameters for evaluating the PA of symbiotic 

traits in white clover for future GS work.  
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The GP parameters that were found to be ideal in the current study fall in between those that have 

been cited for evaluating PA in other forage species. For example, Byrne et al. (2017) and Arojju et al. 

(2018) cross-validated the PA of traits such as heading date and crown rust resistance, respectively, in 

perennial ryegrass with a training: test split of 70%:30% across 100 iterations. In lucerne, Li et al. (2015) 

and Annicchiarico et al. (2015) cross-validated the PA for traits such as total biomass and DM yield with 

a training: test split of 90%:10% across iterations of 3000 and 500, respectively. Overall, the parameters 

identified in the current study provide an ideal benchmark for assessing the PA of symbiotic traits in 

future GP studies. 

5.4.2 Predictive ability of different genomic prediction models 

Having determined the ideal training: test set proportions and iterations, the next step in this study 

was to evaluate the PA of different commonly used GP models. Overall, the PA of five common GP 

models were found to be similar, with no clear model which was superior across all five of the 

examined symbiotic traits (Figure 5.4). Furthermore, there were only small differences between the 

whole-genome regression and machine learning models. The linear regression models GBLUP and 

KGD-GBLUP had the highest PA for shoot associated traits whilst machine learning models such as 

random forest (RF) had the lowest. The linear regression models Bayesian least absolute shrinkage and 

selection operator (Bayesian LASSO) and machine learning model support vector regression (SVR) had 

the highest PA for root associated traits whilst RF had the lowest. 

The findings of the current study suggest that linear-regression models would be the most appropriate 

GP models for predicting symbiotic traits in white clover. This aligns with multiple studies. For example, 

Crossa et al. (2010), Heffner et al. (2011) and Charmet et al. (2014) have reported similar PA or 

accuracies across a range of different GP models in crop species such as wheat. Using eight wheat, 

barley and maize datasets, Heslot et al. (2012) reported that the prediction accuracies of 11 GP linear 

regression and machine learning methods including Bayesian LASSO and SVR were similar. Similarly, 

Arojju et al. (2020) also reported that the GP models GBLUP, KGD-GBLUP and Bayesian C had similar 

PA across a range of nutritive traits in perennial ryegrass. Several studies, utilising both simulated and 

empirical data, have also reported that linear-based GP models are superior to machine learning 

methods for predicting GEBVs with higher PA or accuracies (Daetwyler et al., 2010; de los Campos et 

al., 2013; Bellot et al., 2018). For example, Faville et al. (2018) reported that the PA of GP models 

GBLUP and KGD-GBLUP were slightly higher in contrast to machine learning-based methods like RF for 

modelling traits such as herbage accumulation for five populations of perennial ryegrass HS families.  
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It is possible that the differing PA of the machine learning and linear regression methods in the current 

study demonstrates that some of the GP models could better account for the complex genetic 

architecture of the examined traits whilst other could not. Genetic architecture describes the position, 

number and magnitude of loci that affect a traits expression as well as if the effects of the genes 

involved are either additive or non-additive (Holland, 2007). In the current study, the genetic 

architectures of the examined traits are yet to be elucidated. However, it is highly likely that these 

traits would have complex genetic architectures due their close association with DM yield which has 

been reported in other forage species to be quantitative and controlled by many genes with small 

effects (Wilkins & Humphreys, 2003; Dolstra et al., 2007), whilst also being traits resulting from genetic 

contributions from both the legume and bacteria.  

It has been well established in previous studies that GP models can differ in their assumptions of 

genetic architecture for a range of traits (Jannink et al., 2010; Burstin et al., 2015). Thus, there is 

currently no single GP model which is considered to be suitable for every type of trait or plant species 

(Haile et al., 2018). For example, Lorenz et al. (2011) reported that GP models such as GBLUP and ridge 

regression BLUP (RR-BLUP) are able to generate good PA for traits that are controlled by many loci 

with small effects whilst Bayesian methods are better for traits that are controlled by few large effect 

quantitative trait loci (QTL). Similarly, Daetwyler et al. (2010) reported that the prediction accuracy of 

GBLUP was found to be less affected by the heritability and the number of QTLs of traits. In contrast, 

Byrne et al. (2017) reported the highest PA for heading date in perennial ryegrass were achieved using 

a RF model. Thus, further work would be valuable in order to help validate the PA of the models 

examined in the current study as well as to potentially elucidate the genetic architectures of symbiotic 

traits in white clover. 

In summary, based on the comparison across different GP methodologies, the GBLUP and KGD-GBLUP 

models were selected for conducting subsequent GP work in this study. This finding was supported 

further when considering the computational efficiencies of the evaluated GP models. For example, 

cross-validation with KGD-GBLUP and GBLUP took less than 1 hour to run in contrast to SVR, Bayesian 

LASSO and RF which took 24 hours, 1 week and 2 weeks to run, respectively. When a range of GP 

models generate similar PAs, it can be advantageous to select a model which is efficient and less 

computationally demanding. For example, these computational times have important implications for 

implementing these GP models into a GS context because they would allow the best use of resources 

within a GS-based breeding programme. 
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5.4.3 Symbiotic traits and predictive abilities 

Focussing on the KGD-GBLUP model, the derived PAs for the symbiotic traits Shoot DM, Root DM, 

Shoot SP, Root SP and root to shoot ratio (RSR) of 118 white clover HS families differed across traits 

(Figure 5.5). Shoot traits, such as Shoot DM and Shoot SP, were found to generally have higher PA in 

contrast to root traits like Root SP. This result most likely reflects the contrasting difficulties for 

sampling these traits. For example, it was more difficult to accurately sample root traits compared to 

shoot traits due to the challenge of removing all the vermiculite from the roots. In some cases, 

vermiculite remained attached to the roots which would have added to the DM estimation whilst the 

finer root material remained in the growth medium. Thus, it is possible that the magnitude of the root 

traits measured for each HS family may have been less accurately estimated which could have 

adversely affected the mean PAs in the current study. 

The highest PAs were obtained when the traits Shoot DM and Shoot SP were combined into a multi-

trait selection index, the Smith-Hazel (SH) index (Figure 5.5). The rationale for using the SH index was 

to determine whether HS families could be identified and ranked on a multi-trait basis by selecting 

simultaneously for highest Shoot DM under Rhizobium as well as highest Shoot SP. This would enable 

the identification of individuals that had the greatest biomass and ability to efficiently utilise 

symbiotically fixed N. Thus far, the SH index has been successfully utilised in crop species such as wheat 

(Gebre‐Mariam & Larter, 2006) and forage species such as switchgrass (Panicum virgatum) (Jahufer & 

Casler, 2015). Using digestibility or fibre as secondary traits, Arojju et al. (2019) reported that a multi-

trait model improved the PA of leaf water soluble carbohydrate levels in perennial ryegrass by 103% 

and 113%, respectively. However, there are a lack of studies which have investigated utilising the SH 

index or other multi-trait indices to boost the PA of GP models for traits in white clover. Thus, the 

results of the current study demonstrate the potential benefits of using multi-trait selection indices 

such as the SH index for increasing the PA of GS methods in future work.  

When contrasted with previous studies, the magnitude of PA estimated across all traits in the current 

study would be considered low to moderate. PA have been reported for a range of traits such as 

flowering date (𝑟𝑝= 0.52) in lucerne (Jia et al., 2018), DM yield (𝑟𝑝 = 0.66) in switchgrass (Fiedler et al., 

2018) and DM digestibility (𝑟𝑝 = 0.39) in perennial ryegrass (Grinberg et al., 2016). Faville et al. (2018) 

reported PA ranging from 0.07 to 0.43 for traits such as herbage accumulation (DM yield) and days to 

heading respectively, for 517 perennial ryegrass HS families divided into five TPs.  
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At present, the availability of information on PA for traits in white clover or other legume species is 

limited (Jain et al., 2017). For example, PA has been reported for traits such as grain yield (𝑟𝑝 = 0.64), 

thousand seed weight (𝑟𝑝 = 0.83) and days to flowering (𝑟𝑝 = 0.85) in grain legumes such as soybean 

(Glycine max) (Jarquín et al., 2014), pea (Pisum sativum) (Tayeh et al., 2015) and chickpeas 

(Cicer arietinum) (Roorkiwal et al., 2016), respectively. There are fewer examples of the PA of traits in 

forage legumes (Li et al., 2015). Annicchiarico et al. (2018) reported PA which ranged between 0.18 to 

0.36 for traits such as DM yield, straw and grain yield for populations of lucerne and peas. More 

recently, Jia et al. (2018) reported low PAs ranging from 0.0021 to 0.64 for 25 traits, including DM, 

number of stem nodes and flowering date, in 332 genotypes of tetraploid lucerne.  

Based on the highlighted studies, it is clear that, in general, higher PAs were obtained for traits with 

less complex genetic architectures e.g. flowering date in contrast to complex traits such as DM which 

was examined in the current study. Up to now, it has been well established that the PA of GP models 

is strongly influenced by the genetic architecture of traits (Daetwyler et al., 2010). Using a collection 

of 320 elite breeding lines of chickpea, Roorkiwal et al. (2016) reported that the PA of traits decreased 

with an increase in trait complexity. It is also important to note that none of the traits cited in the 

highlighted studies were associated with N-fixation. Therefore, it is difficult to fully compare the 

magnitude of PAs obtained in the current study to the PAs of the traits in the cited studies.  

The issue of comparing the findings of the current study to previous studies is further confounded by 

the fact that some of the cited studies have reported prediction accuracy (𝑟𝐴) and not ability. This is 

important because prediction accuracies are higher than PA because they are derived by dividing PA 

by the square root of heritability (Lorenzana & Bernardo, 2009; Daetwyler et al., 2010; Desta & Ortiz, 

2014). Furthermore, any attempts to back-calculate prediction accuracy for the traits in the cited 

studies were further complicated by the fact that trait heritability was not provided by the authors. 

Prediction accuracy represents the uppermost limit of the PA for a given trait. For example, in the 

current study the PA of Shoot DM and Root DM were increased from 0.28 and 0.29 to prediction 

accuracies of 0.48 and 0.54, respectively (Table 5.1). Overall, these data demonstrate the feasibility of 

applying GS to predict complex plant-microbial traits in white clover.  

5.4.4 Effects of trait heritability on predictive ability 

The moderate relationship between heritability and PA suggests that PA of traits was strongly 

influenced by heritability (Section 5.3.6). This result aligns with previous studies. For example, Heffner 

et al. (2011) and Arojju et al. (2018) reported positive relationships between the heritabilities of traits 

and PA in plant species such as wheat and perennial ryegrass, respectively. Utilising a TP of 977 

individuals derived from 20 pedigree apple (Malus domestica) full-sibling families, Muranty et al. 
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(2015) reported that there was a clear positive trend between the narrow-sense heritabilities and 

prediction accuracies for traits such as fruit cracking and fruit size. Furthermore, Combs & Bernardo 

(2013) and Grinberg et al. (2016) have also demonstrated that the magnitude of GP model PA increases 

with the heritability of the trait.  

The most likely explanation for the moderate relationship between heritability and PA relates to the 

Pearson’s correlation coefficient being generated from the means of only four traits (Shoot DM, Root 

DM, Shoot SP and Root SP) for HS families inoculated with TA1 (Section 5.3.6). Furthermore, the non-

significant result indicates that the mean PA and heritability of these traits were very similar. 

Therefore, this result indicates that the mean PA of the examined symbiotic traits increased with 

heritability. Overall, this result can most likely be linked to these traits having similar genetic 

architectures. Thus, the inclusion of simpler traits such as leaf size would be beneficial for deriving a 

stronger correlation between PA and heritability in future work. 

It is important to acknowledge that the heritabilities of the traits examined in the current study were 

generated from a TP which was screened within a single environment. Thus, it is possible that the 

heritabilities of some of the examined traits could have been over or underestimated in this particular 

environment. For example, in Chapter 4, significant HS family x replicate (growth room) interactions 

were estimated for all symbiotic traits (Table 4.4) indicating that trait expression differed across 

replicates. Thus, it could be speculated that more reliable PAs could have been achieved in the current 

study by considering the effects of genotype x environment (G x E) interactions (Resende  Jr et al., 

2012).  

Several studies have demonstrated that incorporating G x E interactions into GP models can increase 

trait PA (de los Campos et al., 2015; Lopez-Cruz et al., 2015; Jarquín et al., 2017; Sukumaran et al., 

2017). Haile et al. (2019) found that by utilising a model that incorporated the main effects of G x E 

interactions resulted in 18% to 66% higher PAs for lentil (Lens culinaris) traits such as days to flowering 

and reproductive period. Thus, future work could investigate the possibility of increasing the PA of 

symbiotic traits by generating phenotype data from a TP assessed across multiple environments whilst 

incorporating the main effects of G x E interactions into the GP model that generate the GEBVs.  
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5.4.5 Effects of training population size on predictive ability 

As the number of individual HS families in the training: test set was reduced from 118 to 23, the mean 

PA for most symbiotic traits decreased by 19% (Figure 5.6) and the variance in the bias of PA increased 

(Appendix E.4). These results indicate that as the TP size was decreased, the precision of the GEBVs 

generated by GBLUP decreased resulting in the larger variance in bias of the PA when small TP sizes 

were evaluated.  

Several studies have reported that reducing the size of the TP decreases PA or accuracy of GP models 

in forage species such as perennial ryegrass (Fè et al., 2015; Fè et al., 2016) and crop species including 

wheat (Arruda et al., 2015; Hoffstetter et al., 2016). As the TP size of winter wheat lines was reduced 

from 288 to 96, Heffner et al. (2011) reported a decrease in mean prediction accuracy of 30% across 

traits such as grain yield, plant height and heading date. Similarly, after the number of individuals 

within a TP, consisting of up to 60 individuals from ten synthetic cultivars, eight full-sibling families, 

eight HS families and four ecotypes each, of diploid perennial ryegrass was reduced by 40%, Arojju et 

al. (2018) observed a decrease in the PA for crown rust resistance.  

With legume species, specifically white clover, there is currently little information regarding the effects 

of TP size on PA of symbiotic traits. Tayeh et al. (2015) reported in pea that the PA of traits, including 

flowering, thousand seed weight and the number of seeds, gradually decreased as a TP consisting of 

339 accessions was reduced to 15. As a TP with a maximum size of 251 soybean genotypes was reduced 

to 0, Jarquín et al. (2014) reported the PA for traits such as plant height and grain yield plateaued with 

just over 100 genotypes in the TP and then steadily decreased as the TP was reduced to 0. However, 

the traits cited in these studies were often less complex e.g. seed yield whilst not being associated with 

N-fixation in contrast to the traits evaluated in the current study.  

It is also important to recognise that the total number of HS families (n = 118) utilised in the current 

studies TP is below the average that has been utilised to examine GP model PA in other plant species. 

However, this study identified that a TP composed of a minimum of 94 white clover HS families would 

be sufficient to obtain robust PAs for the examined symbiotic traits (Figure 5.6). This was based on the 

observation that there was no immediate drop or increase in the variability of PA until 30% of the HS 

families were randomly split and removed from the TP.  

The ideal TP size for conducting GP has been found to differ between species and traits. Furthermore, 

there also a consensus that larger TPs provide more accurate PAs (Wong & Bernardo, 2008; 

Grattapaglia & Resende, 2011; Heffner et al., 2011; Lorenz et al., 2012). In the current study, a TP size 

of 118 HS families was utilised due to the practical limitations of screening a TP that exceeded 120 HS 
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families within the available controlled environment space. It is also important to emphasize that in 

plant species like white clover, TP sets will often be smaller in contrast to studies examining animals 

or grass species like wheat due to the time and costs associated with establishing as well as evaluating 

the TP. Faville et al. (2018) stated that in forage species like perennial ryegrass, traits such as DM yield, 

which are phenotyped in sown plots, limit the numbers of HS or full-sibling families which can be 

practically screened within a single generation. However, despite these restrictions, it is clear from 

Figure 5.6 that the TP size utilised in the current study was more than sufficient to predict traits 

associated with N-fixation in white clover. 

5.4.6 Additional factors influencing predictive ability 

The PAs and prediction accuracies estimated for traits associated with N-fixation such as DM and SP 

are promising, especially when it is considered that they were achieved using a small TP size (n = 118). 

However, there are a number of impacting factors that could be investigated in future work.  

The magnitude of the PAs, seen in Figure 5.5, are likely a reflection of an absence of population 

structure within the utilised F3 HS family population (Section 5.3.1). For example, there was no 

clustering in the MDS plot shown in Appendix E.6 which strongly indicated that there was a lack of 

genetic structure within the 118 HS families which made up the training set. Population structure, 

which is a property of pedigree, can greatly influence the predictions of GEBVs with GP models (Saatchi 

et al., 2011). Population structure can exist in both random or pedigreed populations due to the effects 

of geography and natural or artificial selection (Guo et al., 2014). When using a TP with strong 

population structure, which indicates it is comprised of multiple sub-populations, the PA of GP models 

will generally be low due to the difficulties of the model predicting the performance of one 

subpopulation based on the estimated marker effects within other subpopulations (Akdemir et al., 

2015). Thus, in the absence of population structure, GP models are able to make more accurate 

predictions allowing for higher PA to be achieved.  

In the current study, the absence of population structure within the utilised TP (Appendix E.6) may 

have been a result of the utilised F3 HS families being derived from a closed genetic pool of 274 F3 HS 

families which were polycrossed three times. Therefore, there would be a finite number of 

combinations within the allele pool of the TP for the GP model to make predictions across resulting in 

the generation of higher PA.  
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Linkage disequilibrium (LD) represents another factor influencing GP that requires further 

investigation. LD describes the non-random association between SNP markers at two or more loci 

(Hayes et al., 2013). LD occurs when the SNPs and QTLs for a given trait are located within a 

chromosome segment that can be traced back to a common ancestor (Mackay, 2001). Within a given 

population, genome-wide LD can be influenced by factors including natural selection and breeding 

history. In GS, the use of genome-wide markers to predict breeding values requires markers to be in 

LD with all QTLs so that the total effect for a selected trait under selection can be computed (Hayes et 

al., 2013). Hence, the higher the LD is within a given population, the stronger the PAs generated by GP 

models for desired traits will hold over generations of recombination (Muir, 2007).  

There is little information available regarding the effects of LD on the PA of traits in white clover. 

However, the results in a PhD study which utilised a white clover TP population which the F3 HS families 

of the current study were subset from reported that the extent of LD was found to decay rapidly below 

0.2 after 300 bp and 0.15 at 800 bp (Grace Ehoche (Massey University, New Zealand), pers. comm. 12 

May 2020). Considering the cited study and MDS plot (Appendix E.6), it is distinctly possible that the 

positive PAs obtained in current study were based on a high degree of genetic relatedness between 

individuals in the utilised TP instead of LD (Habier et al., 2010).  

Several studies have reported that the magnitude of PA is dependent on the relatedness of individuals 

within the TP (Habier et al., 2010; Jannink et al., 2010; Daetwyler et al., 2012; Lorenz et al., 2012). 

Lorenz & Smith (2015) showed that utilising a TP of 200 barley genotypes which were closely related 

achieved higher PAs in contrast to a TP composed of unrelated genotypes. Similarly, Technow et al. 

(2013) found that the PAs for Northern corn leaf blight resistance were lower with a TP composed of 

unrelated lines in contrast to a TP of related lines.  

Due to the likelihood of the PAs of the examined symbiotic traits being based on relatedness and not 

LD, the results of the current study suggest that this training set would need to be re-phenotyped and 

GP models recalibrated regularly in order for the PAs of the examined symbiotic traits to be maintained 

across cycles of selection (Muir, 2007). In future work, this could be achieved by either introducing 

new genetic material to train the model or extensively phenotyping a proportion of individuals 

randomly selected from the TP across a number of selection cycles. Furthermore, it could also be 

possible to lift the PAs of the examined traits by increasing the genetic variability within the examined 

HS family population. This could be achieved by increasing the size of the training set through the 

inclusion of additional HS families or by combining data from multiple HS family breeding populations 

(Faville et al., 2018). This would help to develop a stronger GP model by increasing the differences 
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among individuals and therefore make it statistically easier to discriminate between individuals with 

good and poor N-fixation capacities.  

5.4.7 Applicability of results 

The results of the current study could be validated with two key steps. Firstly, crosses of HS families 

selected based on their GEBVs could be developed to determine whether mean SP is increased across 

cycles of selection. Secondly, the potential of using genomic selection (GS) for among-(using 

phenotype) and-within (using genomic selection) HS family selection (APWGSF) could be investigated in 

order to identify whether individuals with the highest values for the Smith-Hazel index can be identified 

and polycrossed. The resulting progeny from the polycross would then be tested by screening 

individuals inoculated with Rhizobium strain TA1 using the same methodology as described in Chapter 

4. The breeding scheme which could be applied to achieve this is shown in Figure 5.8. 
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Figure 5.7: Schematic diagram for utilising genomic selection (GS) for among-(using phenotype) and-within (using genomic selection) HS family selection (APWGSF) 

for improving N-fixation in an F3 white clover half-sibling (HS) family population.
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The use of among HS family selection only enables access to the 25% of the additive genetic variation 

for symbiotic traits that is distributed among families. In Chapter 4, Equation 4.3 shows the breeding 

equation proposed by Casler & Brummer (2008) that can be used to estimate genetic gain among HS 

family selection. The utilisation of GS to select the best individuals within the best families would 

enable access to the 75% additive genetic variation for symbiotic traits within families. Thus, the 

breeding equation shown in Equation 4.3 could be extended to Equation 5.2. 

[Equation 5.2] 

∆𝐺𝐴𝑊𝐹−𝐻𝑆 =
𝑘𝑓𝑐

1
4

𝜎𝐴
2

𝜎𝑃𝐹
+

𝑘𝑊𝑐
3
4

𝜎𝐴
2

𝜎𝑃𝑊
 

Where: ΔGAWF-HS is the genetic gain derived from among and within HS family selection per cycle; 𝑘𝑓, 

is the standardised selection differential among HS families; 𝑘𝑊  is the standardized selection 

differential within families; c is the parental control factor (𝑐 = 0.5 for HS families); 𝜎𝐴
2 is the additive 

variance; 𝜎𝑃𝐹, the phenotypic standard deviation among families; and 𝜎𝑃𝑊 is the phenotypic standard 

deviation within families. 

As shown from Equation 5.2, the first term (
𝑘𝑓𝑐

1

4
𝜎𝐴

2

𝜎𝑃𝐹
) shows the genetic gain that would be achieved 

with doing among family selection. By accessing the 75% additive genetic variation for symbiotic traits 

within families, in this case using GS, this adds to the rate of genetic gain which is the second term 

(
𝑘𝑊𝑐

3

4
𝜎𝐴

2

𝜎𝑃𝑊
) in Equation 5.2. Therefore, under traditional breeding methods with HS families where 

selections are made among families the rate of genetic gain is dictated by the first term only 

(Equation 5.2) whereas among-and-within HS family selection by incorporating GS adds the second 

term to the first, thereby further increasing genetic gain.  

The mean predictive ability (PA), which was determined as the Pearson’s correlation coefficient (𝑟𝑝) 

between the observed phenotypic value (BLUPs) and predicted phenotype (GEBVs), for traits examined 

in the current study, excluding negative PAs, ranged from 0.14 to 0.36. Using simulated genetic gain 

for herbage accumulation in perennial ryegrass based on real data, Faville et al. (2018) demonstrated 

that by accessing the within family additive genetic variation with a PA of 0.27 doubled the rate of 

genetic gain (𝛥𝐺 = 12%) relative to among-family selection only (𝛥𝐺 = 6%). Furthermore, by accessing 

this within family additive genetic variation, even a modest PA of 0.1 increased genetic gain to 8% from 

the baseline 6% among-family selection. Thus, this demonstrates the potential increase in genetic gain 

that could be achieved with the traits examined in the current study when using GS to perform among-

(using phenotype) and-within (using genomic selection) HS family selection.  
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5.5 Conclusion 

The results of the current study demonstrate the feasibility of GP for predicting symbiotic traits in a 

population of white clover HS families inoculated with the Rhizobium strain TA1. The PA obtained in 

the current study show that GP can be used to predict the symbiotic traits Shoot DM, Shoot SP, Root 

DM, Root SP and RSR in white clover with moderate PA, despite the use of a small TP. Adjusting the 

traits Shoot DM and Shoot SP for the SH index gave the highest PA which demonstrates the potential 

benefits of utilising multi-trait selection indices for increasing the PA of GP models. However, further 

work will be required to predict symbiotic traits from HS families that have been phenotyped across a 

wider range of environments with different strains of Rhizobium. The PA of five GP models were similar 

across all symbiotic traits with the models GBLUP and KGD-GBLUP being the most computationally 

efficient methods for predicting symbiotic traits in white clover. In summary, we found that the 

following parameters were sufficient for generating and cross validating PAs for symbiotic traits in this 

white clover population: a training: test set combination of 80:20% respectively; run over 100 

iterations; with a minimum of 94 HS families. Overall, the results of the current study provide a new 

benchmark for predicting symbiotic traits using GP models which can facilitate the genetic 

improvement of white clover-Rhizobium strain interactions in future work.  
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Chapter 6  

Determining the symbiotic capacities of white clover 

populations with rhizobial communities in soils 

6.1 Introduction 

In nitrogen (N) deficient soils, the optimal growth of white clover (Trifolium repens L.) will be 

dependent upon its ability to form an effective N-fixing symbiosis. In New Zealand, there are large 

naturalised populations of Rhizobium leguminosarum bv. trifolii (R.lt) in most soils, estimated to range 

from 104 to more than 106  cells g-1 of soil (Hale, 1980; Gaur & Lowther, 1982). However, they have 

varying degrees of N-fixation effectiveness (Greenwood, 1964) which may result in the N-fixation of 

white clover populations being variable or inadequate to support clover growth in the field (Brockwell, 

1978). For example, Rys & Bonish (1981) reported that rhizobia isolated from the nodules of white 

clover plants grown on 30 different dairy farm sites had an average symbiotic effectiveness that ranged 

from 51% to 102% of a commercial inoculant when assessed on the white clover cultivar ‘Grasslands 

Huia’. Thus far, the limited range of studies that have investigated the diversity of R.lt strains in 

naturalised soil populations have shown that, even within small areas, they are usually genetically 

diverse (Schofield et al., 1987; Harrison et al., 1989; Leung et al., 1994).  

The genotype of an individual host plant is another factor that is known to affect N-fixation. Studies by 

Bonish (1980), Hagedorn & Caldwell (1981) and Bonish & MacFarlane (1987) reported that the 

genotype of a white clover host can strongly influence the effectiveness of symbiotic interactions 

within and among white clover populations. It has been proposed that this phenomenon is the result 

of white clover individuals exerting a form of selection when exposed to heterogeneous populations 

of Rhizobium which results in individuals being nodulated by effective strains of Rhizobium (Russell & 

Jones, 1975). For example, work by Bonish (1980) and Masterson & Sherwood (1974) reported 

evidence of host selection by white clover when inoculated with pure strains and soil extracts 

containing naturalised communities of rhizobia, respectively. 

In the past, white clover seed was inoculated with commercial strains of R.lt such as TA1 prior to sowing 

to ensure that an effective symbiosis was achieved during plant establishment. In recent years, 

however, this practice has not been recommended in New Zealand due to the success of inoculant 

Rhizobium strains being limited to virgin pasture soils with nil to low populations of naturalised rhizobia 

(Rys & Bonish, 1984; Lowther & Kerr, 2011). Furthermore, work by Brockwell & Bottomley (1995) 
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concluded that it is only possible to successfully introduce effective strains of Rhizobium into soils 

provided that the naturalised population of rhizobia is less than 1000 rhizobia g-1 of soil and ineffective 

on clover.  

Competition is one factor that can significantly impact the nodulation success of inoculant Rhizobium 

strains in the field. The term “competition” describes a situation where more than two strains of 

rhizobia “compete” to infect the roots of a compatible host legume(Broughton, 1978; Amarger, 1981). 

Brockwell et al. (1975) reported that competition resulted in 10% of the nodules of seedlings 

inoculated with TA1 being occupied by the inoculant strain in a soil with 10,000 naturalised rhizobia 

cells g-1 of soil. Since many New Zealand pasture soils contain large and sometimes ineffective 

populations of R.lt (Wakelin et al., 2018), strategies other than inoculation need to be considered for 

improving the symbiotic performance of white clover. 

Increasing the symbiotic capacities of white clover populations represents a possible strategy for 

mitigating the effects of competition on the productivity of white clover. Symbiotic capacity is a term 

that is used to describe whether individuals within a legume population possess the ability to nodulate 

and fix N effectively with different populations of rhizobia (Brockwell et al., 2008). To date, symbiotic 

capacity has been investigated in Trifolium species such as subterranean clover (T. subterraneum) 

(Drew & Ballard, 2010), rose clover (T. hirtum) (Brockwell et al., 2008) and balansa clover 

(T. michelianum) (Ballard et al., 2002) as well as lucerne (Medicago sativa) (Ballard et al., 2003). Among 

the few studies which have investigated the symbiotic capacity of white clover populations, the 

majority have reported the symbiotic capacities of clover populations inoculated with pure strains of 

rhizobia (Russell & Jones, 1975; Bonish, 1979, 1980), rather than diverse communities of rhizobia such 

as those that are found in soils (Masterson & Sherwood, 1974).  

In previous chapters (Chapter 3 and Chapter 4), the influence of host genetics on key traits associated 

with N-fixation was determined in a range of white clover cultivars and half-sibling (HS) families 

inoculated with pure cultures of Rhizobium. This experiment explores whether the differences in 

symbiotic capacity measured among and within clover populations also occurs when they are 

inoculated with soil extracts containing naturalised communities of rhizobia and whether the symbiotic 

performance is consistent when transitioning from pure strains to soil extract/communities. The 

objectives of this study was to determine the symbiotic N-fixation capacities of white clover 

populations, comprising an ecotype and F3 HS families, when inoculated with soil extracts containing 

populations of naturalised Rhizobium.  
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6.2 Methods 

6.2.1 White clover genotypes 

Eight white clover populations described in Table 6.1 were selected for use in this study. Four of the 

white clover populations consisted of three cultivars (‘Barblanca’, ‘Grasslands Prestige’ and 

‘Grasslands Tribute’) and an ecotype (‘Tienshan’) which were selected based on symbiotic capacities 

with the R.lt strains S12N10 and TA1 as described in Chapter 3 and Table 6.1. The seed for each white 

clover cultivar was obtained from the collection stored at the Margot Forde Germplasm Centre, 

AgResearch New Zealand, Palmerston North or from local seed merchants.  

The other four populations were HS families selected to represent families that had good (153 and 

187) or poor (38 and 176) symbiotic capacities with the Rhizobium strain TA1 as described in Chapter 4 

and Table 6.1. The HS family seed was sourced from a randomly sampled population of 120 F3 HS 

families which was developed as described in Section 4.2.1 and provided by Grace Ehoche (Massey 

University) with permission from Dr Derek Woodfield, PGG Wrightson Seeds. Hereafter, all white 

clover cultivars, ecotypes and HS families are referred to as white clover populations.  

Table 6.1: Name, type, thesis chapter described and nitrogen fixation capacity with Rhizobium strain 

TA1 or S12N10 of white clover populations used in this study. 

6.2.2 Rhizobia (control treatments) 

The R.lt strains S12N10 and TA1 were used as pure control strains in this study. TA1 and S12N10 are 

effective and partially effective strains, respectively, and were selected based on their N-fixation 

abilities and the symbiotic performances of white clover seedlings inoculated with them as described 

in Chapters 3 and 4. Rhizobia were sourced from the Lincoln University rhizobia culture collection and 

stored as -80°C glycerol stocks.  

 

Name Type Chapter 
described 

Symbiotic N-fixation capacity 

Barblanca Cultivar 3 Poor with S12N10 and TA1 

Grasslands Prestige Cultivar 3 Good with S12N10 and TA1 

Tienshan Ecotype 3 Good with TA1; poor with S12N10 

Grasslands Tribute Cultivar 3 Average with S12N10 and TA1 

38 Half-sibling family 4 Poor with TA1 

153 Half-sibling family 4 Good with TA1 

176 Half-sibling family 4 Poor with TA1 

187 Half-sibling family 4 Good with TA1 
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6.2.3 Soils 

A collection (n = 15) of soils representing a range of types and geographic locations were used in this 

study (Table 6.2). The soils were selected to give a range of symbiotic responses in white clover based 

on their symbiotic capacities in previous work as described below.  

The soils were collected as cores from different pasture sites around New Zealand where white clover 

was present or had been grown within ten years. The soils were collected between 2016 and 2017. 

Four of the soils (Whangara 4, Whangara 5, Whangara 13 and Whangara 17) were collected by Dr 

Maureen O’Callaghan and Emily Gerard (AgResearch, Lincoln) as well as Dr Steven Wakelin (Scion New 

Zealand) (Wakelin et al., 2018). Four of the soils (Mangakino, Whakamaru, Ngongotaha and Okoroire) 

were collected by Dr Nigel Bell, Dr David Houlbrooke and Faith Mtandavari from AgResearch, Ruakura 

and Dr Steven Wakelin. Five of the soils (ENDV 613, Aratia 74, Ariki 46, Ariki 48 and Waimak 11) were 

collected by Dr Anish Shah (Lincoln University) as described by Shah (2019). All these soils were stored 

fresh in a refrigerator at 5°C prior to work.  

Two soils (Lincoln 1 and Lincoln 2) were collected in the current study from two farm sites in the 

Lincoln-Rolleston area. At each farm site, the soil samples were collected as 50 separate cores taken 

at a depth of 10 cm and bulked together. The soils were dried at room temperature and stored at 5°C 

(Drew & Ballard, 2010).  
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Table 6.2: Name, geographic origin and GPS co-ordinates of soils used in this study. Note that the GPS 

co-ordinates for the soil Mangakino, Whakamaru, Ngongotaha and Okoroire have been de-

specified for the anonymity of the farms they were sourced from. 

1 Extracts from these soils were selected for further analysis with white clover populations. 

6.2.3.1 Preliminary soil screening 

Two preliminary experiments were completed in order to identify a set of soil extracts for screening 

the symbiotic capacities of white clover populations. The soil extracts were selected using only 

nodulation data which was based on the number, size and ratio of pink and white nodules they 

produced on the white clover seedlings inoculated with them after 35 days of growth which were 

assessed as described in Section 3.2.12. Based on the results of these experiments, the soil extracts 

Ariki 46, Lincoln 2, Ngongotaha, Okoroire and Waimak 11 were selected for screening the N-fixation 

capacities of the eight white clover populations (Table 6.2).  

