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Summary 

A recurrent selective breeding process was developed to assess the suitability 

and potential of Dactylis glomerata L. (Cocksfoot) for the biorefining of phenolic 

compounds. Evaluation of traits across wild or synthetic accessions and commercial 

varieties entered into both replicated and randomised spaced plant and yield plot 

trials, allowed for a selective half-sib polycross for both the initial and first 

generation to be performed. Test traits included ploidy level, susceptibility to two 

fungal pathogens, biomass quality, dry matter yield, winter hardiness, date of 

emergence of inflorescences and analysis of the phenolic profile of the species. 

Winter hardiness, emergence of inflorescences and incidence of Mastigosporium sp. 

and Puccinia striiformis were assessed through spaced plant observations, ploidy 

level via chromosome counts and flow cytometry, biomass quality through NIRS, 

dry matter yield by weights of plot samples and phenolic profile by GC-MS.  

Differences between initial generations revealed that improvement of 

pathogen resistance could be achieved through selective breeding, although testing 

over further generations would be needed to greater assess other traits. Dry matter 

yield was greater than Lolium perenne L. over a spring-autumn cutting regime, with 

digestibility remaining consistent across these seasons. Water-soluble carbohydrates 

within leaf tissues decreased between spring and autumn, whilst protein contents 

increased, indicating protein could make a suitable additional biorefining product. 

Phenolic profile was not unique to accessions, nor greatly influenced by fluctuations 

in dry matter yield, instead being greater affected by season. Estimated income from 

the biorefining of phenolic compounds per hectare across a spring-autumn monthly 

cutting regime could make a significant contribution to annual livestock income in 

Wales, with flavonoid compounds offering the greatest potential. 
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GENERAL INTRODUCTION 
 Ever changing policies for farming in rural Wales have resulted in the 

reduction of livestock farming and subsequent diversification of land use, including 

the adoption of new technologies altering agricultural practises (Morris et al., 2017; 

McNally, 2001). Moreover, profits from livestock farming are greatly dependent on 

the availability of subsidies, where future reductions in these subsidies could result 

in further modification of agriculture. Estimations of the effect of Brexit on Welsh 

farming suggest that lower levels of public funding are likely to reduce the economic 

viability of sheep farming, specifically in North and West Wales, where upland 

farming is common (Dwyer, 2018). An additional challenge for future Welsh 

farming is predicted climatic changes, with drier summers and wetter winters to 

occur over the next 50 years (Met Office, 2019). 

 The requirement for alternative farming practices could see grasslands 

cultivated specifically for the biorefining of high commodity products, which in turn 

would restore the socio-economic impact of reduced livestock farming in rural 

communities (Charlton, et al., 2009). Hauck et al. (2013) describe the biorefining 

potential of the forage grass species Dactylis glomerata (commonly known as 

‘Cocksfoot’), for the production and extraction of polyphenolic compounds. 

Phenolic compounds are secondary metabolites with notable medicinal and health 

benefits, including anti-inflammatory, anti-carcinogenic and viral inhibition 

properties (Lin and Hsieh, 2010; Liu et al., 2008; Zhang et al., 2008; Huang and 

Abd-Elazem, 2008). The market for botanical derived medicines was worth 

approximately US$60 billion in 2014, and is set to rise in coming years (Persistence 

Market Research, 2018).  
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Cocksfoot has previously been utilised in British farming for the grazing of 

livestock, but in recent years has become less favourable in comparison to other 

grasses such as Lolium perenne (Perennial ryegrass), due to its course, tussock-like 

growth form, reducing palatability and offering lower digestibility. However, 

Cocksfoot exhibits drought and heat tolerant properties, which make it of interest for 

future agricultural practises, where summer drought may become more common 

(Forbes and Watson, 1992; Ghesquiere et al., 2014). This would make the 

cultivation of the species suitable for alternative farming practices, given stress 

resistance would require lower maintenance, minimising expenses. In addition, the 

cold tolerance in some unique varieties of Cocksfoot could reduce winter damage 

from cooler temperatures and frost incidence experienced on elevated ground 

(Livingston et al., 2009; Sanada et al., 2007). 

 Although the potential of Cocksfoot to be grown as a biorefinery crop has 

been outlined, the species shows broad genetic variation across commercial varieties 

and wild populations, which may cause inconsistencies in the production of 

biorefinery products. Selective breeding of commercial crop species allows for a 

reduction in genetic variation and improvement in desirable traits, creating a distinct 

and uniform variety. The prospect of improving Cocksfoot for the emerging sector of 

biorefining has not previously been investigated. This project aims to establish a 

recurrent selection process – utilising phenotypic selection trials to inform 

polycrosses, followed by half-sib progeny testing (see Figure 2,1). The main traits of 

interest were considered to be biomass yield, biomass quality and phenolic quantity, 

although other traits were also selectively bred for, in order to create a uniform crop; 

disease resistance, good winter hardiness, consistent level of ploidy and narrow 

range in date of the emergence of inflorescences. These traits were determined by a 
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review of literature on past and present breeding efforts in Cocksfoot (see 

1.Literature review).  

 In order for the project to address the effectiveness of selection upon 

improving biorefining potential, a breeding methodology was developed, 

considering the following aims and objectives: 

Aims:  

 To establish a recurrent selective breeding population appropriate for 

improving the biorefining potential of Cocksfoot, within the four year 

timeframe of this project. 

 To assess whether the traits of dry matter yield, forage quality, disease 

resistance, winter hardiness and the emergence of inflorescences have the 

potential to be improved via selection events. 

 To investigate the profile, quantity and variation of phenolic compounds of 

Cocksfoot, in both individual plants and as part of a sward. 

 To outline the economic viability of cultivating Cocksfoot as a biorefining 

crop. 

Objectives: 

 Utilise trait data to inform phenotypic selection of individual plants entered 

into polycrosses, resulting in half-sib progeny test trials. 

 Define the variation of ploidy within the founding population (F0). 

 Identify which pathogens are most prevalent in Cocksfoot and aim to 

improve resistance through selective breeding. 
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 Reduce the variation in phenotypic traits of disease and the date of 

emergence of inflorescences per generation, to stabilise the population and 

produce a uniform crop.  

 Explore the quality of leaf tissue, considering dry matter yield, water soluble 

carbohydrate, protein and subsequent digestibility. 

 Determine how the profile and quantity of phenolic compounds in plant 

tissues vary with accession and by season. 

 Determine how the variation in phenolic compounds of a Cocksfoot sward 

may influence potential income from biorefining, over a cutting regime that 

could be implemented on-farm.  
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1. LITERATURE REVIEW 

1.1 INTRODUCTION 

Dactylis glomerata L. (referred to as Cocksfoot or Orchard Grass) is a wind-

pollinated perennial grass, which exhibits dense tussocks, flattened shoots and 

glumes of an often purple appearance (Beddows, 1959; Lolicato and Rumball 1994; 

Watson et al., 1985). Originating from Eurasia, the species belongs to the Poeae tribe 

and is now widely distributed throughout most temperate areas of the world, due to 

its introduction by settlers because of its advantageous ability to grow year round 

(Beddows, 1968; Lumaret, 1988). Globally, it is frequently cultivated as a forage 

crop, used in mixed swards alongside White Clover (Trifolium repens L.) for 

grazing. Sowing with Alfalfa (Medicago sativa L.) or Red Clover (Trifolium 

pratense L.) is also common in silage production, as Cocksfoot has good regrowth 

properties (Sanada et al., 2010). In comparison to widely cultivated forage Perennial 

Ryegrass (Lolium perenne L.), Cocksfoot has a greater growth and survival rate (50-

60%) as part of a mixed pasture under rotational grazing (Brock, Hume and Fletcher, 

1996). However, Cocksfoot has been shown to dominate over clover in some swards, 

due to earlier heading dates, resulting in nitrogen deficiency and overshadowing (Lee 

and Cho, 1985; Lucas et al., 2010). Similarly, lower biomass yields are seen in 

White Clover/Cocksfoot mixed swards than with Perennial Ryegrass (Peralta et al., 

2017).  

The commercial breeding of Cocksfoot began in the 1920’s, which led to the 

development of breeding programmes around the globe. Interestingly, most breeding 

programmes have been funded publicly aside from Europe, where breeding tended 

toward private funding. Co-operation between public and privately funded 

programmes only began from the 1970’s onwards (Sanada et al., 2010). Many 
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breeding programmes for Cocksfoot have seen a loss of interest within the past 20 

years, given that other forage grasses are more favourable within the agriculture 

industry, offering greater economic benefit through better forage quality than 

Cocksfoot. This is particularly evident in the UK, where the last Cocksfoot 

commercial variety bred in the country was available from 2004.  

Although Cocksfoot does not offer the forage quality of more popular grass 

species, such as Perennial Ryegrass, it has some drought avoidance characteristics 

and is therefore often grown in locations prone to lower incidence of rainfall. This is 

brought about through deeper roots, earlier emergence of inflorescences (heading 

date) and summer dormancy (Forbes and Watson, 1992; Ghesquière et al., 2014). 

Summer dormancy can be seen in some varieties during periods of summer drought, 

evidenced by growth suppression and senescence of leaves, although research 

suggests that high dry matter yield can be correlated to greater plant survival after 

drought (Norton et al., 2008; Zhouri et al., 2019). With such a broad variation seen 

in this trait, improvement of summer dormancy through selective breeding could be 

achievable. The species is also heat and shade tolerant, although possess low winter 

hardiness (Piano et al., 2005; Borril, 1991). Varying expression of these 

characteristics can be seen across 18 subspecies and several ploidy levels – 2n, 4n, 

8n. Despite the majority of the subspecies being diploid, greater levels of variability 

can be seen in tetraploid subspecies (Lumaret 1988, Lindner et al., 2004). This 

provides an explanation as to why tetraploid subspecies occupy a larger geographic 

range than diploid subspecies, as the variability within the germplasm allows for 

location specific adaptations (Amirouche and Misset, 2007). The global variation of 

Cocksfoot germplasm would need to be reviewed in order to gain a true 
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understanding of the benefits and drawbacks of variation, in relation to breeding for 

a current market. 

As an alternative to forage, recent studies have highlighted the ability of 

Cocksfoot to be marketed as a biorefining crop (Hauck et al., 2013). Biorefining of 

Cocksfoot offers an interest to the agricultural industry through the grass’ production 

of phenolic compounds, which can be extracted for use in the pharmaceutical and 

health food industries (Boudet, 2007; Hollman, 2001).  

A review of current literature will highlight the plausibility of creating a breeding 

population that addresses the development of a crop suitable for biorefining. It will 

also discuss and outline traits that would need to be measured to allow for a recurrent 

selective breeding process.  

1.2 BREEDING METHODOLOGIES 

In order to improve a species for a specific end use, the selection of breeding 

methodologies is imperative in producing marketable varieties. A breeding method 

can collectively be described as the series of methods necessary to improve a species 

over multiple generations, from the initial or base population (wild collections, 

ecotypes and existing varieties) through to producing candidate varieties. Successful 

breeding methods are determined by clearly defined objectives, informed by traits 

required for the target market (see 2.2 Breeding cycle), and by use of methods 

appropriate to the reproductive strategy of the species (Posselt, 2010). Cocksfoot is a 

predominantly cross-pollinating species, although there is evidence of self-

fertilisation and occasional male sterility (Filion and Christie, 1966). Self-

fertilisation is of interest within a breeding programme, as it allows for homogeneity 

and cloning, yet in Cocksfoot inbreeding results in low fertility and therefore 

reduced seed setting with consecutive generations (Myers, 1948). Cocksfoot, like 
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other forage grass species, can also be cloned from vegetative tissues referred to as 

tillers. 

According to the modes of reproduction defined by Fryxell (1957), 

Cocksfoot can be described as mostly allogamous, where high heterozygosity 

implies population varieties would be best produced from the species (as opposed to 

lines or clones). The breeding of population varieties relies on random outcrossing 

within a selected population, recurring over several populations to systematically 

reduce heterozygosity. Schnell (1982) describes population varieties as either open-

pollinated varieties (interbreeding between selected families/varieties) or synthetic 

varieties (restricted breeding of selected parents within one family in advanced 

generations). The study also suggests that breeding population varieties consists of 

three phases: ‘Procuring initial variation’ (creation of a base population), ‘Forming 

varietal parents’ (selection of individual plants for crossing) and then ‘Testing 

experimental varieties’ (to assess potential improvements through selection).  

1.2.1 Initial population 

 

The initial, base or founding population of a breeding programme best 

incorporates a wide range of wild collections, ecotypes, families (from prior 

breeding) and varieties. The greatest scope for improvement through selective 

breeding can be established by addressing all breeding objectives across initial 

entries, giving potential for positive traits to be accumulated within progeny with 

each selection event (Geiger, 1982). Wild collections are typically less favourable in 

agronomic traits, such as dry matter yield and seed yield, yet can offer more unique 

traits like winter hardiness and disease resistance. Because of this, it is suggested that 

introgression of these unique genes is best achieved by back crossing wild 
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collections with selectively bred varieties before entrance into an initial population 

(Geiger, 1982). In contrast, Casler et al. (1996) argues that genetic differences 

between bred varieties and ecotypes of perennial forages are often indistinguishable, 

as they can be considered ‘undomesticated’, unlike many arable crops where 

centuries of breeding has significantly altered the germplasm. That being said, 

breeders should only select wild collections or ecotypes which exist from sources or 

locations of interest to the breeding objectives (Posselt, 2010). Prior studies can 

assist with recognising locations and climates from which collections with 

favourable traits may exist and so this practise should be utilised when deciding 

upon collection sites. The number of entries in an initial population depends upon 

the breeding objectives, facilities and labour available during the expected course of 

the breeding method. As the initial population of Cocksfoot was established prior to 

this project, the decision of entries was not determined by this literature review, yet 

did incorporate wild collections, previously utilised breeding lines and commercial 

varieties.  

Once a suitable base population has been established, breeding methods must 

be chosen to allow for improvement in desirable traits within a series of recurring 

selection from the base population (known as ‘recurrent selection’). It is common 

practise to establish a ‘spaced plant nursery’ – planted in randomised blocks with 

50cm spacing between plants - for selection of the initial population, allowing for 

selection of individual plants showing phenotypic superiority (Gardner, 1961). 

Determination of the most appropriate selection methods is influenced by the 

breeding objectives and the breadth of the gene pool of the base population (Hallauer 

and Miranda, 1981). Whilst there is no defined number of recurrent selection events 

(or generations) for optimum population improvement, it is commonly accepted that 
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the process has been sufficient once ‘superior genotypes’ have been created (Sleper 

and Poehlman, 2006). These superior genotypes can be directly utilised as candidate 

varieties (as in mass selection), but more commonly they are subject to further 

recombination to create synthetic varieties within a uniform ideotype (Posselt, 2010).  

1.2.2 Selection for crossing 

 

Selections can either be described as phenotypic (based on the phenotype of a 

plant/family) or genotypic (based on the phenotype of the progeny of a plant/family). 

The utilisation of these selection methods is largely dependent on the genetic 

influence of desired traits, such as whether the trait is genetically quantitative, under 

the control of a single gene or the expected heritability of a trait (Fehr, 1987). When 

selecting parents from an initial population, phenotypic selection (observation 

scoring for traits of interest according to breeding objectives) allows for the best 

individuals within wild collections/families/varieties to be identified. Seed is then 

either harvested from the best individual plants within the field (after open 

pollination, referred to as ‘mass selection’) or individuals can be dug from the field 

prior to anthesis and isolated, confining cross pollination to within the selected 

population genepool only (known as ‘poly crossing’) (Tysdal et al., 1942). Although 

both methods result in seed/progeny that are only maternal siblings (‘half-sib 

progeny’), poly crossing offers the advantage of controlled pollination, greater 

reducing heterozygosity from the initial population to the first.  

Alternatively, top crossing (a selected mother plant, fertilised by several 

pollen donors from another family) or pair crossing (an emasculated mother plant 

crossed with a single pollen donor, creating ‘full sib’ progeny) can be utilised 

(Allard, 1960). These methods are typically adopted if a family specifically presents 
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a desirable and unique trait, where refining crossing to as few as two 

families/varieties can considerably improve the presence of this trait in their 

progeny. However, this can often be at the expense of inbreeding depression in 

grasses. Genomic selection can inform these selection events, where selections can 

be narrowed down to the best individuals from within the best families (Nguyen and 

Sleper, 1983).  

1.2.3 Testing selection successes 

 

 Once a selection and sexual recombination event has occurred, it is 

imperative to test the resulting progeny to assess the effectiveness of the breeding 

methods. Seed harvested from individual mother plants become the next generation 

of families and are sown into a new trial for selection. Whilst recurrent phenotypic 

selection of spaced plants allows for reduction in traits, such as the synchrony of 

inflorescence emergence or winter hardiness in earlier or broader populations, with 

each consecutive generation, differences in these traits can become fewer. Moreover, 

selecting for traits with lower heritability using only phenotypic testing often results 

in little to no improvement. Because of this, what is referred to as ‘progeny testing’ 

in replicated plots can better inform the selection of individual mother plants, as it 

collectively allows for the assessment of its progeny as a sward (Ravel, 1995). 

Perennial forage species are seldom cultivated as individual plants and so assessment 

of progeny within a plot mimics the expected interaction and performance if it were 

to be sown as a pasture, as well as lessening the effect of environmental variation 

(Aasveit and Aastveit, 1990). Furthermore, research suggests that forage yield in 

replicated plots has a low correlation to yield recorded on individual plants and is 

therefore better analysed using plot data (Breese and Hayward, 1972). Progeny 

testing in replicated plots also allows for effective assessment of traits such as forage 
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yield and quality over an expected cutting (for silage) or grazing period. This 

facilitates comparison of the performance of progeny against competitive 

commercial varieties, allowing for genotypic selection of mother plants with the best 

performing progeny. Genotypic selection is deemed more effective than phenotypic 

selection at increasing traits such as forage yield, despite this being at the expense of 

time, as the trait is considered genetically quantitative (Conaghan and Casler, 2011). 

Unlike some other species, perennial forage grasses offer the advantage of being able 

to retain the mother plant material for many years. In addition, multiple clones can 

be created and retained from these mother plants, by re-potting individual tillers 

obtained from the mother plant. Not only does this better facilitate genotypic 

selection, it can also increase seed production through multiple mature clones as 

opposed to a single mother plant.  