 

 

 

 

 

Soil Name Geographic origin GPS co-ordinates 

Ariki 46 1 Broadlands Forest, Taupo, Waikato 38°35'19.8"S 176°20'23.6"E 

Ariki 48 Broadlands Forest, Taupo, Waikato 38°35'19.8"S 176°20'23.6"E 

Aratia 74 Rotokawa, Taupo, Waikato 38°37'49.0"S 176°08'10.9"E 

ENDV 613 Tahorakuri Forest, Taupo, Waikato 38°33'48.3"S 176°14'30.3"E 

Lincoln 1 Lincoln, North Canterbury 43°37'25.8"S 172°26'01.4"E 

Lincoln 2 1 Lincoln, North Canterbury 43°37'26.7"S 172°25'56.9"E 

Mangakino Mangakino, Waikato 38°21'36                 45'00.0"E 

Ngongotaha 1 Ngongotaha, Rotorua, Bay of Plenty 38°02'24                 09'36.0"E 

Okoroire 1 Okoroire, Waikato 37°55'48                 49'48.0"E 

Waimak 11 1 Eyrewell Forest, Waimakariri, North Canterbury 43°25'54.1"S 172°15'47.1"E 

Whakamaru Mangakino, Waikato 38°26'24                 42'36.0"E 

Whangara 4 Whangara, Gisborne 38°30'35.6"S 178°14'52.0"E 

Whangara 5 Whangara, Gisborne 38°31'11.5"S 178°14'28.4"E 

Whangara 13 Whangara, Gisborne 38°33'54.7"S 178°13'07.4"E 

Whangara 17 Whangara, Gisborne 38°31'44.8"S 178°13'56.6"E 



 

160 
 

6.2.4 Experimental design 

Seedlings of eight white clover populations were grown in two blocks each comprising a randomised 

split plot design with three replicates within a controlled growth room (Figure 6.1). The experimental 

design was generated using DeltaGen (Jahufer & Luo, 2018) software. Each replicate consisted of 20 

containers with nine treatments. Inoculation treatments (main plots) consisted of white clover 

seedlings (subplots) inoculated with either one of five soil extracts (Ariki 46, Lincoln 2, Ngongotaha, 

Okoroire and Waimak 11), or one of two pure Rhizobium strain cultures (S12N10 and TA1), or were 

grown as a positive control (supplemented with mineral N in the form of ammonium nitrate (NH4NO3)) 

or a negative control (neither rhizobia nor mineral N added).  

Within each replicate, a set of 16 seedlings for each white clover population was randomly assigned to 

one of eight quadrants which were distributed evenly across two separate 4.4 L containers assigned 

for one treatment. Treatment containers within each replicate were arranged in a design so that they 

were arranged evenly under one of six light banks (blocks) (Figure 6.2). Each white clover population 

was, therefore, represented by a total of 96 seedlings across the three replicates and two blocks. The 

positive control treatment had an extra container per light bank where the remaining four white clover 

populations that were not assigned to the container within each block were included to serve as a 

check for accurate determination symbiotic potential values.  
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Figure 6.1: Randomised split plot design for screening the white clover populations: half-sibling 

families 38, 153, 176 and 187 as well as the cultivars ‘Barblanca’, ‘Grasslands Prestige’, 

‘Grasslands Tribute’ and ‘Tienshan’ inoculated with a pure culture of the Rhizobium 

leguminosarum bv. trifolii strain or an extract of soil. Treatment groups are soil extracts 

Ari 46 (Ariki 46), Linc 2 (Lincoln 2), Ngong (Ngongotaha), Okoro (Okoroire), Wai 11 

(Waimak 11), pure Rhizobium strains S12 (S12N10) and TA1 as well as the controls POS (No 

rhizobia but supplemented with mineral N) and NEG (Neither rhizobia or mineral N 

supplementation).  

 



 

162 
 

Figure 6.2: Appearance of containers for screening white clover populations with soil extract 

treatments arranged in a randomised split plot experimental design.  

6.2.5 Preparation of growth material 

White clover seedlings were grown in 4.4 L containers containing Grade 3 vermiculite and low-N 

McKnight’s solution as described in Section 4.2.4. All equipment such as bay dividers and watering 

pipettes were sterilised following the method described in Appendix A.1.  

6.2.6 Seed preparation 

White clover seed was scarified lightly using sandpaper prior to surface sterilisation. White clover seed 

was sterilised as described in Section 3.2.6. Sterilised white clover seeds were stratified at 4°C as 

described in Section 4.2.5. Stratified white clover seed was then incubated at 25°C as described in 

Section 3.2.6. 

6.2.7 Rhizobia preparation 

Colonies of the Rhizobium strains S12N10 and TA1 were sourced from -80°C glycerol stocks and plated 

initially onto yeast mannitol agar (YMA) slopes as described in Section 3.2.7. The inoculum of the 

Rhizobium strains S12N10 and TA1 was initially prepared to an optical density (OD600nm) of 1.0 by 

suspending colonies of each Rhizobium strain which had been grown on YMA slopes for 4 days at 28°C 

with autoclaved distilled water.  
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The OD600nm for each Rhizobium strain was determined and adjusted to an OD600nm of 1.0 by measuring 

the OD600nm of 1 mL of rhizobial suspension in a cuvette at 600 nm using an Ultraspec 10 

spectrophotometer (Biochrom, MA, USA). The control for measuring the OD600nm consisted of a cuvette 

with 1 mL of distilled water. Once an OD600nm of 1 was reached, the suspension for each Rhizobium 

strain was diluted with autoclaved distilled water to a concentration of approximately 1x103 cells mL- 1. 

This dilution of the pure Rhizobium strain cultures to 1x103 cells mL-1 was to generate a pure strain 

inoculum to align the average number of Rhizobium cells to that present in 1 g of an average soil (Ross 

Ballard (SARDI, South Australia), pers. comm. 29 April 2019).  

6.2.8 Soil extract preparation 

For each soil extract, 10 g of soil was suspended in 90 mL of autoclaved distilled water and shaken at 

200 cycles per minute for 10 min on a platform mixer (Ratek Instruments Pty Ltd, Australia) to make a 

10% suspension as described by Drew et al. (2012).  

6.2.9  Inoculation 

White clover seedlings were inoculated one day after sowing. Those inoculated with a pure culture of 

either Rhizobium strain S12N10 or TA1 received 0.5 mL of inoculum containing 1x103 cells mL-1 as 

described in Section 3.2.9, whereas those inoculated with a soil extract received 1 mL of a 10% soil 

suspension applied as described in Section 3.2.9.  

6.2.10  Estimation of rhizobia numbers 

The number of R.lt cells which were used to inoculate treatments S12N10 and TA1 were confirmed 

using a modification of the method described in Section 3.2.10. The modification involved the first 

series (10-1) being further diluted with five ten-fold dilutions prior to spreading the inoculum from this 

suspension onto YMA plates as described in Section 3.2.10. Plates were incubated in continuous 

darkness at 25°C for 72 hours and colonies counted as described in Section 3.2.10.  

6.2.11  Most-probable-number assays 

6.2.11.1 MPN assay preparation 

The most-probable-number (MPN) of rhizobia able to nodulate white clover was estimated for each 

soil extract following a method described by Marshall et al. (1993). MPN assays were prepared by filling 

a 50 mL Falcon tube with 2 g of dry Grade 3 vermiculite (Figure 6.3). The vermiculite in each tube was 

saturated with approximately 10 mL of low N McKnight’s solution (McKnight, 1949), then packed 

approximately 4 cm from the base of each tube and sealed with a lid. MPN tubes were autoclaved for 

15 min at 121°C and stored at <5°C until use.  
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Figure 6.3: Appearance of a clover seedling in a most probable number (MPN) assay tube after 28 days 

of growth. 

Seeds of the white clover cultivar ‘Grasslands Tribute’ were prepared by scarifying and surface 

sterilising the seeds as described in Section 3.2.6. At sowing, seeds were transplanted individually into 

an autoclaved MPN tube into a 1 cm hole and covered with vermiculite using the end of a sterile 

disposable bacterial loop. Approximately 5 mL of autoclaved low N McKnight’s solution was added to 

each seedling tube to compensate for moisture loss from autoclaving. The lid of each MPN tube was 

placed loosely on top of the tube to permit air flow. The sown MPN tubes were transferred to a 

controlled growth room and grown for 72 hours with a 16 hour light and 8 hour dark photoperiod at a 

constant day and night temperature of ~22°C prior to inoculation. 

6.2.11.2 MPN inoculum preparation 

MPN inoculum was prepared for each soil extract by preforming six ten-fold dilutions (1:10, 1:100, 

1:1000 etc.) in distilled sterile water as described by Brockwell (1982) from an initial 10% soil-sterile 

water (g vol-1) stock solution prepared as described in Section 6.2.9. Two complete dilution series were 

generated for each soil extract, and there were three replicate plants per dilution series. For the first 

dilution step in each series, approximately 1 mL of 10% suspension was pipetted into 9 mL of 

autoclaved distilled water and shaken by hand vigorously for 5 min. This was then repeated five more 

times for each series dilution following the method described previously.  

6.2.11.3 MPN inoculation 

White clover seedlings were inoculated individually with 1 mL of their allocated soil extract dilution by 

pipetting the suspension around each white clover seedling. All prepared MPN tubes were labelled 

and arranged on racks (Figure 6.4) according to their series dilution and soil extract in a controlled 

growth room.  
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Figure 6.4: Appearance and arrangement of a most probable number assay (MPN) rack after 28 days 

of growth. 

MPN seedlings were assessed for presence or absence of nodules after 28 days of growth in controlled 

environment conditions as described in Section 6.2.11.1. Nodule presence was then used to determine 

the number of rhizobia per gram for each soil extract using an MPN calculator following the method 

described by Vincent (1970).  

6.2.12 Plant growth and maintenance 

White clover seedlings were grown in a controlled growth room with 16 hours light and 8 hours dark 

at a constant day and night temperature of ~22°C as described in Section 4.2.7. Each treatment 

container received between 200 to 400 mL of autoclaved deionised water at intervals of 1 to 3 days to 

maintain plant water status as described in Section 4.2.8. Positive control treatment containers 

received approximately 3.1 mL of 15 mmol L-1 NH4NO3 (1.2 g/ L-1) on a weekly basis (200 mL/ 

container- 1) after 9 days of growth as described in Section 4.2.8. 

6.2.13 Measurements 

White clover seedlings were harvested after 30 days of growth to determine the traits shoot dry matter 

(DM) and Root DM according to the methods described in Section 3.2.12. Shoot and Root symbiotic 

potential (SP) were determined as described in Section 3.2.13.1. Root to shoot (RSR) ratio, total 

number of nodules to Root DM (NRDM) ratio and Shoot DM to total number of nodules (SNOD) ratio 

were calculated post-harvest. The number and appearance of nodules on the white clover seedlings 

were counted and scored following a modified method as described in Table 3.5 and Section 3.2.12. 

The modification involved eight individuals being randomly assessed for nodulation related traits from 

a maximum of 16 individuals for each white clover population-treatment combination.  
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6.2.14  Statistical analysis 

The objective of the data analysis in this study was to measure the interactions and determine the 

symbiotic capacities of eight white clover populations inoculated with two pure strains of Rhizobium 

or five soil extracts. All multivariate analyses, trait correlations and visualisation of data were 

conducted in this study using R software programming language (R Core Team, 2019). 

6.2.14.1 Univariate analysis 

In this study, statistical analysis was conducted with two datasets. The first dataset contained only 

productivity associated traits (Shoot DM, Root DM, Shoot SP, Root SP and RSR) which were derived 

from a maximum of 16 individuals/white clover population-treatment combination per replicate. The 

second dataset contained both productivity traits plus the nodulation associated traits (Shoot DM, 

Root DM, Shoot SP, Root SP, RSR, number of pink and white nodules, total number of nodules, nodule 

score, NRDM and SNOD) which were derived from a maximum of 8 individuals/white clover 

population-treatment combination. 

The white clover population trait data were analysed using a linear model with cultivar nested within 

treatment. The trait data for each white clover population-treatment combination were plotted and 

visualised using the R package ggplot2. The means, standard error of the mean (SEM), standard error 

of a difference (SED) and least significant difference (LSD) values of traits were generated using the 

R package predictmeans.  

6.2.14.2 Pattern analysis 

Pattern analysis was conducted using a combination of cluster analysis and principal component 

analysis (PCA) to assess the grouping of white clover populations within each treatment based on trait 

expression. Pattern analysis was also conducted by separating the symbiotic responses of eight white 

clover populations based on inoculation treatment.  

Cluster analysis was performed as described in Section 4.2.10.5. PCA analysis was performed in 

DeltaGen and groups identified by cluster analysis were assigned a different colour and then 

superimposed onto a PCA biplot as described in Section 4.2.10.5. The correlation structure among 

symbiotic traits was indicated by the angles between directional vectors.  
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6.2.14.3 Pearson’s product-moment correlation coefficient  

A Pearson’s product-moment correlation coefficient was used to determine the linear dependence 

between the MPNs of the soil extracts Ariki 46, Lincoln 2, Ngongotaha, Okoroire and Waimak 11 with 

the symbiotic traits Shoot DM and SP of eight white clover populations. The Pearson’s correlation 

coefficient was calculated using the means of each soil extract MPN and the symbiotic traits of each 

white clover population in R using the package ggpubr.  

6.2.14.4 Pearson’s pairwise correlation coefficient 

A Pearson’s pairwise correlation coefficient was performed to determine the linear dependence 

between the traits Shoot DM, Root DM, Shoot SP, Root SP, RSR, number of pink and white nodules, 

total number of nodules, nodule score, NRDM and SNOD following the method described in 

Section 3.2.13.3. The Pearson’s correlation coefficient and significance values were calculated as 

described in Section 3.2.13.3. The calculated Pearson’s correlation coefficients and corresponding P 

values for each trait-treatment combination were used to construct a pairwise correlation matrix 

which was visualised by generating a correlation plot following the method described in 

Section 3.2.13.3. 

6.3 Results 

6.3.1 Most probable number 

The MPN of the soil extracts ranged from 4.1 x 102 to 4.2 x 104 cells g-1 of soil as measured with the 

white clover cultivar ‘Grasslands Tribute’ (Table 6.3). The soil extract Waimak 11 had the highest mean 

MPN with 2.5 x 104 cells g-1 of soil. The soil extracts Lincoln 2 and Okoroire had on average 

approximately two orders of magnitude fewer white clover nodulating rhizobia g-1 of soil with 

6.65  x 102 and 9.20  x 102, respectively. 

Table 6.3: Most probable number estimate of clover nodulating rhizobia in soils Ariki 46, Lincoln 2, 

Ngongotaha, Okoroire and Waimak 11. 

Soil extract MPN (Rhizobium cells/ g soil) 
Replicate 1 

MPN (Rhizobium cells/ g soil) 
Replicate 2 

Mean MPN (Rhizobium 
cells/ g soil) 

Ariki 46 4,200 2,100 3,150 

Lincoln 2 410 920 665 

Ngongotaha 15,000 9,200 12,100 

Okoroire 920 920 920 

Waimak 11 42,000 9,200 25,600 
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6.3.2 Shoot dry matter 

The mean Shoot DM of all white clover populations ranged from 1.7 mg (negative control) to 12 mg 

(positive control) (Figure 6.5). Additionally, the mean Shoot DM of white clover seedlings inoculated 

with extracts from Ngongotaha (5.7 mg), Okoroire (6 mg) and Waimak 11 (5.5 mg) soils was 

significantly higher (P≤0.001) than that of seedlings inoculated with extracts from Lincoln 2 (5 mg) and 

Ariki 46 (4.8 mg) or pure Rhizobium strains S12N10 (3.6 mg) as well as TA1 (4.9 mg). When comparing 

across treatments, white clover seedlings inoculated with soil extracts produced 24% more (P≤0.001) 

Shoot DM than seedlings inoculated with pure strains of Rhizobium (5.5 mg and 4.2 mg, respectively). 

The HS families which were included based on good (153 and 187) or poor (38 and 176) N-fixation 

capacities with TA1 in Chapter 4, repeated this performance with TA1 in this experiment (Figure 6.6). 

When inoculated with a partially effective strain (S12N10), HS families 38, 153 and 187 performed 

poorly (P≤0.05) relative to TA1 whereas 176 performed similarly with both strains. For HS family 38, 

two of the soil extracts were similar to the TA1 control whereas three were significantly lower (P≤0.05) 

(Ariki 46, Ngongotaha and Waimak 11). For HS family 153, four of the soil extracts were similar to the 

TA1 control whereas one was significantly higher (P≤0.05) (Ngongotaha). For HS family 176, one of the 

soil extracts was similar to the TA1 control whereas four were significantly higher (P≤0.05) (Ariki 46, 

Ngongotaha, Okoroire and Waimak 11). For HS family 187, three of the soil extracts were similar to 

the TA1 control whereas two were significantly higher (P≤0.05) (Ngongotaha and Waimak 11). 

The white clover cultivars that were included based on good, poor or average N-fixation capacities with 

strain TA1 or S12N10 in Chapter 3, repeated these performances with both strains in this experiment 

(Figure 6.6). For ‘Barblanca’, two of the soil extracts were similar to the TA1 control whereas three 

were significantly higher (P≤0.05) (Ariki 46, Ngongotaha and Okoroire). For ‘Grasslands Prestige’, four 

of the soil extracts were similar to the TA1 control whereas one was significantly higher (P≤0.05) 

(Okoroire). For ‘Tienshan’, four of the soil extracts were similar to the TA1 control whereas one was 

significantly higher (P≤0.05) (Waimak 11). For ‘Grasslands Tribute’, three of the soil extracts were 

similar to the TA1 control whereas two were significantly higher (P≤0.05) (Waimak 11).  
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The Shoot DM production data presented in Figure 6.6 indicates that there were large and significant 

(P≤0.001) interactions among the white clover populations and inoculation treatments (Appendix F.1). 

For example, the soil extracts Ngongotaha and Lincoln 2 were good with both 153 and 187. The soil 

extract Ariki 46 was good with 187. The soil extract Waimak 11 was good with 187 but poor with both 

38 and ‘Barblanca’. The soil extract Okoroire was poor with both 38 and ‘Barblanca’. The Rhizobium 

strain S12N10 was good with both 153 and 187. The Rhizobium strain TA1 was good with both 153 and 

187 but poor with ‘Barblanca’.  

The number of effective rhizobia in the soil extracts (MPN) was not correlated significantly (P≥0.05) 

with Shoot DM (r = 0.07) for the eight white clover populations (Appendix F.2). 
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Figure 6.5: Bar graph showing mean shoot dry matter (Shoot DM) production of seedlings from white clover populations: half-sibling families 38, 153, 176 and 

187 as well as the cultivars ‘Barblanca’, ‘Grasslands Prestige’, ‘Tienshan’ and ‘Grasslands Tribute’ within the inoculation treatments of pure cultures 

of the Rhizobium leguminosarum bv. trifolii strains S12N10 and TA1 as well as soil extracts Ariki 46, Lincoln 2, Ngongotaha, Okoroire and Waimak 11 

after 30 days of growth in a vermiculite medium under controlled environment conditions. 
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Figure 6.6: Deviation of treatment means (bars) from mean shoot dry matter (Shoot DM) production (horizontal line) within each white clover population: half-

sibling families 38, 153, 176 and 187 as well as the cultivars ‘Barblanca’, ‘Grasslands Prestige’, ‘Tienshan’ and ‘Grasslands Tribute’ inoculated with a 

pure culture of the Rhizobium leguminosarum bv. trifolii strain S12N10 or TA1 or an extract of soil Ariki 46, Lincoln 2, Ngongotaha, Okoroire or 

Waimak 11 after 30 days of growth. Letters indicate significant difference at P≤0.05 according to Fisher’s pairwise LSD. Right axis shows Shoot DM 

relative to respective white clover line absolute mean for all rhizobia treatments.
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6.3.3 Shoot symbiotic potential 

The mean Shoot SP of all white clover populations inoculated with five soil extracts and two pure 

strains of Rhizobium ranged from 10% to 99% (Figure 6.7). White clover seedlings inoculated with the 

soil extract Okoroire (57%) had significantly higher (P≤0.001) mean Shoot SP than seedlings inoculated 

with the other inoculation treatments. The Shoot SP of white clover seedlings inoculated with soil 

extracts (47%) was 36% higher (P≤0.001) than seedlings inoculated with pure strains of Rhizobium 

(30%).  

The relationship between performance with TA1 and soil extracts for Shoot DM (Section 6.3.2) were 

reflected by Shoot SP (Figure 6.7). The Shoot SP of the cultivars ‘Barblanca’ and ‘Grasslands Prestige’ 

matched their performances with TA1 described in Chapter 3. Among the HS families, the mean Shoot 

SP across treatments ranged between 19% (HS family 38) to 46% (HS family 187). Among the white 

clover cultivars, the mean Shoot SP across treatments ranged between 37% (‘Grasslands Tribute’) to 

64% (‘Grasslands Prestige’).  

The Shoot SP data presented in Figure 6.7 shows that there were large and significant (P≤0.001) 

interactions among the white clover populations and inoculation treatments (Appendix F.3). For 

example, the soil extract Ngongotaha was good with both ‘Barblanca’ and ‘Grasslands Prestige’ but 

poor with 38. The soil extract Okoroire was good with ‘Grasslands Prestige’ but poor with 38. The soil 

extract Ariki 46 was good with ‘Barblanca’ but poor with 38. The soil extract Waimak 11 was poor with 

both ‘Barblanca’ and 38. The Rhizobium strain S12N10 was good with both ‘Barblanca’ and 

‘Grasslands Prestige’.  

Similar to Shoot DM production, there was no significant correlation (P≥0.05) between the number of 

effective rhizobia (MPN) in the soil extracts and Shoot SP (r = 0.02) for the eight white clover 

populations (Appendix F.4). 
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Figure 6.7: Mean shoot symbiotic potential (Shoot SP) of each inoculation treatment relative to the absolute mean of SP for all rhizobia treatments within each 

white clover population: half-sibling families 38, 153, 176 and 187 as well as the cultivars ‘Barblanca’, ‘Grasslands Prestige’, ‘Tienshan’ and ‘Grasslands 

Tribute’ inoculated with a pure culture of the Rhizobium leguminosarum bv. trifolii strain S12N10 or TA1 or an extract of soil Ariki 46, Lincoln 2, 

Ngongotaha, Okoroire or Waimak 11 after 30 days of growth. Letters indicate significant difference at P≤0.05 according to Fisher’s pairwise LSD. 
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6.3.4 Relationship between shoot dry matter production and symbiotic 

potential 

The only significant (P≤0.05) relationship between the symbiotic traits Shoot DM and Shoot SP was 

expressed by the white clover populations that were inoculated with the soil extract Waimak 11 

(Figure 6.8). The treatment means for the white clover population ‘Grasslands Prestige’ were always 

at or above the 1:1 relationship slope. The treatment means of the white clover populations 38 and 

176 were always below the 1:1 relationship slope. 
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Figure 6.8: Scatterplot of mean shoot dry matter (Shoot DM) production plotted against mean shoot symbiotic potential (Shoot SP) for the white clover 

populations: half-sibling families 38, 153, 176 and 187 as well as the cultivars ‘Barblanca’, ‘Grasslands Prestige’, ‘Tienshan’ and ‘Grasslands Tribute’ 

inoculated with a pure culture of the Rhizobium leguminosarum bv. trifolii strain S12N10 or TA1 or an extract of soil Ariki 46, Lincoln 2, Ngongotaha, 

Okoroire or Waimak 11 after 30 days of growth. All correlations are insignificant at P≥0.05 except for treatment Waimak 11. Blue line indicates 1:1 

relationship slope between shoot dry matter and shoot symbiotic potential. Presented means are derived from n = 16 individuals/white clover line-

treatment combination. 
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6.3.5 Nodulation trait correlations 

A full synopsis of the mean number of pink nodules for each white clover population-treatment 

combination can be found in Appendix F.5. There was a significant (P≤0.05) positive relationship 

between Shoot DM and number of pink nodules when the white clover populations were inoculated 

with the soil extracts Lincoln 2, Ngongotaha and Waimak 11 as well as the Rhizobium strains S12N10 

and TA1 (Figure 6.9). The means of most of the white clover populations which were inoculated with 

the Rhizobium strain TA1 followed the 1:1 relationship slope with Shoot DM increasing as the number 

of pink nodules increased. The means of white clover populations excluding population ‘Tienshan’ that 

were inoculated with the Rhizobium strain S12N10 were below the 1:1 relationship slope i.e. the 

increase in Shoot DM per nodule was less than for TA1, a function of the less effective strain S12N10. 

The means of white clover populations 153 and 187 were above the 1:1 line more often than other 

white clover populations, possibly indicating increased nodule efficiency.  
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Figure 6.9: Scatterplot of mean shoot dry matter production plotted against mean number of pink nodules per plant for the white clover populations: half-sibling 

families 38, 153, 176 and 187 as well as the cultivars ‘Barblanca’, ‘Grasslands Prestige’, ‘Tienshan’ and ‘Grasslands Tribute’ inoculated with a pure 

culture of the Rhizobium leguminosarum bv. trifolii strain S12N10 or TA1 or an extract of soil Ariki 46, Lincoln 2, Ngongotaha, Okoroire or Waimak 11 

after 30 days of growth. All correlations are significant at P≤0.001 except for treatments Ariki 46, Okoroire and grand mean. Blue line indicates 1:1 

relationship slope between shoot dry matter and number of pink nodules. Presented means are derived from n = 8 individuals/white clover line-

treatment combination. 
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Pairwise correlation coefficients (r) of symbiotic traits shown in Figure 6.10 ranged from a high positive 

correlation of 0.94 between Shoot DM and SNOD to a high negative correlation of –0.98 between 

number of white nodules and nodule score. Shoot DM, Root DM, number of pink nodules had 

moderate to strong positive pairwise correlation coefficients ranging from 0.75 to 0.91. Shoot SP had 

had a strong positive correlation (r = 0.88) with Root SP. Root DM had strong positive pairwise 

correlation coefficient with SNOD (r = 0.93). RSR had a strong positive pairwise correlation coefficient 

with nodule score (r = 0.85) as well as a strong negative correlation coefficient with the number of 

white nodules (r = -0.76).  
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Figure 6.10: Pearson’s pairwise phenotypic correlation plot of 11 symbiotic responses of eight white 

clover populations: half-sibling families 38, 153, 176 and 187 as well as the cultivars 

‘Barblanca’, ‘Grasslands Prestige’, ‘Tienshan’ and ‘Grasslands Tribute’ inoculated with a 

pure culture of the Rhizobium leguminosarum bv. trifolii strain S12N10 or TA1 or an extract 

of soil Ariki 46, Lincoln 2, Ngongotaha, Okoroire or Waimak 11. Plant symbiotic responses 

are from left: Shoot DM (shoot dry matter); Shoot SP (shoot symbiotic potential); Root DM 

(root dry matter); Root SP (root symbiotic potential); RSR (root to shoot ratio); PinkNod 

(number of pink nodules); WhiteNod (number of white nodules); NodScore (nodule score); 

Total NODS (total number of nodules); NRDM (total nodules to Root DM ratio); SNOD 

(Shoot DM to total nodule ratio). The bold text, size and colour intensity of the circle are 

proportional to the pairwise correlation coefficient (r). Positive correlations are displayed 

in white-red and negative correlations in yellow-green colour. Numbers in the lower 

triangle with white background are P values which indicate significant association at 

P≤0.05. Presented means are derived from n = 8 individuals/white clover line-treatment 

combination.  
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The number of white nodules per plant measured across the eight white clover populations inoculated 

with five soil extracts and two Rhizobium strains were very low and inconsistent in this study. The 

mean number of nodules measured for each white clover population are presented in Appendix F.5.  

6.3.6 Pattern analysis 

Principal component analysis showed that two components PC1 and PC2 explained 44.6% and 19.3% 

of the variation in the dataset, respectively (Figure 6.11). There was a positive association (directional 

vectors at <90° relative to each other) between Shoot DM with the traits SNOD, Shoot SP, Root DM, 

Root SP, nodule score and number of pink nodules. RSR was positively associated with SNOD and 

number of white nodules. The number of pink nodules was positively associated with Shoot DM, Shoot 

SP, Root DM, Root SP, nodule score, total number of nodules and NRDM. NRDM was positively 

associated with the number of white nodules, total number of nodules and number of pink nodules. 

The number of white nodules was positively associated with the total number of nodules. The traits 

Shoot DM, Shoot SP, Root DM, Root SP and nodule score were negatively associated (directional 

vectors are at >90° relative to each other) with the traits RSR, number of white nodules, NRDM and 

total number of nodules. SNOD was negatively associated with number of white nodules, total number 

of nodules and number of pink nodules. There were inverse associations (directional vectors 

approaching or at 180°) between the traits SNOD and NRDM, RSR and number of pink nodules as well 

as number of white nodules with Root DM and Root SP.  

Pattern analysis identified four cluster groups (Figure 6.11; Table 6.4) which were separate other than 

an overlap between Cluster groups 1 and 2. Cluster group 1 consisted of white clover populations that 

were closely associated with above average expression for the productivity associated traits Shoot 

DM, Root DM, Shoot SP, Root SP, nodule score and SNOD. Within this cluster, the white clover 

population 153 inoculated with the treatments Ngongotaha and Lincoln 2 and population ‘Grasslands 

Prestige’ inoculated with Okoroire displayed above average expression for Shoot DM, Root DM, Shoot 

SP, Root SP and nodule score. Cluster group 2 consisted of white clover populations that were closely 

associated with the above average expression for RSR. Within this cluster, the white clover 

populations 176 and ‘Barblanca’ displayed above average expression for RSR and below-average 

expression for number of pink nodules as well as total number of nodules with the inoculation 

treatment Lincoln 2. Cluster group 3 consisted mostly of white clover populations inoculated with a 

pure culture of the Rhizobium strain S12N10, but also contained four white clover populations (38, 

176, ‘Barblanca’ and ‘Tienshan’) that had been inoculated with Rhizobium strain TA1 and one 

(‘Tienshan’) inoculated with Ariki 46. These white clover populations displayed above average 

expression for number of pink and white nodules, total number of nodules and NRDM but below-
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average expression of all other traits. Cluster group 4 solely consisted of the white clover population 

‘Tienshan’ that had been inoculated with a pure culture of the Rhizobium strain S12N10. This white 

clover population was closely associated with above average expression for number of white nodules 

and below-average expression of all other traits. 

Table 6.4: Proportion of white clover population-treatment combinations assigned to cluster groups 

generated from the pattern analysis of 11 symbiotic traits of eight white clover populations 

inoculated with five soil extracts and two pure strains of Rhizobium leguminosarum bv. 

trifolii. 

 

 

 

 

Cluster group Number of white clover-treatment combinations 

1 30 
2 13 
3 12 
4 1 
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Figure 6.11: Biplot generated by pattern analysis of 11 symbiotic traits to separate the differences 

between seven rhizobia inoculation treatments with eight white clover populations. Plant 

symbiotic responses are: Shoot DM (shoot dry matter); Shoot SP (shoot symbiotic 

potential); Root DM (root dry matter); Root SP (root symbiotic potential); RSR (root to 

shoot ratio); PinkNod (number of pink nodules); WhiteNod (number of white nodules); 

NodScore (nodule score); Total NODS (total number of nodules); NRDM (total nodules to 

Root DM ratio); SNOD (Shoot DM to total nodule ratio). Treatment groups are soil extracts 

A46 (Ariki 46); L2 (Lincoln 2); Ngo (Ngongotaha); Oko (Okoroire); Wai (Waimak 11) and 

pure cultures of Rhizobium leguminosarum bv. trifolii strains S12 (S12N10) and TA1. White 

clover populations are: HS families 38, 153, 176 and 187 and white clover cultivars Bar 

(‘Barblanca’); Pre (‘Grasslands Prestige’); Tie (‘Tienshan’) and Trib (‘Grasslands Tribute’). 

Colour of labels indicate white clover population-treatment pattern analysis cluster 

groups. The coloured circles indicate white clover populations with above average 

expression for traits; solid blue circle, Shoot DM, Root DM, Shoot SP, Root SP and nodule 

score; dotted orange circle, RSR; dashed purple circle, number of pink and white nodules, 

total number of nodules and NRDM with Rhizobium strain TA1 and soil extract Ariki 46; 

dashed black circle, number of white nodules. 
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Pattern analysis separating the symbiotic responses of eight white clover populations based on 

inoculation treatment identified a range of cluster groups which differed based on the inoculation 

treatment (Table 6.5; Appendix F.6). The white clover populations 176 and 187 clustered with 8 and 9 

different white clover populations across all inoculation treatments, respectively. The white clover 

population ‘Tienshan’ clustered with only the white clover population ‘Grasslands Prestige’ within the 

inoculation treatment Lincoln 2 (Appendix F.6; Figure F.2). The white clover cultivar populations 38, 

153, ‘Barblanca’, ‘Grasslands Prestige’ and ‘Grasslands Tribute’ clustered with between 5 to 7 different 

white clover populations across all inoculation treatments (Table 6.5; Appendix F.6). 
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Table 6.5: Cluster association matrix based on separate pattern analyses for the soil extract treatments Ariki 46, Lincoln 2, Ngongotaha, Okoroire and 

Waimak 11 as well as the pure Rhizobium leguminosarum bv. trifolii strains S12N10 and TA1 for the expression of 11 symbiotic responses for the 

white clover populations: half-sibling families 38, 153, 176 and 187 as well as the cultivars ‘Barblanca’, ‘Grasslands Prestige’, ‘Tienshan’ and 

‘Grasslands Tribute’.  

 

 

White clover Population 38 153 176 187 Barblanca Prestige Tienshan Tribute 

38 X 0 0 1 3 0 0 1 

153 0 X 1 3 0 0 0 1 

176 0 1 X 4 1 0 0 2 

187 1 3 4 X 0 0 0 1 

Barblanca 3 0 1 0 X 2 0 0 

Prestige 0 0 0 0 2 X 1 2 

Tienshan 0 0 0 0 0 1 X 0 

Tribute 1 1 2 1 0 2 0 X 

Total Associations 5 5 8 9 6 5 1 7 



 

185 
 

6.3.7 Frequency of distribution 

The frequency of distribution of individuals in the white clover populations for Shoot DM are 

presented as frequency curves in Figure 6.12. There was large variation in the Shoot DM production 

between individuals within white clover populations which differed based on the soil extract they 

were inoculated with. The frequency curves of the white clover populations 38, 176, ‘Barblanca’, 

‘Grassland Prestige’, ‘Tienshan’ and ‘Grasslands Tribute’ are distinctly skewed to the left side of the 

plot which is characterised by high frequencies of low Shoot DM expressing individuals. The frequency 

of distribution of individuals from the white clover populations 153 and 187 show a higher frequency 

of individuals with high Shoot DM expression.  
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Figure 6.12: Frequency distribution of individual plants for shoot dry matter production within the white clover populations: half-sibling families 38, 153, 176 

and 187 as well as the cultivars ‘Barblanca’, ‘Grasslands Prestige’, ‘Tienshan’ and ‘Grasslands Tribute’ inoculated with the soil extracts Ariki 46, 

Lincoln 2, Ngongotaha, Okoroire and Waimak 11 after 30 days of growth. Presented means are derived from n = 16 individuals/white clover line-

treatment combination.
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The frequency of distribution of individuals in the white clover populations for Shoot SP are presented 

as frequency curves in Figure 6.13. There was large variation in Shoot SP between individuals of white 

clover populations which differed based on the soil extract they were inoculated with. The frequency 

curve of the white clover population 38 is distinctly skewed to the left side of the plot which is 

characterised by high frequencies of low Shoot SP expressing individuals. The frequency of distribution 

of individuals from the white clover populations ‘Barblanca’ and ‘Grasslands Prestige’ show a higher 

frequency of individuals with high Shoot SP expression.  
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Figure 6.13: Frequency of shoot symbiotic potential for individuals within the white clover populations: half-sibling families 38, 153, 176 and 187 as well as 

the cultivars ‘Barblanca’, ‘Grasslands Prestige’, ‘Tienshan’ and ‘Grasslands Tribute’ inoculated with the soil extracts Ariki 46, Lincoln 2, Ngongotaha, 

Okoroire and Waimak 11 after 30 days of growth. Presented means are derived from n = 16 individuals/white clover line-treatment combination. 
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6.4 Discussion 

The identification of white clover populations with improved symbiotic capacity is a strategy being 

used to enhance the N-fixation of white clover reliant on soil rhizobia. The objectives of this study 

were to determine the symbiotic capacities and elucidate drivers of its variation in eight white clover 

populations inoculated with soil extracts and pure cultures of Rhizobium.  