1.2.4 Production of varieties  

 

After several generations of recurrent selection and testing have significantly 

improved the breeding population to be competitive in the target market, a 

population variety is said to have been produced (Schnell, 1982). However, these 

varieties are often still too phenotypically variable to meet requirements for the 

variety to be marketed – DUS testing (requiring a variety to be distinct, uniform and 

stable across generations) and VCU testing (value for cultivation and use) (Posselt, 

2010). For this reason, large spaced plant trials allow for the elimination of ‘off-type’ 

individuals, where further crossing of the remaining plants can create a more stable 

and uniform population. Once this improved variety has been achieved, seed must be 

multiplied or ‘bulked’ for entry into National List trials. 
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1.3 PREVIOUS BREEDING EFFORTS 

 Currently, there are 220 varieties of Cocksfoot listed certifiably on the 2020 

OECD list; the majority of which are European tetraploid varieties, although 122 of 

these exist in the EU common catalogue and only 24 are certified on the UK 

National List (OECD, 2020; European commission, 2021; Animal and Plant Health 

Agency, 2021). Selective breeding of Cocksfoot is imperative for the grass to be 

comparable against more favourable grass species and alternative biomass crops 

(Casler et al., 2013). The majority of recent breeding efforts have involved 

investigations into increasing biomass yield (for grazing/silage), improving 

resistance to diseases and abiotic stresses (drought and low temperatures) (Sanada et 

al., 2010). Cold tolerance has been of greatest interest in the Northern hemisphere, 

where varieties bred in regions such as Canada and Scandinavia show tolerance in 

temperatures as low as -12°C (Abe, 1980; Cooper, 1964). Studies have shown that 

varieties which possess good cold tolerance also have a relatively high water soluble 

carbohydrate (WSC) concentration (Livingston et al., 2009; Sanada et al., 2007). 

This would suggest that determining the concentration of WSC in Cocksfoot plants 

could be a good method for selection of cold tolerant varieties. As both Timothy 

(Phleum pratense L.) and Meadow Fescue (Festuca pratensis Huds.) exhibit high 

levels of cold tolerance, Cocksfoot varieties with cold tolerance must be bred in 

order to compete in an agricultural market against these other species.  

 Equally, breeding in an attempt to increase the biomass yield of Cocksfoot is 

essential. Other grasses, such as Perennial Ryegrass, produce higher yields in spite of 

Cocksfoot offering a cheaper alternative due to lower requirement for nitrogen 

fertilisers to produce sufficient yield (Ribaudo et al., 2011). Greater biomass could 

increase available commodities for biorefining. Biomass yield utilised as livestock 
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feed (either by grazing or cutting for silage) has been of interest within Cocksfoot 

breeding programmes for many years, as it is a vital characteristic in forage grasses 

(van Dijk, 1959). Generally, reduced biomass yields in Cocksfoot may be attributed 

to the grasses susceptibility to damage through grazing and treading by animals 

(Papadopolous et al., 1995). It has been proposed that plants with earlier emergence 

of inflorescences can yield up to 7% more dry matter, meaning that plants with such 

heading dates could be useful to consider within a breeding programme. Harris et al. 

(2008) reported that Mediterranean accessions of Cocksfoot not only produced 

greater forage yields, but also were more persistent in growth. However, breeding for 

genetic gain of these traits has seen little to no improvement (<1%) between the 

years of 1950-2000, where this data does not include any gain from Cocksfoot bred 

within the UK (Casler et al., 2000). This low improvement in yield could be offset 

by the higher digestibility of Cocksfoot compared to some other grasses, such as 

Meadow Fescue, Tall Fescue and Timothy (Wilkins and Humphreys, 2003). It is 

evident that continuing breeding efforts must be made in this area, in attempt to 

increase biomass yield, with the mind that digestibility must not be negatively 

affected by this. 

 The biomass yield of Cocksfoot can be further reduced by incidence of 

disease. Several species of rust fungi have been seen to infect Cocksfoot plants and 

cause the most severe damage to the quality and yield. Studies suggest that breeding 

high resistance to rust fungi in Cocksfoot can only be achieved when the genetic 

variability within the breeding stock is high (Zeng et al., 2014; Yan et al., 2013). Ittu 

and Kelner (1977) discovered that varieties originating from low latitudes exhibited 

high resistance to rust, perhaps indicating that wild accessions from these regions 

should be considered within breeding stocks in order to increase rust resistance. 
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Investigations carried out in the Czech Republic have shown that not only is disease 

resistance more prominent within tetraploid varieties, but certain sub species (ssp. 

galiciana) have distinctly high rust resistance (Mika et al., 2002). Future breeding 

efforts could explore the potential hybridisation between subspecies of Cocksfoot, to 

bring about greater disease resistance. Given that the greatest disease resistance 

detected in Cocksfoot has been for Crown rust and Stem rust, it would be beneficial 

to examine resistance to other fungi (Braverman, 1986). Little investigation into the 

development of viral resistant varieties of Cocksfoot has been carried out (Clarke 

and Eagling, 1994). However, it is known that breeding virus resistant strains of 

Cocksfoot can result in subsequent losses in forage and seed yield, due to genetic 

linkage. The viral resistance brought about through breeding has only been described 

as ‘tolerance’ and therefore gain in disease resistance has been noted to be 

outweighed by losses in biomass and seed yield (Rognli et al., 1995).  

 Despite current breeding efforts, producing Cocksfoot seed cost-effectively 

can be challenging (Norton, 2015). Seed setting in Cocksfoot can range between 

2.7% - 29.4% in outdoor cultivation, which can be increased up to an average of 

52.4% under glasshouse conditions (Johnston, 1960). With such a range in seed 

setting rates, it is difficult for breeders to predict how successful seed production will 

be. It has been found floret number and fertility of Cocksfoot plants has been found 

to be increased by shoots originating at an earlier date, which in turn can improve 

seed yields (Ryle, 1964; Wilson, 1959). Therefore, breeding programmes may 

produce higher seed rates if plants are well established prior to the production of 

reproductive tillers or if varieties are bred with earlier emergence of inflorescences. 

The highest seed yields can be observed during the second year of cultivation, as 

plants are better established than in the first year; this can be increased by higher 
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levels of irrigation, despite Cocksfoot’s drought tolerant traits (Martiniello, 1998; 

Piano et al., 2004). It must be considered that this was found true in Mediterranean 

environments, which experience significantly less rainfall than in the UK - 530mm 

compared to 1460mm per year, respectively (Met Office, 2010; Alpert et al., 2002). 

It is important to bear any factors in mind which may affect seed yield, as economic 

gain from a breeding programme is greatly affected by the quantity and quality of 

seed produced and sold. 

Stewart and Ellison (2014) suggest that ongoing breeding programmes should be 

up scaled and new breeding programmes should look to greater utilise wild 

germplasm to introduce favourable traits into breeding stock. Out of the numerous 

breeding programmes worldwide, only one out of the 220 certified varieties of 

Cocksfoot originate from breeding stocks established in Britain (OECD, 2020). The 

most recent variety bred in the UK was Abertop (IBERS) which was available on the 

National list since 2003, but now ceases to exist on the National list (British 

Grassland Society, 2016; Animal and Plant Health Agency, 2021). Given that six 

new varieties of Cocksfoot had been added to the OECD certified list in 2020 alone, 

it is fair to assume that breeding programmes elsewhere have made good progress in 

further developing advantageous Cocksfoot varieties since. Promoting the species as 

a biorefining crop could overcome the negative association of Cocksfoot within 

British agriculture, creating a renewed market for UK bred varieties.  

1.4 GROWTH PATTERNS IN COCKSFOOT 

 In order to study the biorefining potential of Cocksfoot and initiate a 

recurrent selective breeding process, general growth patterns and traits must be 

outlined. The growth pattern of Cocksfoot can be divided into three stages – juvenile 

(maturation), inductive and post inductive (initiation) - as described by Calder 



18 

 

(1964). The duration of these stages is controlled both via environmental and 

heritable factors, where the transition between induction and post inductive stages 

can be determined by the emergence of inflorescences. The length of this transition 

can affect many aspects of the plants growth, in terms of biomass yield and summer 

dormancy (Knight, 1968).  

 Seed germination is most successful 270-330 days after a July harvest, which 

is equivalent to a spring sowing (March/April), but still has a relatively high 

germination rate (81%) up to 630 days after harvest (Stanisavljevic et al., 2011). 

Germination rates in Cocksfoot can be variable, but have been observed to be as 

great as 90% in tetraploids and 90% in diploids (Bretagnolle et al., 1995).    

 The Juvenile stage of growth refers to the initial stage of seedling 

development; plants germinate, emerge and mature up to three leaves. It is not 

evidently clear whether rate of maturation varies between leaves or indeed plants 

themselves. Evidence suggests that ploidy level in Cocksfoot plays a role in the 

development of initial leaves, where diploid varieties developed a larger number of 

leaves before advancing onto the inductive stage of growth (Bretagnolle and 

Thompson, 1996). Additionally, the earliest emerging tillers contribute greatest to 

the number of florets per plant (Langer and Lambert, 1959). At this stage of 

development, plants are unresponsive to abiotic stimuli, such as day length and 

temperature, where vernalisation cannot occur until the plants proceed to the 

inductive growth stage (Calder, 1964). Cocksfoot, as with most perennial grass 

species, can take up to several weeks to mature beyond this growth stage. The 

development of processes needed for grass to progress from the juvenile phase to 

induction has been well investigated, but no conclusions have been drawn (Allsop, 

1965; Lang, 1965; Leopold, 1964). Unlike some other perennial grasses, differences 
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in cold temperature exposure and day length appear to have no effect on this 

transition (Cooper and Calder, 1964). Some studies suggest that the presence of 

gibberellin related hormones prohibit the inductive stage by preventing any chemical 

responses to environmental stimuli (Barber et al., 1958). Others have proposed that 

sensitivity to stimuli is correlated with plant age, suggesting that inhibitive hormone 

concentration could also be linked to plant age (Evans, 1969).  