6.4.1 N-fixation capacities of white clover populations 

In this study, the expression of shoot dry matter (DM) (Figures 6.5 and 6.6) varied considerably across 

different white clover populations and inoculation treatments. Notable interactions included the 

white clover populations 187, 153 and ‘Grasslands Prestige’ having good Shoot DM expression when 

inoculated with most of soil extracts as well as Rhizobium strain TA1. In contrast, the white clover 

populations 38 and ‘Barblanca’ had poor Shoot DM expression when inoculated with both soil extracts 

and pure cultures of Rhizobium. However, it is clear from both the Shoot DM and symbiotic potential 

(SP) data (Figure 6.7) that all of the evaluated white clover populations interacted poorly with 

Rhizobium strain S12N10. Moreover, the N-fixation capacities of the populations evaluated in the 

current study also reflected their performances with strains TA1 or S12N10 that were determined in 

Chapters 3 and 4. For example, ‘Barblanca’ was universally poor with both TA1 and S12N10 whereas 

‘Grasslands Prestige’ was good with both strains as described in Chapter 3. Similarly, the HS families 

38 and 153 had poor and good N-fixation capacities, respectively, with strain TA1 as described in 

Chapter 4.  

Overall, these results demonstrate that the N-fixation capacities of white clover populations can vary 

significantly with different heterogeneous populations of Rhizobium. Furthermore, these results 

suggest that the genetics of different host populations can influence the effectiveness of these 

interactions. These results are comparative with the findings of a range of studies. For example, 

studies by Mytton et al. (1984), Nutman (1984) and Brockwell (1975) have reported variations in 

symbiotic N-fixation capacity in white clover, red clover (T. pratense) and sub clover 

(T. subterraneum), respectively.  
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There are a number of host factors which can help explain the variation in N-fixation capacity 

measured in the current study. Firstly, white clover is an outcrossing species with disomic inheritance. 

This results in high levels of genetic variation as well as phenotypic plasticity, both within and between, 

different populations of white clover (Williams et al., 2010). Thus, white clover populations will often 

be comprised of heterogeneous mixtures of individuals which can have differing N-fixation capacities. 

In the current study, this was observed in white clover populations that had a higher frequency of 

individuals forming an effective symbiosis, resulting in greater Shoot DM (Figure 6.12) and Shoot SP 

(Figure 6.13).  

It is possible that individuals forming an effective symbiosis were able to manage which strains formed 

nodules and/or were better able to fix N with nodule occupants. For example, in the current study it 

is possible that the white clover populations 187, 153 as well as ‘Grasslands Prestige’ were able to 

better discriminate between Rhizobium strains with effective and ineffective N-fixation potential 

whilst the populations 38 and ‘Barblanca’ could not. Using four Trifolium host species inoculated with 

four different R.lt strains, Melino et al. (2012) concluded that sub-optimal N-fixation symbioses could 

be caused by incompatibility responses such as failure of bacterial endocytosis from infection threads, 

cessation of bacteroid differentiation during post development stages or the premature senescence 

of functional bacteroids.  

The influence of the host on the occupancy of nodules is a widely recognised phenomenon. Thus far, 

preferential selection of nodule occupants has been described in previous studies for legume species 

including white clover (Jones & Russell, 1972; Jones & Hardarson, 1979; Bonish, 1980), subterranean 

clover (Robinson, 1969a; Demezas & Bottomley, 1986; Drew & Ballard, 2010), peanut clover 

(T. polymorphum) and purple clover (T. purpureum) (Yates et al., 2008). Russell & Jones (1975) 

reported that three cultivars of both white clover and red clover varied in their selection responses 

when inoculated with pure inoculations of two Rhizobium strains and one inoculation with a 50: 50 

ratios of both strains. Similarly, Masterson & Sherwood (1974) reported that individuals within 

cultivars of white clover and subterranean clover were mostly nodulated with effective populations 

of rhizobia when inoculated individually with eight different soil samples as well as when individuals 

were grown in test tubes with 50:50 mixtures of strains isolated from each species. 
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In the current study, the occurrence of a selection phenomenon is difficult to confirm due to the 

occupants of nodules not being characterised. Furthermore, it is possible that the white clover 

populations were simply nodulated by the strains that were the most competitive or that occurred at 

the most highest proportions within each of the soil extracts (Denton et al., 2003). Thus, future work 

could help to validate the selection preferences of the examined white clover populations using soil 

extracts or 50:50 mixtures of pure culture Rhizobium strains by sampling and characterising the 

occupants of nodules.  

The results of this study also demonstrate that the capacity of some white clover populations to meet 

their fixed N requirement may depend on their growth potential and overall N demand. For example, 

the white clover population ‘Barblanca’, which is a large leaved cultivar, had similar Shoot DM but 

lower Shoot SP in contrast to the small leaved cultivar ‘Grasslands Prestige’ (Figures 6.6 and 6.7). It is 

possible to speculate that the N-fixation potential of ‘Grasslands Prestige’ was able to better support 

its growth requirements in contrast to ‘Barblanca’ due to its N requirements being much lower (Crush 

& Caradus, 1995).  

This is comparable to work conducted by Hoglund & Brock (1974) who reported that a significant 

N x variety interaction indicated that the symbiotic N fixing ability of the white clover cultivar 

‘Grasslands 4700’ was inadequate to support its maximum growing potential when N supply was 

limited in contrast to the cultivar ‘Grasslands Huia’. Mytton (1976) reported that the rhizobia soil 

populations which were used to inoculate vegetative propagules of white clover genotypes grown in 

agar were not able to support the genotypes full growth potentials due to them not being selected 

together which prevented adaptation. In another study, Crush & Caradus (1995) proposed that there 

is evidence that the growth potential of some white clover cultivars exceeds the capacity of the N 

supplied by fixation in their nodules whilst Caradus et al. (1996) suggested that the selection for 

improved N-fixation efficiency by New Zealand breeding programmes has not kept pace with the 

improvement of yield. The findings of the current study provide further evidence that could support 

this hypothesis. 

Another focus of this study was to investigate the potential of using the information from plants that 

have been screened with a pure strain of Rhizobium, such as TA1, as a predictor of performance in a 

soil-derived Rhizobium community. The results of the current study show that there was an alignment 

between performance of populations with TA1 and soil extracts using both Shoot DM (Figure 6.6) and 

Shoot SP (Figure 6.7) for all populations except 176. For example, the HS family 38, which was found 

to be poor with TA1 in Chapter 4, performed poorly with three of the five soil extracts. These results 

demonstrate the potential of predicting the performances of populations with soil-derived 
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communities based only on their performances with pure Rhizobium strains. However, within the 

context of plant breeding, selecting populations based on their performances with a single strain of 

Rhizobium may not be an ideal strategy for developing cultivars with improved N-fixation abilities. For 

example, in the current study, the HS family 176 performed equally very poorly with TA1 and S12N10, 

but significantly better with four out of five soil extracts. This result indicates that, in some cases, the 

performances of populations with a pure strain of Rhizobium does not reflect their performances with 

soil-derived Rhizobium communities. Thus, it would be advantageous for selection assays in future 

breeding programmes to screen white clover genetics across a range of either pure or communities 

of Rhizobium strains in order to more accurately determine the N-fixation capacities of different white 

clover populations.  

6.4.2 Symbiotic trait correlations 

The lack of a strong relationship between Shoot DM and Shoot SP expression in Figures 6.8 and 6.10 

suggests that the relationship between these traits changes fundamentally across disparate symbiotic 

environments. This result was not unexpected due to SP being utilised in the current study to 

determine differences in potential growth that are not shown by solely measuring Shoot DM. So far, 

there are few studies which have investigated whether the relationship between symbiotic traits 

changes across different inoculation treatments for white clover or other legume species. Drew & 

Ballard (2010) reported that the relationship between the expression SP and shoot dry weight by 49 

genotypes of subterranean clover inoculated with four strains of rhizobia was significantly affected by 

the N-fixation capacities of genotypes. Thus, the results of the current study suggest that for future 

breeding efforts, the type of inoculation treatments which white clover populations are assessed 

within represents a key factor which requires strong consideration.  

There were strong relationships between Shoot DM and number of pink nodules seen in Figures 6.9 

and 6.10 which indicated that the relative expression of these traits by the examined populations 

generally followed a linear trend. It is interesting to note that the expression of these traits by 

populations inoculated with strain TA1 was closely aligned with the 1:1 slope indicating that Shoot DM 

increased proportionally with the number of pink nodules. This result demonstrates that the Shoot 

DM production of white clover populations inoculated with heterogeneous populations of rhizobia is 

strongly linked to the host populations’ ability to establish effective symbioses with the strains present 

in the inoculum. 
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6.4.3 Pattern analysis 

To the best of our knowledge, this study is the first to examine the relationships between traits 

associated with N-fixation in white clover populations on a multivariate basis (Figure 6.11). Pattern 

analysis revealed positive associations between traits that contribute towards symbiotic productivity 

such as Shoot DM, Shoot SP and SNOD. In contrast, traits mostly associated with reduced productivity 

such as the number of white nodules, RSR and NRDM were positively associated with one another. 

Overall, these results reflect that the productivity differences of white clover populations in this study 

were strongly associated with symbiotic N-fixation efficiency measures.  

The graphical summary of the pattern analysis identified four distinct white clover population cluster 

groups (Figure 6.11). Cluster groups were arranged along a continuum gradient of PC1 with clusters 

being separated based on their differential expression of productivity and nodulation associated traits. 

Cluster groups located on the far-left side of PC1 (Cluster group 1) were strongly associated with high 

productivity traits whilst cluster groups located on the opposite side of PC1 (Cluster groups 3 and 4) 

were strongly associated with low productivity traits.  

Cluster group 1 was characterised by white clover populations with a high expression for productivity 

associated traits such as Shoot SP and SNOD (Figure 6.11). It is possible that white clover populations 

located within this cluster were able to achieve higher levels of N-fixation per nodule unit which 

resulted in them producing more Shoot DM. A potential explanation for why these populations could 

achieve higher levels of N-fixation may relate to their nodulation habits. In legumes, nodule formation 

and N-fixation are costly processes. Thus, the number of nodules produced by a legume directly 

reflects the fitness of the Rhizobium strains it establishes a symbiosis with and its capacity to invest 

resources into the symbiosis (Layzell et al., 1981). It is possible that the white clover populations 

identified in cluster group 1 were able to establish effective symbioses with the occupants of their 

nodules which allowed them to fix more N and therefore decrease the need to invest resources into 

forming more nodules.  
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In many legume species there is an inverse relationship between nodule number and nodule size. 

There are a number of studies that have proposed that white clover individuals with a low number of 

nodules are the most efficient N fixers. For example, Nutman (1967) concluded that fewer, but larger, 

nodules should be more efficient because large nodules have a greater ratio of N-fixing bacteroids to 

non-N-fixing tissue. Where nodules are less efficient, the plant can compensate to a point by 

increasing nodule number. However, where the N-fixation capacity of the symbiotic association is 

poor (e.g. individuals inoculated with S12N10 shown in Figure 6.9) the response to increased nodule 

number is diminished, with plants having to divert a disproportionate amount of carbon into the 

meristematic and cortical regions of their nodules.  

The white clover populations which made up Cluster group 2 had high proportions of individuals with 

above average expression for RSR (Figure 6.11). A high RSR indicated that these populations had 

increased their investment and allocation of carbon into below ground, rather than above ground, 

biomass (Hofmann & Jahufer, 2011). An increase in RSR possibly indicates that these populations were 

unable to form an effective symbiosis within their respective inoculation treatment. A range of studies 

have demonstrated that plants will often increase their RSR in response to a variety of limiting factors 

such as water stress (Wittenmayer & Merbach, 2005).  

Cluster 3 consisted of populations which had above average expression for nodulation associated 

traits such as number of pink and white nodules and NRDM (Figure 6.11). Interestingly, the expression 

of pink nodules and NRDM was higher with populations that were inoculated with the partially 

effective strain S12N10. It is possible that the high NRDM ratios was a response to the strains low N-

fixation. Many plant species have been shown to modulate root growth and nodule formation by 

producing very fine root systems in response to the patchy distribution of N within soil environments 

(Robinson et al., 1999). However, it is important to note that the ratios reported in the current study 

may not be completely accurate due to the difficulty of recovering the entire root systems of 

inoculated individuals from artificial media.  

It could be speculated that some of the white clover populations examined in the current study, for 

example 153 and 187, were compensating for the N-fixation effectiveness of strains they nodulated 

with. Compensation is a phenomenon which involves a legume increasing the number or size of 

nodules when inoculated with one or more strains of Rhizobium with varying effectiveness. It has been 

proposed that legumes are able to undertake this process by regulating the amount of carbon they 

allocate to the formation of nodules depending on the amount of N that is being fixed by the strains 

of rhizobia occupying the nodules (Minchin & Pate, 1973).  
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At present, there are limited examples in the literature of legume nodule compensation (Nutman, 

1967; Mårtensson & Rydberg, 1996). Cresswell et al. (1992) reported that the white clover cultivars 

‘Katrina’ and ‘S100’ inoculated with two strains of Rhizobium showed compensatory growth through 

an increased investment into the rate of nodule production which resulted in an increase in the 

nodule: plant dry weight ratio. However, the authors noted that an increased investment into nodule 

production was achieved at the expense of other traits for shoot and root growth. Similarly, Mytton 

(1973) reported that provided a given volume of nodules on white clover individuals are kept constant, 

an increase in the number of nodules can be linked to declines in the above ground biomass. In 

another study, Singleton & Stockinger (1983) reported that two cultivars of soybean (Glycine max) 

that were inoculated with nine ratios of effective and ineffective R. japonicum strains compensated 

for the N-fixation effectiveness of the Rhizobium strains by increasing the size of their nodules 

containing effective strains. The authors noted that this compensatory mechanism resulted in soybean 

plants maintaining their high effective nodule mass when the competition exerted by ineffective 

strains reduced the number of effective nodules.  

From the perspective of a plant breeder, nodule compensation possibly represents an undesirable 

trait due to the process permitting an individual to fix N with an ineffective population of rhizobia at 

the expense of its shoot biomass. Thus, the results of the current study warrant the need for further 

work to investigate nodule compensation in white clover to quantify the extent that a host legume 

can compensate for ineffective nodulation.  

The white clover population ‘Tienshan’ inoculated with strain S12N10 was the only member of Cluster 

group 4 (Figure 6.11). In addition, ‘Tienshan’ only clustered with one population across separate 

cluster analyses for each inoculation treatment (Table 6.5). The separation of this combination group 

from the other identified cluster groups was driven by the presence of individuals with above average 

expression for the number of white nodules. The presence of white nodules within this population 

indicates that the development of nodules was possibly impeded which resulted in the nodules 

containing less leghaemoglobin which would have appeared white to an observer (Drew & Ballard, 

2010). This suggests that the individuals within this population could have been either ineffective or 

incompatible with strain S12N10 and therefore unable to symbiotically fix N. ‘Tienshan’ is a high-

altitude stress resistant ecotype from China which had to adapt to a range of limiting factors within 

its natural habitat (Hofmann & Jahufer, 2011). Thus, the findings of the current study reflect the 

possible effects of geographic isolation on the symbiotic N-fixation capacities of white clover ecotypes 

originating from environments with unique communities of rhizobia.  
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Conducting pattern analysis with the symbiotic responses of white clover populations separated based 

on inoculation treatment revealed that it is possible to group the evaluated populations based on their 

symbiotic responses (Table 6.5). For example, it is clear that the symbiotic responses of the 

populations 187, 153 and 176 were most similar due to these populations being found to cluster 

together across three to four different treatments. This result was expected considering these 

populations were F3 HS families that were generated from the same elite white clover breeding 

material. In contrast, the symbiotic response of the population ‘Tienshan’ was the most unique due 

to this population being found to cluster with only one other population across all treatments. From 

a plant breeding perspective, these findings suggest that it would be advantageous for breeding 

programmes to favour the genetics of populations such as 153, 176 and 187 due to these populations 

having consistently higher symbiotic responses across a wider range of Rhizobium communities. 

6.4.4 Factors influencing results 

It is important to acknowledge that Shoot DM production was lower in the current study in contrast 

to the work presented in previous chapters (Chapters 3 and 4). Whilst we do not believe it has been 

detrimental to our interpretation of the results, we consider some of the possible reasons for the 

reduced production. Firstly, because soil extracts were used, there is a possibility that other biological 

agents such as fungal or bacterial pathogens may have affected the growth of the examined white 

clover populations (Drew & Ballard, 2010). However, no symptoms characteristic of soil borne disease 

were observed in soil extract treatments which indicates that this factor was insignificant.  

Issues relating to growth room parameters such as the amount of light emitted by the light banks 

could also have influenced the results of the current study. There is growing evidence that in low light 

environments nodulation and N-fixation can become more costly to legumes due to the reductions in 

the supply of carbon to the nodules (Lau et al., 2012; Heath et al., 2020). Sheehy et al. (1983) reported 

that the photosynthetic rates per unit leaf area and shoot to root ratios of white clover plants 

inoculated with a pure strain of Rhizobium were affected by different light treatments ranging from 

blue to green wavelengths. However, it should be noted that the symbiotic performances of HS 

families described in Chapter 4 were not impacted by the same growth room environment 

parameters.  
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It is also possible that the growth of seedlings inoculated with pure strains of Rhizobium may have 

been affected by the inoculation rate. In the current study, S12N10 and TA1 treatment plants were 

inoculated with a suspension containing around 1000 cell mL-1. It is possible that this inoculation rate 

was too low for white clover seedlings to be adequately nodulated which resulted in the Shoot DM of 

pure strain plants to be lower than soil extract plants. However, it is unlikely that this factor strongly 

impacted the results of the current study. For example, work by Brockwell et al. (1988) reported that 

the threshold below which the N-fixation capacities of lucerne seedlings inoculated with a mixture of 

six pure strains of R. meliloti was 12-25 rhizobia per plant. Thus, the overall results of the current study 

warrant the need for further work to help verify the symbiotic performances of the white clover 

populations reported in the current study.  

6.5 Conclusion 

The results of the current study confirm that differences in the N-fixation capacities of white clover 

populations inoculated with individual strains of rhizobia also occur when inoculated with 

communities of soil rhizobia. The alignment between the performances of most populations 

inoculated with TA1 and soil extracts demonstrated the potential of predicting the performances of 

populations with soil-derived communities using only the information derived from pure Rhizobium 

strains. The differences in the relationships between traits such as Shoot DM, Shoot SP and number 

of pink nodules highlight the differential nature of expression for symbiotic traits in white clover 

populations exposed to different strains of rhizobia. Pattern analysis revealed distinct clusters 

amongst the white clover populations, which could be partly explained by the number and appearance 

of nodules, with populations 153, 176 and 187 having the most similar symbiotic responses whilst 

‘Tienshan’ had the most unique response. Within the context of plant breeding, the findings of the 

current study suggest that populations that have higher frequencies of individuals that can form an 

effective symbiosis would be ideal for use in white clover N-fixation improvement programmes. 

Furthermore, this study identified that the populations 153, 176 and 187 would be ideal candidates 

for use in future breeding efforts whilst the use of ‘Tienshan’ should be avoided. Finally, investigation 

into the possible underlying mechanisms which influence the effectiveness and efficiency of white 

clover-rhizobia interactions may be valuable for improving the N-fixation potential of white clover 

through plant breeding.  
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Chapter 7  

Concluding discussion 

7.1 Synthesis and applications of findings 

This study had two overall objectives. The first was to understand factors that influence the nitrogen 

(N)-fixation capacity (effectiveness) of the interactions between white clover (Trifolium repens L.) 

cultivars and strains of Rhizobium. The second aimed to determine whether white clover-Rhizobium 

interactions could be improved through plant breeding strategies. Developing new white clover 

cultivars that can consistently establish effective Rhizobium symbioses represents a potential strategy 

to improve the N-fixation capacity of symbiotic associations formed with naturalised rhizobia 

populations in the field. However, the complexity of the white clover-Rhizobium interaction makes for 

a challenging breeding target. Based on the review of the literature, there were gaps in knowledge 

regarding how to investigate N-fixation as a breeding trait in white clover cultivars. Thus, the findings 

of the current study provide valuable information for facilitating the improvement of N-fixation in 

white clover in future breeding efforts. A schematic highlighting the key results obtained in this study 

is shown in Figure 7.1. 
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Figure 7.1: Schematic model of key results obtained in this study.  
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7.1.1 Assessing white clover-Rhizobium associations 

The data presented in Chapter 3 demonstrated that the N-fixation capacities of different white clover 

cultivars inoculated with pure strains of Rhizobium varied. This variation was reflected in Chapter 4 

where it was found within a F3 half-sibling (HS) population that 44% of the 120 evaluated families 

formed sub-optimal symbioses with Rhizobium strain TA1. Quantitative genetic analysis of the HS 

families showed that a significant portion of the phenotypic variation for a range of symbiotic traits 

was inherited (Chapter 4), and application of genomic selection (GS) models outlined a path through 

which improvement of these traits may be applied in a white clover breeding programme (Chapter 5).  

In Chapter 6, the differences in the N-fixation capacities of white clover populations were found to also 

occur when the best and worst cultivars (n = 4) (Chapter 3) and HS families (n = 4) (Chapter 4) were 

inoculated with communities of soil rhizobia. Furthermore, the differences in the N-fixation capacities 

of the populations evaluated in this chapter were consistent with their performances with strains TA1 

or S12N10 in previous chapters. For example, ‘Barblanca’ was found to be universally poor with both 

TA1 and S12N10 whereas ‘Grasslands Prestige’ was good with both strains and the HS families 38 and 

153 had poor and good N-fixation capacities, respectively, with strain TA1.  

Differing interactions between one cultivar of white clover and its effectiveness with different strains 

of Rhizobium have been reported in various studies (Lowe & Holding, 1970; Sherwood & Masterson, 

1974; Mytton, 1975; Bonish & MacFarlane, 1987). However, the cohort of cultivars examined in the 

current study represents the largest that has been examined within a single study to date. 

The results of the the univariate mixed model analysis and phenotypic analysis conducted in Chapter 3 

suggested that factors such as leaf size class, continent of origin or decade of introduction did not 

significantly influence the differences in symbiotic performance between cultivars. Furthermore, no 

apparent link was found when the breeding pedigrees of white clover cultivars were investigated 

further based on their background information (Caradus, 1986; Caradus & Woodfield, 1997). This 

result was not unexpected. For example, ‘Tienshan’ was an ecotype collected from the wild in a specific 

geographic region whilst the other lines investigated were cultivars comprised of germplasm which 

was generally sourced from multiple regions. Thus, Continent of Origin and Decade of Introduction 

were artificial categories that did not have an underlying distinctive genetic component for the 

cultivars.  
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It was clear that among the evaluated white clover cultivars (Chapter 3) or HS families (Chapters 6) 

that there were notable ‘winners’ and ‘losers’. For example, in Chapter 3, the cultivar ‘Dutch’ and the 

T. repens × T. uniflorum interspecific hybrid cultivar ‘AberLasting’ were found to form the most 

effective symbiotic associations with the strain TA1 whilst ‘Tienshan’ and ‘Regal’ formed the least 

effective symbiotic associations with strain S12N10. In contrast, ‘Grasslands Huia’ and ‘S100’ were 

found to form the most effective symbiotic associations with both S12N10 and TA1 whereas 

‘Barblanca’ and ‘Riesling’ formed weak associations with both strains. When inoculated with soil 

extracts containing communities of rhizobia (Chapter 6), the HS families 153 and 187, which had been 

selected for good performance with TA1, were found to form the most effective symbiotic 

associations. By contrast, the HS family 38, which performed poorly with TA1, and the cultivar 

‘Barblanca’, which was selected for having poor performances with both TA1 and S12N10, were found 

to have the weakest associations among the soil rhizobia communities.  

Using multivariate analysis, it was found that the white clover cultivars and HS families could be 

separated into distinct groups based on the associations they established with either pure or 

communities of Rhizobium strains. For example, in Chapter 3, the multivariate method canonical 

discriminant analysis (CDA) separated the examined cultivars into three broad groups based on the 

associations they formed with Rhizobium strain S12N10. The first group contained cultivars which were 

characterised as having sub-optimal performances with S12N10 (e.g. ‘Tienshan’) whereas the second 

and third groups consisted of cultivars which had either good (‘S100’) or average (‘Grasslands Tribute’) 

performances with S12N10, respectively. In Chapter 6, pattern analysis revealed that the symbiotic 

responses of the populations 187, 153 and 176 were the most similar whereas the symbiotic response 

of the population ‘Tienshan’ was the most unique due to this population having high frequencies of 

individuals with above average expression for the number of white nodules. 
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The work presented in Chapter 6 revealed that there was a degree of performance consistency among 

white clover populations inoculated with an effective pure strain of Rhizobium and communities of 

rhizobia in soil extracts. For example, the HS family 38, which was found to be poor with TA1 in 

Chapter 4, performed poorly with three of the five soil extracts. In contrast, the HS family 153, which 

was found to be good with TA1, performed well with four of the five soil extracts. However, the 

performance of HS family 176, which was found to be poor with TA1 but was significantly better with 

four out of five soil extracts, highlighted that, in some cases, the performances of populations with a 

pure strain of Rhizobium does not necessarily predict their performances with soil-derived Rhizobium 

communities. Thus, the results of this study suggest that it would be best if future breeding 

programmes screen white clover genetics across a range of either pure cultures or communities of 

Rhizobium strains in order to more accurately determine the N-fixation capacities of different white 

clover populations.  

7.1.2 Factors influencing the symbiotic performance of white clover 

The performances of white clover cultivars and HS families with pure strains of Rhizobium were 

consistent across multiple experiments. This indicates that the differences in symbiotic performances 

with different strains and Rhizobium communities were influenced by a range of biological factors. 

Firstly, in Chapter 6, it may be that the differences in the N-fixation capacities of white clover 

populations were related to some populations possessing the appropriate genetics for establishing 

effective symbioses with the strains present in each soil extract. For example, none were able to 

perform consistently across all the soil extracts, with some populations performing well with one 

extract whereas other populations performed poorly with that same extract. Within the context of 

plant breeding, these findings highlight that there is potential for identifying white clover genetics that 

could enable cultivars to establish consistent and effective symbioses with soil communities of 

rhizobia. This could be further enhanced by investigating the genomes of the Rhizobium populations 

and aligning this information with clover genotypes and their symbiotic traits.  

One observation from the data presented in Chapter 6 is that it appears that white clover cultivars 

with small to medium sized leaves, such as ‘Grasslands Prestige’, had higher SPs (64% mean SP across 

treatments) in contrast to larger leaved cultivars such as ‘Barblanca’ (43% mean SP across treatments) 

when inoculated with either pure or communities of Rhizobium strains. These results provided further 

evidence to support the hypothesis proposed by Hoglund & Brock (1974) and Crush & Caradus (1995) 

that the capacity of some white clover populations to meet their fixed N requirement may depend on 

their growth potential and overall N demand when reliant on symbiotically fixed N. This could be linked 

to the N required by small leaf cultivars to achieve their respective maximum growth potentials being 
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much lower relative to large leafed cultivars (Crush & Caradus, 1995). Thus, these findings may suggest 

that cultivars with smaller leaf morphologies would be more suitable for use in soils containing 

communities of Rhizobium strains with sub-optimal N-fixation abilities. 

The results of the current study highlight that there is a high degree of variability in N-fixation 

capacities of individuals within populations of either white clover cultivars (Chapters 3 and 6) or HS 

families (Chapters 4 and 6). These results were expected due to white clover being an outcrossing 

species which results in populations being composed of heterogeneous mixtures of heterozygous 

individuals which underpins variation for traits such as symbiotic potential (SP) (Jones, 1962). These 

findings were supported by previous studies which demonstrated that the quantitative differences 

between different white clover populations are strongly dependent upon the associations between 

specific individuals of white clover with different strains of Rhizobium and not the general genetic 

effects that are exerted by either the plant or Rhizobium (Russell & Jones, 1975; Mytton, 1976, 1984). 

Within the context of plant breeding, these findings suggest that populations with higher frequencies 

of individuals that are able to form effective symbioses with different strains of Rhizobium would be 

ideal for use in white clover N-fixation improvement programmes. For example, in Chapter 3, several 

cultivars (‘S184’ and ‘Rivendel’) were found to have distinct groups of individuals that had good SPs 

above 100% with pure strains of Rhizobium which might provide some basis for the symbiotic 

improvement of these white clover lines. In contrast, cultivars including ‘Tienshan’, ‘Regal’ as well as 

‘Barblanca’ were found to have few individuals with good SPs when inoculated with Rhizobium strain 

S12N10 which suggested that these lines would have little potential for symbiotic improvement.  
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Overall, these results highlight that future efforts aiming to improve white clover-Rhizobium 

associations would be more likely to produce white clover cultivars with enhanced N-fixation abilities 

if they are modified to exploit plant to plant variation within different white clover populations. 

Possible strategies that could be used to achieve this include increasing the overall SPs of populations 

through the selection of elite individuals with high N-fixation capacities, removal of individuals with 

poor N-fixation capacities and excluding cultivars that have limited potential for symbiotic 

improvement. These findings also suggest that it may be possible to stack the genetics of different 

individuals within a breeding population so that the variation at each loci for a desired N-fixation trait 

is accounted for, thus, ensuring that individuals with the best combinations of alleles can be selected. 

Furthermore, this could be extended to include targeted types of symbiotic interactions such as 

selective or promiscuous nodulation (Howieson & Ballard, 2004). Overtime, an increased focus on 

improving traits associated with N-fixation in plant breeding programmes would eventually help to 

reduce the degree of background variation for the expression of symbiotic traits between individuals 

within different white clover populations.  

7.1.3 Traits for assessing N-fixation in white clover 

The most ideal traits for measuring N-fixation need to be economical whilst allowing for high and low 

N-fixing individuals to be easily discriminated from one another (Herridge & Danso, 1995). Thus far, 

traits associated with N-fixation have not been utilised as breeding targets in white clover breeding 

programmes due to the difficulties associated with measuring them and the selection of breeding 

material being conducted in soils that are fertilised with mineral N. In the current study, it was found 

that, in general, the information provided by above ground traits such as shoot dry matter (DM) and SP 

were indicative of the N-fixation effectiveness of white clover plants inoculated with either pure 

(Chapters 3 and 4) or communities of Rhizobium strains (Chapter 6). Furthermore, strong positive 

relationships were found between traits such as Shoot DM with root traits such as Root DM as well as 

the number of pink nodules (Chapters 3 and 6). Therefore, based on these findings, it was concluded 

that measuring root traits or nodulation traits may not be necessary for determining the N-fixation 

abilities of white clover individuals in future work.  

From a plant breeding perspective, using Shoot DM or SP as the only measure of N-fixation would be 

advantageous for several reasons. Firstly, in contrast to shoot traits, root traits are more destructive 

to assess which is not suitable for breeding programmes where multiple assessments of breeding 

material are required. Furthermore, the target trait for animals is the above ground biomass. 

Nodulation traits, such as number of pink nodules, are also tedious and time consuming to measure 

which makes them less economical within the context of a breeding programme.  
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In Chapter 4, the strong positive relationship between Shoot DM and Shoot SP also indicated that, 

within the examined HS family populations, the sole measurement of Shoot DM would be sufficient 

for determining the N-fixation effectiveness of individuals in low-N soil conditions. When contrasted 

with Shoot DM, Shoot SP was more laborious due to the time and resources required to establish the 

positive control plants and supply them with N on a weekly basis. Furthermore, Shoot SP only gave 

insights into the proportion of biomass that was generated through symbiosis and not the total 

biomass of plants. However, as shown in Chapter 3, Shoot SP was found to be valuable for identifying 

individuals that were growing above 100% of the respective positive control mean. Thus, these findings 

suggest that, within the context of a plant breeding programme, the value of measuring these traits 

would be dictated by the breeding target. For example, if the target is to breed plants which can 

generate biomass close to their genetic potentials using symbiotically fixed N, Shoot DM and Shoot SP 

would need to be assessed together.  

The assessment of nodulation associated traits in the current study demonstrated that the information 

provided by nodulation data could be useful for investigating possible mechanisms underpinning 

differential N-fixation among different white clover-Rhizobium combinations. For example, the 

nodulation data presented in Chapters 3 and 6 revealed that some of the white clover cultivars and HS 

families could possibly compensate for the N-fixation abilities of the Rhizobium strains occupying their 

nodules. These results were comparative to studies by Cresswell et al. (1992) and Singleton & 

Stockinger (1983) which reported evidence of compensation in both white clover and soybeans 

(Glycine max), respectively. This finding, while speculative, suggests that selecting for nodule 

compensation as a trait may be unfavourable to plant breeders aiming to improve N-fixation in white 

clover due to the symbiotic benefits being achieved at the expense of shoot biomass. Thus, further 

work would be required to investigate the implications of this phenomenon on the productivity of 

different white clover populations.  

The moderate correlation between the Shoot DM of plants grown under mineral N compared to plants 

inoculated with Rhizobium strain TA1 in Chapter 4 indicated that the range of biomass produced by HS 

families reliant on fixed N was not accurately predicted by its biomass under N supplementation 

(positive controls). This result highlighted the importance of evaluating white clover populations under 

conditions where mineral N is low as this would permit the expression of symbiotic traits (Mytton, 

1983; Herridge & Danso, 1995). This has implications for breeding white clover cultivars with enhanced 

N-fixation under field conditions. Up to now, selection of white clover cultivars for agronomic traits 

has mostly been conducted by assessing breeding material in competitive swards with companion 

grasses such as perennial ryegrass (Lolium perenne) (Woodfield & Caradus, 1994). Hence, under 

conditions of low N, perennial ryegrass would struggle to maintain its productivity. This is because 
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ryegrass is routinely bred as monoculture with applied N. A possible solution to this issue could involve 

screening white clover cultivars in a two-step process which involves identifying agronomically sound 

germplasm with good N-fixation capacities under low mineral N conditions. This material could then 

be screened in mixed swards with grasses to confirm that their symbiotic and agronomic advantages 

are retained under standard conditions. Alternatively, it could also be advantageous to select and 

breed cultivars that can continue to fix N within high N environments (Rys & Mytton, 1985). This could 

be achieved in future work using 15N-based methodologies that would enable the detection of the 

symbiotically derived N within white clover cultivars relative to soil inorganic N.  

7.1.4 Improving white clover-Rhizobium symbiosis through breeding 

A second aspect of this study was to determine whether white clover-Rhizobium symbiosis could be 

improved through plant breeding. Based on the findings from Chapters 3, 4 and 6, it was clear that the 

genetics of the host influence the effectiveness of white clover-Rhizobium associations. Furthermore, 

the differences between cultivars or HS families suggested that there were population-specific genetic 

factors that could be exploited for enhancing N-fixation potential in white clover with strains of 

Rhizobium. However, for this to be achieved, key quantitative genetic parameters such as additive 

genetic variation (𝜎 𝐴
2 ) and narrow-sense heritability (ℎ 𝑛

2 ) required estimation. Thus, these parameters 

were estimated in Chapter 4 using a genetically structured population of 120 HS families so that the 

results could be more easily aligned to the breeding work conducted in New Zealand. 

Quantitative genetic analysis of the 120 HS families, estimated significant additive genetic variation 

and low to moderate narrow-sense heritabilities for the traits; Shoot DM, Root DM, Shoot SP and Root 

SP. These estimates enabled genetic gain (𝛥𝐺) for the examined traits to be predicted, using breeding 

equations, at 20%, 10% and 5% selection pressure. In addition, 24 elite HS families to be utilised in 

future validation work were also identified. The heritabilities estimated in the current study (0.05-0.33) 

represent the first estimates to date for complex traits associated with N-fixation in white clover and 

the values were comparative to the narrow-sense heritabilities reported by Woodfield & Caradus 

(1990) and Annicchiarico et al. (1999) for similarly complex traits such as shoot and root dry weight. 

Within the context of plant breeding, the heritability estimates of the current study would provide 

breeders with valuable information regarding the genetic variance that can be inherited from parent 

to progeny whilst also allowing the critical evaluation of the success of different breeding 

methodologies for improving the expression of traits associated with N-fixation in white clover.  
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The effects of HS family x replicate interaction on the expression of symbiotic traits measured within 

the population of 120 HS families, evaluated in Chapter 4, emphasized the importance of screening 

the associations between HS families and the Rhizobium strain TA1 across two different growth rooms. 

Being able to quantify the HS family x replicate interaction improved precision of the estimated 

significant variation in the current study. This finding highlights the importance of conducting 

replicated multi-location breeding trials. 

It was also clear from the work conducted in Chapter 4 that selecting HS families for high Shoot DM or 

SP could be conducted based on either single-trait (BLUPs) or multi-trait (pattern analysis and Smith-

Hazel index) indices. From a plant breeding perspective, the choice of these methods will depend on 

whether a plant breeder is willing to compromise lower genetic gains per individual trait per selection 

cycle for a wider selection index across a range of traits. In future work, the feasibility of either of these 

methods could be determined by comparing the symbiotic performances of progeny generated from 

either method based on progeny generated from selected HS families.  

Overall, the results of Chapter 4 highlight the potential for genetically improving, through selection 

and breeding, the expression of the examined traits using the additive genetic variation within the 

breeding population from which the 120 HS families were generated. 

7.1.5 Genomic prediction for the white clover-Rhizobium interaction 

Following the estimation of quantitative genetic parameters in Chapter 4, the potential for using the 

novel breeding tool genomic selection (GS) for increasing the genetic gain of traits associated with N-

fixation was investigated in Chapter 5. An initial review of the literature revealed that, until now, the 

potential of using GS to improve traits associated with N-fixation in white clover had not been 

investigated. Thus, this study evaluated five different genomic prediction (GP) models and a range of 

different GP parameters to investigate several factors that could influence the predictive ability (PA) 

of symbiotic traits.  

The PA of symbiotic traits were found to be moderate, with traits Shoot DM and Shoot SP combined 

within a SH index giving the highest PA across all traits. Despite GP for symbiotic traits in white clover 

not being previously investigated, the PAs of the current study were comparative to PAs reported for 

non-symbiotic biomass traits such as DM in lucerne (Medicago sativa) (Jia et al., 2018) and peas 

(Pisum sativum) (Annicchiarico et al., 2018).  
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The GP models Genomic-Best Linear Unbiased Prediction (GBLUP) as well as Kinship using GBS with 

Depth adjustment-GBLUP (KGD-GBLUP) run with a training: test size of 80:20% over 100 iterations 

were identified to be the most computationally efficient models and parameters for predicting 

symbiotic traits in white clover. As discussed in Chapter 5, it is likely that the positive PAs obtained in 

the current study were based on a high degree of genetic relatedness between the HS families within 

the training population. Overall, these data provide insight into applying GS for complex plant-

microbial traits.  

7.2 Future directions 

Based on the findings of the current study, there are areas that warrant the need for further work. In 

Chapter 6, the possibility that white clover individuals can manage the occupants of their nodules 

through selective or exclusive nodulation was not investigated. Thus, future work could involve 

sequencing the nodule microbiomes (Simranjit et al., 2019) of white clover individuals with high and 

low N-fixation capacities that have been inoculated with mixtures of partially effective and effective 

N-fixing abilities. This work would enable the elucidation of potential mechanisms that are used by 

white clover individuals to establish effective symbiotic interactions with strains of Rhizobium such as 

selective and promiscuous nodulation (Howieson & Ballard, 2004).  

In order to progress assessment of the HS families in conditions more similar to the field environment, 

an important transition step is to evaluate symbiotic performances of the HS families examined in 

Chapter 4 with a collection of soil extracts containing communities of rhizobia. Thus, a future 

experiment could involve screening a cohort of HS families with good or poor N-fixation capacities in 

order to further validate the work described in Chapter 6. Furthermore, this work would facilitate the 

identification of HS families or individuals that can fix N effectively across different rhizobia 

communities which could be utilised in a genomic selection (GS) breeding programme. Overall, this 

work would help to investigate whether the N-fixation abilities of white clover populations can be 

improved with specific strains or whether it is possible to make an average improvement in SP across 

a wider range of symbionts.  

It is important to recognise that the genomic prediction (GP) work presented in Chapter 5 is a proof of 

concept, thus, there are a number of ways that this work could be verified in future studies. First of all, 

the identification of the most suitable GP models and parameters in the current study would allow GS 

to be performed by using the generated genomic estimated breeding values (GEBVs) to identify 

individuals with the predicted highest SPs within the HS families. As discussed in Section 5.4.7, the GP 

work of the current study would also provide an ideal foundation for using GS to undertake among-

(using phenotype) and-within (using genomic selection) HS family selection (APWGSF) in which the HS 
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families with the highest SPs are identified and then GEBVs generated to select individuals with the 

predicted highest SPs from within the families. This would enable the 75% of additive genetic variation 

for symbiotic traits that resides within HS families to be accessed and thereby increase the genetic gain 

per unit time (Casler & Brummer, 2008). The predictive ability (PA) of GP models could also be further 

improved through the identification of key marker-trait associations. The identification of marker-trait 

associations could be achieved by undertaking a genome wide association study (GWAS) (Kamfwa et 

al., 2015, 2019). This work would permit the identification of markers associated with key genomic 

regions that underlie the symbiotic associations between white clover and strains of Rhizobium. The 

information provided by these markers would enable the exploration of new breeding targets for 

improving N-fixation in white clover.  

The methodologies utilised in Chapters 3, 4 and 6 for screening white clover-Rhizobium associations 

were laborious and time consuming. Thus, future work could investigate the potential of developing 

an automated high throughput phenotyping platform that would permit the rapid screening of the N-

fixation capacities of white clover individuals. The development of a high throughput phenotyping 

platform would help to further facilitate the genetic improvement of N-fixation in white clover cultivars 

in future breeding efforts.  

Finally, with the onset of cheap genotyping and the identification of Rhizobium genospecies (Kumar et 

al., 2015), the possibility of lifting the SP of white clover cultivars by aligning their genetics to a 

genotyped rhizobia population could be investigated. This may underpin a novel strategy to align 

clover genetics with the SP variability of naturalised Rhizobium populations as identified in different 

pastoral soils across New Zealand by Wakelin et al. (2018). Another subject of interest could be to 

follow the development of nodules on white clover plants during natural or simulated grazing to 

investigate whether this reflects changes in symbiotic potential over time.  

 

  



 

210 
 

References 

Abberton, M. T., Marshall, A. H. (2005). Progress in breeding perennial clovers for temperate 
agriculture. The Journal of Agricultural Science, 143 (2-3): 117-135.  

Abberton, M. T., Marshall, A. H. (2010). White clover.  Fodder Crops and Amenity Grasses (pp. 457-
476): Springer. 

Acquaah, G. (2012). Principles of Plant Genetics and Breeding (2nd ed.). Chichester, West Sussex, UK: 
John Wiley & Sons, Ltd. 

Akdemir, D., Sanchez, J. I., Jannink, J.-L. (2015). Optimization of genomic selection training populations 
with a genetic algorithm. Genetics Selection Evolution, 47 (1): 38.  

Alexandre, A., Oliveira, S. (2013). Response to temperature stress in rhizobia. Critical Reviews in 
Microbiology, 39 (3): 219-228.  

Allard, R. (1999). Principles of Plant Breeding (2nd ed.). New York: John Willy and Sons, Inc. 

Amarger, N. (1981). Competition for nodule formation between effective and ineffective strains of 
Rhizobium meliloti. Soil Biology and Biochemistry, 13 (6): 475-480.  

Amarger, N. (2001). Rhizobia in the field.  Advances in Agronomy (Vol. 73, pp. 109-168): Academic 
Press. 

Anderson, C. B., Franzmayr, B. K., Hong, S. W., Larking, A. C., van Stijn, T. C., Tan, R., Moraga, R., Faville, 
M. J., Griffiths, A. G. (2018). Protocol: a versatile, inexpensive, high-throughput plant genomic 
DNA extraction method suitable for genotyping-by-sequencing. Plant Methods, 14 (1): 75.  

Andrews, M., Lea, P. (2013). Our nitrogen ‘footprint’: the need for increased crop nitrogen use 
efficiency. Annals of Applied Biology, 163 (2): 165-169.  

Andrews, M., Lea, P., Raven, J., Azevedo, R. (2009). Nitrogen use efficiency. 3. Nitrogen fixation: genes 
and costs. Annals of Applied Biology, 155 (1): 1-13.  

Andrews, M., Raven, J., Lea, P. (2013). Do plants need nitrate? The mechanisms by which nitrogen form 
affects plants. Annals of Applied Biology, 163 (2): 174-199.  

Annicchiarico, P., Nazzicari, N., Li, X., Wei, Y., Pecetti, L., Brummer, E. C. (2015). Accuracy of genomic 
selection for alfalfa biomass yield in different reference populations. BMC Genomics, 16 (1): 
1020.  

Annicchiarico, P., Nazzicari, N., Pecetti, L., Romani, M. (2018). Genomic selection for biomass yield of 
perennial and annual legumes. In G. Brazauskas, G. Statkevičiūtė, & K. Jonavičienė (Eds.), 
Breeding Grasses and Protein Crops in the Era of Genomics (pp. 259-264). Cham, Switzerland: 
Springer International Publishing. 

Annicchiarico, P., Piano, E. (1997). Effect of selection under cultivation on morphological traits and 
yield of Ladino white clover landraces. Genetic Resources and Crop Evolution, 44 (5): 405-410.  

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 (4): 341-346.  



 

211 
 

Arojju, S. K., Cao, M., Barrett, B., Faville, M. (2019). Genomic Prediction: Using multi-trait approaches 
to improve predictive ability for nutritive quality traits in perennial ryegrass. Paper presented 
at the Plant and Animal Genome XXVII Conference (January 12-16, 2019).  

Arojju, S. K., Cao, M., Jahufer, M. Z., Barrett, B. A., Faville, M. J. (2020). Genomic predictive ability for 
foliar nutritive traits in perennial ryegrass. G3: Genes, Genomes, Genetics, 10 (2): 695-708.  

Arojju, S. K., Conaghan, P., Barth, S., Milbourne, D., Casler, M. D., Hodkinson, T. R., Michel, T., Byrne, 
S. L. (2018). Genomic prediction of crown rust resistance in Lolium perenne. BMC Genetics, 19 
(1): 35.  

Arrenddell, S., Wynne, J., Elkan, G., Isleib, T. (1985). Variation for nitrogen fixation among progenies of 
a Virginia x Spanish peanut cross. Crop Science, 25 (5): 865-869.  

Arruda, M. P., Brown, P. J., Lipka, A. E., Krill, A. M., Thurber, C., Kolb, F. L. (2015). Genomic selection for 
predicting Fusarium head blight resistance in a wheat breeding program. The Plant Genome, 8 
(3).  

Asoro, F. G., Newell, M. A., Beavis, W. D., Scott, M. P., Jannink, J.-L. (2011). Accuracy and training 
population design for genomic selection on quantitative traits in elite North American oats. 
The Plant Genome, 4 (2): 132-144.  

Attewell, J., Bliss, F. (1985). Host plant characteristics of common bean lines selected using indirect 
measures of N2 fixation.  Nitrogen fixation research progress (pp. 3-9): Springer. 

Atwood, S. S., Hill, H. D. (1940). The regularity of meiosis in microsporocytes of Trifolium repens. 
American Journal of Botany, 27: 730-735.  

Austin, R., Bingham, J., Blackwell, R., Evans, L., Ford, M., Morgan, C., Taylor, M. (1980). Genetic 
improvements in winter wheat yields since 1900 and associated physiological changes. The 
Journal of Agricultural Science, 94 (3): 675-689.  

Ayres, J., Caradus, J., Murison, R. D., Lane, L., Woodfield, D. (2007). Grasslands Trophy—a new white 
clover (Trifolium repens L.) cultivar with tolerance of summer moisture stress. Australian 
Journal of Experimental Agriculture, 47 (1): 110-115.  

Azam, F., Farooq, S. (2003). An appraisal of methods for measuring symbiotic nitrogen fixation in 
legumes. Pakistan Journal of Biological Science, 6 (18): 1631-1640.  

Baker, R. (1974). Selection indexes without economic weights for animal breeding. Canadian Journal 
of Animal Science, 54 (1): 1-8.  

Ball, R., Molloy, L., Ross, D. (1978). Influence of fertiliser nitrogen on herbage dry matter and nitrogen 
yields, and botanical composition of a grazed grass-clover pasture. New Zealand Journal of 
Agricultural Research, 21 (1): 47-55.  

Ballard, R., Craig, A., Charman, N. (2002). Nodulation and growth of pasture legumes with naturalised 
soil rhizobia. 2. Balansa clover (Trifolium michelianum Savi). Australian Journal of Experimental 
Agriculture, 42 (7): 939-944.  

Ballard, R., Shepherd, B., Charman, N. (2003). Nodulation and growth of pasture legumes with 
naturalised soil rhizobia. 3. Lucerne (Medicago sativa L.). Australian Journal of Experimental 
Agriculture, 43 (2): 135-140.  



 

212 
 

Bänziger, M., Lafitte, H. (1997). Efficiency of secondary traits for improving maize for low-nitrogen 
target environments. Crop Science, 37 (4): 1110-1117.  

Barnes, D., Heichel, G., Vance, C., Ellis, W. (1984). A multiple-trait breeding program for improving the 
symbiosis for N2 fixation between Medicago sativa L. and Rhizobium meliloti. Plant and Soil, 82 
(3): 303-314.  

Barrett, B., Baird, I., Woodfield, D. (2005). A QTL analysis of white clover seed production. Crop Science, 
45 (5): 1844-1850.  

Barrett, B., Faville, M., Sartie, A., Jahufer, M., Crush, J., Hume, D., Woodfield, D., Easton, H. (2007). QTL 
development and validation in forage plant mapping populations. Paper presented at the 
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.  

Basford, K., Cooper, M. (1998). Genotype × environment interactions and some considerations of their 
implications for wheat breeding in Australia. Australian Journal of Agricultural Research, 49 
(2): 153-174.  

Beavis, W. D. (1998). QTL analyses: power, precision, and accuracy. Molecular dissection of complex 
traits, 1998: 145-162.  

Bellot, P., de los Campos, G., Pérez-Enciso, M. (2018). Can deep learning improve genomic prediction 
of complex human traits? Genetics, 210 (3): 809-819.  

Bennett, M. D., Leitch, I. J. (2011). Nuclear DNA amounts in angiosperms: targets, trends and 
tomorrow. Annals of Botany, 107 (3): 467-590.  

Bentley, A. R., Scutari, M., Gosman, N., Faure, S., Bedford, F., Howell, P., Cockram, J., Rose, G. A., 
Barber, T., Irigoyen, J. (2014). Applying association mapping and genomic selection to the 
dissection of key traits in elite European wheat. Theoretical and Applied Genetics, 127 (12): 
2619-2633.  

Bernardo, R. (2002). Breeding for quantitative traits in plants (Vol. 1): Stemma Press Woodbury. 

Bernardo, R., Yu, J. (2007). Prospects for genomewide selection for quantitative traits in maize. Crop 
Science, 47 (3): 1082-1090.  

Betts, J., Herridge, D. (1987). Isolation of Soybean Lines Capable of Nodulation and Nitrogen Fixation 
under High Levels of Nitrate Supply. Crop Science, 27 (6): 1156-1161.  

Bhat, J. A., Ali, S., Salgotra, R. K., Mir, Z. A., Dutta, S., Jadon, V., Tyagi, A., Mushtaq, M., Jain, N., Singh, 
P. K. (2016). Genomic selection in the era of next generation sequencing for complex traits in 
plant breeding. Frontiers in Genetics, 7: 221.  

Bhuvaneswari, T., Bhagwat, A. A., Bauer, W. D. (1981). Transient susceptibility of root cells in four 
common legumes to nodulation by rhizobia. Plant Physiology, 68 (5): 1144-1149.  

Bjalfve, G. (1949). Inoculation trials of leguminous plants 1914–1948. Lucerne and clover trials. Annals 
of the Royal Agricultural College of Sweden, 16: 603-617.  

Bliss, F. A. (1993). Breeding common bean for improved biological nitrogen fixation. Plant and Soil, 152 
(1): 71-79.  



 

213 
 

Bolger, A. M., Lohse, M., Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. 
Bioinformatics, 30 (15): 2114-2120.  

Boller, B. t., Nösberger, J. (1987). Symbiotically fixed nitrogen from field-grown white and red clover 
mixed with ryegrasses at low levels of 15N-fertilization. Plant and Soil, 104 (2): 219-226.  

Bonish, P. (1979). Clover rhizobia in soils: assessment of effectiveness using the plant infection count 
method. New Zealand Journal of Agricultural Research, 22 (1): 89-93.  

Bonish, P. (1980). Nodulation of white clover: plant influences on the effectiveness of Rhizobium trifolii. 
New Zealand Journal of Agricultural Research, 23 (2): 239-242.  

Bonish, P., MacFarlane, M. (1987). Nodulation of introduced white clovers by naturalised soil clover 
rhizobia: symbiotic effectiveness and host-strain compatibility. New Zealand Journal of 
Agricultural Research, 30 (3): 273-280.  

Bouton, J., Woodfield, D., Caradus, J., Wood, D. (2005). Registration of ‘Durana’ white clover. Crop 
Science, 45 (2): 797-797.  

Breese, E., Hayward, M. (1972). The genetic basis of present breeding methods in forage crops. 
Euphytica, 21 (2): 324-336.  

Breiman, L. (2001). Random forests. Machine Learning, 45 (1): 5-32.  

Brewbaker, J. L. (1954). Incompatibility in autotetraploid Trifolium repens L. Competition and self-
compatibility. Genetics, 39 (3): 307.  

Brock, J. (2006). Grazing management of white clover in mixed pastures. Proceedings of the New 
Zealand Grasslands Association, 68: 303-307.  

Brock, J., Tilbrook, J. (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 (3): 335-343.  

Brockwell, J. (1975). Studies of field populations of Rhizobium-relationships between strain 
effectiveness, soil nitrogen levels, and response to applied nitrogen in subterranean clover 
pastures in north-eastern Victoria. Field Station Record Division of Plant Industry CSIRO, 14: 1-
8.  

Brockwell, J. (1978). Rhizobium strain competition and host interaction for nodulation. Paper presented 
at the Symposium on Plant Relations in Pastures, Brisbane, Qld.(Australia), 15 May 1976. 

Brockwell, J. (1982). Plant-infection counts of rhizobia in soils. In J. Vincent (Ed.), Nitrogen fixation in 
legumes. New York City, New York: Academic Press. 

Brockwell, J., Bottomley, P. J. (1995). Recent advances in inoculant technology and prospects for the 
future. Soil Biology and Biochemistry, 27 (4-5): 683-697.  

Brockwell, J., Fettell, N., Bowman, A. M., Smith, W., Sweeney, G., Charman, N., Ballard, R. (2008). 
Symbiotic competence of rose clover (Trifolium hirtum All.). Australian Journal of Agricultural 
Research, 59 (9): 802-813.  

Brockwell, J., Gibson, A. (1968). Root-nodule bacteria for some cultivated species of Trifolium. Journal 
of the Australian Institute of Agricultural Science, 34: 224-227.  



 

214 
 

Brockwell, J., Herridge, D., Roughley, R., Thompson, J., Gault, R. (1975). Studies on seed pelleting as an 
aid to legume seed inoculation. 4. Examination of preinoculated seed. Australian Journal of 
Experimental Agriculture, 15 (77): 780-787.  

Brockwell, J., Holliday, R. A., Pilka, A. (1988). Evaluation of the symbiotic nitrogen-fixing potential of 
soils by direct microbiological means. Plant and Soil, 108 (1): 163-170.  

Broughton, W. (1978). Control of specificity in legume‐Rhizobium associations. Journal of Applied 
Bacteriology, 45 (2): 165-194.  

Brouwer, R. (1962). Nutritive influences on the distribution of dry matter in the plant. Netherlands 
Journal of Agricultural Science, 10: 399-408.  

Browning, B. L., Browning, S. R. (2009). A unified approach to genotype imputation and haplotype-
phase inference for large data sets of trios and unrelated individuals. The American Journal of 
Human Genetics, 84 (2): 210-223.  

Brummer, E. C., Bouton, J. H., Casier, M. D., McCaslin, M. H., Waldron, B. L. (2009). Grasses and 
legumes: Genetics and plant breeding. In W. Wedin & S. Fales (Eds.), Grassland: Quietness and 
strength for a new American agriculture (pp. 157-171). Madison, Wisconsin: ASA-CSSS-SSSA. 

Bullard, G., Roughley, R., Pulsford, D. (2005). The legume inoculant industry and inoculant quality 
control in Australia: 1953–2003. Australian Journal of Experimental Agriculture, 45 (3): 127-
140.  

Burr, E. (1968). Cluster Sorting with Mixed Character Types, I - Standardization of Character Values. 
Australian Computer Journal, 1 (2): 97-99.  

Burr, E. (1970). Cluster Sorting with Mixed Character Types, II - Fusion Strategies. Australian Computer 
Journal, 2 (3): 98-103.  

Burstin, J., Salloignon, P., Chabert-Martinello, M., Magnin-Robert, J.-B., Siol, M., Jacquin, F., Chauveau, 
A., Pont, C., Aubert, G., Delaitre, C. (2015). Genetic diversity and trait genomic prediction in a 
pea diversity panel. BMC Genomics, 16 (1): 105.  

Byrne, S. L., Conaghan, P., Barth, S., Arojju, S. K., Casler, M., Michel, T., Velmurugan, J., Milbourne, D. 
(2017). Using variable importance measures to identify a small set of SNPs to predict heading 
date in perennial ryegrass. Scientific Reports, 7 (1): 1-10.  

Callaham, D. A., Torrey, J. G. (1981). The structural basis for infection of root hairs of Trifolium repens 
by Rhizobium. Canadian Journal of Botany, 59 (9): 1647-1664.  

Caradus, J. (1986). World checklist of white clover varieties. New Zealand Journal of Experimental 
Agriculture, 14 (2): 119-164.  

Caradus, J., Hay, M., Mackay, A., Thomas, V., Dunlop, J., Lambert, M., Hart, A., Van Den Bosch, 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 (1): 175-184.  

Caradus, J., Hay, R., Woodfield, D. (1995). The positioning of white clover cultivars in New Zealand. In 
D. Woodfield (Ed.), White Clover: New Zealand’s competitive edge. Grassland Research and 
Practice Series No. 6 (pp. 45-49). Christchurch: New Zealand Grasslands Association. 



 

215 
 

Caradus, J., Imrie, B. (1993). White clover breeding line performance under sheep and cattle grazing. 
Proceedings 10th Australian Plant Breeding Conference’. Gold Coast, Qld, 2: 35-36.  

Caradus, J., MacKay, A. (1988). Selection for stolon branching and internode length in white clover 
[Trifolium repens; New Zealand; Kopu; Tahora]. Paper presented at the Australian Plant 
Breeding Conference, Wagga Wagga, NSW (Australia), 1 Jul 1988. 

Caradus, J., Woodfield, D. (1990). Estimates of heritability for, and relationships between, root and 
shoot characters of white clover. I. Replicated clonal material. Euphytica, 46 (3): 203-209.  

Caradus, J., Woodfield, D. (1997). World checklist of white clover varieties II. New Zealand Journal of 
Agricultural Research, 40 (2): 115-206.  

Caradus, J., Woodfield, D. (1998). Genetic control of adaptive root characteristics in white clover.  Root 
Demographics and Their Efficiencies in Sustainable Agriculture, Grasslands and Forest 
Ecosystems (pp. 651-662): Springer. 

Caradus, J., Woodfield, D., Easton, H. (2000). Improved grazing value of pasture cultivars for temperate 
environments. Asian-Australasian Journal of Animal Sciences, 13 (Suppl.): 5-8.  

Caradus, J., Woodfield, D., Stewart, A. (1996). Overview and vision for white clover. Paper presented at 
the White clover: New Zealand's competitive edge. Joint symposium, 21-22 November, 1995, 
Lincoln University, New Zealand: 45-49.  

Caradus, J. B. J., Hay, M. (1989). Fifty years of white clover research in New Zealand. Proceedings of 
the New Zealand Grassland Association, 50: 25-39.  

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 (3): 890-902.  

Castle, M., Reid, D., Watson, J. (1983). Silage and milk production: studies with diets containing white 
clover silage. Grass and Forage Science, 38 (3): 193-200.  

Chambers, J. M., Cleveland, W. S., Kleiner, B., Tukey, P. A. (1983). Graphical methods for data analysis. 
Boca Raton, Florida: CRC Press. 

Charmet, G., Storlie, E., Oury, F. X., Laurent, V., Beghin, D., Chevarin, L., Lapierre, A., Perretant, M. R., 
Rolland, B., Heumez, E. (2014). Genome-wide prediction of three important traits in bread 
wheat. Molecular Breeding, 34 (4): 1843-1852.  

Collard, B. C., Jahufer, M., Brouwer, J., Pang, E. (2005). An introduction to markers, quantitative trait 
loci (QTL) mapping and marker-assisted selection for crop improvement: The basic concepts. 
Euphytica, 142 (1-2): 169-196.  

Collins, R., Abberton, M., Michaelson-Yeates, T., Rhodes, I. (1997). Response to divergent selection for 
stolon characters in white clover (Trifolium repens). The Journal of Agricultural Science, 129 
(3): 279-285.  

Collins, R. P., Helgadóttir, Á., Fothergill, M., Rhodes, I. (2002). Variation amongst survivor populations 
of white clover collected from sites across Europe: Growth attributes and physiological 
responses to low temperature. Annals of Botany, 89 (3): 283-292.  

Combs, E., Bernardo, R. (2013). Accuracy of genomewide selection for different traits with constant 
population size, heritability, and number of markers. The Plant Genome, 6 (1).  



 

216 
 

Compendium of New Zealand Farm Facts. (2020).  Retrieved 26th August 2020, from Beef + Lamb New 
Zealand https://beeflambnz.com/sites/default/files/data/files/Compendium-2020.pdf 

Connolly, V. (2001). Breeding improved varieties of white clover. Carlow: Teagasc Crops Research 
Centre. 

Connolly, V., Masterson, C., Conniffe, D. (1969). Some genetic aspects of the symbiotic relationship 
between white clover (Trifolium repens) and Rhizobium trifolii. Theoretical and Applied 
Genetics, 39 (5): 206-213.  

Connolly, V., O'Keeffe, M. (1979). Acetylene reduction assay on white clover genotypes and on 
grass/clover swards. Annals of Applied Biology, 93 (1): 55-61.  

Cooper, B., Chapman, D. (1993). Grasslands Prestige (G. 39), a white clover cultivar originating from 
northern New Zealand. Proceedings International Grassland Congress, 17: 458-459.  

Cooper, M., DeLacy, I., Eisemann, R. (1993). Recent advances in the study of genotype × environment 
interactions and their application to plant breeding. In B. Imrie & J. Hacker (Eds.), Focused Plant 
Improvement: Towards Responsible and Sustainable Agriculture. Proceedings of the 10th 
Australian Plant Breeding Conference (Vol. 1, pp. 116-131). Canberra, Australian Capital 
Territory: Organising Committee, Australian Convention and Travel Service. 

Cortes, C., Vapnik, V. (1995). Support-vector networks. Machine Learning, 20 (3): 273-297.  

Cresswell, A., Gordon, A., Mytton, L. (1992). The physiology and biochemistry of cultivar-strain 
interactions in the white clover-Rhizobium symbiosis. Plant and Soil, 139 (1): 47-57.  

Crossa, J., de Los Campos, G., Pérez, P., Gianola, D., Burgueño, J., Araus, J. L., Makumbi, D., Singh, R. P., 
Dreisigacker, S., Yan, J. (2010). Prediction of genetic values of quantitative traits in plant 
breeding using pedigree and molecular markers. Genetics, 186 (2): 713-724.  

Crush, J. (1987). Nitrogen fixation. In M. Baker & W. Williams (Eds.), White Clover (pp. 185-202). 
Wallingford, UK: CAB Int. 

Crush, J. (1995). Rhizobium strain × host genotype interactions for white clover (Trifolium repens L.) 
genotypes with different aluminium tolerances. New Zealand Journal of Agricultural Research, 
38 (2): 163-167.  

Crush, J., Caradus, J. (1995). Increasing symbiotic potentials in white clover. In D. Woodfield (Ed.), 
White clover: New Zealand's competitive edge. Grassland Research and Practice Series No. 6 
(pp. 91-94). Christchurch, New Zealand: New Zealand Grassland Association. 

Cunningham, G. (1957). Certification of legume seed inoculants. New Zealand Journal of Agriculture, 
94: 578.  

Daetwyler, H., Kemper, K., Van der Werf, J., Hayes, B. J. (2012). Components of the accuracy of genomic 
prediction in a multi-breed sheep population. Journal of Animal Science, 90 (10): 3375-3384.  

Daetwyler, H. D., Calus, M. P., Pong-Wong, R., de los Campos, G., Hickey, J. M. (2013). Genomic 
prediction in animals and plants: simulation of data, validation, reporting, and benchmarking. 
Genetics, 193 (2): 347-365.  

Daetwyler, H. D., Pong-Wong, R., Villanueva, B., Woolliams, J. A. (2010). The impact of genetic 
architecture on genome-wide evaluation methods. Genetics, 185 (3): 1021-1031.  

https://beeflambnz.com/sites/default/files/data/files/Compendium-2020.pdf


 

217 
 

Danecek, P., Auton, A., Abecasis, G., Albers, C. A., Banks, E., DePristo, M. A., Handsaker, R. E., Lunter, 
G., Marth, G. T., Sherry, S. T. (2011). The variant call format and VCF tools. Bioinformatics, 27 
(15): 2156-2158.  

Date, R. (2000). Inoculated legumes in cropping systems of the tropics. Field Crops Research, 65 (2-3): 
123-136.  

Davis, E. O., Evans, I. J., Johnston, A. W. (1988). Identification of nodX, a gene that allows Rhizobium 
leguminosarum biovar viciae strain TOM to nodulate Afghanistan peas. Molecular and General 
Genetics MGG, 212 (3): 531-535.  

de los Campos, G., Hickey, J. M., Pong-Wong, R., Daetwyler, H. D., Calus, M. P. (2013). Whole-genome 
regression and prediction methods applied to plant and animal breeding. Genetics, 193 (2): 
327-345.  

de los Campos, G., Veturi, Y., Vazquez, A. I., Lehermeier, C., Pérez-Rodríguez, P. (2015). Incorporating 
genetic heterogeneity in whole-genome regressions using interactions. Journal of Agricultural, 
Biological, and Environmental Statistics, 20 (4): 467-490.  

Delestre, C., Laugraud, A., Ridgway, H., Ronson, C., O’Callaghan, M., Barrett, B., Ballard, R., Griffiths, 
A., Young, S., Blond, C. (2015). Genome sequence of the clover symbiont Rhizobium 
leguminosarum bv. trifolii strain CC275e. Standards in Genomic Sciences, 10 (1): 121.  

Demezas, D. H., Bottomley, P. J. (1986). Interstrain competition between representatives of indigenous 
serotypes of Rhizobium trifolii. Applied and Environmental Microbiology, 52 (5): 1020-1025.  

Dénarié, J., Debellé, F., Rosenberg, C. (1992). Signaling and host range variation in nodulation. Annual 
Review of Microbiology, 46 (1): 497-531.  

Denison, R. F. (2000). Legume sanctions and the evolution of symbiotic cooperation by rhizobia. The 
American Naturalist, 156 (6): 567-576.  

Denison, R. F., Kiers, E. T. (2004). Why are most rhizobia beneficial to their plant hosts, rather than 
parasitic? Microbes and Infection, 6 (13): 1235-1239.  

Denton, M. D., Reeve, W. G., Howieson, J. G., Coventry, D. R. (2003). Competitive abilities of common 
field isolates and a commercial strain of Rhizobium leguminosarum bv. trifolii for clover nodule 
occupancy. Soil Biology and Biochemistry, 35 (8): 1039-1048.  

Desta, Z. A., Ortiz, R. (2014). Genomic selection: genome-wide prediction in plant improvement. Trends 
in Plant Science, 19 (9): 592-601.  

Dodds, K. G., McEwan, J. C., Brauning, R., Anderson, R. M., van Stijn, T. C., Kristjánsson, T., Clarke, S. M. 
(2015). Construction of relatedness matrices using genotyping-by-sequencing data. BMC 
Genomics, 16 (1): 1047.  

Dolstra, O., Denneboom, C., de Vos, A. L., van Loo, E. (2007). Marker assisted selection for improving 
quantitative traits of forage crops. Marker-assisted selection: Current Status and Future 
Perspectives in Crops, Livestock, Forestry and Fish: 59-65.  

Drew, E., Ballard, R. (2010). Improving N2 fixation from the plant down: Compatibility of Trifolium 
subterraneum L. cultivars with soil rhizobia can influence symbiotic performance. Plant and 
Soil, 327 (1-2): 261-277.  



 

218 
 

Drew, E., Charman, N., Dingemanse, R., Hall, E., Ballard, R. (2012). Symbiotic performance of 
Mediterranean Trifolium spp. with naturalised soil rhizobia. Crop and Pasture Science, 62 (10): 
903-913.  

El-Sherbeeny, M., Lawes, D., Mytton, L. (1977a). Symbiotic variability in Vicia faba. 2. Genetic variation 
in Vicia faba. Euphytica, 26 (2): 377-383.  

El-Sherbeeny, M., Mytton, L., Lawes, D. (1977b). Symbiotic variability in Vicia faba. 1. Genetic variation 
in the Rhizobium leguminosarum population. Euphytica, 26 (1): 149-156.  

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 (3): 
688-705.  

Elshire, R. J., Glaubitz, J. C., Sun, Q., Poland, J. A., Kawamoto, K., Buckler, E. S., Mitchell, S. E. (2011). A 
robust, simple genotyping-by-sequencing (GBS) approach for high diversity species. PLOS One, 
6 (5): e19379.  

Endelman, J. B. (2011). Ridge regression and other kernels for genomic selection with R package 
rrBLUP. The Plant Genome, 4 (3): 250-255.  

Endre, G., Kereszt, A., Kevei, Z., Mihacea, S., Kaló, P., Kiss, G. B. (2002). A receptor kinase gene 
regulating symbiotic nodule development. Nature, 417 (6892): 962.  

Erisman, J. W., Sutton, M. A., Galloway, J., Klimont, Z., Winiwarter, W. (2008). How a century of 
ammonia synthesis changed the world. Nature Geoscience, 1 (10): 636-639.  

Eshghi, R., Ojaghi, J., Salayeva, S. (2011). Genetic gain through selection indices in hulless barley. 
International Journal of Agriculture and Biology, 13 (2).  

Evans, D., Williams, T., Evans, S. (1992). Evaluation of white clover varieties under grazing and their 
role in farm systems. Grass and Forage Science, 47 (4): 342-352.  

Evans, D., Williams, T., Evans, S. (1996). Breeding and evaluation of new white clover varieties for 
persistency and higher yields under grazing. Grass and Forage Science, 51 (4): 403-411.  