 Formation of flower buds is initiated by day length and temperature during 

the inductive stage, where plants growing under unfavourable conditions will not 

progress beyond the juvenile stage. Shorter day lengths have been shown to 

accelerate the formation of flowers during vernalisation, with the threshold for dark 

hours predicted to be approximately 7 hours (Calder, 1964). If Cocksfoot plants are 

grown in longer day periods, then development of flowers will be delayed, or plants 

will fail to flower at all. The optimum day length to cause vernalisation can vary 

between varieties; Cocksfoot bred in southern locations has been seen to flower, 

even with longer day lengths, such as the Israel varieties mentioned in Calder (1964). 

Although lower temperatures can marginally enhance vernalisation, in comparison to 

similar grass species, Cocksfoot shows weak response to temperature during this 

period (Heide, 1994). However, the ploidy level of Cocksfoot plants has been noted 

to have a significant effect upon vernalisation. Bretagnolle and Thompson (1996) 

reported that tetraploid plants exhibited the emergence of flowering heads 

significantly earlier than diploids, irrespective of other environmental conditions. 

This suggests that flower emergence of Cocksfoot is more greatly influenced by 

heritable factors than environmental factors – an important factor to consider within 

breeding stock.  
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 Although temperature does not have a significant effect upon the 

vernalisation of Cocksfoot, the emergence of flowering heads can be hindered by too 

higher temperatures (Broué and Nicholls, 1973). At this post inductive stage, plants 

are also dependent upon longer day lengths in order to develop flower tissues further. 

Moreover, Broué (1973) recommends that Cocksfoot plants may benefit from 

experiencing a sequence of long days, short days and then long days again during the 

inductive stage. It is proposed that plants experiencing such a sequence may 

experience greater benefits from the short days, than if no initial long day period is 

experienced. This indicates that Cocksfoot plants may be advantaged by autumn 

sowing dates. Moot et al. (2000) show that the later the sowing date, the longer the 

period of flower emergence. However, it is suggested that spring sowing dates are 

more beneficial than autumn sowing dates, as Cocksfoot shows low seedling growth 

over the winter months. This would also alleviate winter damage prior to initial 

cutting year. Heading in Cocksfoot usually begins within the month of May in the 

UK, where some studies suggest the range in emergence of flowering heads to be 

approximately 14-19 days (Jafari and Naseri, 2007; Griffiths et al., 1978). 

 Progression of plants from post induction (initiation) stage into the 

development of seeds relies upon fertilisation of flowering heads. As Cocksfoot is a 

wind pollinated grass, it is plausible that Cocksfoot grown in sheltered locations may 

experience lower fertilisation rates and higher levels of self-pollination. Similarly to 

the development of flowers, seed development in Cocksfoot can be influenced by 

ambient temperature. Plants existing in locations with higher temperatures have been 

reported to produce seeds of a greater mass (Komatsu et al., 1980). Alternatively, 

plants grown in low temperatures were also found to accumulate seed mass at a 

faster rate than plants grown at high temperatures. Seed weight does not have a 
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significant effect on the germination rate of the seeds produced, meaning that 

temperature during seed setting likely does not affect seed viability (Komatsu et al., 

1980). However, seeds harvested at earlier development were less viable and mostly 

failed to germinate. The development of seed in Cocksfoot can be severely affected 

by the presence of Thrips (Chriothrips sp.), as larvae destroy the seed during the 

setting stage (Johnston, 1960).  

Other studies have suggested that heritable factors have a greater influence 

upon seed yield than environmental factors, such as Thrips (Boelt and Studer, 2010). 

Both seed viability and seed yield are important to consider within a breeding 

population, as economic benefits of a breeding programme are dependent upon 

quantity and quality of seed sold. Maintaining optimum environmental conditions 

during induction and initiation of flowering is important, as they are critical growth 

stages in determining seed yield. Most grass species have a relatively high potential 

seed yield, yet actual seed yields do not reflect this. This is a trait that must be 

addressed in breeding programmes in order to produce sufficient seed (Falcinelli, 

1999). Investigations into the actual seed yield of different varieties of Cocksfoot 

found that some Israeli Cocksfoot plants possess a mutation where panicles are 

contracted and therefore retain greater amounts of seed (Love, 1969). Breeding 

programmes would therefore benefit from introducing such varieties into breeding 

stocks.  

Grasses mostly experience dormancy over winter, as lower temperatures and 

day length stunt net growth, meaning DMY is limited (Woledge et al., 1990). Winter 

growth in Cocksfoot can particularly be improved by cultivating varieties which 

possess good winter hardiness (Sanada et al., 2010). However, Cocksfoot can also 

experience a period of summer dormancy, where net DMY experiences little 
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reduction (Piano et al., 2005; Borril, 1991). This is due to a reduced growth rate, 

negating the effects of high temperatures and drought, as sugars and nutrients are 

utilised for stress tolerance as opposed to accumulation of biomass. The ability to 

alleviate reductions in DMY is important, as good DMY is a key trait in forage 

grasses. The overall growth of Cocksfoot can be affected by grazing/cutting intensity 

and frequency (Ferraro and Oesterheld, 2002). Despite exhibiting generally good 

regrowth in comparison to some other grasses, too frequent cutting at a low height 

can significantly reduce available DMY. If Cocksfoot is cut to a height above 5cm, 

however, the frequency of cutting has a lesser influence on DMY (Huokuna, 1964). 

The grasses ability to regrow after grazing/defoliation can be correlated to the plants 

water soluble carbohydrate (WSC) concentration. If WSC is not sufficient, then 

plants must resort to converting other nutrients, such as proteins, into energy in order 

to grow new tissues (Davidson and Milthorpe, 1966). Therefore, it is recommended 

that routine cutting of Cocksfoot be maintained at an intensity where plants are not 

defoliated beyond the fourth leaf. Despite this, grazing/defoliation frequency has no 

significant effect upon persistency in Cocksfoot (Turner et al., 2006).  

 

1.5 QUALITY 

 In relation to this projects aims and objectives, improving biomass/forage 

quality could improve the biorefining ability of the Cocksfoot. The quality of a grass 

can generally be assessed by determining the concentration of dry matter 

digestibility (DMD), crude protein (CP) and water soluble carbohydrates (WSC), 

amongst other parameters. The ratio of concentrations of these quality traits varies 

between species and varieties of crops, where different ratios are favourable 

depending on the fate of the grass (silage, dairy herd grazing, lactating ewe grazing 
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or meat production). In general, ratios and concentrations of these traits vary within 

Cocksfoot dependent on growth stage, but can also be influenced by heritable traits 

such as the emergence of inflorescences (Jafari and Naseri, 2007; Rezaeifard et al., 

2010).  

 The genetic variation within Cocksfoot germplasm can result in inconsistent 

quality. In comparison to other commercial grass species, Cocksfoot is noted to have 

a slightly low DMD value, yet both DMD and total biomass yield does not decline as 

severely with maturation of plants (Minson et al., 1964; Kunelius et al., 1974). This 

suggests that swards containing Cocksfoot have the potential to uphold sufficient 

levels of DMD, even after several cuts. However, DMD can fluctuate dependent on 

the temperature at which Cocksfoot is grown - the higher the temperature, the thicker 

the cell walls of the plant, so decreasing the DMD (Wilson et al., 1976). This infers 

that Cocksfoot grown in countries with consistently high temperatures would 

experience lower DMD and accordingly lower forage quality, due to the increased 

lignification. This may be a beneficial trait if Cocksfoot were to be grown as in the 

Welsh uplands, where temperatures tend to be lower than average.  

Generally, Cocksfoot is known to have lower concentrations of WSC than 

other commercial grasses, particularly in vegetative growth over summer months 

(Masuko et al., 1994). Sanada et al. (2007) investigated the variation of WSC in a 

polycross of Cocksfoot, analysing the interactions between WSC and other quality 

traits. It was reported that both WSC and neutral-detergent fibre (NDF) 

concentrations varied significantly between parents and progeny, compared to crude 

protein and mono- and disaccharides, showing little variance. This indicates that the 

reportedly low concentrations of WSC in Cocksfoot could be significantly improved 

through selective breeding programmes. Additionally, WSC concentration continued 
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to increase in plant tissue until growth of the fifth leaf, compared to the significantly 

low levels of WSC seen during earlier growth stages. Previously reported low 

concentrations of WSC in Cocksfoot may be accounted for by growth stage during 

quality analysis. In contrast, it has been discovered that fibre values were 

significantly higher than WSC concentration (Michell, 1973). WSC concentration 

has also been seen to fluctuate dependent on temperature; the lower the temperature, 

the greater the accumulation of WSC due to photosynthesis having a low 

temperature sensitivity compared to growth (Buxton, 1996).  

 The presence of both WSC and protein in Cocksfoot has been seen to 

improve the mass of grass digested in vitro (Bowden, 1972). Crude protein levels in 

Cocksfoot are proven to be consistent across a wide gene pool and are significantly 

higher than CP found in Ryegrass or Prairie grass (Jafari and Naseri, 2007; Turner et 

al., 2003; Marlow et al., 1983). The highest concentrations of CP can be found in the 

leaves of Cocksfoot, as opposed to the stems (Mowat et al., 1965). This can have an 

effect upon the protein content of the grass, given that Cocksfoot has been known to 

increase its stem tissue and lignin within cell walls if grown beyond a certain height. 

This could be evaded by cutting Cocksfoot regularly to prevent the growth of five or 

more leaves per tiller, resulting in higher quality biomass (Rawnsley et al., 2002; 

Balde et al., 1993). The protein content of dried Cocksfoot has been found to be 

significantly higher than the contents within Ryegrass or Timothy. Moreover, the 

presence of the enzyme polyphenol oxidase (PPO) within Cocksfoot plants can help 

to form protein complexes using melanin pigments and phenolic compounds which 

reduce protein loses during digestion, making the grass a nutritious feedstock 

(Sullivan and Hatfield, 2006; Brown, 1983). In particular, ensiled Cocksfoot has 

shown the ability to retain greater CP concentrations than Cocksfoot dried for hay. 
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Aufrère et al. (2003) reported that CP concentrations in Cocksfoot can be fully 

retained from cut to silage.   

1.6 DISEASE 

As incidence of disease on Cocksfoot can seriously decrease biomass yields and 

alter the pathways of secondary metabolite production, selection and breeding of 

varieties/accessions with the greatest resistance would produce the most favourable 

grass . If resistance to disease is very low, infection could ultimately kill Cocksfoot, 

causing both issues with breeding and major economic losses if cultivated 

commercially.  

 

1.6.1 Disease species 

1.6.1.1 Stripe rust 

 

 With an ability to reduce palatability and seed yield, Puccinia striiformis 

(Stripe rust) can be highly damaging to Cocksfoot in the Northern hemisphere (Carr, 

1971; Braverman, 1986). Stripe rust is a pathogen that has the ability to infect green 

tissues of grasses, after stem elongation occurs. The pathogenic urediniospores create 

rust coloured stripes around one week after infection, but sporulation does not occur 

until an additional week afterwards (Chen, 2005). Single spores are not visible to the 

naked eye. The disease is most predominant on pastures susceptible to frequent dew, 

lower temperatures and high rainfall to disperse spores (Rapilly, 1979). High 

moisture levels have also been seen to increase pathogen adhesion to leaf tissue, 

therefore making the disease more persistent.  

Research in New Zealand found that many varieties of commonly cultivated 

grasses and cereals showed moderate resistance to Stripe rust, with the exception of 
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Cocksfoot (Latch, 1976). Cocksfoot is the most susceptible commercial grass to 

Stripe rust (Griffiths et al., 1978). Given that there are some known resistant 

genotypes, efforts into breeding Stripe rust resistant Cocksfoot would be beneficial, 

if Cocksfoot were to be competitive to other grasses on the market. Breeding efforts 

in New Zealand have resulted in the development of variety ‘Grasslands Wana’, 

which is highly resistant to both Stripe rust and Stem rust (Rumball, 1982). 

1.6.1.2 Stem Rust 

 

 Stem rust (Puccinia graminis) is a disease that affects both the biomass yield 

and quality of a large number of grass species worldwide. The pathogen is 

heteroecious, infecting both grasses and Barberry (Berberis vulgaris L.) alternately. 

Infection initiates as rust coloured spores on leaves, later developing into elongated 

black telia on the sheath, following the rupture of epidermal cells (Braverman, 1986; 

Cummins, 1971). The fungal spores’ best survive in mild climates, with moderate 

humidity.  

 Tajimi (1974) correlated that a higher frequency of Stem rust resistant genes 

were found in Cocksfoot varieties with greater resistance to the disease. Varieties 

such as Chinook, Potomac, Daehnfeldt Hera, S.345 and Nakei No.9 held the highest 

resistance to the disease. Cocksfoot cultivars of accession Bc5659 bred at 

Aberystwyth were found to possess moderate Stem rust resistance, whereas Southern 

European accessions showed significantly lower resistance (Rumball, 1982; Ittu and 

Kellner, 1977). Many similar studies report numerous varieties with high resistance 

(Ahmed and Singh, 1967; Carlson, 1969, Talmucci, 1968; Tomov and Blazhev, 

1975). Therefore, previous breeding efforts appear sufficient in producing varieties 



27 

 

that display moderate to high resistance to Stem rust and it may be of greater benefit 

to study the resistance of a different disease on Cocksfoot. 

1.6.1.3 Crown rust 

 

 Despite its worldwide distribution, Crown rust (Puccinia coronata) is 

thought to be one of the most destructive rust species in the UK, resulting in severe 

damage to several grass species (Braverman, 1986). Similarly to Stem rust, Crown 

rust is heteroecious with Buckthorn (Rhamnus cathartica) being the secondary host, 

where spores are distributed by wind. Crown rust spores are visible as vivid orange 

scattered pustules, which cause yellowing of the leaves and consequently death of 

leaf tissue (Cummins, 1971).  

 Although there are many reported resistant varieties of Perennial Ryegrass 

and Meadow Fescue, there are few noted Crown rust resistant varieties of Cocksfoot 

and also a lack of literature related to this (Braverman, 1986). Moreover, many 

varieties exhibit hypersensitive reactions to infection of Crown rust, although 

infection does not occur regularly (Bahadur et al., 1973).  

1.6.1.4 Powdery Mildew 

 

 Although resistance to several rust fungi has been seen to vary, Cocksfoot 

resistance to Powdery mildew appears to be sufficient across the majority of varieties 

(Braverman, 1986). Powdery mildew can reduce yield quality of grasses in most 

glasshouse environments and breeding stocks, yet grasses grown in pasture have 

little susceptibility due to increased air circulation (Davies et al., 1970). Mildew 

initially appears as white blotches mostly on the leaf tissues, where its dense 

mycelial growth eventually spreads across the leaf, causing the tissue to turn yellow-

brown. 
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 Lutynska (1971) and Mühle and Frauenstein (1970), among others, have 

reported high resistance to Powdery mildew in Cocksfoot. Additionally, varieties 

exhibiting early emergence of flowering heads have been associated with the highest 

mildew resistance in Cocksfoot (Talmucci, 1968). In consideration, it would be 

beneficial to cross varieties with early heading dates and, therefore, resistance to 

Powdery mildew. This would allow for the retention of resistant genes within a 

breeding population, eliminating the need to screen progeny for Powdery mildew 

susceptibility.  

 

1.6.1.5 Leaf fleck 

 

 Mastigosporium sp. (Leaf Fleck) infects leaf tissue and is present throughout 

many regions within Europe and North America. Infected leaves will develop dark 

brown elliptic lesions, reaching up to 12mm in length. Approaching sporulation, 

lesions will develop a cream coloured region in the centre (Wenham and Latch, 

1958). The genus are known to widely infect graminae, although some species of 

Mastigosporium infect Cocksfoot exclusively (Mastigosporium rubricosum)  

 Investigations into the level of resistance to Leaf Fleck on Cocksfoot are 

receiving increased attention in terms of breeding strategies, although little literature 

has been published regarding this. The disease has become prevalent since breeding 

of grasses has intensified and now causes severe damage to Cocksfoot grown in 

Britain (Breese, 1966; Bollard, 1950). Therefore, Leaf Fleck resistance would be of 

interest to screen for within a Cocksfoot breeding population. 

1.6.1.6 Purple Leaf Spot 
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 Most prevalent in the Eastern United States, Purple Leaf Spot (Stagonospora 

arenaria) affects newly emerged Cocksfoot plants, visible as dark purple/brown 

lesions on plant tissues. In climates with higher humidity and mild temperatures, the 

disease can cause tissue to rot, reducing its quality significantly (Braverman, 1986; 

Sprague, 1950). 

 Initial investigations into the level of resistance of Cocksfoot against Purple 

leaf spot saw the grass exhibiting varying levels of resistance across 28 different 

varieties (Zeiders, 1974). This suggested that the breeding of higher resistant 

varieties was plausible. Later studies reported that after four years of breeding, high 

resistance had become near to consistent across the population. It was also reported 

that disease screening via direct inoculation, as opposed to natural infection, was 

significantly more effective in detecting resistant varieties (Zeiders et al, 1984). 

 Although breeding for high resistance to this disease in Cocksfoot is still 

ongoing, it may not be relevant to investigate in this project. With its main 

prevalence being within the United States, a Cocksfoot variety with resistance to this 

fungus may not be of interest to other regions of the world. Breeding efforts could be 

better put to investigating resistance to more relevant diseases. 

1.6.1.7 Ergot 

 

 Caused by the fungus Claviceps purpurea, Ergot is a disease which infects 

the seeds of Cocksfoot plants, giving the seed a soot black appearance. Despite 

infection most commonly occurring in threshed seed - which can easily be cleaned - 

Ergot occurs from the infection of ascospores in unfertilised ovaries (Griffiths et al., 

1978). Therefore, varieties of Cocksfoot which exhibit low fertility rates where 

numerous ovaries fail to be fertilised, will experience the highest susceptibility to 
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this disease. Disease can be spread through rainfall or insects, as they carry spores 

from infected seeds to clean seed. Despite its toxicity, Ergot is infrequent across 

Britain and therefore is of little concern when screening for disease resistance. 

Additionally, any accession/varieties which have a low fertility rate would not be 

favourable within a breeding population regardless of rate of Ergot infection.  

1.6.1.8 Choke 

 

 Choke (Epichloe typhina) is a disease which prevents inflorescences from 

emerging by the binding (or ‘chocking’) of leaves. Upon first appearance, the fungus 

binding the leaves is white in colour, but as it thickens can become yellow-orange in 

colour (Western and Cavett, 1959). Cocksfoot is one of the most susceptible grasses 

to this disease, but often only occurs in plants of a longer establishment (Griffiths et 

al., 1978). Because of this property, it may be difficult to test for within the scope of 

this project, as each generation of Cocksfoot would likely not be subjected too long 

enough period of establishment.  