Falconer, D., Mackay, T. (1996). Introduction to Quantitative Genetics (4th ed.). Harlow, United 
Kingdom: Pearson Education Limited. 

Faville, M. J., Cao, M., Schmidt, J., Ryan, D. L., Ganesh, S., Jahufer, M., Hong, S. W., George, R., Barrett, 
B. A. (2020). Divergent genomic selection for herbage accumulation and days-to-heading in 
perennial ryegrass. Agronomy, 10 (3): 340.  

Faville, M. J., Ganesh, S., Cao, M., Jahufer, M. Z., Bilton, T. P., Easton, H. S., Ryan, D. L., Trethewey, J. 
A., Rolston, M. P., Griffiths, A. G. (2018). Predictive ability of genomic selection models in a 
multi-population perennial ryegrass training set using genotyping-by-sequencing. Theoretical 
and Applied Genetics, 131 (3): 703-720.  

Fè, D., Ashraf, B. H., Pedersen, M. G., Janss, L., Byrne, S., Roulund, N., Lenk, I., Didion, T., Asp, T., Jensen, 
C. S. (2016). Accuracy of genomic prediction in a commercial perennial ryegrass breeding 
program. The Plant Genome, 9 (3).  



 

219 
 

Fè, D., Cericola, F., Byrne, S., Lenk, I., Ashraf, B. H., Pedersen, M. G., Roulund, N., Asp, T., Janss, L., 
Jensen, C. S. (2015). Genomic dissection and prediction of heading date in perennial ryegrass. 
BMC Genomics, 16 (1): 921.  

Fehr, W. (1987). Principles of cultivar development. Volume 1. Theory and technique: Macmillian 
Publishing Company: New York. 

Ferguson, B. J., Indrasumunar, A., Hayashi, S., Lin, M. H., Lin, Y. H., Reid, D. E., Gresshoff, P. M. (2010). 
Molecular analysis of legume nodule development and autoregulation. Journal of Integrative 
Plant Biology, 52 (1): 61-76.  

Ferguson, C. M., Barratt, B. I., Bell, N., Goldson, S. L., Hardwick, S., Jackson, M., Jackson, T. A., Phillips, 
C. B., Popay, A. J., Rennie, G. (2019). Quantifying the economic cost of invertebrate pests to 
New Zealand’s pastoral industry. New Zealand Journal of Agricultural Research, 62 (3): 255-
315.  

Fiedler, J. D., Lanzatella, C., Edmé, S. J., Palmer, N. A., Sarath, G., Mitchell, R., Tobias, C. M. (2018). 
Genomic prediction accuracy for switchgrass traits related to bioenergy within differentiated 
populations. BMC Plant Biology, 18 (1): 142.  

Fields, B., Moeskjær, S., Friman, V.-P., Andersen, S. U., Young, J. P. W. (2020). MAUI-seq: 
Metabarcoding using amplicons with unique molecular identifiers to improve error correction. 
bioRxiv: 2-30.  

Fierer, N., Jackson, R. B. (2006). The diversity and biogeography of soil bacterial communities. 
Proceedings of the National Academy of Sciences, 103 (3): 626-631.  

Fischer, H.-M. (1994). Genetic regulation of nitrogen fixation in rhizobia. Microbiology and Molecular 
Biology Reviews, 58 (3): 352-386.  

Ford, J., Cousins, G., Jahufer, M., Baird, I., Woodfield, D., Barrett, B. (2015). Grasslands Legacy–a new, 
large-leafed white clover cultivar with broad adaption. Journal of New Zealand Grasslands, 77: 
211-217.  

Fred, E. B., Baldwin, I. L., McCoy, E. (2002). Root nodule bacteria and leguminous plants: UW-Madison 
Libraries Parallel Press. 

Ganal, M. W., Durstewitz, G., Polley, A., Bérard, A., Buckler, E. S., Charcosset, A., Clarke, J. D., Graner, 
E.-M., Hansen, M., Joets, J. (2011). A large maize (Zea mays L.) SNP genotyping array: 
development and germplasm genotyping, and genetic mapping to compare with the B73 
reference genome. PLOS One, 6 (12): e28334.  

Gaunt, M., Turner, S., Rigottier-Gois, L., Lloyd-Macgilp, S., Young, J. (2001). Phylogenies of atpD and 
recA support the small subunit rRNA-based classification of rhizobia. International Journal of 
Systematic and Evolutionary Microbiology, 51 (6): 2037-2048.  

Gaur, Y., Lowther, W. (1980). Distribution, symbiotic effectiveness, and fluorescent antibody reaction 
of naturalised populations of Rhizobium trifolii in Otago soils. New Zealand Journal of 
Agricultural Research, 23 (4): 529-532.  

Gaur, Y., Lowther, W. (1982). Competition and persistence of strains of Rhizobium trifolii in relation to 
inoculation level and lime pelleting on white clover sown into cultivated soil. New Zealand 
Journal of Agricultural Research, 25 (2): 277-280.  



 

220 
 

Gebre‐Mariam, H., Larter, E. (2006). Genetic response to index selection for grain yield, kernel weight 
and per cent protein in four wheat crosses. Plant Breeding, 115 (6): 459-464.  

George, R., Jahufer, M., Barrett, B., Griffiths, A., Woodfield, D., Hofmann, R. (2018). Application of 
molecular marker assayed paternity in a white clover breeding program. Crop Science, 58 (2): 
617-629.  

Gibson, A. (1962). Genetic variation in the effictiveness of nodulation of lucerne varieties. Australian 
Journal of Agricultural Research, 13 (3): 388-399.  

Gibson, A. (1968). Nodulation failure in Trifolium subterraneum L. CV. Woogenellup (Sum. Marrar). 
Australian Journal of Agricultural Research, 19 (6): 907-918.  

Gibson, P. B. (1964). A technique requiring few seed for evaluating white clover strains. Crop Science, 
4 (3): 344-345.  

Glassey, C., Roach, C., Lee, J., Clark, D. (2013). The impact of farming without nitrogen fertiliser for ten 
years on pasture yield and composition, milksolids production and profitability; a research 
farmlet comparison. Paper presented at the Proceedings of the New Zealand Grassland 
Association. 

Glaubitz, J. C., Casstevens, T. M., Lu, F., Harriman, J., Elshire, R. J., Sun, Q., Buckler, E. S. (2014). TASSEL-
GBS: a high capacity genotyping by sequencing analysis pipeline. PLOS One, 9 (2): e90346.  

Goddard, M., Hayes, B. (2007). Genomic selection. Journal of Animal Breeding and Genetics, 124 (6): 
323-330.  

Goddard, M. E., Hayes, B. J., Meuwissen, T. H. (2011). Using the genomic relationship matrix to predict 
the accuracy of genomic selection. Journal of Animal Breeding and Genetics, 128 (6): 409-421.  

González-Camacho, J. M., Ornella, L., Pérez-Rodríguez, P., Gianola, D., Dreisigacker, S., Crossa, J. (2018). 
Applications of machine learning methods to genomic selection in breeding wheat for rust 
resistance. The Plant Genome, 11 (2).  

Graham, P., Halliday, J. (1977). Inoculation and nitrogen fixation in the genus Phaseolus (Vol. 145). 
University of Hawaii, Honolulu, HI, USA: Miscellaneous publication. 

Graham, P. H. (2008). Ecology of the root-nodule bacteria of legumes.  Nitrogen-Fixing Leguminous 
Symbioses (pp. 23-58): Springer. 

Graham, P. H., Temple, S. R. (1984). Selection for improved nitrogen fixation in Glycine max (L.) Merr. 
and Phaseolus vulgaris L. Plant and Soil, 82 (3): 315-327.  

Graham, P. H., Vance, C. P. (2003). Legumes: importance and constraints to greater use. Plant 
Physiology, 131 (3): 872-877.  

Grattapaglia, D., Resende, M. D. (2011). Genomic selection in forest tree breeding. Tree Genetics & 
Genomes, 7 (2): 241-255.  

Greder, R., Orf, J., Lambert, J. (1986). Heritabilities and associations of nodule mass and recovery of 
Bradyrhizobium japonicum serogroup USDA 110 in soybean. Crop Science, 26 (1): 33-37.  



 

221 
 

Greenwood, R. (1961). Pasture establishment on a podzolised soil in Northland: III. Studies on rhizobial 
populations and the effects of inoculation. New Zealand Journal of Agricultural Research, 4 (3-
4): 375-389.  

Greenwood, R. (1964). Populations of rhizobia in New Zealand soils. Proceedings of the New Zealand 
Grassland Association, 26: 95-101.  

Griffiths, A. G., Moraga, R., Tausen, M., Gupta, V., Bilton, T. P., Campbell, M. A., Ashby, R., Nagy, I., 
Khan, A., Larking, A. (2019). Breaking free: the genomics of allopolyploidy-facilitated niche 
expansion in white clover. The Plant Cell, 31 (7): 1466-1487.  

Grinberg, N. F., Lovatt, A., Hegarty, M., Lovatt, A., Skøt, K. P., Kelly, R., Blackmore, T., Thorogood, D., 
King, R. D., Armstead, I. (2016). Implementation of genomic prediction in Lolium perenne (L.) 
breeding populations. Frontiers in Plant Science, 7: 133.  

Guo, Z., Tucker, D. M., Basten, C. J., Gandhi, H., Ersoz, E., Guo, B., Xu, Z., Wang, D., Gay, G. (2014). The 
impact of population structure on genomic prediction in stratified populations. Theoretical and 
Applied Genetics, 127 (3): 749-762.  

Haag, A. F., Arnold, M. F., Myka, K. K., Kerscher, B., Dall'Angelo, S., Zanda, M., Mergaert, P., Ferguson, 
G. P. (2013). Molecular insights into bacteroid development during Rhizobium–legume 
symbiosis. FEMS Microbiology Reviews, 37 (3): 364-383.  

Habier, D., Fernando, R. L., Garrick, D. J. (2013). Genomic BLUP decoded: a look into the black box of 
genomic prediction. Genetics, 194 (3): 597-607.  

Habier, D., Fernando, R. L., Kizilkaya, K., Garrick, D. J. (2011). Extension of the Bayesian alphabet for 
genomic selection. BMC Bioinformatics, 12 (1): 186.  

Habier, D., Tetens, J., Seefried, F.-R., Lichtner, P., Thaller, G. (2010). The impact of genetic relationship 
information on genomic breeding values in German Holstein cattle. Genetics Selection 
Evolution, 42 (1): 5.  

Hagedorn, C., Caldwell, B. (1981). Characterization of diverse Rhizobium trifolii isolates. Soil Science 
Society of America Journal, 45 (3): 513-516.  

Haile, J. K., N’Diaye, A., Clarke, F., Clarke, J., Knox, R., Rutkoski, J., Bassi, F. M., Pozniak, C. J. (2018). 
Genomic selection for grain yield and quality traits in durum wheat. Molecular Breeding, 38 
(6): 75.  

Haile, T. A., Heidecker, T., Wright, D., Neupane, S., Ramsay, L., Vandenberg, A., Bett, K. E. (2019). 
Genomic selection for lentil breeding: empirical evidence. bioRxiv: 608406.  

Hale, C. (1980). Competition between strains of Rhizobium trifolii in the establishment of white clover. 
Proceedings of the New Zealand Grassland Association, 41: 138-145.  

Hallauer, A., Carena, M. (2010). Quantitative genetics in maize breeding: Springer, New York. 

Hallauer, A. R. (2007). History, contribution, and future of quantitative genetics in plant breeding: 
lessons from maize. Crop Science, 47 (Supplement_3): S-4-S-19.  

Hanson, W. D. (1963). Heritability (W. D. Hanson & H. F. Robinson Eds.). Washington DC, USA: National 
Academy of Sciences, National Research Council. 



 

222 
 

Hardarson, G. (1993). Methods for enhancing symbiotic nitrogen fixation. In F. Bliss & G. Hardarson 
(Eds.), Enhancement of Biological Nitrogen Fixation of Common Bean in Latin America (1 ed., 
Vol. 52, pp. 1-17): Springer Netherlands. 

Hardarson, G., Danso, S. (1993). Methods for measuring biological nitrogen fixation in grain legumes. 
Plant and Soil, 152 (1): 19-23.  

Hardarson, G., Heichel, G., Barnes, D., Vance, C. (1982). Rhizobial Strain Preference of Alfalfa 
Populations Selected for Characteristics Associated with N2 Fixation 1. Crop Science, 22 (1): 55-
58.  

Hardarson, G., Jones, D. G. (1979a). Effect of temperature on competition amongst strains of 
Rhizobium trifolii for nodulation of two white clover varieties. Annals of Applied Biology, 92 
(2): 229-236.  

Hardarson, G., Jones, D. G. (1979b). The inheritance of preference for strains of Rhizobium trifolii by 
white clover (Trifolium repens). Annals of Applied Biology, 92 (3): 329-333.  

Hardy, R., Havelka, U. (1976). Photosynthate as a major factor limiting nitrogen fixation by field grown 
legumes with emphasis on soybeans. Cambridge: Cambridge University Press. 

Harris, W. (1987). Population dynamics and competition. In M. Baker & W. Williams (Eds.), White Clover 
(pp. 203-298). Wallingford: C.A.B International. 

Harrison, S., Young, J. P. W., Jones, D. G. (1989). Rhizobium population genetics: host preference and 
strain competition effects on the range of Rhizobium leguminosarum biovar trifolii genotypes 
isolated from natural populations. Soil Biology and Biochemistry, 21 (8): 981-986.  

Hartigan, J. (1975). Clustering algorithms. New York: John Wiley & Sons. 

Harville, D. A. (1977). Maximum likelihood approaches to variance component estimation and to 
related problems. Journal of the American Statistical Association, 72 (358): 320-338.  

Hayes, B., Panozzo, J., Walker, C., Choy, A., Kant, S., Wong, D., Tibbits, J., Daetwyler, H., Rochfort, S., 
Hayden, M. (2017). Accelerating wheat breeding for end-use quality with multi-trait genomic 
predictions incorporating near infrared and nuclear magnetic resonance-derived phenotypes. 
Theoretical and Applied Genetics, 130 (12): 2505-2519.  

Hayes, B. J., Cogan, N. O., Pembleton, L. W., Goddard, M. E., Wang, J., Spangenberg, G. C., Forster, J. 
W. (2013). Prospects for genomic selection in forage plant species. Plant Breeding, 132 (2): 
133-143.  

Hazel, L. N. (1943). The genetic basis for constructing selection indexes. Genetics, 28 (6): 476-490.  

He, J., Zhao, X., Laroche, A., Lu, Z.-X., Liu, H., Li, Z. (2014). Genotyping-by-sequencing (GBS), an ultimate 
marker-assisted selection (MAS) tool to accelerate plant breeding. Frontiers in Plant Science, 
5: 484.  

Heath, K. D., Podowski, J. C., Heniff, S., Klinger, C. R., Burke, P. V., Weese, D. J., Yang, W. H., Lau, J. A. 
(2020). Light availability and rhizobium variation interactively mediate the outcomes of 
legume–rhizobium symbiosis. American Journal of Botany, 107 (2): 229-238.  

Heath, K. D., Tiffin, P. (2009). Stabilizing mechanisms in a legume–Rhizobium mutualism. Evolution, 63 
(3): 652-662.  



 

223 
 

Heffner, E. L., Jannink, J.-L., Sorrells, M. E. (2011). Genomic selection accuracy using multifamily 
prediction models in a wheat breeding program. The Plant Genome, 4 (1): 65-75.  

Heffner, E. L., Sorrells, M. E., Jannink, J.-L. (2009). Genomic selection for crop improvement. Crop 
Science, 49 (1): 1-12.  

Hely, F. (1972). Genetic studies with wild diploid Trifolium ambiguum M. Bieb. with respect to time of 
nodulation. Australian Journal of Agricultural Research, 23 (3): 437-446.  

Herridge, D., Betts, J. (1988). Field evaluation of soybean genotypes selected for enhanced capacity to 
nodulate and fix nitrogen in the presence of nitrate. Plant and Soil, 110 (1): 129-135.  

Herridge, D., Danso, S. (1995). Enhancing crop legume N2 fixation through selection and breeding. In J. 
Ladha & M. B. Peoples (Eds.), Management of Biological Nitrogen Fixation for the Development 
of More Productive and Sustainable Agricultural Systems (pp. 51-82): Springer Netherlands. 

Herridge, D., Rose, I. (2000). Breeding for enhanced nitrogen fixation in crop legumes. Field Crops 
Research, 65 (2): 229-248.  

Herridge, D. F., Bergersen, F. J., Peoples, M. B. (1990). Measurement of nitrogen fixation by soybean 
in the field using the ureide and natural 15N abundance methods. Plant Physiology, 93 (2): 708-
716.  

Herridge, D. F., Peoples, M. B., Boddey, R. M. (2008). Global inputs of biological nitrogen fixation in 
agricultural systems. Plant and Soil, 311 (1-2): 1-18.  

Herridge, D. F., Rose, I. A. (1994). Heritability and repeatability of enhanced N2 fixation in early and late 
inbreeding generations of soybean. Crop Science, 34 (2): 360-367.  

Heslot, N., Rutkoski, J., Poland, J., Jannink, J.-L., Sorrells, M. E. (2013). Impact of marker ascertainment 
bias on genomic selection accuracy and estimates of genetic diversity. PLOS One, 8 (9): e74612.  

Heslot, N., Yang, H.-P., Sorrells, M. E., Jannink, J.-L. (2012). Genomic selection in plant breeding: a 
comparison of models. Crop Science, 52 (1): 146-160.  

Hickey, J. M., Dreisigacker, S., Crossa, J., Hearne, S., Babu, R., Prasanna, B. M., Grondona, M., Zambelli, 
A., Windhausen, V. S., Mathews, K. (2014). Evaluation of genomic selection training population 
designs and genotyping strategies in plant breeding programs using simulation. Crop Science, 
54 (4): 1476-1488.  

Higgins, C. F., Ames, G. F.-L., Barnes, W. M., Clement, J. M., Hofnung, M. (1982). A novel intercistronic 
regulatory element of prokaryotic operons. Nature, 298 (5876): 760.  

Hirsch, A. M., Lum, M. R., Downie, J. A. (2001). What makes the rhizobia-legume symbiosis so special? 
Plant Physiology, 127 (4): 1484-1492.  

Hobbs, S., Mahon, J. (1982). Heritability of N2 (C2H2) fixation rates and related characters in peas 
(Pisum sativum L.). Canadian Journal of Plant Science, 62 (2): 265-276.  

Hoffstetter, A., Cabrera, A., Huang, M., Sneller, C. (2016). Optimizing training population data and 
validation of genomic selection for economic traits in soft winter wheat. G3: Genes, Genomes, 
Genetics, 6 (9): 2919-2928.  



 

224 
 

Hofmann, R. W., Jahufer, M. Z. (2011). Tradeoff between biomass and flavonoid accumulation in white 
clover reflects contrasting plant strategies. PLOS One, 6 (4).  

Hofmann, R. W., Swinny, E. E., Bloor, S. J., Markham, K. R., Ryan, K. G., Campbell, B. D., Jordan, B. R., 
Fountain, D. W. (2000). Responses of nine Trifolium repens L. populations to ultraviolet-B 
radiation: differential flavonol glycoside accumulation and biomass production. Annals of 
Botany, 86 (3): 527-537.  

Hoglund, J., Brock, J. (1974). Growth of ‘Grasslands Huia’and ‘Grasslands 4700’ white clovers: I. Effects 
of temperature and nitrogen. New Zealand Journal of Agricultural Research, 17 (1): 41-45.  

Holland, J. B. (2007). Genetic architecture of complex traits in plants. Current Opinion in Plant Biology, 
10 (2): 156-161.  

Howieson, J., Ballard, R. (2004). Optimising the legume symbiosis in stressful and competitive 
environments within southern Australia—some contemporary thoughts. Soil Biology and 
Biochemistry, 36 (8): 1261-1273.  

Howieson, J., Yates, R., Foster, K., Real, D., Besier, R. (2008). Prospects for the future use of legumes. 
In M. J. Dilworth, E. K. James, J. I. Sprent, & W. E. Newton (Eds.), Nitrogen-fixing Leguminous 
Symbioses (Vol. 7, pp. 363-394): Springer Netherlands. 

Howieson, J., Yates, R., O’hara, G., Ryder, M., Real, D. (2005). The interactions of Rhizobium 
leguminosarum biovar trifolii in nodulation of annual and perennial Trifolium spp. from diverse 
centres of origin. Australian Journal of Experimental Agriculture, 45 (3): 199-207.  

Hoyos-Villegas, V., O’Connor, J., Heslop, A., Hilditch, A., Jahufer, M., Barrett, B. (2019). Rate of genetic 
gain for persistence to grazing and dry matter yield in white clover across 90 years of cultivar 
development. Crop Science, 59 (2): 537-552.  

Humphreys, M. (1995). Multitrait response to selection in Lolium perenne L. (perennial ryegrass) 
populations. Heredity, 74 (5): 510.  

Jahufer, M., Barrett, B., Griffiths, A., Woodfield, D. (2003). DNA fingerprinting and genetic relationships 
among white clover cultivars. Proceedings of the New Zealand Grassland Association, 65: 163-
169.  

Jahufer, M., Casler, M. D. (2015). Application of the Smith-Hazel selection index for improving biomass 
yield and quality of switchgrass. Crop Science, 55 (3): 1212-1222.  

Jahufer, M., Cooper, M., Ayres, J., Bray, R. (2002). Identification of research to improve the efficiency 
of breeding strategies for white clover in Australia-a review. Australian Journal of Agricultural 
Research, 53 (3): 239-257.  

Jahufer, M., Cooper, M., Bray, R., Ayres, J. (1999). Evaluation of white clover (Trifolium repens L.) 
populations for summer moisture stress adaptation in Australia. Australian Journal of 
Agricultural Research, 50 (4): 561-574.  

Jahufer, M., Cooper, M., Brien, L. (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 (3): 703-720.  



 

225 
 

Jahufer, M., Cooper, M., Lane, L. (1995). Variation among low rainfall white clover (Trifolium repens L.) 
accessions for morphological attributes and herbage yield. Australian Journal of Experimental 
Agriculture, 35 (8): 1109-1116.  

Jahufer, M., Gawler, F. (2000). Genotypic variation for seed yield components in white clover (Trifolium 
repens L.). Australian Journal of Agricultural Research, 51 (6): 657-663.  

Jahufer, M., Luo, D. (2018). DeltaGen: A comprehensive decision support tool for plant breeders. Crop 
Science, 58 (3): 1118-1131.  

Jain, A., Roorkiwal, M., Pandey, M. K., Varshney, R. K. (2017). Current status and prospects of genomic 
selection in legumes. In R. K. Varshney, M. Roorkiwal, & M. E. Sorrells (Eds.), Genomic Selection 
for Crop Improvement (pp. 131-147): Springer International Publishing. 

Jannink, J.-L., Lorenz, A. J., Iwata, H. (2010). Genomic selection in plant breeding: from theory to 
practice. Briefings in Functional Genomics, 9 (2): 166-177.  

Jarquín, D., Kocak, K., Posadas, L., Hyma, K., Jedlicka, J., Graef, G., Lorenz, A. (2014). Genotyping by 
sequencing for genomic prediction in a soybean breeding population. BMC Genomics, 15 (1): 
740.  

Jarquín, D., Lemes da Silva, C., Gaynor, R. C., Poland, J., Fritz, A., Howard, R., Battenfield, S., Crossa, J. 
(2017). Increasing genomic-enabled prediction accuracy by modeling genotype× environment 
interactions in Kansas wheat. The Plant Genome, 10 (2).  

Jensen, M., Webster, J., Straus, N. (1993). Rapid identification of bacteria on the basis of polymerase 
chain reaction-amplified ribosomal DNA spacer polymorphisms. Applied and Environmental 
Microbiology, 59 (4): 945-952.  

Jia, C., Zhao, F., Wang, X., Han, J., Zhao, H., Liu, G., Wang, Z. (2018). Genomic prediction for 25 
agronomic and quality traits in alfalfa (Medicago sativa). Frontiers in Plant Science, 9: 1220.  

Jolliffe, I. (2002). Principal Component Analysis (2nd ed.): Springer-Verlag New York. 

Jones, D. (1962). Variation in nodulation characteristics in S. 100 Nomark white clover (Trifolium repens 
L.). Journal of the Science of Food and Agriculture, 13 (11): 598-603.  

Jones, D., Burrows, A. (1968). Breeding for increased nodule tissue in white clover (Trifolium repens 
L.). The Journal of Agricultural Science, 71 (1): 73-79.  

Jones, D., Hardarson, G. (1979). Variation within and between white clover varieties in their preference 
for strains of Rhizobium trifolii. Annals of Applied Biology, 92 (2): 221-228.  

Jones, D., Russell, P. (1972). The application of immunofluorescence techniques to host plant/nodule 
bacteria selectivity experiments using Trifolium repens. Soil Biology and Biochemistry, 4 (3): 
277-282.  

Jones, D. G., Burrows, A. C. (1969). Acid production and symbiotic effectiveness in Rhizobium trifolii. 
Soil Biology and Biochemistry, 1 (1): 57-61.  

Jones, N., Ougham, H., Thomas, H., Pasakinskiene, I. (2009). Markers and mapping revisited: Finding 
your gene. The New Phytologist, 183 (4): 935-966.  



 

226 
 

Jorgensen, F. V., Ledgard, S. F. (1997). Contribution from stolons and roots to estimates of the total 
amount of N2 fixed by white clover (Trifolium repens L.). Annals of Botany, 80 (5): 641-648.  

Kamfwa, K., Cichy, K. A., Kelly, J. D. (2015). Genome-wide association analysis of symbiotic nitrogen 
fixation in common bean. Theoretical and Applied Genetics, 128 (10): 1999-2017.  

Kamfwa, K., Cichy, K. A., Kelly, J. D. (2019). Identification of quantitative trait loci for symbiotic nitrogen 
fixation in common bean. Theoretical and Applied Genetics, 132 (5): 1375-1387.  

Kay, D. E. (1979). Food legumes. London, United Kingdom: Tropical Products Institute, Ministry of 
Overseas Development. 

Kearsey, M., Farquhar, A. (1998). QTL analysis in plants; where are we now? Heredity, 80 (2): 137.  

Kiers, E. T., Denison, R. F. (2008). Sanctions, cooperation, and the stability of plant-rhizosphere 
mutualisms. Annual Review of Ecology, Evolution, and Systematics, 39: 215-236.  

Kiers, E. T., Heijden, M. G. v. d. (2006). Mutualistic stability in the arbuscular mycorrhizal symbiosis: 
exploring hypotheses of evolutionary cooperation. Ecology, 87 (7): 1627-1636.  

Kiers, E. T., Hutton, M. G., Denison, R. F. (2007). Human selection and the relaxation of legume 
defences against ineffective rhizobia. Proceedings of the Royal Society of London B: Biological 
Sciences, 274 (1629): 3119-3126.  

Kiers, E. T., Rousseau, R. A., West, S. A., Denison, R. F. (2003). Host sanctions and the legume-Rhizobium 
mutualism. Nature, 425 (6953): 78.  

Kobayashi, H., Broughton, W. (2008). Fine-tuning of symbiotic genes in rhizobia: flavonoid signal 
transduction cascade. In M. J. Dilworth, E. K. James, J. I. Sprent, & W. E. Newton (Eds.), 
Nitrogen-fixing Leguminous Symbioses (Vol. 7, pp. 117-152): Springer Netherlands. 

Kumar, N., Lad, G., Giuntini, E., Kaye, M. E., Udomwong, P., Shamsani, N. J., Young, J. P. W., Bailly, X. 
(2015). Bacterial genospecies that are not ecologically coherent: population genomics of 
Rhizobium leguminosarum. Open Biology, 5 (1): 140133.  

Lau, J. A., Bowling, E. J., Gentry, L. E., Glasser, P. A., Monarch, E. A., Olesen, W. M., Waxmonsky, J., 
Young, R. T. (2012). Direct and interactive effects of light and nutrients on the legume-rhizobia 
mutualism. Acta Oecologica, 39: 80-86.  

Layzell, D. B., Pate, J. S., Atkins, C. A., Canvin, D. T. (1981). Partitioning of carbon and nitrogen and the 
nutrition of root and shoot apex in a nodulated legume. Plant Physiology, 67 (1): 30-36.  

Ledgard, S., Penno, J., Sprosen, M. (1999). Nitrogen inputs and losses from clover/grass pastures 
grazed by dairy cows, as affected by nitrogen fertilizer application. The Journal of Agricultural 
Science, 132 (2): 215-225.  

Leffel, R., Cregan, P., Bolgiano, A., Thibeau, D. (1992). Nitrogen metabolism of normal and high-seed-
protein soybean. Crop Science, 32 (3): 747-750.  

Lerouge, P., Roche, P., Faucher, C., Maillet, F., Truchet, G., Promé, J. C., Dénarié, J. (1990). Symbiotic 
host-specificity of Rhizobium meliloti is determined by a sulphated and acylated glucosamine 
oligosaccharide signal. Nature, 344 (6268): 781.  



 

227 
 

Leung, K., Strain, S. R., de Bruijn, F. J., Bottomley, P. J. (1994). Genotypic and phenotypic comparisons 
of chromosomal types within an indigenous soil population of Rhizobium leguminosarum bv. 
trifolii. Applied and Environmental Microbiology, 60 (2): 416-426.  

Li, B., Zhang, N., Wang, Y.-G., George, A. W., Reverter, A., Li, Y. (2018). Genomic prediction of breeding 
values using a subset of SNPs identified by three machine learning methods. Frontiers in 
Genetics, 9: 237.  

Li, X., Wei, Y., Acharya, A., Hansen, J. L., Crawford, J. L., Viands, D. R., Michaud, R., Claessens, A., 
Brummer, E. C. (2015). Genomic prediction of biomass yield in two selection cycles of a 
tetraploid alfalfa breeding population. The Plant Genome, 8 (2): 1-10.  

Lopez-Cruz, M., Crossa, J., Bonnett, D., Dreisigacker, S., Poland, J., Jannink, J.-L., Singh, R. P., Autrique, 
E., de los Campos, G. (2015). Increased prediction accuracy in wheat breeding trials using a 
marker × environment interaction genomic selection model. G3: Genes, Genomes, Genetics, 5 
(4): 569-582.  

Lorenz, A., Chao, S., Asoro, F., Heffner, E., Hayashi, T., Iwata, H., Smith, K., Sorrells, M., Jannink, J. 
(2011). Genomic Selection in Plant Breeding: Knowledge and Prospects (L. Donald Ed.): 
Academic Press. 

Lorenz, A. J., Smith, K. P. (2015). Adding genetically distant individuals to training populations reduces 
genomic prediction accuracy in barley. Crop Science, 55 (6): 2657-2667.  

Lorenz, A. J., Smith, K. P., Jannink, J.-L. (2012). Potential and optimization of genomic selection for 
Fusarium head blight resistance in six-row barley. Crop Science, 52 (4): 1609-1621.  

Lorenzana, R. E., Bernardo, R. (2009). Accuracy of genotypic value predictions for marker-based 
selection in biparental plant populations. Theoretical and Applied Genetics, 120 (1): 151-161.  

Lowe, J., Holding, A. (1970). Influence of clover source and of nutrient manganese concentrations on 
the Rhizobium/ white clover association. Proceedings of the British Grassland Society 
Conference (6): 61-70.  

Lowther, W., Kerr, G. (2011). White clover seed inoculation and coating in New Zealand. Proceedings 
of the New Zealand Grasslands Association, 73: 93-102.  

Lowther, W., McDonald, I. (1973). Inoculation and pelleting of clover for oversowing. New Zealand 
Journal of Experimental Agriculture, 1 (2): 175-179.  

Lucas, R. J., Smith, M. C., Jarvis, P., Mills, A., Moot, D. J. (2010). Nitrogen fixation by subterranean and 
white clovers in dryland cocksfoot pastures. Proceedings of the New Zealand Grassland 
Association, 72: 141-146.  

Mackay, T. F. (2001). The genetic architecture of quantitative traits. Annual Review of Genetics, 35 (1): 
303-339.  

Marshall, D. J., Bateman, J. D., Brockwell, J. (1993). Validation of a serial-dilution, plant-infection test 
for enumerating Rhizobium leguminosarum bv. viciae and its application for counting rhizobia 
in acid soils. Soil Biology and Biochemistry, 25 (2): 261-268.  

Mårtensson, A., Rydberg, I. (1996). Cultivar× rhizobial strain interactions in peas with respect to early 
symbiosis, nodule initiation and N uptake. Plant Breeding, 115 (5): 402-406.  



 

228 
 

Martínez-Romero, E. (1994). Recent developments in Rhizobium taxonomy. Plant and Soil, 161: 11-20.  

Masterson, C., Sherwood, M. T. (1974). Selection of Rhizobium trifolii strains by white and 
subterranean clovers. Irish Journal of Agricultural Research, 13: 91-99.  

Mather, R., Melhuish, D., Herlihy, M. (1995). Trends in the global marketing of white clover cultivars. 
In D. Woodfield (Ed.), White Clover: New Zealand’s competitive edge. Grassland Research and 
Practice Series No. 6 (pp. 7-14). Christchurch, New Zealand: New Zealand Grasslands 
Association. 

Matsuzaki, H., Dong, S., Loi, H., Di, X., Liu, G., Hubbell, E., Law, J., Berntsen, T., Chadha, M., Hui, H. 
(2004). Genotyping over 100,000 SNPs on a pair of oligonucleotide arrays. Nature Methods, 1 
(2): 109.  

Maunoury, N., Kondorosi, A., Kondorosi, E., Mergaert, P. (2008). Cell biology of nodule infection and 
development. In M. J. Dilworth, E. K. James, J. I. Sprent, & W. E. Newton (Eds.), Nitrogen-Fixing 
Leguminous Symbioses (Vol. 7, pp. 153-189): Springer Netherlands. 

McDermott, T. R., Graham, P. H. (1989). Bradyrhizobium japonicum inoculant mobility, nodule 
occupancy, and acetylene reduction in the soybean root system. Applied and Environmental 
Microbiology, 55 (10): 2493-2498.  

McFerson, J., Bliss, F. (1982). Selection for enhanced nitrogen fixation in common bean. HortScience, 
17 (3): 476-476.  

McGill, R., Tukey, J. W., Larsen, W. A. (1978). Variations of box plots. The American Statistician, 32 (1): 
12-16.  

McKnight, T. (1949). Efficiency of isolates of Rhizobium in the cowpea group, with proposed additions 
to this group. Queensland Journal of Agricultural Science, 6: 61-76.  

McLaren, R. G., Cameron, K. C. (1996). Soil Science: Sustainable production and environmental 
protection (Second ed.). Melbourne, Victoria, Australia: Oxford University Press. 

Melino, V., Drew, E., Ballard, R., Reeve, W., Thomson, G., White, R., O'hara, G. (2012). Identifying 
abnormalities in symbiotic development between Trifolium spp. and Rhizobium 
leguminosarum bv. trifolii leading to sub-optimal and ineffective nodule phenotypes. Annals 
of Botany, 110 (8): 1559-1572.  

Meuwissen, T., Hayes, B., Goddard, M. (2001). Prediction of total genetic value using genome-wide 
dense marker maps. Genetics, 157 (4): 1819-1829.  

Miller, J., Zary, K., Fernandez, G. (1986). Inheritance of N2 fixation efficiency in cowpea. Euphytica, 35 
(2): 551-560.  

Minchin, F. (1997). Regulation of oxygen diffusion in legume nodules. Soil Biology and Biochemistry, 
29 (5-6): 881-888.  

Minchin, F., Pate, J. (1973). The carbon balance of a legume and the functional economy of its root 
nodules. Journal of Experimental Botany, 24 (2): 259-271.  

Moll, R., Stuber, C. (1974). Quantitative genetics—empirical results relevant to plant breeding (Vol. 26): 
Elsevier. 



 

229 
 

Moose, S. P., Mumm, R. H. (2008). Molecular plant breeding as the foundation for 21st century crop 
improvement. Plant Physiology, 147 (3): 969-977.  

Muir, W. (2007). Comparison of genomic and traditional BLUP‐estimated breeding value accuracy and 
selection response under alternative trait and genomic parameters. Journal of Animal 
Breeding and Genetics, 124 (6): 342-355.  

Muranty, H., Troggio, M., Sadok, I. B., Al Rifaï, M., Auwerkerken, A., Banchi, E., Velasco, R., Stevanato, 
P., Van De Weg, W. E., Di Guardo, M. (2015). Accuracy and responses of genomic selection on 
key traits in apple breeding. Horticulture Research, 2: 15060.  

Mytton, L. (1973). The effect of seed weight on the early growth and nodulation of white clover. Annals 
of Applied Biology, 73 (3): 329-338.  

Mytton, L. (1975). Plant genotype × Rhizobium strain interactions in white clover. Annals of Applied 
Biology, 80 (1): 103-107.  

Mytton, L. (1976). The relative performance of white clover genotypes with rhizobial and mineral 
nitrogen in agar culture and in soil. Annals of Applied Biology, 82 (3): 577-587.  

Mytton, L. (1978). Some problems and potentialities in breeding for improved white clover‐rhizobium 
(Trifolium repens‐Rhizobium trifolli) symbiosis. Annals of Applied Biology, 88 (3): 445-448.  

Mytton, L. (1981). Breeding legumes for symbiotic characters. In A. H. Gibson & W. E. Newton (Eds.), 
Current Perspectives in Nitrogen Fixation: Proceedings of the Fourth International Symposium 
on Nitrogen Fixation Held in Canberra, Australia, 1 to 5 December 1980 (pp. 420): 
Elsevier/North-Holland Biomedical Press. 

Mytton, L. (1983). Host plant selection and breeding for improved symbiotic efficiency. In D. Jones & 
D. Davis (Eds.), The Physiology, Genetics and Nodulation of Temperate Legumes (pp. 373-393). 
London: Pitman Books Ltd. 

Mytton, L. (1984). Developing a breeding strategy to exploit quantitative variation in symbiotic 
nitrogen fixation. Plant and Soil, 82 (3): 329-335.  

Mytton, L., Brockwell, J., Gibson, A. (1984). The potential for breeding an improved lucerne-Rhizobium 
symbiosis. 1. Assessment of genetic variation. Euphytica, 33 (2): 401-410.  

Mytton, L., El-Sherbeeny, M., Lawes, D. (1977). Symbiotic variability in Vicia faba. 3. Genetic effects of 
host plant, Rhizobium strain and of host × strain interaction. Euphytica, 26 (3): 785-791.  

Mytton, L., Felice, J. d. (1977). The effect of mixtures of Rhizobium strains on the dry matter production 
of white clover grown in agar. Annals of Applied Biology, 87 (1): 83-93.  

Mytton, L., Jones, D. (1971). The response to selection for increased nodule tissue in white clover 
(Trifolium repens L.). Plant and Soil, 35 (1): 17-25.  

Mytton, L., Rys, G. (1985). The potential for breeding white clover (Trifolium repens L.) with improved 
nodulation and nitrogen fixation when grown with combined nitrogen. Plant and Soil, 88 (2): 
197-211.  

Neilan, J., Dowling, D., Dunican, L. (1984). Host selection of Rhizobium trifolii on Trifolium repens 
(clover). Biochemical Society Transactions, 12: 492.  



 

230 
 

Nguyen, H., Sleper, D. (1983). Theory and application of half-sib matings in forage grass breeding. 
Theoretical and Applied Genetics, 64 (3): 187-196.  

Nicol, H., Thornton, H. G. (1941). Competition between related strains of nodule bacteria and its 
influence on infection of the legume host. Proceedings of the Royal Society of London. Series 
B-Biological Sciences, 130 (858): 32-59.  

Nutman, P. (1954). Symbiotic effectiveness in nodulated red clover. I. Variation in host and in bacteria. 
Heredity, 8: 35-46.  

Nutman, P. (1967). Varietal differences in the nodulation of subterranean clover. Australian Journal of 
Agricultural Research, 18 (3): 381-425.  

Nutman, P. (1981). Hereditary host factors affecting nodulation and nitrogen fixation [legumes]. Paper 
presented at the 4th International Symposium on Nitrogen Fixation. Canberra, ACT (Australia). 
1 Dec 1980. 

Nutman, P. (1984). Improving nitrogen fixation in legumes by plant breeding; the relevance of host 
selection experiments in red clover (Trifolium pratense L.) and subterranean clover (T. 
subterraneum L.). Plant and Soil, 82 (3): 285-301.  

Nutman, P., Mareckova, H., Raicheva, L. (1971). Selection for increased nitrogen fixation in red clover. 
Plant and Soil, 35 (1): 27-31.  

Nutman, P., Read, M. P. (1952). Symbiotic adaptation in local strains of red clover and nodule bacteria. 
Plant and Soil, 4 (1): 57-75.  

Nyquist, W. E., Baker, R. (1991). Estimation of heritability and prediction of selection response in plant 
populations. Critical Reviews in Plant Sciences, 10 (3): 235-322.  

Odee, D., Haukka, K., McInroy, S., Sprent, J., Sutherland, J., Young, J. P. W. (2002). Genetic and 
symbiotic characterization of rhizobia isolated from tree and herbaceous legumes grown in 
soils from ecologically diverse sites in Kenya. Soil Biology and Biochemistry, 34 (6): 801-811.  

Oldroyd, G. E., Harrison, M. J., Udvardi, M. (2005). Peace talks and trade deals. Keys to long-term 
harmony in legume-microbe symbioses. Plant Physiology, 137 (4): 1205-1210.  

Oldroyd, G. E., Murray, J. D., Poole, P. S., Downie, J. A. (2011). The rules of engagement in the legume-
rhizobial symbiosis. Annual Review of Genetics, 45: 119-144.  

Oono, R., Denison, R. F., Kiers, E. T. (2009). Controlling the reproductive fate of rhizobia: how universal 
are legume sanctions? New Phytologist, 183 (4): 967-979.  

Park, T., Casella, G. (2008). The Bayesian Lasso. Journal of the American Statistical Association, 103 
(482): 681-686.  

Patel, J., Lambert, M. (1985). Symbiotic effectiveness of root nodule bacteria isolated from white clover 
growing in North Island hill pastures. New Zealand Journal of Experimental Agriculture, 13 (3): 
215-218.  

Patterson, H. D., Thompson, R. (1971). Recovery of inter-block information when block sizes are 
unequal. Biometrika, 58 (3): 545-554.  



 

231 
 

Paungfoo-Lonhienne, C., Visser, J., Lonhienne, T. G., Schmidt, S. (2012). Past, present and future of 
organic nutrients. Plant and Soil, 359 (1-2): 1-18.  

Pederson, G., Brink, G., Caradus, J. (1999). Growth of United States versus New Zealand white clover 
cultivars in diverse grasses in Mississippi, USA. New Zealand Journal of Agricultural Research, 
42 (2): 115-123.  

Pembleton, L. W., Inch, C., Baillie, R. C., Drayton, M. C., Thakur, P., Ogaji, Y. O., Spangenberg, G. C., 
Forster, J. W., Daetwyler, H. D., Cogan, N. O. (2018). Exploitation of data from breeding 
programs supports rapid implementation of genomic selection for key agronomic traits in 
perennial ryegrass. Theoretical and Applied Genetics, 131 (9): 1891-1902.  

Peoples, M. B., Hebb, D., Gibson, A., Herridge, D. (1989). Development of the xylem ureide assay for 
the measurement of nitrogen fixation by pigeonpea (Cajanus cajan (L.) Millsp.). Journal of 
Experimental Botany, 40 (5): 535-542.  

Pérez, P., de Los Campos, G. (2014). Genome-wide regression and prediction with the BGLR statistical 
package. Genetics, 198 (2): 483-495.  

Peters, N., Verma, D. (1990). Phenolic compounds as regulators of gene expression in plant-microbe 
interactions. Molecular Plant-Microbe Interactions, 3: 4-8.  

Phillips, D. A., Teuber, L. R. (1985). Genetic improvement of symbiotic nitrogen fixation in legumes. In 
J. H. Evans, P. J. Bottomley, & W. E. Newton (Eds.), Nitrogen fixation research progress (Vol. 1, 
pp. 11-17): Springer Netherlands. 

Pinto, C. M., Yao, P., Vincent, J. (1974). Nodulating competitiveness amongst strains of Rhizobium 
meliloti and R. trifolii. Australian Journal of Agricultural Research, 25 (2): 317-329.  

Poland, J. A., Rife, T. W. (2012). Genotyping-by-sequencing for plant breeding and genetics. The Plant 
Genome, 5 (3): 92-102.  

Posselt, U. K. (2010). Breeding methods in cross-pollinated species. In B. Boller, U. K. Posselt, & F. 
Veronesi (Eds.), Fodder Crops and Amenity Grasses (Vol. 5, pp. 39-87): Springer-Verlag New 
York. 

Prell, J., Poole, P. (2006). Metabolic changes of rhizobia in legume nodules. Trends in Microbiology, 14 
(4): 161-168.  

Provorov, N., Tikhonovich, I. (2003). Genetic resources for improving nitrogen fixation in legume-
rhizobia symbiosis. Genetic Resources and Crop Evolution, 50 (1): 89-99.  

Quebedeaux, B. (1979). Symbiotic N2 fixation and its relationship to photosynthetic carbon fixation in 
higher plants. In M. Gibbs & E. Latski (Eds.), Photosynthesis: II. Photosynthetic carbon 
metabolism and related processes (pp. 472-480). New York: Springer-Verlag. 

Radutoiu, S., Madsen, L. H., Madsen, E. B., Felle, H. H., Umehara, Y., Grønlund, M., Sato, S., Nakamura, 
Y., Tabata, S., Sandal, N. (2003). Plant recognition of symbiotic bacteria requires two LysM 
receptor-like kinases. Nature, 425 (6958): 585.  

Ramana, J. (2018). Investigating variation in associations with belowground micro-organisms of historic 
and current white clover germplasm. (Masters of Science), Lincoln University, Christchurch, 
New Zealand.    



 

232 
 

Reeve, W., Tian, R., De Meyer, S., Melino, V., Terpolili, J., Ardley, J., Tiwari, R., Howieson, J., Yates, R., 
O'hara, G., Ninawi, M., Teshima, H., Bruce, D., Detter, C., Tapia, R., Cliff, H., Wei, C., 
Huntemann, M., Han, J., Chen, I., Mavromatis, K., Markowitz, V., Ivanova, N., Ovchinnikova, G., 
Pagani, I., Pati, A., Goodwin, L., Pitluck, S., Woyke, T., Kyripides, N. (2013). Genome sequence 
of the clover-nodulating Rhizobium leguminosarum bv. trifolii strain TA1. Standards in 
Genomic Sciences, 9: 243-253. doi:10.4056/sigs.4488254 

Rennie, R., Kemp, G. (1983a). N2-Fixation in Field Beans Quantified by 15N Isotope Dilution. I. Effect of 
Strains of Rhizobium phaseoli. Agronomy Journal, 75 (4): 640-644.  

Rennie, R., Kemp, G. (1983b). N2-Fixation in Field Beans Quantified by 15N Isotope Dilution. II. Effect of 
Cultivars of Beans. Agronomy Journal, 75 (4): 645-649.  

Resende  Jr, M., Muñoz, P., Acosta, J., Peter, G., Davis, J., Grattapaglia, D., Resende, M., Kirst, M. (2012). 
Accelerating the domestication of trees using genomic selection: accuracy of prediction 
models across ages and environments. New Phytologist, 193 (3): 617-624.  

Richards, R. (2011). A survey of the genetic diversity in populations of white clover, Trifolium repens 
with a focus on South-Western Europe. (Masters of Science), Massey University, Palmerston 
North, New Zealand.    

Riedelsheimer, C., Endelman, J. B., Stange, M., Sorrells, M. E., Jannink, J.-L., Melchinger, A. E. (2013). 
Genomic predictability of interconnected biparental maize populations. Genetics, 194 (2): 493-
503.  

Robinson, A. (1969a). Competition between effective and ineffective strains of Rhizobium trifolii in the 
nodulation of Trifolium subterraneum. Australian Journal of Agricultural Research, 20 (5): 827-
841.  

Robinson, A. (1969b). Host selection for effective Rhizobium trifolii by red clover and subterranean 
clover in the field. Australian Journal of Agricultural Research, 20 (6): 1053-1060.  

Robinson, D., Hodge, A., Griffiths, B. S., Fitter, A. H. (1999). Plant root proliferation in nitrogen–rich 
patches confers competitive advantage. Proceedings of the Royal Society of London B: 
Biological Sciences, 266 (1418): 431-435.  

Rogers, G., Bryant, A., McLeay, L. (1979). Silage and dairy cow production: III. Abomasal infusions of 
casein, methionine, and glucose, and milk yield and composition. New Zealand Journal of 
Agricultural Research, 22 (4): 533-541.  

Rogers, G., Porter, R., Robinson, I. (1982). Comparison of perennial rye-grass and white clover for milk 
production. Occasional Publication, New Zealand Society of Animal Production (New Zealand), 
8: 213-214.  

Rolfe, B. G., Gresshoff, P. M. (1980). Rhizobium trifolii mutant interactions during the establishment of 
nodulation in white clover. Australian Journal of Biological Sciences, 33 (4): 491-504.  

Ronis, D., Sammons, D., Kenworthy, W., Meisinger, J. (1985). Heritability of total and fixed N content 
of the seed in two soybean populations. Crop Science, 25 (1): 1-4.  

Ronson, C., Lowther, W., Woodfield, D. (1996). Issues affecting the competitiveness of white clover 
rhizobia in New Zealand pastures. Special Publication-Agronomy Society of New Zealand: 87-
90.  



 

233 
 

Roorkiwal, M., Rathore, A., Das, R. R., Singh, M. K., Jain, A., Srinivasan, S., Gaur, P. M., Chellapilla, B., 
Tripathi, S., Li, Y. (2016). Genome-enabled prediction models for yield related traits in 
chickpea. Frontiers in Plant Science, 7: 1666.  

Rowe, D., Brink, G. (1993). Heritabilities and genetic correlations of white clover clones grown in three 
environments. Crop Science, 33 (6): 1149-1152.  

Russell, P., Jones, D. G. (1975). Variation in the selection of Rhizobium trifolii by varieties of red and 
white clover. Soil Biology and Biochemistry, 7 (1): 15-18.  

Rutkoski, J. E., Heffner, E. L., Sorrells, M. E. (2011). Genomic selection for durable stem rust resistance 
in wheat. Euphytica, 179 (1): 161-173.  

Ryle, G., Arnott, R., Powell, C. (1981). Distribution of dry weight between root and shoot in white clover 
dependent on N2 fixation or utilizing abundant nitrate nitrogen. Plant and Soil, 60 (1): 29-39.  

Rys, G., Bonish, P. (1981). Effectiveness of Rhizobium trifolii populations associated with Trifolium 
species in Taranaki, New Zealand. New Zealand Journal of Experimental Agriculture, 9 (3-4): 
329-335.  

Rys, G., Bonish, P. (1984). Influence of inoculation and additional nutrients on establishment of the 
white clover symbiosis in cultivated soil. New Zealand Journal of Experimental Agriculture, 12 
(4): 295-301.  

Rys, G., Mytton, L. (1985). The potential for breeding white clover (Trifolium repens L.) with improved 
nodulation and nitrogen fixation when grown with combined nitrogen. Plant and Soil, 88 (2): 
181-195.  

Saatchi, M., McClure, M. C., McKay, S. D., Rolf, M. M., Kim, J., Decker, J. E., Taxis, T. M., Chapple, R. H., 
Ramey, H. R., Northcutt, S. L. (2011). Accuracies of genomic breeding values in American Angus 
beef cattle using K-means clustering for cross-validation. Genetics Selection Evolution, 43 (1): 
40.  

Sager, J. C., McFarlane, J. C. (1997). Radiation. Plant growth chamber handbook: 1-29.  

Sanders, J., Brown, D. (1976). Effect of variations in the shoot: root ratio upon the chemical 
composition and growth of soybeans. Agronomy Journal, 68 (5): 713-717.  

Sanderson, K., Webster, M. (2009). Economic analysis of the value of pasture to the New Zealand 
economy. Business and Economic Research Limited (BERL) Report to Pasture Renewal 
Charitable Trust.   

Schlaman, H. R., Phillips, D. A., Kondorosi, E. (1998). Genetic organization and transcriptional regulation 
of rhizobial nodulation genes. In H. P. Spaink, A. Kondorosi, & P. Hooykaas (Eds.), The 
Rhizobiaceae (pp. 361-386): Springer Netherlands. 

Schlötterer, C. (2004). The evolution of molecular markers—just a matter of fashion? Nature Reviews 
Genetics, 5 (1): 63.  

Schofield, P., Gibson, A., Dudman, W., Watson, J. (1987). Evidence for genetic exchange and 
recombination of Rhizobium symbiotic plasmids in a soil population. Applied and 
Environmental Microbiology, 53 (12): 2942-2947.  



 

234 
 

Schwedock, J., Long, S. R. (1989). Nucleotide sequence and protein products of two new nodulation 
genes of Rhizobium meliloti, nodP and nodQ. Molecular Plant-Microbe Interactions, 2 (4): 181-
194.  

Sears, P., Hyde, E., Greenwood, R. (1955). Pasture establishment on pumice soils. Proceedings of the 
New Zealand Grasslands Association, 17: 149-150.  

Seetin, M., Barnes, D. (1977). Variation among alfalfa genotypes for rate of acetylene reduction. Crop 
Science, 17 (5): 783-787.  

Semagn, K., Bjørnstad, Å., Ndjiondjop, M. (2006). Principles, requirements and prospects of genetic 
mapping in plants. African Journal of Biotechnology, 5 (25): 2569-2587.  

Sessitsch, A., Howieson, J., Perret, X., Antoun, H., Martinez-Romero, E. (2002). Advances in Rhizobium 
research. Critical Reviews in Plant Sciences, 21 (4): 323-378.  

Shah, A. S. (2019). An investigation of the ecology of rhizobia that nodulate white and subterranean 
clovers in response to soil pH. (Doctor of Philosophy), Lincoln University, Christchurch, New 
Zealand.    

Sheehy, J., Vazzana, C., Minchin, F. (1983). Light quality, symbiotic nitrogen fixation and growth in 
white clover plants. Plant and Soil, 73 (1): 117-128.  

Shen, R., Fan, J.-B., Campbell, D., Chang, W., Chen, J., Doucet, D., Yeakley, J., Bibikova, M., Garcia, E. 
W., McBride, C. (2005). High-throughput SNP genotyping on universal bead arrays. Mutation 
Research/Fundamental and Molecular Mechanisms of Mutagenesis, 573 (1-2): 70-82.  

Sherwood, M. T., Masterson, C. (1974). Importance of using the correct test host in assessing the 
effectiveness of indigenous populations of Rhizobium trifolii. Irish Journal of Agricultural 
Research, 13: 101-109.  

Shi, S., Villamizar, L., Gerard, E., Ronson, C., Wakelin, S., Ballard, R., Caradus, J. R., O'Callaghan, M. 
(2019). Increasing biological nitrogen fixation by white clover-rhizobia symbiosis. Journal of 
New Zealand Grasslands, 81: 231-234.  

Sikinarum, J., Jaisil, P., Jogloy, S., Toomsan, B., Kesmala, T., Patanothai, A. (2007). Heritability and 
correlation for nitrogen (N2) fixation and related traits in peanut (Arachis hypogaea L.). 
Pakistan Journal of Biological Science, 10 (12): 1956-1962.  

Simms, E. L., Taylor, D. L., Povich, J., Shefferson, R. P., Sachs, J., Urbina, M., Tausczik, Y. (2006). An 
empirical test of partner choice mechanisms in a wild legume–Rhizobium interaction. 
Proceedings of the Royal Society of London: Biological Sciences, 273 (1582): 77-81.  

Simranjit, K., Ranjan, K., Prasanna, R., Ramakrishnan, B., Kanchan, A., Shivay, Y. S. (2019). Exploring 
crop–microbiome interactions towards improving symbiotic performance of chickpea (Cicer 
arietinum) cultivars using cyanobacterial inoculants. Journal of Plant Growth Regulation, 38 
(1): 55-69.  

Singer, M., Holding, A., King, J. (1964). The response of Trifolium repens to inocula containing varying 
proportions of effective and ineffective rhizobia. Proceedings of the International Congress Soil 
Science Society, 2: 1021-1025.  



 

235 
 

Singh, S., Varma, A. (2017). Structure, function, and estimation of leghemoglobin. In A. P. Hansen, D. 
K. Choudhary, P. K. Agrawal, & A. Varma (Eds.), Rhizobium Biology and Biotechnology (Vol. 50, 
pp. 309-330): Springer International Publishing. 

Singleton, P., Bohlool, B., Nakao, P. (1992). Legume response to rhizobial inoculation in the tropics: 
myths and realities. Myths and Science of Soils of the Tropics, 29: 135-155.  

Singleton, P., Stockinger, K. (1983). Compensation against ineffective nodulation in soybean. Crop 
Science, 23 (1): 69-72.  

Skøt, L. (1983). Cultivar and Rhizobium strain effects on the symbiotic performance of pea (Pisum 
sativum). Physiologia Plantarum, 59 (4): 585-589.  

Sleper, D. A., Poehlman, J. M. (1995). Breeding field crops (Fourth ed.). Ames, Iowa: Iowa State 
University Press. 

Smith, H. F. (1936). A discriminant function for plant selection. Annals of Eugenics, 7 (3): 240-250.  

Song, L., Carroll, B., Gresshoff, P., Herridge, D. (1995). Field assessment of supernodulating genotypes 
of soybean for yield, N2 fixation and benefit to subsequent crops. Soil Biology and Biochemistry, 
27 (4-5): 563-569.  

Spindel, J., Begum, H., Akdemir, D., Virk, P., Collard, B., Redona, E., Atlin, G., Jannink, J.-L., McCouch, S. 
R. (2015). Genomic selection and association mapping in rice (Oryza sativa): effect of trait 
genetic architecture, training population composition, marker number and statistical model 
on accuracy of rice genomic selection in elite, tropical rice breeding lines. PLoS Genetics, 11 
(2): e1004982.  

Sprent, J. I. (2009). Legume nodulation: a global perspective: John Wiley & Sons. 

Stępkowski, T., Czaplińska, M., Miedzinska, K., Moulin, L. (2003). The variable part of the dnaK gene as 
an alternative marker for phylogenetic studies of rhizobia and related alpha Proteobacteria. 
Systematic and Applied Microbiology, 26 (4): 483-494.  

Sukumaran, S., Crossa, J., Jarquin, D., Lopes, M., Reynolds, M. P. (2017). Genomic prediction with 
pedigree and genotype × environment interaction in spring wheat grown in South and West 
Asia, North Africa, and Mexico. G3: Genes, Genomes, Genetics, 7 (2): 481-495.  

Summerfield, R., Dart, P., Huxley, P., Eaglesham, A., Minchin, F., Day, J. (1977). Nitrogen nutrition of 
cowpea (Vigna unguiculata). I. Effects of applied nitrogen and symbiotic nitrogen fixation on 
growth and seed yield. Experimental Agriculture, 13 (2): 129-142.  

Svenning, M. M., Junttila, O., Solheim, B. (1991). Symbiotic growth of indigenous white clover 
(Trifolium repens) with local Rhizobium leguminosarum biovar trifolii. Physiologia Plantarum, 
83 (3): 381-389.  

Taiz, L., Zeiger, E. (2010). Plant physiology (Fifth ed.). Sunderland, Massachusetts U.S.A.: Sinauer 
Associates Inc. 

Tan, G.-Y. (1981). Genetic variation for acetylene reduction rate and other characters in alfalfa. Crop 
Science, 21 (4): 485-488.  

 



 

236 
 

Tayeh, N., Klein, A., Le Paslier, M.-C., Jacquin, F., Houtin, H., Rond, C., Chabert-Martinello, M., Magnin-
Robert, J.-B., Marget, P., Aubert, G. (2015). Genomic prediction in pea: effect of marker density 
and training population size and composition on prediction accuracy. Frontiers in Plant Science, 
6: 941.  

Technow, F., Bürger, A., Melchinger, A. E. (2013). Genomic prediction of northern corn leaf blight 
resistance in maize with combined or separated training sets for heterotic groups. G3: Genes, 
Genomes, Genetics, 3 (2): 197-203.  

Teuber, L. R., Phillips, D. A. (1988). Influences of selection method and nitrogen environment on 
breeding alfalfa for increased forage yield and quality. Crop Science, 28 (4): 599-604.  

Thies, J., Holmes, E., Vachot, A. (2001). Application of molecular techniques to studies in Rhizobium 
ecology: a review. Australian Journal of Experimental Agriculture, 41 (3): 299-319.  

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 (1): 17-31.  

Thomson, M. J. (2014). High-throughput SNP genotyping to accelerate crop improvement. Plant 
Breeding and Biotechnology, 2 (3): 195-212.  

Tibshirani, R. (1996). Regression shrinkage and selection via the lasso. Journal of the Royal Statistical 
Society: Series B (Methodological), 58 (1): 267-288.  

Turner, S. L., Young, J. P. W. (2000). The glutamine synthetases of rhizobia: phylogenetics and 
evolutionary implications. Molecular Biology and Evolution, 17 (2): 309-319.  

Ulyatt, M. (1970). Evaluation of pasture quality under New Zealand conditions. Proceedings of the New 
Zealand Grassland Association, 32: 61-68.  

Ulyatt, M. (1981). Feeding value of herbage: can it be improved? New Zealand Agricultural Science, 15: 
200-205.  

Ulyatt, M. (1984). Pasture composition and animal production. In S. Baker, J. Gawthorne, J. 
Mackintosh, & D. Purser (Eds.), Ruminant Physiology: Concepts and Consequences (pp. 195-
203): University of Western Australia. 

Ulyatt, M., Lancashire, J., Jones, W. (1977). The nutritive value of legumes. Proceedings of the New 
Zealand Grassland Association, 38: 107-118.  

Unkovich, M., Herridge, D., Peoples, M., Cadisch, G., Boddey, B., Giller, K., Alves, B., Chalk, P. (2008). 
Measuring plant-associated nitrogen fixation in agricultural systems. Canberra, Australia: 
Australian Centre for International Agricultural Research. 

Unkovich, M. J., Pate, J. S., Sanford, P., Armstrong, E. L. (1994). Potential precision of the 15N natural 
abundance method in field estimates of nitrogen fixation by crop and pasture legumes in 
south-west Australia. Australian Journal of Agricultural Research, 45 (1): 119-132.  

Upsdell, M. (1994). Bayesian smoothers as an extension of non-linear regression. The New Zealand 
Statistician, 29 (2): 66-81.  



 

237 
 

Van den Bosch, J., Lancashire, J., Cooper, B., Lyons, T., Williams, W. (1986). G18 white clover—a new 
cultivar for lowland pastures. Proceedings of the New Zealand Grassland Association, 47: 173-
177.  

van Rhijn, P., Vanderleyden, J. (1995). The Rhizobium-plant symbiosis. Microbiological Reviews, 59 (1): 
124-142.  

Vance, C. (2008). Carbon and nitrogen metabolism in legume nodules. In M. J. Dilworth, E. K. James, J. 
I. Sprent, & W. E. Newton (Eds.), Nitrogen-fixing Leguminous Symbioses (Vol. 7, pp. 293-320): 
Springer Netherlands. 

VanRaden, P. M. (2008). Efficient methods to compute genomic predictions. Journal of Dairy Science, 
91 (11): 4414-4423.  

Vasse, J. M., Truchet, G. L. (1984). The Rhizobium—legume symbiosis: observation of root infection by 
bright-field microscopy after staining with methylene blue. Planta, 161 (6): 487-489.  

Versalovic, J., Koeuth, T., Lupski, R. (1991). Distribution of repetitive DNA sequences in eubacteria and 
application to finerpriting of bacterial enomes. Nucleic Acids Research, 19 (24): 6823-6831.  

Viands, D. R., Barnes, D. K., Heichel, G. H. (1981). Nitrogen Fixation in Alfalfa: Responses to Bidirectional 
Selection for Associated Characteristics. Washington D.C, USA: United States Department of 
Agriculture. 

Vincent, J., Waters, L. M. (1953). The Influence of the Host on Competition amonǵst Clover Root-
nodule Bacteria. Microbiology, 9 (3): 357-370.  

Vincent, J. M. (1970). A manual for the practical study of the root-nodule bacteria (Vol. 15). Oxford, UK: 
Blackwell Scientific Publications. 

Visscher, P. M., Hill, W. G., Wray, N. R. (2008). Heritability in the genomics era—concepts and 
misconceptions. Nature Reviews Genetics, 9 (4): 255-266.  

Vogel, K., Pedersen, J. F. (1993). Breeding systems for cross-pollinated perennial grasses. In J. Janick 
(Ed.), Plant Breeding Reviews (Vol. 11): John Wiley & Sons, Inc. 

Wakelin, S., Tillard, G., van Ham, R., Ballard, R., Farquharson, E., Gerard, E., Geurts, R., Brown, M., 
Ridgway, H., O’Callaghan, M. (2018). High spatial variation in population size and symbiotic 
performance of Rhizobium leguminosarum bv. trifolii with white clover in New Zealand pasture 
soils. PLOS One, 13 (2): e0192607.  

White, J., Hodgson, J. G. (1999). New Zealand pasture and crop science: Oxford University Press. 

White, T. L., Hodge, G. R. (1989). Predicting breeding values with applications in forest tree 
improvement (1 ed. Vol. 33): Springer Netherlands. 

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 (4): 736-
741.  

Widdup, K., Ford, J., Cousins, G., Woodfield, D., Caradus, J., Barrett, B. (2015). A comparison of New 
Zealand and overseas white clover cultivars under grazing in New Zealand. Journal of New 
Zealand Grasslands, 77: 51-56.  



 

238 
 

Wilkins, P., Humphreys, M. (2003). Progress in breeding perennial forage grasses for temperate 
agriculture. The Journal of Agricultural Science, 140 (2): 129-150.  

Williams, W. (1983). White Clover. In G. Wratt & H. Smith (Eds.), Plant Breeding in New Zealand (pp. 
221-228). Wellington, New Zealand: Butterworths of New Zealand Ltd. 

Williams, W., Easton, H., Jones, C. (2007). Future options and targets for pasture plant breeding in New 
Zealand. New Zealand Journal of Agricultural Research, 50 (2): 223-248.  

Williams, W., Verry, I., Ansari, H., Ellison, N., Hussain, S., Widdup, K., Nichols, S., Williamson, M., 
Naeem, M., Ullah, I. (2010). Splitting the clover genome: radical new clovers for agriculture. 
Proceedings of the New Zealand Grassland Association, 72: 273-276.  

Wishart, D. (1969). An algorithm for hierarchical classifications. Biometrics, 25: 165-170.  

Wittenmayer, L., Merbach, W. (2005). Plant responses to drought and phosphorus deficiency: 
contribution of phytohormones in root‐related processes. Journal of Plant Nutrition and Soil 
Science, 168 (4): 531-540.  

Wong, C., Bernardo, R. (2008). Genomewide selection in oil palm: increasing selection gain per unit 
time and cost with small populations. Theoretical and Applied Genetics, 116 (6): 815-824.  

Woodfield, D. (1999). Genetic improvements in New Zealand forage cultivars. Proceedings of the New 
Zealand Grassland Association, 61: 3-7.  

Woodfield, D., Caradus, J. (1990). Estimates of heritability for, and relationships between, root and 
shoot characters of white clover II. Regression of progeny on mid-parent. Euphytica, 46 (3): 
211-215.  

Woodfield, D., Caradus, J. (1994). Genetic improvement in white clover representing six decades of 
plant breeding. Crop Science, 34 (5): 1205-1213.  

Woodfield, D., Clifford, P., Baird, I., Cousins, G., Miller, J., Widdup, K., Caradus, J. (2003). Grasslands 
Tribute: a multi-purpose white clover for Australasia. Proceedings of the New Zealand 
Grassland Association, 65: 157-162.  

Woodfield, D., Clifford, P., Cousins, G., Ford, J., Baird, I., Miller, J., Woodward, S., Caradus, J. (2001). 
Grasslands Kopu II and Crusader: new generation white clovers. Proceedings of the New 
Zealand Grasslands Association, 63: 103-108.  

Wu, S., Harper, J. (1991). Dinitrogen fixation potential and yield of hypernodulating soybean mutants: 
a field evaluation. Crop Science, 31 (5): 1233-1240.  

Wu, S., Harper, J. E. (1990). Nitrogen fixation of nodulation mutants of soybean as affected by nitrate. 
Plant Physiology, 92 (4): 1142-1147.  

Xu, S., Zhu, D., Zhang, Q. (2014). Predicting hybrid performance in rice using genomic best linear 
unbiased prediction. Proceedings of the National Academy of Sciences, 111 (34): 12456-12461.  

Yates, R. (2008). Symbiotic interactions of geographically diverse annual and perennial Trifolium spp. 
with Rhizobium leguminosarum bv. trifolii. (Doctor of Philosophy), Murdoch University.    



 

239 
 

Yates, R., Howieson, J., Real, D., Reeve, W., Vivas-Marfisi, A., O’Hara, G. (2005). Evidence of selection 
for effective nodulation in the Trifolium spp. symbiosis with Rhizobium leguminosarum biovar 
trifolii. Australian Journal of Experimental Agriculture, 45 (3): 189-198.  

Yates, R., Howieson, J., Reeve, W., Brau, L., Speijers, J., Nandasena, K., Real, D., Sezmis, E., O’hara, G. 
(2008). Host–strain mediated selection for an effective nitrogen-fixing symbiosis between 
Trifolium spp. and Rhizobium leguminosarum biovar trifolii. Soil Biology and Biochemistry, 40 
(3): 822-833.  

Yates, R. J., Howieson, J. G., Reeve, W. G., O’Hara, G. W. (2011). A re-appraisal of the biology and 
terminology describing rhizobial strain success in nodule occupancy of legumes in agriculture. 
Plant and Soil, 348 (1-2): 255.  

Young, J., Downer, H., Eardly, B. D. (1991). Phylogeny of the phototrophic rhizobium strain BTAi1 by 
polymerase chain reaction-based sequencing of a 16S rRNA gene segment. Journal of 
Bacteriology, 173 (7): 2271-2277.  

Young, N., Mytton, L. (1983). The response of white clover to different strains of Rhizobium trifolii in 
hill land reseeding. Grass and Forage Science, 38 (1): 13-19.  

Zahran, H. H. (1999). Rhizobium-legume symbiosis and nitrogen fixation under severe conditions and 
in an arid climate. Microbiology and Molecular Biology Reviews, 63 (4): 968-989.  

Zhao, Y., Gowda, M., Liu, W., Würschum, T., Maurer, H. P., Longin, F. H., Ranc, N., Reif, J. C. (2012). 
Accuracy of genomic selection in European maize elite breeding populations. Theoretical and 
Applied Genetics, 124 (4): 769-776.  