1.6.2 Fungus resistance 

 

 Given that Cocksfoot has been seen to show moderate resistance to 27 

different fungi isolated from a variety of species, it appears that the species has a 

relatively good resistance to fungal pathogens (Kay and Owen, 1973). However, the 

level of this resistance is more variable between varieties. For example, Gotoh 

(1969) reported some varieties as ‘highly resistant’, in contrast to others described as 

‘tolerant’, referring to moderate resistance where infection is evident but little 

negative affect is seen (no necrosis). The resistance of some species of fungi have 

been directly correlated to the date of emergence of flowering heads (Ziliotto, 1969) 

– where the earlier the emergence, the lower the susceptibility to infection. This 
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indicates the importance of considering heading dates within a breeding stock when 

assessing fungus resistance. Disease resistance can also show some environmental 

interaction (Casler, 1991). 

 Despite the majority of Cocksfoot varieties showing moderate resistance to 

fungi in general, breeding efforts would be best used in investigating Leaf fleck and 

Stripe rust. Leaf fleck is one of the most prominent fungal diseases on Cocksfoot, 

particularly in the UK, causing devastating losses in biomass accumulation (Bollard, 

1950). In order to produce a variety which is not severely affected by this fungus, 

high resistance varieties/accessions must be identified and selectively bred within a 

breeding programme. Stripe rust is the most predominant and damaging pathogen 

within the Northern hemisphere, especially in areas with high rainfall as this 

disperses spores (Carr, 1971). As the UK has a relatively high average rainfall 

compared to other countries within the Northern hemisphere - which is predicted to 

increase in future years (Osborn and Hulme, 2002) - infection of Stripe rust may be 

seen to increase.  

 Some varieties have been bred specifically for their leaf disease resistance - 

'Able', 'Dayton', 'Hallmark', 'Jackson', 'Napier' and 'Pomar' (Hanson, 1972). 

Therefore, it would be worth considering varieties similar to these for crossing 

during a breeding programme. These particular varieties were not considered, as they 

were bred several decades ago and more recent varieties would combine these 

resistant traits with more recently improved traits. 

1.6.3 Bacteria and Viral resistance 

 

 In general, Cocksfoot displays high resistance against a variety of different 

bacteria, such as those isolated from Brome grasses and Wheat (Tominaga, 1968; 
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Miyajima and Tsuboki, 1980). It is worth noting that these investigations were 

carried out on plants which had no wounded tissue and that perhaps resistance would 

not be as high in plants which were frequently cut by either grazing or routine 

cutting. However, as several studies have reported resistance to a range of bacterial 

diseases in Cocksfoot, investigating the resistance of bacteria may not be necessary 

for this project. 

 Cocksfoot has also shown resistance to numerous mechanically inoculated 

viruses. This is shown in resistance to several mosaic viruses and mottle viruses 

(Thouvenel et al., 1976; Ford and Hill, 1976; Catherall and Hayes, 1970; A’Brook, 

1972). In contrast, Huth (1972) discovered that Cocksfoot was susceptible to 

Cocksfoot Streak virus. Catherall and Wilkins (1977) also report that some varieties 

are susceptible to Cocksfoot Mottle virus (CfMV) and suggest the susceptibility to 

be a reason for the decline in presence of Cocksfoot within the UK. Although 

screening for this virus would be beneficial, mechanical inoculation of viral disease 

can be costly and requires expertise which were deemed to not be achievable within 

the scope of this project.  

1.6.4 Methods of inoculation 

1.6.4.1 Fungal inoculation  

 

 A reported technique for inoculation of rust fungus on grasses involved 

suspending aeriospore infected leaf tissue collected from the field above target grass 

plants in an incubator for 16 hours (Jin et al., 2010). Moisture levels were 

maintained at a high level, to ensure optimum conditions for fungal growth. Within 

the same study, infected leaf tissues were soaked in water and teliospores were 

plated onto agar and monitored using a microscope. Upon germination of 

teliospores, the saturated leaf tissue was suspended over target grass plants and then 
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incubated. A third technique saw infected leaf tissue being soaked and then placed 

onto an agar plate. Areas of the leaf with high spore production had water droplets 

placed onto them, to create a suspension. This suspension was then used to inoculate 

target plants using a cotton swab to apply the water to leaf tissue. All methods 

resulted in the production of fruiting bodies on the target plants and therefore were 

successful methods of inoculation for Stripe rust. However, two of these methods 

involve the use of incubators, which may not provide sufficient space if large 

numbers of plants are to be tested simultaneously. Therefore, it would be more 

beneficial to use the third method for inoculation of a large number of plants at once, 

which will be required as part of this project. 

 There are several alternative methods of inoculation which may offer a less 

time consuming alternative, as reported by Roelfs (1992). One of which involves 

locating infected tissue in the field, collecting these spores and isolating target plants 

with the spores in order to prevent contamination from other fungal species. 

Seedlings are favourable for this process as they require less space and are less likely 

to have previously been infected with disease. On the contrary, sometimes re-

inoculation is required, unlike if adult plants are to be used.  

 Spores can be collected in a variety of different methods. Tapping is 

described as locating infected leaves in the field and ‘tapping’ the tissue over foil or 

paper. This is quick and inexpensive, but may cause spores to be air borne and 

therefore quantity of collected spores can be small. Cyclone chambers reduce the 

quantity of air borne spores, but chambers can be expensive to purchase and are not 

appropriate to be used out in the field, as they require a power source.  
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 Method of storage for spores can be important to ensure spores remain 

viable. Storing spores at room temperature can be both inexpensive and effective, but 

spores will remain viable for a few days only. Refrigerating the spores retains 

viability and is better than freezing, as despite frozen spores maintaining the highest 

viability, it requires specialist equipment and training. 

 Dusting, brushing, injection and spraying are all methods of inoculating 

plants (Roelfs, 1992). Dusting refers to the dispersal of dry spores over the target 

plants, using a mechanical duster or aspirator. This is an inexpensive method, 

although it requires large densities of spores and therefore is sometimes not so 

effective. Brushing involves direct contact with the target plants and so offers a more 

effective method of inoculation. However, both spraying and injection methods have 

an advantage over brushing, as they allow for greater control over the concentration 

of spores applied to the plants. 

1.6.4.2 Disease scoring/screening 

 

 The ability to accurately score disease resistance is important in breeding 

methodologies, although developing reliable methods that are practical has been 

proven challenging. Simplistic methods include counting number of lesions on leaf 

tissue; this process is time consuming and is also not applicable for all diseases. 

Additionally, lesion counting does not consider the varying sizes of lesions and 

therefore gives the method inaccuracies. Other methods of disease scoring involve 

giving plants arbitrary values (usually from 1-9), relating to the observed severity of 

disease. Frequently, these values are converted to ‘percentage disease coverage’ 

using logarithms as a conversion tool, as a response of an organism to disease is said 

to exponential (Horsfall and Cowling, 1978). Psychological studies have found that 
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using purely observational methods to assess disease can lead to over estimation of 

disease severity (Kranz, 1977). This overestimation can be seen to decrease as actual 

severity of disease increases and can be reduced by the observer having a visual 

reference (such as photographs). 

 Mechanical methods for assessing disease severity include area diagram 

matching. This refers to imaging of infected leaf tissues on grid paper, followed by 

the measurement of total area infected. Disease infected area can be calculated by 

drawing the lesions present by tracing, cutting these pieces of paper out and then 

adding the total area up using the same grid paper photographed with the entire leaf. 

The difference between the areas and area infected can be used to calculate the 

percent of tissue infected (Sherwood et al. 1983). More recent studies have offered a 

less labour intensive approach, through the use of a specifically developed computer 

program, colour photography and image grabbing software. Although found to be 

significantly more reliable than previously used methods, efforts need to be made in 

order to develop more portable and affordable equipment (Tucker and Chakraborty, 

1997).  

1.7 EFFECT OF GENETICS UPON VARIABILITY 

 Phenotypic traits in Cocksfoot are greatly variable. This has been challenging 

to address in previous breeding programmes, given that attempts to reduce the 

variability are not easy to predict. The extent of variation within Cocksfoot as a 

species can be accounted for by broad genetic variation, as seen across geographical 

location and ploidy level. To fully investigate this within a breeding population, 

determination of ploidy, location of wild accession collection and analysis of genetic 

diversity must be considered to understand the extent to which genetics affect 

phenotypic variability.  
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1.7.1 Polyploidy 

 

Due to a combination of both artificial and natural selection, many species of 

grasses can be seen to exhibit polyploidy, an effect caused by gametes existing in an 

unreduced form (2n as opposed to n) (Harlan and de Wet, 1975). Polyploidy can 

result in a number of morphological differences, when compared to the species 

diploid counterparts (Tal, 1980). More than anything, polyploidy increases cell size 

in plants, although this has a greater effect on moisture retention in plants rather than 

an increase in the overall biomass. Increase in leaf width and thickness can also be 

seen, in addition to an increase in the size of plant organs - an effect referred to as 

‘gigas’ (Acquaah, 2007). This can additionally increase genetic diversity and 

interaction between genes (Stebbins, 1985; Soltis and Soltis, 1993). However, 

diploid plants tend to exhibit a greater growth rate than polyploids, due to polyploids 

having lower levels of auxin. Polyploid plants also have a tendency to have a longer 

flowering period, as well as a later flowering date (Thompson and Lumaret, 1992). 

Although polyploidy can reduce fertility, it can have a significant effect on the 

chemical composition of plants (Acquaah, 2007). This could be of particular use in 

plants grown for biorefining. 

Although polyploidy has been found to have a significant effect on the 

chemical composition of Cocksfoot plant tissues, variation between plants can be 

higher within accession as opposed to between ploidy levels (Surong et al., 1997; 

Xie et al., 2010). This is because tetraploid (4n = 28) and diploid (2n = 14) 

Cocksfoot are genetically distinct from one another, to a degree where debate has 

been made as to whether they should be classified as separate species (Stebbins and 

Zohary, 1959). However, gene flow between the two ploidy levels has been observed 

through the hybridisation of triploids, which can be backcrossed with tetraploids to 
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produce fertile offspring (Sachs, 2012). This is advantageous, as tetraploid 

accessions tend to exhibit greater levels of genetic variation compared to diploid 

accessions (Lidner and Garcia, 1997; Xu and Sleper, 1991). Domin (1943) suggests 

that greater genetic variation within tetraploid varieties (the most common ploidy of 

the D. glomerata species) could give an explanation for the differences in the 

economic value of the species across Europe. Reducing this variation through 

selective breeding could produce a more stable market for Cocksfoot.  

Therefore, it is plausible that the greatest level of variation of phenotypic 

traits would be seen within individuals that have a higher ploidy level, most likely 

tetraploid (Borril, 1991). As level of ploidy plays an important role in genetic 

diversity, it would be important to determine the ploidy of all individuals within a 

breeding population. There are several known methods for determining the ploidy 

level of individual plants. Sari et al. (1999) discuss the advantages and disadvantages 

of each method for testing ploidy - methods involve both direct and indirect 

approaches. It is reported that directly counting chromosomes from crushed root 

tissue is challenging, as obtaining samples that possess clearly visible sets of 

chromosomes can be infrequent. Conversely, chromosome counting can be 

inexpensive when compared to methods such as flow cytometry, although flow 

cytometry has a greater success rate in producing reliable results. Additional 

methods discussed include morphological observations of individual plants and a 

greater number of chloroplasts within guard cells of tetraploids. Morphological 

observations can also be unreliable as this method is qualitative rather than 

quantitative, whereas chloroplast numbers offered an easier alternative to 

chromosome counting.  
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In specific reference to Cocksfoot, Tuna et al., (2004) report findings from a 

root tip chromosome count, in attempt to determine ploidy from Turkish accessions. 

This method was found to be successful for determining ploidy of Cocksfoot. Since 

it was stated that chromosome counting was laborious in investigations involving a 

large number of plants, an attempt was made to correlate nuclear DNA content to 

ploidy level, in order to use flow cytometry to consistently determine ploidy level. 

Their results suggested that diploid Cocksfoot plants are rare, although nuclear DNA 

content had been found to be variable across different studies (12.4-6.3 pg), meaning 

that values obtained from flow cytometry may have not been accurate (Schifino and 

Winge, 1983; Horjales et al., 1995). If flow cytometry is to be used to assess the 

ploidy of plants within this project, a more reliable method for correlating DNA 

content and ploidy level must be developed. If ploidy level of Cocksfoot can be 

defined, then phenotypic traits can be predicted for progeny bred from mother plants 

of a certain ploidy level.  

1.8 BIOREFINING POTENTIAL 

1.8.1 Polyphenol oxidase 

 

 In addition to attributes determining phenotypic traits, Cocksfoot has been 

found to produce a variety of different chemical compounds, which could be of use 

for biorefining. Something that is of particular interest is polyphenol oxidase (PPO), 

which has been reported in unusually high quantities within Cocksfoot varieties 

AberTop, Lidacta and Athos (Lee et al., 2006). PPO can be described as a copper 

based enzyme, which possesses the ability to hydrolyse and oxidise o-dihydroxyaryl 

compounds into several different substrates (Parveen et al., 2008). PPO is most 

commonly known for its existence in high quantities in fruits, resulting in rapid 

enzymic browning, making produce less appealing to customers. However, the 
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existence of this enzyme within Cocksfoot can be seen as advantageous, as PPO can 

increase rates of proteo- and lipolysis of plant matter during digestion, as seen in 

other crops (Sullivan and Hatfield, 2006). Previously, studies have examined the 

benefits of PPO activity within silage, where rates of proteolysis were directly 

correlated with PPO content of silage (Jones et al., 1995). This may be particularly 

of interest given that Cocksfoot shows consistently high concentrations of crude 

protein, despite exhibiting a wide range of phenotypic traits (Grimes et al., 1967).  

1.8.2 Phenolic compounds 

 

As the presence of PPO results in higher levels of degraded proteins and 

lipids, Cocksfoot can be presented as a favourable grass species for use in producing 

amino acids and secondary metabolites including phenolics, extracted from ensiled 

grass via biorefining methods (Hauck et al., 2013). This reduces the need to produce 

synthetic antioxidants, which have been found to be less effective in their activity in 

comparison to extracted secondary metabolites, most of which are phenolics 

(Balasundram et al., 2006). The remaining biomass of the Cocksfoot can be used in 

the production of bioethanol or bio methane (Sieker et al., 2011). Plant phenols have 

been shown to have significant health benefits, alongside the use of phenols in 

pharmaceuticals and cosmetics (Hauck et al., 2013; Auriol et al., 2011; Omar, 1992; 

Soto et al., 2015; Sytar et al., 2012). Health benefits from phenols can be due to anti-

oxidising properties, which show activity concerning cancer and cardiovascular 

diseases, and are of use in cosmetics due to antiaging properties (Boudet, 2007). The 

health benefits of phenols are potentially significant due to the ease of absorption in 

the colon; cleaving of the aromatic ring structure by colon bacteria after conjugation 

with glucose has shown that only 1% of ingested phenols (in this case flavonoids) 

are lost during digestion (Hollman, 2001). In extension to human health benefits, 
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phenols have also been shown to have health benefits for livestock, such as improved 

ovulation and reduced bloat. Although, it is important to note that some phenolic 

compounds (coumestans) can cause liver damage to livestock, if eaten in large 

quantities (Waghorn and McNabb, 2003).  

Hauck et al. (2013) report that amongst the most potent antioxidants in 

Cocksfoot is lithospermic acid, noted to exhibit considerable health benefits. 

Lithospermic acid is found abundantly within Salvia miltiorrhiza, also known as 

Danshen, which is commonly used in Chinese medicine. The acids active scavenging 

of free radicals results in anti-inflammatory effects, which can be successful in 

treating cerebral infarction and coronary heart disease (Lin and Hsieh, 2010; Liu et 

al., 2008). Zhang et al. (2006) explore how treatment for such diseases using 

lithospermic acid can be successfully achieved via injection, where effective rates of 

the injection were calculated to be between 88.09% – 89.74% and as little as 6.5% of 

patients showed any side effects. This study suggests that both injections of acid 

powder and pure Danshen extract can be effective in treating patients with coronary 

heart disease. In addition, lithospermic acid possesses the ability to be a viral 

inhibitor, where growing evidence suggests that treatments containing the acid can 

inhibit HIV and HPV viral activity in vitro (Zhang et al., 2008; Huang and Abd-

Elazem, 2010; Varadaraju and Hwu, 2012). Interestingly, Zhang et al. (2008) found 

that a number of other phenols isolated from Salvia sp. showed viral inhibiting 

properties, one of which has been found within Cocksfoot (salvianolic acid), along 

with several other caffeic acids with similar chemical structure. Salvianolic acid has 

been reported to have similar medicinal properties to lithospermic acid (Zhang et al., 

2010), with the addition of anti-amnesia, antithrombotic and liver/brain damage 

protection properties (Wang et al., 2011; Fan et al., 2010; Huang et al., 2010; Xu et 
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al., 2013; Chen et al., 2000; Luk et al., 2007). Hauck et al. (2013) suggest that these 

phenols could be of even greater use within a biorefining industry, when considering 

the extraction in conjunction with ethanol, resulting in the production of some 

notable nutraceuticals. However, little research has looked into the difference in 

composition of each tissue of Cocksfoot, as Hauck et al. (2013) used leaf samples for 

milling. The concentration of galanthamine, a by-product of Daffodils (Narcissus), 

has been found to vary significantly between plant tissues (MacPherson, 1995; 

Torras-Calveria et al., 2013). It could be implied that a similar variation between 

tissues could be seen within Cocksfoot, in specific relation to lithospermic and 

salvianolic acid. 

Flavonoids identified within Cocksfoot – apigenin, luteolin, iso-orientin, iso-

vitexin and tricin – have known anti-inflammatory effects in varying organs, 

including the liver and lungs of rodents (Funakoshi-Tago et al., 2011; Lee et al., 

2007; Odontuya et al., 2005; Woo et al., 2006; Lv et al., 2016; Kang et al., 2016; 

Shanili et al., 2015; Akuzawa et al., 2011; Yin et al., 2017). These flavonoids, with 

the addition of vitexin, have also all been hailed for their chemo-preventative and 

chemo-protective properties in certain organs (Lou, et al., 2015; Chan and Ho, 2015; 

Hassan et al., 2017; Sheeja et al., 2017; Anusha et al., 2017; Gazal et al., 2015; 

Yuan et al., 2016; Rudnicki et al., 2007; He et al., 2016; Pereira et al., 2009; Baz 

and Abd El-Ghani, 2017; Erdogan et al., 2017; Patel et al., 2007; Wang et al., 2007). 

This effect is most likely due to the compounds’ anti-oxidant and free radical 

scavenging capabilities. Despite the fact that the majority of these studies were 

carried out through the observation of specific organs in rodents, Li et al.(2015) 

suggest that similar reactions would be seen in human organs, with the brain, kidney, 

intestine and liver acting as ‘sinks’ for the distribution of phenols surviving 
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digestion. Further to this, Crecelius et al. (2017) report that phenols in Cocksfoot 

may not need to be refined for a consumer to gain benefits, as apigenin-hexoside-

pentoside and luteolin-hexoside-pentoside were found to persist both inside the 

organs and excrement of a grasshopper.  