Zhong, S., Dekkers, J. C., Fernando, R. L., Jannink, J.-L. (2009). Factors affecting accuracy from genomic 
selection in populations derived from multiple inbred lines: a barley case study. Genetics, 182 
(1): 355-364.  

  



 

240 
 

Appendix A 

Media, chemicals and solutions 

A.1 Standard operating protocol for sterilising equipment for working with 
rhizobia 

Equipment such as bay dividers and watering pipettes were sterilised by autoclaving at 121°C for 15 

min. Prior to use, 4.4 L containers were immersed in 5% bleach for 24 hours, rinsed with autoclaved 

deionised water, dried and sprayed with 70% ethanol.  

A.2 Yeast mannitol agar (YMA) recipe 

To make prepare 1 litre YMA:  

 

 

 

 

Dissolved in 1 L distilled water and autoclaved at 121°C and 15 Psi for 15 minutes.  

 

 

 

 

 

 

 

 

 

Ingredient Amount 

Mannitol 4 g 

Yeast extract 1 g 

Dipotassium hydrogen orthophosphate (K2HPO4) 0.5 g 

Magnesium sulphate (MgSO4) 0.2 g 

Sodium chloride (NaCl) 0.1 g 

Bacteriological agar (Davis Agar) 15 g 
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A.3 McKnight’s nutrient solution 

 To make N-free McKnight’s solution as described by McKnight (1949) and Unkovich et al. (2008). 
Preparation of individual stock solutions (each in a 1 L flask). 

 

To make 1 litre of low-N McKnight’s solution:  

Diluted to 1 L with distilled water and pH adjusted to 6.6. Autoclaved at 121°C and 15 Psi for 
15 minutes.  
 
 
 
 
 
 

Chemical Amount 

Calcium chloride (CaCl2) 20 g/L 

Magnesium sulphate (MgSO4.7H2O) 400 g/L 

Potassium dihydrogen orthophosphate (KH2PO4) 100 g/L 

Potassium chloride (KCl) 150 g/L 

Trace elements stock solution:  

Boric acid (H3BO3) 2.86 g 

Manganese sulfate (MnSO44H2O) 2.03 g 

Zinc sulfate (ZnSO47H2O) 0.222 g 

Copper sulfate (CuSO45H2O) 0.079 g 

Molybdic acid (H2MoO4H2O) 0.09 g 

Added to 1 L of distilled water and mixed  

EDTA stock solution:   

Ethylene diamine tetra-acetic, sodium salt (EDTA) 2 g 

60% wt/vol ferric chloride solution (FeCl3) 16.8 mL 

Made up to 1 L with distilled water  

Sodium hydroxide (NaOH) 40 g 

Made up to 1 L with distilled water  

Chemical Amount 

Calcium chloride (CaCl2) 0.25 mL 

Magnesium sulfate (MgSO4.7H2O) 0.25 mL 

Potassium dihydrogen orthophosphate (KH2PO4) 1 mL 

Potassium chloride (KCl) 1 mL 

Trace elements stock solution 0.5 mL 

Ethylene diamine tetra-acetic, sodium salt (EDTA) and 60% wt/vol ferric 
chloride solution (FeCl3) stock solution 

0.75 mL 

Sodium hydroxide (NaOH) 0.25 mL 

Ammonium nitrate (NH4NO3) (100 mM) 1 mL 
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A.4 Homogenisation buffer  

500 mM sodium chloride (NaCl), 100 mM Tris (pH 7.4), 50 mM EDTA, 52 mM sodium sulphite (Na2SO3), 

0.7% (w/v) sodium dodecyl sulphate (NaC12H25SO4).  

A.5 Precipitation buffer 

3.6 M potassium acetate (C2H3KO2), 2.4 M acetic acid (C2H4O2). 

A.6 Binding buffer 

To make 1000 mL, 191 g of 2 M guanidinium chloride (CH6ClN3), make up to 333 mL with TE (Tris EDTA 

10:1, pH 8), add 667 mL absolute ethanol.  

A.7 Wash buffer 

To make 1000 mL, add 4 mL 5 M sodium chloride (NaCl), 2 mL 1 M Tris-HCl (pH 8), 194 mL H2O, 800 mL 

absolute ethanol.  
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Appendix B 

Univariate analysis for Chapter 3 

B.1 Shoot dry matter (Shoot DM) mixed model term search 

 

 

 

 

 

 

Prob Model terms 
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B.2 Shoot symbiotic potential (Shoot SP) mixed model term search 

Prob Model terms 
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B.3 Root to shoot ratio (RSR) mixed model term search 

Prob Model terms 
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B.4 Shoot dry matter (Shoot DM) Least Significant Intervals (LSI) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cultivar Treatments Cultivar main effect 

No Rhizobia, + N TA1 S12N10 No Rhizobia, No N 

AberLasting 1.25 0.88 0.89 1.14 0.26 

Barblanca 0.87 0.88 0.87 1.10 0.26 

Dutch 0.94 0.93 0.97 1.54 0.26 

Huia 1.12 0.87 0.87 1.13 0.26 

Kent 0.90 0.92 0.92 1.43 0.26 

Klondike 0.87 0.88 0.87 1.13 0.26 

Kopu II 0.95 0.91 0.91 1.22 0.26 

Louisiana 0.98 0.93 0.96 1.22 0.26 

Pitau 0.86 0.86 0.86 1.18 0.26 

Prestige 0.90 0.90 0.91 1.18 0.26 

Regal 0.87 0.86 0.86 1.19 0.26 

Riesling 0.87 0.86 0.87 1.10 0.26 

Rivendel 1.11 0.86 0.88 1.16 0.26 

S100 0.91 0.91 0.92 1.43 0.26 

S184 0.91 0.91 0.91 1.43 0.26 

Tienshan 0.86 0.86 0.87 1.18 0.26 

Tribute 0.73 0.71 0.71 0.83 0.26 

Treatment main effect 0.824 0.822 0.822 0.846  
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B.5 Shoot symbiotic potential (Shoot SP) Least Significant Intervals (LSI) 

 

 

 

Cultivar Treatments Cultivar main effect 

No Rhizobia + N TA1 S12N10 No Rhizobia No N 

AberLasting 0.11 0.09 0.09 0.11 0.09 

Barblanca 0.07 0.07 0.07 0.09 0.08 

Dutch 0.08 0.08 0.08 0.12 0.08 

Huia 0.10 0.09 0.09 0.10 0.09 

Kent 0.08 0.08 0.08 0.11 0.08 

Klondike 0.07 0.07 0.07 0.09 0.08 

Kopu II 0.08 0.08 0.08 0.10 0.08 

Louisiana 0.08 0.08 0.08 0.10 0.08 

Pitau 0.07 0.07 0.07 0.10 0.08 

Prestige 0.08 0.08 0.08 0.10 0.08 

Regal 0.07 0.07 0.07 0.10 0.08 

Riesling 0.07 0.07 0.07 0.09 0.08 

Rivendel 0.10 0.09 0.09 0.11 0.09 

S100 0.08 0.08 0.08 0.11 0.08 

S184 0.08 0.08 0.08 0.11 0.08 

Tienshan 0.07 0.07 0.07 0.10 0.08 

Tribute 0.06 0.06 0.06 0.07 0.08 

Treatment main effect 0.046 0.046 0.046 0.049  
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B.6 Root to shoot ratio (RSR) Least Significant Intervals (LSI) 

 

Cultivar Treatments Cultivar main effect 

No Rhizobia + N TA1 S12N10 No Rhizobia No N 

AberLasting 0.065 0.046 0.046 0.061 0.071 

Barblanca 0.045 0.046 0.046 0.059 0.070 

Dutch 0.049 0.048 0.050 0.079 0.071 

Huia 0.059 0.045 0.045 0.063 0.070 

Kent 0.047 0.048 0.048 0.076 0.070 

Klondike 0.045 0.046 0.045 0.061 0.070 

Kopu II 0.049 0.047 0.047 0.063 0.070 

Louisiana 0.051 0.048 0.050 0.063 0.070 

Pitau 0.045 0.045 0.045 0.062 0.070 

Prestige 0.047 0.047 0.047 0.061 0.070 

Regal 0.045 0.045 0.045 0.062 0.070 

Riesling 0.045 0.045 0.045 0.059 0.070 

Rivendel 0.058 0.045 0.046 0.063 0.070 

S100 0.047 0.047 0.048 0.073 0.070 

S184 0.047 0.047 0.047 0.073 0.070 

Tienshan 0.045 0.045 0.045 0.062 0.070 

Tribute 0.038 0.037 0.037 0.043 0.068 

Treatment main effect 0.038 0.038 0.038 0.039  
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B.7 Means for the nodulation traits number of pink nodules and white 
nodules per plant within 17 white clover cultivars inoculated with either 
a pure culture of the Rhizobium leguminosarum bv. trifolii strain S12N10 
or TA1 

Treatment Cultivar Pink Nodules White Nodules 

S12N10 AberLasting 9.37 0.33 

S12N10 Barblanca 6.78 0.11 

S12N10 Dutch 8.30 0.00 

S12N10 Huia 9.36 0.28 

S12N10 Kent 7.37 0.03 

S12N10 Klondike 6.90 0.20 

S12N10 Kopu_II 9.34 0.02 

S12N10 Louisiana 5.91 0.06 

S12N10 Pitau 10.30 0.70 

S12N10 Prestige 7.38 0.00 

S12N10 Regal 8.50 4.10 

S12N10 Riesling 6.55 0.18 

S12N10 Rivendel 10.48 0.43 

S12N10 S100 6.96 0.21 

S12N10 S184 6.57 0.00 

S12N10 Tienshan 5.10 6.20 

S12N10 Tribute 7.44 0.84 

TA1 AberLasting 6.92 2.87 

TA1 Barblanca 3.50 0.10 

TA1 Dutch 6.19 0.01 

TA1 Huia 6.75 0.06 

TA1 Kent 7.27 0.05 

TA1 Klondike 4.56 0.40 

TA1 Kopu_II 6.31 0.00 

TA1 Louisiana 7.32 0.01 

TA1 Pitau 7.30 0.90 

TA1 Prestige 5.85 0.04 

TA1 Regal 8.40 1.00 

TA1 Riesling 4.31 0.09 

TA1 Rivendel 7.62 0.99 

TA1 S100 6.18 0.00 

TA1 S184 7.01 0.03 

TA1 Tienshan 9.60 0.60 

TA1 Tribute 6.35 0.49 
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B.8 Overall mean number of pink nodules and white nodules and least 
significant difference (LSD) for 17 white clover cultivars inoculated with 
pure cultures of the Rhizobium leguminosarum bv. trifolii strain S12N10 
and TA1 

 

 

 

 

 

 

 

 

 

 

 

 

Cultivar Pink Nodules White Nodules 

AberLasting 8.34 0.38 

Barblanca 5.88 0.10 

Dutch 7.26 0.00 

Huia 8.10 0.17 

Kent 7.16 0.04 

Klondike 6.30 0.16 

Kopu_II 7.69 0.01 

Louisiana 6.84 0.03 

Pitau 9.24 0.81 

Prestige 6.62 0.02 

Regal 8.43 2.62 

Riesling 5.99 0.12 

Rivendel 8.95 0.72 

S100 6.54 0.11 

S184 6.59 0.01 

Tienshan 7.42 3.19 

Tribute 7.68 0.60 

LSD 0.93 0.48 
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Appendix C 

Multivariate analysis for Chapter 3 

C.1 Principal Component Analysis (PCA) of six symbiotic responses to 
discriminate the four treatments of 17 white clover cultivar populations. 
Data representing symbiotic responses is presented as standardised 
means 
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C.2 Canonical discriminant 1 score boxplot of six symbiotic responses to 

discriminate the four treatments of 17 white clover cultivar populations 
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C.3 Canonical discriminant 2 score boxplot of six symbiotic responses to 

discriminate the four treatments of 17 white clover cultivar populations 
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C.4 Principal Component Analysis (PCA) of five symbiotic responses to 
discriminate the four treatments of 17 white clover cultivar populations. 
Data representing symbiotic responses is presented as standardised 
means 
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C.5 Canonical discriminant 1 score boxplot of five symbiotic responses to 

discriminate the four treatments of 17 white clover cultivar populations. 
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C.6 Canonical discriminant 2 score boxplot of five symbiotic responses to 

discriminate the four treatments of 17 white clover cultivar populations.  
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Appendix D 

Analysis for Chapter 4 

D.1 Unadjusted means for the phenotype traits shoot dry matter (Shoot DM), 
root dry matter (Root DM) and root to shoot ratio (RSR) of 120 half-sibling 
(HS) families either inoculated with Rhizobium leguminosarum bv. trifolii 
strain TA1 or grown with mineral N (positive control) and the symbiotic 
traits shoot symbiotic potential (Shoot SP) and root symbiotic potential 

(Root SP) 

Half-sibling 
family 

Rhizobium strain TA1 Positive control Symbiotic traits 

Shoot DM 
(mg) 

Root DM 
(mg) 

RSR 
(mg/mg) 

Shoot DM 
(mg) 

Root DM 
(mg) 

RSR 
(mg/mg) 

Shoot SP 
(%) 

Root SP 
(%) 

3 15.55 5.19 0.44 31.02 10.20 0.33 0.46 0.42 
5 12.43 5.84 0.50 31.50 10.30 0.35 0.35 0.49 

6 12.99 6.13 0.48 33.01 9.05 0.32 0.35 0.61 
8 15.15 6.22 0.43 33.98 10.77 0.33 0.41 0.50 

9 10.45 4.87 0.52 27.97 10.69 0.37 0.32 0.36 
14 7.23 3.07 0.44 20.37 6.92 0.36 0.28 0.28 

15 15.72 5.64 0.37 40.33 12.81 0.32 0.36 0.36 
16 9.98 3.71 0.38 20.39 6.84 0.34 0.43 0.40 

17 7.62 3.29 0.50 21.80 6.82 0.34 0.28 0.32 
20 8.57 3.79 0.46 22.53 8.62 0.38 0.31 0.31 

21 6.35 3.35 0.54 19.45 8.70 0.46 0.24 0.25 
22 15.77 8.70 0.57 31.38 12.11 0.39 0.47 0.68 

23 19.43 8.54 0.47 28.20 8.88 0.36 0.66 0.95 
25 8.26 3.92 0.55 19.70 7.59 0.37 0.35 0.39 

27 8.50 4.06 0.50 19.26 8.08 0.47 0.37 0.38 
29 7.05 2.68 0.48 19.43 6.78 0.38 0.28 0.21 

32 7.41 3.70 0.56 17.30 5.92 0.40 0.35 0.49 
34 19.98 8.65 0.44 22.03 8.09 0.38 0.90 1.09 

36 8.21 4.28 0.57 26.27 9.76 0.36 0.25 0.33 
37 5.86 3.52 0.62 18.33 6.70 0.41 0.23 0.38 

38 11.18 5.00 0.50 35.01 11.82 0.35 0.27 0.33 
39 13.72 4.93 0.42 18.83 6.35 0.36 0.69 0.70 

40 14.26 7.32 0.56 27.76 8.24 0.33 0.47 0.86 
41 8.23 4.18 0.55 25.19 10.32 0.41 0.26 0.30 

42 8.62 4.04 0.49 22.00 8.25 0.40 0.33 0.37 
43 12.25 6.05 0.54 17.98 6.11 0.36 0.64 0.99 

44 8.97 4.22 0.47 23.83 9.14 0.45 0.31 0.35 
45 13.00 5.42 0.50 21.24 6.61 0.32 0.57 0.76 

46 12.44 4.66 0.43 29.26 10.87 0.40 0.38 0.33 
48 19.16 7.79 0.46 27.98 10.22 0.41 0.66 0.72 

50 11.65 6.11 0.55 33.03 13.46 0.44 0.31 0.38 
53 18.72 6.30 0.40 23.07 7.90 0.36 0.79 0.75 

54 11.46 4.79 0.41 24.74 8.15 0.33 0.41 0.49 
55 7.24 3.85 0.58 25.23 9.69 0.40 0.22 0.28 

57 23.95 9.96 0.43 36.71 10.97 0.30 0.63 0.89 
60 8.33 3.49 0.43 21.99 7.46 0.36 0.31 0.32 

61 10.36 3.96 0.41 22.77 7.06 0.35 0.40 0.43 
62 7.17 3.37 0.42 30.25 12.27 0.40 0.18 0.17 

65 12.03 4.14 0.35 22.38 8.89 0.41 0.49 0.35 
66 7.30 3.07 0.48 16.48 5.96 0.39 0.36 0.34 
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67 3.93 1.61 0.44 28.49 10.60 0.39 0.07 0.00 

68 5.42 2.44 0.51 23.54 8.18 0.35 0.15 0.13 
69 17.97 7.51 0.44 25.24 8.94 0.41 0.69 0.81 

70 10.08 4.32 0.45 25.62 9.72 0.39 0.34 0.33 
72 4.94 2.24 0.50 16.06 8.54 0.56 0.18 0.10 

73 11.79 5.05 0.46 26.30 10.59 0.40 0.40 0.38 
74 11.34 5.76 0.59 21.10 5.34 0.26 0.48 1.11 

76 12.41 6.14 0.54 14.24 4.47 0.36 0.85 1.58 
78 19.78 9.65 0.54 23.12 6.80 0.34 0.84 1.55 

80 8.04 3.28 0.40 18.31 5.35 0.30 0.36 0.45 
81 15.00 5.55 0.43 36.65 11.42 0.32 0.37 0.40 

82 7.24 4.62 0.65 18.38 6.80 0.40 0.31 0.58 
83 6.06 2.78 0.47 7.41 3.60 0.60 0.74 0.59 

84 10.15 4.38 0.48 32.08 13.36 0.44 0.27 0.24 
86 10.78 3.59 0.37 17.18 5.44 0.32 0.57 0.52 

88 22.50 9.07 0.45 34.51 11.51 0.37 0.63 0.75 
90 5.19 2.52 0.51 17.38 6.60 0.38 0.20 0.18 

91 5.28 2.93 0.55 16.89 6.69 0.40 0.21 0.26 
92 15.15 6.08 0.42 24.06 10.50 0.50 0.59 0.50 

94 18.13 6.58 0.38 29.70 11.98 0.41 0.58 0.48 
96 13.34 5.03 0.40 15.12 5.16 0.43 0.90 1.02 

98 7.63 3.75 0.51 29.99 10.09 0.34 0.20 0.25 
99 16.67 6.90 0.42 42.19 15.23 0.38 0.36 0.39 

102 8.51 3.22 0.38 25.83 7.81 0.32 0.27 0.26 
105 14.83 5.02 0.33 33.42 9.30 0.27 0.41 0.44 

107 6.07 3.08 0.60 23.47 7.82 0.34 0.18 0.24 
108 10.08 4.16 0.44 20.71 8.60 0.43 0.43 0.37 

109 5.61 2.33 0.44 27.30 10.76 0.45 0.14 0.08 
110 8.38 4.31 0.53 17.43 7.27 0.43 0.41 0.48 

116 11.98 5.37 0.50 29.32 9.69 0.35 0.36 0.47 
118 14.98 5.94 0.41 31.49 11.64 0.38 0.44 0.43 

120 14.79 5.88 0.41 28.43 8.21 0.34 0.36 0.56 
122 11.17 4.74 0.45 18.95 7.38 0.38 0.54 0.54 

123 9.76 4.61 0.51 25.48 7.74 0.32 0.33 0.49 
124 11.82 4.48 0.43 36.34 14.15 0.41 0.28 0.23 

125 8.90 4.09 0.60 16.69 5.76 0.35 0.46 0.60 
127 8.75 4.57 0.53 18.43 6.26 0.35 0.40 0.64 

129 14.70 7.18 0.55 21.71 7.38 0.36 0.64 0.96 
132 7.86 3.92 0.53 15.89 6.93 0.44 0.41 0.44 

135 12.62 5.10 0.41 24.04 7.28 0.31 0.48 0.62 
138 15.10 6.20 0.43 42.02 15.59 0.37 0.32 0.33 

139 6.67 3.87 0.68 17.72 7.06 0.43 0.29 0.41 
140 6.91 3.14 0.48 25.79 9.45 0.40 0.20 0.20 

141 9.20 4.49 0.52 28.17 10.11 0.40 0.27 0.34 
142 8.06 4.06 0.54 28.72 11.14 0.39 0.22 0.26 

143 8.43 3.38 0.44 18.44 8.05 0.48 0.39 0.28 
144 7.73 4.25 0.63 27.24 8.38 0.33 0.22 0.39 

145 6.33 2.75 0.47 28.01 8.58 0.31 0.16 0.17 
149 7.01 3.78 0.56 33.65 10.21 0.33 0.15 0.25 

150 5.20 2.95 0.55 18.42 6.78 0.39 0.19 0.26 
151 14.30 7.58 0.53 34.67 11.61 0.34 0.37 0.60 

152 12.64 5.74 0.49 24.97 10.26 0.45 0.46 0.48 
153 23.00 9.32 0.41 27.43 12.66 0.46 0.82 0.70 

155 10.29 4.81 0.50 33.20 10.41 0.34 0.26 0.36 
158 15.23 7.99 0.56 26.80 11.69 0.46 0.53 0.63 

159 11.73 5.43 0.49 19.99 6.84 0.37 0.54 0.73 
160 13.69 5.73 0.40 34.25 15.57 0.46 0.36 0.30 

162 12.77 6.24 0.52 49.25 16.57 0.34 0.23 0.31 
163 16.13 7.51 0.50 31.60 10.90 0.37 0.47 0.64 

164 20.75 8.48 0.51 28.13 9.53 0.38 0.72 0.87 
166 12.84 5.70 0.56 24.18 6.81 0.28 0.48 0.79 

168 8.69 4.08 0.49 19.40 7.94 0.44 0.38 0.39 
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170 8.82 3.57 0.48 25.65 7.41 0.30 0.28 0.34 

171 18.08 7.17 0.53 26.42 11.56 0.47 0.66 0.56 
173 15.16 7.58 0.54 36.54 13.65 0.39 0.38 0.50 

175 10.86 5.03 0.52 31.01 10.28 0.38 0.30 0.40 
176 5.56 3.19 0.73 20.71 7.34 0.38 0.18 0.28 

177 7.50 4.54 0.64 21.50 5.59 0.33 0.28 0.74 
178 11.27 6.51 0.56 25.60 8.71 0.37 0.39 0.69 

179 22.64 8.69 0.41 43.40 12.39 0.30 0.50 0.66 
181 9.08 4.68 0.54 29.08 9.55 0.34 0.26 0.39 

182 10.71 4.81 0.43 28.21 9.66 0.39 0.33 0.40 
187 21.21 8.94 0.43 22.77 8.06 0.39 0.92 1.14 

188 14.19 5.41 0.41 24.62 9.31 0.41 0.54 0.49 
189 16.99 8.11 0.49 27.35 9.86 0.42 0.59 0.79 

190 7.37 2.67 0.36 25.36 7.80 0.35 0.22 0.17 
191 6.75 3.23 0.53 18.41 7.02 0.42 0.28 0.30 

196 6.74 3.00 0.49 22.16 6.56 0.32 0.23 0.28 
198 16.87 8.21 0.51 31.34 12.53 0.40 0.50 0.60 

199 7.29 2.33 0.36 26.85 8.65 0.35 0.21 0.10 
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D.2 Multi-trait analysis of variance (MANOVA) genetic correlation coefficient 
values between the symbiotic traits Shoot DM and Shoot SP of 120 white 
clover half-sibling families inoculated with the Rhizobium leguminosarum 
bv. trifolii strain TA1 

 

 

 

Sum of cross products - Line 
 Shoot DM Shoot SP 

Shoot DM 75640.296  2304.1120 
Shoot SP 2304.112   123.1769 

Sum of cross products – Replicates  
 Shoot DM Shoot SP 

Shoot DM 549.46309  28.66004 
Shoot SP 28.66004 1.49491 

Sum of cross products – Line: Replicates 
 Shoot DM Shoot SP 

Shoot DM 27645.228  1205.15101 
Shoot SP 1205.151 58.11505 

Mean sum of cross products - Line 
 Shoot DM Shoot SP 

Shoot DM 635.63274  19.36229 
Shoot SP 19.36229  1.03510 

Mean sum of cross products - Replicates 
 Shoot DM Shoot SP 

Shoot DM 549.46309  28.66004 
Shoot SP 28.66004 1.49491 

Mean sum of cross products - Line: Replicates 
 Shoot DM Shoot SP 

Shoot DM 232.31284  10.1273194 
Shoot SP 10.12732 0.4883617 

Error Covariance 
 Shoot DM Shoot SP 

Shoot DM 49.61810  2.08468050 
Shoot SP 2.08468  0.09741532 

Degree of freedom 
Line Replicates Line: Replicates Error 

119               1 119 3450 

Variance-covariance matrix of Line 
 Shoot DM Shoot SP 

Shoot DM 201.659950  4.6174831 
Shoot SP 4.617483  0.2733693 

Correlation matrix of Line 
 Shoot DM Shoot SP 

Shoot DM 1.0000000  0.6219001 
Shoot SP 0.6219001  1.0000000 
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D.3 Random linear model analysis using the residual maximum likelihood 
(REML) procedure of the symbiotic trait shoot dry matter production for 
120 half-sib families inoculated with the Rhizobium leguminosarum bv. 
trifolii strain TA1 

 

 

 

 

 

 

 

 

REML criterion at convergence: 25330.4 

Scaled residuals: 
Min 1Q Median 3Q Max 

-3.1343    -0.5789 -0.1481   0.4349 7.0132 

Random effects: 
Groups Variance Standard Deviation 

Line: Replicates 4.726e+00  2.174e+00 

Line 1.358e+01  3.685e+00 

Replicates: Column 4.703e+00 2.169e+00 

Replicates: Row 1.572e+00 1.254e+00 

Replicates 4.635e-12 2.153e-06 

Residual 4.961e+01 7.044e+00 

Number of obs: 3690, groups:  Line: Replicates, 240; Line, 120; Replicates: Column, 32; 
Replicates:Row, 32; Replicates, 2 

Variance Components: 

Groups Variance Standard error 2.5% 97.5% 

Line: Replicates 4.7257  1.3677 2.4252 7.7865 

Line 13.5811 2.5713   9.0089 19.0884 

Replicates: Column 4.7025     1.7965   1.8406   8.8826 

Replicates: Row 1.5717 1.1524 0.1245 4.6417 

Replicates 0.0000 0.0000 0.0000 1.3784 

Residual 49.6127 1.1944 47.2993 51.9812 

Line Mean Heritability of trait Shoot DM: 0.3333 (s.e. 0.0445) 
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D.4 Random linear model analysis using the residual maximum likelihood 
(REML) procedure of the symbiotic trait shoot symbiotic potential for 120 
half-sib families inoculated with the Rhizobium leguminosarum bv. trifolii 
strain TA1 

 

 

 

 

 

 

 

 

REML criterion at convergence: 2318 

Scaled residuals: 
Min 1Q Median 3Q Max 

-3.4016 -0.5816 -0.1531 0.4273 7.3239 

Random effects: 
Groups Variance Standard Deviation 

Line: Replicates 0.010693 0.10341 

Line 0.017929 0.13390 

Replicates: Column 0.008899  0.09434 

Replicates: Row 0.003980 0.06309 

Replicates 0.000000 0.00000 

Residual 0.097405  0.31210 

Number of obs: 3690, groups: Line: Replicates, 240; Line, 120; Replicates:Column, 32; 
Replicates:Row, 32; Replicates, 2 

Variance Components: 

Groups Variance Standard error 2.5% 97.5% 

Line: Replicates 0.0107 0.0028 0.0059 0.0169 

Line 0.0179 0.0040 0.0109 0.0267 

Replicates: Column 0.0089 0.0034 0.0035 0.0168 

Replicates: Row 0.0040 0.0024 0.0007 0.0101 

Replicates 0.0000 0.0000 0.0000 0.0030 

Residual 0.0974 0.0023 0.0929 0.1021 

Line Mean Heritability of trait Shoot SP: 0.2491 (s.e. 0.0444) 
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D.5 Random linear model analysis using the residual maximum likelihood 
(REML) procedure of the symbiotic trait root dry matter production for 
120 half-sib families inoculated with the Rhizobium leguminosarum bv. 
trifolii strain TA1 

 

 

 

 

 

 

 

 

REML criterion at convergence: 19478.9 

Scaled residuals: 
Min 1Q Median 3Q Max 

-2.7480 -0.5718 -0.1648 0.3681 9.7284 

Random effects: 
Groups Variance Standard Deviation 

Line: Replicates 9.034e-01  9.505e-01 

Line 2.233e+00  1.494e+00 

Replicates: Column 5.853e-01  7.651e-01 

Replicates: Row 2.869e-01 5.357e-01 

Replicates 7.961e-13 8.922e-07 

Residual 1.026e+01 3.203e+00 

Number of obs: 3690, groups: Line: Replicates, 240; Line, 120; Replicates: Column, 32; Replicates: 
Row, 32; Replicates, 2 

Variance Components: 

Groups Variance Standard error 2.5% 97.5% 

Line: Replicates 0.9034 0.2631 0.4614   1.4926 

Line 2.2328 0.4420 1.4505 3.1832 

Replicates: Column 0.5853 0.2556 0.1916 1.1933 

Replicates: Row 0.2869 0.2053 0.0257 0.8302 

Replicates 0.0000 0.0000 0.0000 0.1998 

Residual 10.2582  0.2470 9.7798 10.7479 

Line Mean Heritability of trait Root DM: 0.2858 (s.e. 0.0425) 
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D.6 Random linear model analysis using the residual maximum likelihood 
(REML) procedure of the symbiotic trait root symbiotic potential for 120 
half-sib families inoculated with the Rhizobium leguminosarum bv. trifolii 
strain TA1 

 

 

 

 

 

 

 

 

REML criterion at convergence: 5578.3 

Scaled residuals: 
Min 1Q Median 3Q Max 

-3.9635 -0.5546 -0.1479 0.3501 13.3431 

Random effects: 
Groups Variance Standard Deviation 

Line: Replicates 0.01642 0.12812 

Line 0.04638 0.21535 

Replicates: Column 0.01227 0.11078 

Replicates: Row 0.00950 0.09747 

Replicates 0.00000 0.00000 

Residual 0.23835 0.48821 

Number of obs: 3690, groups: Line: Replicates, 240; Line, 120; Replicates: Column, 32; Replicates: 
Row, 32; Replicates, 2 

Variance Components: 

Groups Variance Standard error 2.5% 97.5% 

Line: Replicates 0.0164 0.0052 0.0078 0.0282 

Line 0.0464 0.0090 0.0305 0.0656 

Replicates: Column 0.0123 0.0052 0.0042 0.0245 

Replicates: Row 0.0095 0.0049 0.0023 0.0215 

Replicates 0.0000 0.0000 0.0000 0.0044 

Residual 0.2383 0.0057 0.2272 0.2497 

Line Mean Heritability of trait Root SP: 0.2669 (s.e. 0.0394) 
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D.7 Random linear model analysis using the residual maximum likelihood 
(REML) procedure of the symbiotic trait root to shoot ratios for 120 half-
sib families inoculated with the Rhizobium leguminosarum bv. trifolii 
strain TA1 

 

 

 

 

 

 

 

 

REML criterion at convergence: -358.4 

Scaled residuals: 
Min 1Q Median 3Q Max 

-2.7903 -0.5095 -0.1325 0.3081 20.4434 

Random effects: 
Groups Variance Standard Deviation 

Line: Replicates 0.0033422 0.05781 

Line 0.0013994 0.03741 

Replicates: Column 0.0006492  0.02548 

Replicates: Row 0.0005730  0.02394 

Replicates 0.0003588  0.01894 

Residual 0.0496532  0.22283 

Number of obs: 3690, groups: Line: Replicates, 240; Line, 120; Replicates:Column, 32; 
Replicates:Row, 32; Replicates, 2 

Variance Components: 

Groups Variance Standard error 2.5% 97.5% 

Line: Replicates 0.0033 0.0010 0.0016 0.0057 

Line 0.0014 0.0009 0.0002 0.0036 

Replicates: Column 0.0006 0.0005 0.0001 0.0018 

Replicates: Row 0.0006 0.0004 0.0000 0.0017 

Replicates 0.0004 0.0004 0.0000 0.0018 

Residual 0.0497 0.0012 0.0473 0.0520 

Line Mean Heritability of trait Root SP: 0.0502 (s.e. 0.0296) 
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D.8 Absolute mean (x̅) and predicted genetic gains relative to absolute mean 
for selection pressures of 5% (𝜟𝑮 10), 15% (𝜟𝑮 15) and 20% (𝜟𝑮 20) per 
selection cycle for five symbiotic traits, using the 120 white clover half-
sibs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Genetic gain (𝜟𝑮) Shoot DM (mg) Shoot SP (%) Root DM (mg) Root SP (%) Root to shoot 
ratio (mg/mg) 

x̅ 11.4 0.4 5.07 0.48 0.48 

𝜟𝑮 20 1.48 (13%) 0.04 (11.6%) 0.55 (11%) 0.07 (16.1%) 0.005 (1.21%) 

𝜟𝑮 10 1.87 (16.4%) 0.05 (14.6%) 0.70 (13.9%) 0.09 (20.3%) 0.007 (1.52%) 

𝜟𝑮 5 2.19 (19.2%) 0.06 (17.1%) 0.82 (16.3%) 0.11 (23.7%) 0.008 (1.77%) 
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D.9 Selection pressure (p) and associated selection intensity (k) described by 

Falconer & Mackay (1996) 

Selection pressure (p) Selection intensity (k) 

0.9 0.2 

0.8 0.35 

0.7 0.5 

0.6 0.64 

0.5 0.8 

0.4 0.97 

0.3 1.16 

0.25 1.27 

0.2 1.4 

0.15 1.55 

0.1 1.76 

0.09 1.8 

0.08 1.86 

0.07 1.92 

0.06 1.99 

0.05 2.06 

0.04 2.15 

0.03 2.27 

0.02 2.42 

0.01 2.67 

0.005 2.89 

0.001 3.37 
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Appendix E 

Supplementary figures and univariate analysis for Chapter 5 
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E.1 Predictive ability for KGD-GBLUP with different training-test sets and model iterations 

Figure E.1: Influence of training: test set and number of cross-validation iterations on predictive ability (PA) for shoot and root traits of a structured white clover 

population whose nitrogen source is either supplied or derived from symbiosis. Mean PA is based on Pearson’s correlation (𝑟𝑝) between actual and 

predicted value of the GP model Kinship using GBS with Depth adjustment-Genomic Best Linear Unbiased Prediction (KGD-GBLUP) using the adjusted 

means (BLUPs) of the traits shoot symbiotic potential (Shoot SP), shoot dry matter (Shoot DM), root dry matter (Root DM), root symbiotic potential 

(Root SP) and root to shoot ratio (RSR) of 118 half-sibling (HS) families inoculated with the Rhizobium leguminosarum bv. trifolii strain TA1 or grown 

under mineral N (positive control) as a training set. One trait is a Smith-Hazel index multi-trait selection index for both Shoot DM and Shoot SP. PA 

was evaluated using various training: test set combinations (60:40%, 70:30%, 80:20%, 90:10% and 95:5%, respectively) over resampling iterations of 

100, 500, 1000 and 2000. The line in the centre of the notch and the diamonds represent the median and mean PA, respectively, for each training: 

test combination. 



 

270 
 

E.2 Predictive ability bias for KGD-GBLUP with different training-test sets and model iterations 

Figure E.2: Influence of training: test set and number of cross-validation iterations on predictive ability (PA) bias for shoot and root traits of a structured white 

clover population whose nitrogen source is either supplied or derived from symbiosis. Mean PA bias is based on Pearson’s correlation (𝑟𝑝) between 

actual and predicted value of the GP model Kinship using GBS with Depth adjustment-Genomic Best Linear Unbiased Prediction (KGD-GBLUP) using 

the adjusted means (BLUPs) of the traits shoot symbiotic potential (Shoot SP), shoot dry matter (Shoot DM), root dry matter (Root DM), root symbiotic 

potential (Root SP) and root to shoot ratio (RSR) of 118 half-sibling (HS) families inoculated with the Rhizobium leguminosarum bv. trifolii strain TA1 

or grown under mineral N (positive control) as a training set. One trait is a Smith-Hazel index multi-trait selection index for both Shoot DM and Shoot 

SP. PA was evaluated using various training: test set combinations (60:40%, 70:30%, 80:20%, 90:10% and 95:5%, respectively) over resampling 

iterations of 100, 500, 1000 and 2000. The line in the centre of the notch and the diamonds represent the median and mean PA bias, respectively, for 

each training: test/iteration combination. 
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E.3 Predictive ability bias for different genomic statistical models 

Figure E.3: Evaluation of the predictive ability (PA) bias of different genomic prediction (GP) models for shoot and root traits of a structured white clover 

population whose nitrogen source is either supplied or derived from symbiosis. Mean PA bias is based on Pearson’s correlation (𝑟𝑝) between actual 

and predicted value for adjusted means (BLUPs) of shoot and root traits using the GP models: Bayesian least absolute shrinkage and selection operator 

(Bayesian LASSO), Genomic-Best Linear Unbiased Prediction (GBLUP), Kinship using GBS with Depth adjustment-GBLUP (KGD-GBLUP), random forest 

and support vector regression using 118 white clover half-sibling (HS) families inoculated with the Rhizobium leguminosarum bv. trifolii strain TA1 or 

grown under mineral N (positive control) as a training set. Smith-Hazel index was based on BLUPs of the symbiotic traits shoot dry matter (Shoot DM) 

and symbiotic potential (Shoot SP) of families inoculated with Rhizobium strain TA1. PA was evaluated with 80% of HS families assigned to training 

and 20% to testing over 100 iterations. The line in the centre of the notch and the diamonds represent the median and mean PA bias, respectively, 

for each for each GP model cross-validation. Bias values below 0 and above 5 are not presented. 
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E.4 Predictive ability bias for different half-sib family training population sizes 

Figure E.4: Evaluation of the effect of reducing the total number of white clover half-sibling (HS) families on genomic prediction (GP) model predictive ability (PA) 

bias for shoot and root traits of a structured white clover population whose nitrogen source is either supplied or derived from symbiosis. Mean PA 

bias is based on Pearson’s correlation (𝑟𝑝) between actual and predicted value for adjusted means (BLUPs) of shoot and root traits of 118 HS families 

inoculated with the Rhizobium leguminosarum bv. trifolii strain TA1 or grown under mineral N (positive control) using the GP model Genomic Best 

Linear Unbiased Prediction (GBLUP). Smith-Hazel index was based on BLUPs of the symbiotic traits shoot dry matter (Shoot DM) and symbiotic 

potential (Shoot SP) of HS families inoculated with Rhizobium strain TA1. PA bias was evaluated with 80% of HS families assigned to training and 20% 

to testing over 100 iterations with 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% and 100% of 118 HS families randomly assigned to training. The line in 

the centre of the notch and the diamonds represent the median and mean PA bias, respectively, for each training: test combination. Bias values below 

0 and above 5 are not presented. 
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E.5 Pearson’s product-moment correlation coefficient between predictive 
ability and narrow-sense heritabilities of the symbiotic traits Shoot DM, 
Root DM, Shoot SP and Root SP of the 118 half-sib families inoculated with 
the Rhizobium leguminosarum bv. trifolii strain TA1 

Pearson's product-moment correlation: t = 1.0318, df = 2, p-value = 0.4106 

95 percent confidence interval: -0.8573354  0.9898005 

Sample estimates: cor 0.589411 

 

E.6 Multi-dimensional scaling (MDS) ordination plot based on the distance 
metric (genomic relationship matrix) for 118 white clover half-sibling (HS) 
families inoculated with the Rhizobium leguminosarum bv. trifolii strain 

TA1 or grown with mineral N (positive control) as a training set 
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Appendix F 

Univariate analysis and supplementary figures for Chapter 6 

F.1 Nested linear model with white clover population nested within 
treatment of shoot dry matter production for the white clover 
populations 38, 153, 176, 187, ‘Barblanca’, ‘Grasslands Prestige’, 
‘Tienshan’ and ‘Grasslands Tribute’ inoculated with a pure culture of the 
Rhizobium leguminosarum bv. trifolii strain S12N10 or TA1 or an extract 

of soil Ariki 46, Lincoln 2, Ngongotaha, Okoroire or Waimak 11 

Residuals: Min 1Q Median 3Q Max 

 -6.8786  -1.5621 -0.3193   1.0720 20.6451 

Coefficients 
 Estimate Standard Error t value p-value 

(Intercept – Tribute-TA1) 4.67673     0.39577   11.817   < 2e-16 *** 

REP2 0.65592     0.14135    4.640 3.67e-06 *** 

REP3 -0.44861     0.13255   -3.384 0.000725 *** 

TRTAriki_46                   0.09370     0.56787    0.165 0.868954    

TRTLincoln_2                 -0.39129     0.63347   -0.618 0.536840    

TRTNgongotaha                -0.38986     0.55150   -0.707 0.479696    

TRTOkoroire                   1.77676     0.57153    3.109 0.001902 ** 

TRTS12N10                    -1.55642     0.55452   -2.807 0.005046 ** 

TRTWaimak_11                   1.66579     0.56788    2.933 0.003386 ** 

TRTA_TA1:LINE153              2.30784     0.55452    4.162 3.27e-05 *** 

TRTAriki_46:LINE153           0.72511     0.57357    1.264 0.206289    

TRTLincoln_2:LINE153          3.72012     0.68907    5.399 7.40e-08 *** 

TRTNgongotaha:LINE153         4.59175     0.57066    8.046 1.35e-15 *** 

TRTOkoroire:LINE153           0.97400     0.60518    1.609 0.107662    

TRTS12N10:LINE153             1.07207     0.55452    1.933 0.053320 · 

TRTWaimak_11:LINE153          0.69009     0.66462    1.038 0.299222    

TRTA_TA1:LINE176             -0.61780     0.56093   -1.101 0.270850    

TRTAriki_46:LINE176           1.00097     0.57980    1.726 0.084409 · 

TRTLincoln_2:LINE176         -0.19172     0.65693   -0.292 0.770438 

TRTNgongotaha:LINE176         2.23454     0.59534    3.753 0.000179 *** 

TRTOkoroire:LINE176           0.63755     0.59729    1.067 0.285899    

TRTS12N10:LINE176             0.44638     0.57730    0.773 0.439469    

TRTWaimak_11:LINE176         -0.73318     0.57071   -1.285 0.199035    

TRTA_TA1:LINE187              1.45925     0.56096    2.601 0.009345 ** 

TRTAriki_46:LINE187           1.93308     0.58305    3.315 0.000929 *** 

TRTLincoln_2:LINE187          1.33262     0.68907    1.934 0.053243 · 

TRTNgongotaha:LINE187         4.23622     0.54871    7.720 1.72e-14 *** 

TRTOkoroire:LINE187           0.35049     0.57723    0.607 0.543782    

TRTS12N10:LINE187             1.48558     0.55452    2.679 0.007436 ** 

TRTWaimak_11:LINE187          1.28421     0.56788    2.261 0.023826 * 

TRTA_TA1:LINE38               0.46705     0.57158    0.817 0.413945    

TRTAriki_46:LINE38           -0.96273     0.57982   -1.660 0.096970 · 

TRTLincoln_2:LINE38           0.80587     0.63347    1.272 0.203447    

TRTNgongotaha:LINE38         -0.38614     0.55440   -0.697 0.486182    

TRTOkoroire:LINE38           -1.86380     0.58339   -3.195 0.001418 ** 
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F.2 Pearson’s product-moment correlation coefficient between the mean 
MPNs of the soil extracts Ariki 46, Lincoln 2, Ngongotaha, Okoroire and 
Waimak 11 and the Shoot dry matter of the white clover populations 38, 
153, 176, 187, ‘Barblanca’, ‘Grasslands Prestige’, ‘Tienshan’ and 
‘Grasslands Tribute’ with 16 individuals per population-treatment 
combination 

Pearson's product-moment correlation: t = 0.43803, df = 38, p-value = 0.6638 

95 percent confidence interval: -0.2460625, 0.3741285 

Sample estimates: cor 0.07087982 

 

 

 

 

 

TRTS12N10:LINE38              0.35617     0.56350    0.632 0.527405    

TRTWaimak_11:LINE38          -2.06357     0.63239   -3.263 0.001118 ** 

TRTA_TA1:LINEBarblanca       -1.77539     0.57536   -3.086 0.002055 ** 

TRTAriki_46:LINEBarblanca    -0.55773     0.60598   -0.920 0.357470    

TRTLincoln_2:LINEBarblanca   -1.03148     0.63336   -1.629 0.103541    

TRTNgongotaha:LINEBarblanca   0.14049     0.57067    0.246 0.805568    

TRTOkoroire:LINEBarblanca    -1.90726     0.59003   -3.232 0.001245 ** 

TRTS12N10:LINEBarblanca       0.17984     0.57014    0.315 0.752459    

TRTWaimak_11:LINEBarblanca   -2.88457     0.65061   -4.434 9.70e-06 *** 

TRTA_TA1:LINEPrestige        -0.41617     0.55452   -0.750 0.453033    

TRTAriki_46:LINEPrestige     -1.00707     0.59007   -1.707 0.088012 · 

TRTLincoln_2:LINEPrestige     0.47815     0.71208    0.671 0.501979    

TRTNgongotaha:LINEPrestige    0.38152     0.55150    0.692 0.489135    

TRTOkoroire:LINEPrestige     -0.75488     0.59003   -1.279 0.200888    

TRTS12N10:LINEPrestige        0.61028     0.56673    1.077 0.281657    

TRTWaimak_11:LINEPrestige    -2.49315     0.62703   -3.976 7.22e-05 *** 

TRTA_TA1:LINETienshan         0.05714     0.56092    0.102 0.918867    

TRTAriki_46:LINETienshan     -0.56801     0.57976   -0.980 0.327325    

TRTLincoln_2:LINETienshan     1.33490     0.64404    2.073 0.038311 * 

TRTNgongotaha:LINETienshan   -0.42434     0.55440   -0.765 0.444105    

TRTOkoroire:LINETienshan     -1.60044     0.58337   -2.743 0.006127 ** 

TRTS12N10:LINETienshan       -0.56842     0.55741   -1.020 0.307949    

TRTWaimak_11:LINETienshan     0.54821     0.57661    0.951 0.341832    

Significance codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘·’ 0.1 ‘ ’ 1  

Residual standard error: 2.688 on 2297 degrees of freedom, Multiple R-squared:  0.2541,  Adjusted R-squared: 0.2356 
F-statistic: 13.73 on 57 and 2297 DF,  p-value: < 2.2e-16 
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F.3 Nested linear model with white clover population nested within 
treatment of shoot symbiotic potential for the white clover populations 
38, 153, 176, 187, ‘Barblanca’, ‘Grasslands Prestige’, ‘Tienshan’ and 
‘Grasslands Tribute’ inoculated with a pure culture of the Rhizobium 
leguminosarum bv. trifolii strain S12N10 or TA1 or an extract of soil Ariki 
46, Lincoln 2, Ngongotaha, Okoroire or Waimak 11 

Residuals: Min 1Q Median 3Q Max 

 -1.2476  -0.2301 -0.0478   0.1566   2.3652 

Coefficients 
 Estimate Standard Error t value p-value 

(Intercept – Tribute-TA1) 0.33818     0.05751    5.881 0.00000000468 *** 

REP2 0.09549     0.02054    4.649 0.00000351933 *** 

REP3 -0.04670     0.01926   -2.425       0.015396 *   

TRTAriki_46                   0.01206     0.08251    0.146       0.883782 

TRTLincoln_2                 -0.04551     0.09204   -0.494       0.621048     

TRTNgongotaha                -0.04837     0.08013   -0.604       0.546129     

TRTOkoroire                   0.21939     0.08305    2.642       0.008303 ** 

TRTS12N10                    -0.19261     0.08057   -2.391       0.016905 *   

TRTWaimak_11                   0.20531     0.08251    2.488       0.012912 *   

TRTA_TA1:LINE153              0.11850     0.08057    1.471       0.141497     

TRTAriki_46:LINE153           -0.04678      0.08334   -0.561      0.574661     

TRTLincoln_2:LINE153          0.27859     0.10012    2.782       0.005439 ** 

TRTNgongotaha:LINE153         0.36301     0.08292    4.378 0.00001251659 *** 

TRTOkoroire:LINE153           -0.05704     0.08793   -0.649       0.516643     

TRTS12N10:LINE153             0.02245     0.08057    0.279       0.780527     

TRTWaimak_11:LINE153         -0.07273     0.09657   -0.753       0.451445     

TRTA_TA1:LINE176             -0.18837     0.08150   -2.311       0.020909 *   

TRTAriki_46:LINE176           0.02094     0.08425    0.249       0.803738     

TRTLincoln_2:LINE176         -0.13879     0.09545   -1.454       0.146066     

TRTNgongotaha:LINE176         0.17928     0.08650    2.072       0.038333 *   

TRTOkoroire:LINE176          -0.01632     0.08679   -0.188       0.850897     

TRTS12N10:LINE176            -0.06080     0.08388   -0.725       0.468663     

TRTWaimak_11:LINE176         -0.19330     0.08293   -2.331       0.019839 *   

TRTA_TA1:LINE187              0.06243     0.08151    0.766       0.443796     

TRTAriki_46:LINE187           0.11593     0.08472    1.368       0.171333     

TRTLincoln_2:LINE187          0.05640     0.10012    0.563       0.573250     

TRTNgongotaha:LINE187         0.38209     0.07973    4.792 0.00000175278 *** 

TRTOkoroire:LINE187          -0.08088     0.08387   -0.964       0.334984     

TRTS12N10:LINE187             0.08246     0.08057    1.023       0.306190     

TRTWaimak_11:LINE187          0.02678     0.08251    0.325       0.745568     

TRTA_TA1:LINE38              -0.06229     0.08305   -0.750       0.453290     

TRTAriki_46:LINE38           -0.22053     0.08425   -2.618       0.008913 ** 

TRTLincoln_2:LINE38          -0.02220     0.09204   -0.241       0.809450     

TRTNgongotaha:LINE38         -0.14979     0.08055   -1.859       0.063087 ·   

TRTOkoroire:LINE38           -0.34166     0.08477   -4.031 0.00005745982 *** 

TRTS12N10:LINE38             -0.05181     0.08188   -0.633       0.526977     

TRTWaimak_11:LINE38          -0.35451     0.09189   -3.858       0.000117 *** 

TRTA_TA1:LINEBarblanca       -0.12067     0.08360   -1.443       0.149042     

TRTAriki_46:LINEBarblanca     0.19033     0.08805    2.162       0.030751 *   

TRTLincoln_2:LINEBarblanca    0.01534     0.09203    0.167       0.867597     

TRTNgongotaha:LINEBarblanca   0.31565     0.08292    3.807       0.000145 *** 

TRTOkoroire:LINEBarblanca     0.07793     0.08573    0.909       0.363435     
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F.4 Pearson’s product-moment correlation coefficient between the mean 
MPNs of the soil extracts Ariki 46, Lincoln 2, Ngongotaha, Okoroire and 
Waimak 11 and the Shoot SP of the white clover populations 38, 153, 176, 
187, ‘Barblanca’, ‘Grasslands Prestige’, ‘Tienshan’ and ‘Grasslands 
Tribute’ with 16 individuals per population-treatment combination 

Pearson's product-moment correlation: t = 0.16201, df = 38, p-value = 0.8722 

95 percent confidence interval: -0.2875901, 0.3350403 

Sample estimates: cor 0.026273 

 

F.5 Means for the traits shoot dry matter (Shoot DM), root dry matter (Root 
DM), number of pink nodules per plant, number of white nodules per 
plant, total number of nodules per plant, nodule score, pink to white 
nodule ratio, total number of nodules to Root DM ratio, Shoot DM to total 
number of nodule ratio within white clover populations inoculated with a 
pure culture of the Rhizobium leguminosarum bv. trifolii strain S12N10 or 
TA1 or an extract of soil Ariki 46, Lincoln 2, Ngongotaha, Okoroire or 
Waimak 11 

 

TRTS12N10:LINEBarblanca       0.16780     0.08284    2.025       0.042933 *   

TRTWaimak_11:LINEBarblanca   -0.21718     0.09454   -2.297       0.021687 *   

TRTA_TA1:LINEPrestige         0.27045     0.08057    3.357       0.000802 *** 

TRTAriki_46:LINEPrestige      0.13124     0.08574    1.531       0.125981     

TRTLincoln_2:LINEPrestige     0.40508     0.10347    3.915 0.00009299722 *** 

TRTNgongotaha:LINEPrestige    0.41788     0.08013    5.215 0.00000020049 *** 

TRTOkoroire:LINEPrestige      0.40927     0.08573    4.774 0.00000192181 *** 

TRTS12N10:LINEPrestige        0.32617     0.08235    3.961 0.00007694688 *** 

TRTWaimak_11:LINEPrestige    -0.07128     0.09111   -0.782       0.434072     

TRTA_TA1:LINETienshan         0.14454     0.08150    1.773       0.076287 ·   

TRTAriki_46:LINETienshan      0.04389     0.08424    0.521       0.602395     

TRTLincoln_2:LINETienshan     0.33454     0.09358    3.575       0.000358 *** 

TRTNgongotaha:LINETienshan    0.04977     0.08056    0.618       0.536718     

TRTOkoroire:LINETienshan     -0.05503     0.08477   -0.649       0.516286     

TRTS12N10:LINETienshan       -0.02092     0.08099   -0.258       0.796184     

TRTWaimak_11:LINETienshan     0.29272     0.08378    3.494       0.000485 *** 

Significance codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘·’ 0.1 ‘ ’ 1  

Residual standard error: 0.3905 on 2297 degrees of freedom, Multiple R-squared:  0.2204,  Adjusted R-squared:  0.201, 
F-statistic: 11.39 on 57 and 2297 DF,  p-value: < 2.2e-16 
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Table F.1: Mean of the traits shoot dry matter (Shoot DM), root dry matter (Root DM), number of pink nodules per plant, number of white nodules per plant, total 
number of nodules per plant, nodule score, pink to white nodule ratio (PWR), total number of nodules to Root DM ratio, Shoot DM to total number of 
nodule ratio within each white clover population: half-sib families 38, 153, 176 and 187 as well as the cultivars ‘Barblanca’, ‘Grasslands Prestige’, 
‘Tienshan’ and ‘Grasslands Tribute’ inoculated with a pure culture of the Rhizobium leguminosarum bv. trifolii strain S12N10 or TA1 or an extract of soil 
Ariki 46, Lincoln 2, Ngongotaha, Okoroire or Waimak 11 after 30 days of growth. n indicates the maximum number of individuals sampled/white clover 
line-treatment combination for each trait. * indicates the mean of an individual white clover population is significantly different at P≤0.05 to the mean 
of plants inoculated with Rhizobium strain TA1. Least significant difference (LSD) for cultivar-treatment interactions are calculated at P≤0.05 according 
to Fisher’s pairwise LSD. 

Line Treatment Shoot DM 
(mg) 

(n = 16) 

Root DM 
(mg) 

(n = 16) 

Shoot DM 
(mg)  

(n = 8) 

Root DM 
(mg) 

(n = 8) 

Pink Nodules 
(nodule 

number/plant) 
(n = 8) 

White Nodules 
(nodule 

number/plant) 
(n = 8) 

Total Nodules 
(nodule 

number/plant) 
(n = 8) 

Nodule Score  
(0-5) 

 (n = 8) 

PWR (pink 
nodule/white 

nodule) 
(n = 8) 

Nodule/ RDM 
(nodule/mg) 

(n = 8) 

SDM/Nodule 
(mg/nodule) 

(n = 8) 

38 Grand mean 4.35 2.00 4.47 1.94 3.77 0.41 4.18 3.79 26.9 2.21 1.17 

38 Ariki 46 3.87 1.64* 4.07 1.78 3.46* 0.17 3.63* 3.83 20.75 2.04 1.12 
38 Lincoln 2 5.16 2.07 5.88 2.10 3.04* 0.25 3.29* 3.83 12.17 1.57 1.79 
38 Ngongotaha 3.98 1.97 3.72 1.83 2.83* 0.33 3.17* 3.79 8.50 1.73 1.18 
38 Okoroire 4.65 2.09 4.70 2.10 3.79* 0.04* 3.83* 3.96 91.00 1.83 1.23 
38 S12N10 3.56* 1.66* 3.45* 1.55 5.25 1.21 6.46 3.58 4.34 4.18 0.53 
38 TA1 5.19 2.54 5.27 2.22 5.13 0.83 5.96 3.75 6.15 2.68 0.88 
38 Waimak 11 4.04 1.98 4.21 2.04 2.88* 0.06* 2.94* 3.81 46.00 1.44 1.43 

153 Grand mean 6.84 3.09 7.05 3.17 4.15 0.06 4.21 3.92 45.5 1.45 1.83 

153 Ariki 46 5.54* 2.69* 5.69 2.87 3.04* 0.21 3.25* 3.83 14.60 1.13 1.75 
153 Lincoln 2 7.78 3.73 9.20* 4.19* 3.50* 0.00 3.50* 4.00 - 0.84 2.63 
153 Ngongotaha 8.92* 3.41 9.00* 3.47 3.67* 0.00 3.67* 4.00 - 1.06 2.45 
153 Okoroire 7.54 3.08 7.54 3.09 3.46* 0.04 3.50* 3.79 83.00 1.13 2.15 
153 S12N10 4.27* 2.12* 4.36* 2.04* 6.50 0.17 6.67* 3.75 39.00 3.27 0.65 
153 TA1 7.05 3.37 7.15 3.17 5.29 0.00 5.29 4.04 - 1.67 1.35 
153 Waimak 11 6.80 3.18 6.42 3.38 3.56* 0.00 3.56* 4.00 - 1.06 1.80 

176 Grand mean 5.33 2.17 5.46 2.15 3.54 0.60 4.14 3.73 28.6 1.99 1.44 

176 Ariki 46 5.85* 2.30 6.36* 2.40 3.33 0.17* 3.50* 3.92* 20.00 1.46 1.82 
176 Lincoln 2 4.18 2.04 3.85 1.98 1.79* 0.13* 1.92* 3.63 14.33 0.97 2.01 
176 Ngongotaha 6.60* 2.42 6.63* 2.18 4.38 0.04* 4.42* 3.96* 105.00 2.02 1.50 
176 Okoroire 7.18* 2.39 7.76* 2.59 4.33 0.00* 4.33* 4.00* - 1.67 1.79 
176 S12N10 3.66 1.60 3.58 1.55 3.42 1.46* 4.88* 3.17 2.34 3.14 0.74 
176 TA1 4.15 1.89 4.40 2.00 3.83 2.42 6.25 3.42 1.59 3.13 0.70 
176 Waimak 11 5.67* 2.53 5.65 2.35 3.71 0.00* 3.71* 4.00* - 1.58 1.52 

187 Grand mean 6.60 2.77 6.57 2.73 4.63 0.13 4.75 3.92 18.0 1.82 1.47 



 

279 
 

 

187 Ariki 46 6.73 2.82 6.15 2.56 3.54 0.25 3.79 3.79 14.17 1.48 1.62 
187 Lincoln 2 5.39 2.54 5.68 2.86 3.19* 0.13 3.31* 3.69 25.50 1.16 1.71 
187 Ngongotaha 8.58* 3.24 8.84* 3.17 5.08 0.00 5.08 4.00 - 1.61 1.74 
187 Okoroire 6.88 2.74 7.49 2.99 4.75 0.00 4.75 4.00 - 1.59 1.58 
187 S12N10 4.68* 2.02* 5.19 2.07 7.25* 0.50 7.75* 3.96 14.50 3.74 0.67 
187 TA1 6.21 2.89 6.08 2.57 4.63 0.00 4.63 4.00 - 1.80 1.31 
187 Waimak 11 7.70 3.12 6.56 2.89 3.96 0.00 3.96 4.00 - 1.37 1.66 

Barblanca Grand mean 3.74 1.57 3.70 1.51 3.42 0.19 3.62 3.84 39.1 2.42 1.10 

Barblanca Ariki 46 4.21 1.81 4.07 1.47 3.08 0.00* 3.08 4.00* - 2.10 1.32 
Barblanca Lincoln 2 3.32 1.43 3.55 1.41 2.00 0.29 2.29* 3.50 6.86 1.62 1.55 
Barblanca Ngongotaha 4.51* 1.76 4.45 1.75 3.75 0.04* 3.79 3.96* 90.00 2.16 1.17 
Barblanca Okoroire 4.63* 2.01* 4.29 1.85 3.46 0.00* 3.46 4.00* - 1.87 1.24 
Barblanca S12N10 3.32 1.53 3.11 1.46 5.71* 0.13 5.83* 3.96* 45.67 3.99 0.53 
Barblanca TA1 2.96 1.24 2.99 1.24 2.83 0.83 3.67 3.54 3.40 2.95 0.82 
Barblanca Waimak 11 3.24 1.19 3.41 1.40 3.13 0.06* 3.19 3.94 50.00 2.28 1.07 

Prestige Grand mean 4.38 1.93 4.44 1.97 3.83 0.10 3.93 3.97 20.8 2.04 1.19 

Prestige Ariki 46 3.83 1.65 3.98 1.77 3.17 0.13 3.29 3.83 25.33 1.86 1.21 
Prestige Lincoln 2 4.54 1.75 4.67 2.00 2.75* 0.00 2.75* 4.00 - 1.38 1.70 
Prestige Ngongotaha 4.74 2.07 4.64 2.13 4.13 0.00 4.13 4.00 - 1.94 1.13 
Prestige Okoroire 5.78* 2.45 6.34* 2.62* 3.83 0.00 3.83 4.00 - 1.46 1.65 
Prestige S12N10 3.79 1.75 4.03 1.85 5.46* 0.42 5.88* 4.08 13.10 3.17 0.69 
Prestige TA1 4.35 1.87 4.21 1.78 4.04 0.17 4.21 3.88 24.25 2.37 1.00 
Prestige Waimak 11 3.65 1.95 3.19 1.66 3.44 0.00 3.44 4.00 - 2.08 0.93 

Tienshan Grand mean 4.73 1.38 4.80 1.40 3.50 1.07 4.57 3.56 29.7 3.55 1.17 

Tienshan Ariki 46 4.22 1.08 3.80 0.86 3.08* 1.21* 4.29* 3.63 2.55 5.00 0.89 
Tienshan Lincoln 2 5.67 1.65 6.67 1.90 2.75* 0.08 2.83* 3.75 33.00 1.49 2.35 
Tienshan Ngongotaha 3.92 1.10 3.92 1.12 3.46* 0.13 3.58* 3.83 27.67 3.21 1.09 
Tienshan Okoroire 4.94 1.51 3.91 1.33 4.04* 0.25 4.29* 3.83 16.17 3.23 0.91 
Tienshan S12N10 2.61* 0.96 2.77* 1.13 1.17* 5.50* 6.67 2.04* 0.21 5.93 0.42 
Tienshan TA1 4.80 1.59 5.04 1.65 5.42 0.29 5.71 3.88 18.57 3.47 0.88 
Tienshan Waimak 11 6.96* 1.79 7.46* 1.84 4.58 0.04 4.63 3.96 110.00 2.52 1.61 

Tribute Grand mean 4.88 2.04 5.21 2.12 3.62 0.34 3.96 3.86 23.2 2.02 1.36 

Tribute Ariki 46 4.80 2.01 5.32 1.98 2.75 0.17 2.92* 3.88 16.50 1.47 1.82 
Tribute Lincoln 2 4.04 1.47 4.29 1.60* 3.00 0.44 3.44 3.75 6.86 2.15 1.25 
Tribute Ngongotaha 4.36 2.22 4.45 2.10 3.79 0.29 4.08 3.83 13.00 1.95 1.09 
Tribute Okoroire 6.55* 2.70 6.64 2.74 3.83 0.04* 3.88 3.96 92.00 1.42 1.71 
Tribute S12N10 3.20* 1.25* 3.49* 1.26* 4.50 0.38 4.88 3.71 12.00 3.86 0.72 
Tribute TA1 4.75 2.12 5.38 2.67 3.79 0.83 4.63 3.96 4.55 1.73 1.16 
Tribute Waimak 11 6.44 2.49 6.90 2.49 3.67 0.21 3.88 3.92 17.60 1.56 1.78 

Interaction LSD 1.34 0.65 1.82 0.81 1.30 0.76 1.29 0.41 - - - 
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F.6 Separate pattern analysis biplots for the soil extracts Ariki 46, Lincoln 2, 
Ngongotaha, Okoroire and Waimak 11 and the pure Rhizobium 
leguminosarum bv. trifolii 

Figure F.1: Biplot generated by pattern analysis of 11 symbiotic traits to separate the differences 
between eight white clover populations inoculated with the soil extract Ariki 46. Plant 
symbiotic responses are: Shoot DM (shoot dry matter); Shoot SP (shoot symbiotic 
potential); Root DM (root dry matter); Root SP (root symbiotic potential); RSR (root to 
shoot ratio); PinkNod (number of pink nodules); WhiteNod (number of white nodules); 
NodScore (nodule score); Total NODS (total number of nodules); NRDM (total nodules to 
Root DM ratio); SNOD (Shoot DM to total nodule ratio). White clover populations are: HS 
families 38, 153, 176 and 187 and white clover cultivars Bar (‘Barblanca’); Pre (‘Grasslands 
Prestige’); Tie (‘Tienshan’) and Trib (‘Grasslands Tribute’). Colours indicate white clover 
population pattern analysis cluster groups. 
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Figure F.2: Biplot generated by pattern analysis of 11 symbiotic traits to separate the differences 

between eight white clover populations inoculated with the soil extract Lincoln 2. Plant 

symbiotic responses are: Shoot DM (shoot dry matter); Shoot SP (shoot symbiotic 

potential); Root DM (root dry matter); Root SP (root symbiotic potential); RSR (root to 

shoot ratio); PinkNod (number of pink nodules); WhiteNod (number of white nodules); 

NodScore (nodule score); Total NODS (total number of nodules); NRDM (total nodules to 

Root DM ratio); SNOD (Shoot DM to total nodule ratio). White clover populations are: HS 

families 38, 153, 176 and 187 and white clover cultivars Bar (‘Barblanca’); Pre (‘Grasslands 

Prestige’); Tie (‘Tienshan’) and Trib (‘Grasslands Tribute’). Colours indicate white clover 

population pattern analysis cluster groups. 
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Figure F.3: Biplot generated by pattern analysis of 11 symbiotic traits to separate the differences 

between eight white clover populations inoculated with the soil extract Ngongotaha. Plant 

symbiotic responses are: Shoot DM (shoot dry matter); Shoot SP (shoot symbiotic 

potential); Root DM (root dry matter); Root SP (root symbiotic potential); RSR (root to 

shoot ratio); PinkNod (number of pink nodules); WhiteNod (number of white nodules); 

NodScore (nodule score); Total NODS (total number of nodules); NRDM (total nodules to 

Root DM ratio); SNOD (Shoot DM to total nodule ratio). White clover populations are: HS 

families 38, 153, 176 and 187 and white clover cultivars Bar (‘Barblanca’); Pre (‘Grasslands 

Prestige’); Tie (‘Tienshan’) and Trib (‘Grasslands Tribute’). Colours indicate white clover 

population pattern analysis cluster groups. 
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Figure F.4: Biplot generated by pattern analysis of 11 symbiotic traits to separate the differences 

between eight white clover populations inoculated with the soil extract Okoroire. Plant 

symbiotic responses are: Shoot DM (shoot dry matter); Shoot SP (shoot symbiotic 

potential); Root DM (root dry matter); Root SP (root symbiotic potential); RSR (root to 

shoot ratio); PinkNod (number of pink nodules); WhiteNod (number of white nodules); 

NodScore (nodule score); Total NODS (total number of nodules); NRDM (total nodules to 

Root DM ratio); SNOD (Shoot DM to total nodule ratio). White clover populations are: HS 

families 38, 153, 176 and 187 and white clover cultivars Bar (‘Barblanca’); Pre (‘Grasslands 

Prestige’); Tie (‘Tienshan’) and Trib (‘Grasslands Tribute’). Colours indicate white clover 

population pattern analysis cluster groups. 
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Figure F.5: Biplot generated by pattern analysis of 11 symbiotic traits to separate the differences 
between eight white clover populations inoculated with the soil extract Waimak 11. Plant 
symbiotic responses are: Shoot DM (shoot dry matter); Shoot SP (shoot symbiotic 
potential); Root DM (root dry matter); Root SP (root symbiotic potential); RSR (root to 
shoot ratio); PinkNod (number of pink nodules); WhiteNod (number of white nodules); 
NodScore (nodule score); Total NODS (total number of nodules); NRDM (total nodules to 
Root DM ratio); SNOD (Shoot DM to total nodule ratio). White clover populations are: HS 
families 38, 153, 176 and 187 and white clover cultivars Bar (‘Barblanca’); Pre (‘Grasslands 
Prestige’); Tie (‘Tienshan’) and Trib (‘Grasslands Tribute’). Colours indicate white clover 
population pattern analysis cluster groups. 

 

 

 



 

285 
 

Figure F.6: Biplot generated by pattern analysis of 11 symbiotic traits to separate the differences 

between eight white clover populations inoculated with a pure culture of the Rhizobium 

leguminosarum bv. trifolii strain S12N10. Plant symbiotic responses are: Shoot DM (shoot 

dry matter); Shoot SP (shoot symbiotic potential); Root DM (root dry matter); Root SP (root 

symbiotic potential); RSR (root to shoot ratio); PinkNod (number of pink nodules); 

WhiteNod (number of white nodules); NodScore (nodule score); Total NODS (total number 

of nodules); NRDM (total nodules to Root DM ratio); SNOD (Shoot DM to total nodule 

ratio). White clover populations are: HS families 38, 153, 176 and 187 and white clover 

cultivars Bar (‘Barblanca’); Pre (‘Grasslands Prestige’); Tie (‘Tienshan’) and Trib (‘Grasslands 

Tribute’). Colours indicate white clover population pattern analysis cluster groups. 
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Figure F.7: Biplot generated by pattern analysis of 11 symbiotic traits to separate the differences 

between eight white clover populations inoculated with a pure culture of the Rhizobium 

leguminosarum bv. trifolii strain TA1. Plant symbiotic responses are: Shoot DM (shoot dry 

matter); Shoot SP (shoot symbiotic potential); Root DM (root dry matter); Root SP (root 

symbiotic potential); RSR (root to shoot ratio); PinkNod (number of pink nodules); 

WhiteNod (number of white nodules); NodScore (nodule score); Total NODS (total number 

of nodules); NRDM (total nodules to Root DM ratio); SNOD (Shoot DM to total nodule 

ratio). White clover populations are: HS families 38, 153, 176 and 187 and white clover 

cultivars Bar (‘Barblanca’); Pre (‘Grasslands Prestige’); Tie (‘Tienshan’) and Trib (‘Grasslands 

Tribute’). Colours indicate white clover population pattern analysis cluster groups. 

 
 