It is arguable that in terms of pharmaceuticals and biomedicine, the 

production and market of cancer treatment and prevention drugs receive the greatest 

interest. With this in mind, it is worth remarking that in addition to preventing organ 

damage through anti-oxidant activity, both apigenin and lutoelin have demonstrated 

the ability to inhibit the development of cancer cells (Gupta et al., 2001; Birt et al., 

1997). Moreover, luteolin in particular exhibits two further anti-cancer properties, 

including the inhibition of resistance to chemo therapies and induction of carcinoma 

apoptosis (Dia and Pangloli, 2017; Lin et al., 2017). The induction of apoptosis has 

also been observed in several other phenols that were reportedly present in 

Cocksfoot by Hauck et al. (2013) (Lin et al., 2016; Yuan et al., 2013; An et al., 

2015; Ngoc, 2013; Han et al., 2016; Wink et al., 2012). Along with flavonoid 

compounds, Cocksfoot has also been found to contain a variety of caffeic acids. 

Most commonly associated with plant stress resistance, caffeic acids have also been 

celebrated for anti-cancer properties (Gechev et al., 2014; Liu, et al., 2014). 

Marccuci (1995) highlights the inhibitive and carcinostatic effect of these acids on 

breast, colon and melanoma carcinoma. Similarly to flavonoids, the caffeic acids 

also show promising anti-inflammatory properties (Gechev et al., 2014).  

However, production of secondary metabolites could be greatly affected by 

the genetic variation within Cocksfoot germplasm (Xie et al., 2010). Shuai et al. 

(1998) explain that the enzyme composition of Cocksfoot plants did not vary 

significantly between varieties, but did differ between ploidy levels (tetraploid and 
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diploid). Therefore, it would be of interest to analyse the remainder of the chemical 

composition of Cocksfoot and how this may vary between ploidy levels. In relation 

to phenols, it would be beneficial to determine how ploidy level affects phenol 

concentrations, in order to select which ploidy level would be best within a breeding 

stock to produce high phenol yielding Cocksfoot for biorefining purposes, if 

phenolic composition is in fact heritable. 

1.10 CONCLUSION 

 As this project aims to explore Cocksfoot as a biorefining crop, appropriate 

breeding methods must be utilised that could best improve the species per 

generation, assessing the potential of each trait to be improved through further 

breeding. Literature suggests that a recurrent selection should be adopted, utilising 

both phenotypic and genotypic selection through spaced plant trials and progeny 

tests where appropriate. However, genotypic selection methods require several years 

of progeny testing, which could not be incorporated within the timeframe of this 

project. Phenotypic variability in Cocksfoot can be influenced by the genetic 

variability within the species, seen most prominently within ploidy levels as opposed 

to between ploidy levels. However, it is worth noting that plants with a higher ploidy 

(usually tetraploid) level exhibit increased growth as well as a longer flowering 

period - despite showing the greatest genetic variation. The chemical composition of 

Cocksfoot can also be influenced by ploidy level and therefore it is important to 

establish the ploidy levels of the varieties/accessions within the existing breeding 

stock, prior to any breeding. Numerous studies have been unsuccessful in 

determining ploidy level in Cocksfoot, unless via laborious time consuming methods 

such as root squashes. If a breeding population is to be rapidly assessed for ploidy, 
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then a faster method must be developed, such as the configuration of flow cytometry 

readings.  

However, for a Cocksfoot breeding method to be successful, then the grass 

must appeal to the agricultural industry. Currently, the British agricultural industry 

perceives Cocksfoot as less favourable for livestock compared to other forage 

grasses, seeing little use for the species. Cocksfoot also commonly inhabits shaded, 

drought prone field edges and for this reason is seen as a ‘weed’ species. In contrast, 

the species ability to grow in shaded and drought prone areas gives the potential for 

the grass to be cultivated on land that would otherwise be unusable. Breeding 

programmes from other regions around the world have been successful in producing 

new varieties, with six new varieties added to the OECD list in 2020 alone. This 

shows that, globally, there is still a market for forage Cocksfoot and therefore the 

production of the species within the UK could be economically viable, if interest in 

the species as a biorefinery crop were to be low initially. 

If Cocksfoot bred from this project were to continue on to produce a 

commercial variety, then a reduction in the variability of traits observed in Cocksfoot 

must be undertaken. Favourable traits include good biomass yield/quality, 

synchronous emergence of inflorescences and resistance to disease. Varieties of 

Cocksfoot with earlier emergence of inflorescences have been shown to experience 

greater biomass yield, therefore this project should aim to select varieties/accessions 

with earlier ear emergence. Despite this, some literature suggests that the range in 

date of emergence can be small, with next to all inflorescences developing in May. 

With this in mind, the selective breeding for earlier emergence could be challenging, 

seeing as current variability in the trait appears to be low.  
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Other studies suggest that tetraploid Cocksfoot with early emergence of 

inflorescences possess greater disease resistance, which is important to consider 

when selecting mother plants to be entered for crossing. Despite some studies of the 

species reporting good fungal disease resistance, most varieties can be considered 

‘tolerant’ as opposed to ‘resistant’. Upon reviewing the literature, it appears that a 

breeding programme would benefit from assessing Stripe rust (Puccinia striiformis) 

resistance, as there is insufficient study into this particular disease. Furthermore, 

Stripe rust can be seen to worsen in regions with higher incidence of rainfall, making 

this disease more persistent in Wales. It would additionally be of interest to assess 

the resistance to Leaf Fleck within the current Cocksfoot population, as it is also 

known to severely affect Cocksfoot grown within Europe. Scoring for these diseases 

within this project would allow for the development of varieties/accessions with the 

best disease resistance, although if other pathogens are found to be more prevalent, 

then selecting for these should be given priority. This can be achieved by scoring 

overall disease frequency within the field, or in seedlings, where inoculum can be 

directly applied by spraying or brushing.  

Current breeding efforts have shown little success in increasing biomass 

yield (therefore DMY), most likely due to the broad genetic diversity within the 

species. However, quality has been shown to be comparable to other forage grasses. 

Although some quality traits such as WSC and digestibility can be variable and 

influenced by abiotic factors, CP contents remain consistently high, even throughout 

growth stages.  

Cocksfoot appeals as a biorefining crop, due to its unusually high 

concentration of phenolic compounds. Numerous compounds identified within 

Cocksfoot and are known for having significant health benefits; the extraction and 
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refining of these compounds could benefit the medicinal and pharmaceutical 

industries, making Cocksfoot an appealing grass to be grown specifically for this 

purpose. Variability in concentration of phenolic compounds has only been assessed 

throughout differing growth stages. Further study within this project should explore 

how phenol concentrations vary throughout different plant tissues, within 

varieties/accessions, between ploidy levels and across a cutting regime in mature 

plants.
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2. OVERVIEW OF BREEDING 

2.1 PRIOR WORK ON F0 

 Prior to the initiation of this project, a replicated yield plot of the founding 

population was marked out in Cae Banadl B (Gogerddan, Aberystwyth) using two 

tape measures (100m) and string strung between plastic pegs at measured intervals, 

post tilling and harrowing. Plots were marked out in double traverses of 66 (with 

guard plots on either end) with a 50cm path in the middle of traverses and a 2m path 

between double traverses (sown with an amenity Perennial Ryegrass), totalling 264 

plots. Cocksfoot seed from fifty-eight wild accessions and seven commercial 

varieties were hand sown into the four times replicated yield trial in the autumn of 

2009 at a seed rate of 22 kg/ha in 1m2 plots, with 60kg/ha N fertiliser applied 

immediately after sowing (in accordance with descriptive list protocol) (Appendix 7). 

Five monthly cuts over the summer-autumn of 2010/11 (June-November, fertiliser 

applications of 86kg/ha after the first two cuts and 35kg/ha for later cuts) allowed for 

assessment of dry matter yield (DMY) followed by analysis of quality using NIR 

spectroscopy using a calibration pre-determined at IBERS (see 5.3.1 F0 Yield trial & 

5.3.2.1 F0 Yield trial). This data was then used to select the best nineteen of the 

sown varieties/accessions to be taken forward into an F0 spaced plant trial, sown in 

trays in a polytunnel (spring 2012) and planted in autumn of 2012 in blocks of 60 

plants (6x10) at 50cm spacing (see ‘F0 accessions’ in Appendix 14). Spaced plants 

were scored for disease resistance (Leaf Fleck and Stripe Rust) and date of 

emergence of flowering heads, where individual plants with the most favourable 

combination of traits were selected from each variety/accession and entered into an 

isolated polycross in 2016 using a detached tiller method (see selected plants - ‘F0 
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MP’ – in Appendix 14). Half sib progeny seed was threshed from individual mother 

plants (MP’s) and retained within the seed store at IBERS (2°C, 15% humidity).  

2.2 BREEDING METHODOLOGIES 

 As this project aimed to analyse the potential of Cocksfoot to be bred as a 

biorefinery crop, a breeding method was generated to highlight a recurrent selective 

process, in order to increase the presence of favourable traits over three generations 

(F0, F1 and F2, see Figure 2,1 & 2,2). Breeding methodologies were considered and 

a population for recurrent selection was established, where all selective crosses were 

polycrosses, resulting in half-sib families in the following generation. Initial 

generations (F1 and F2) were accelerated using only phenotypic recurrent selection 

via half-sib progeny tests as part of this project to stabilise and improve the base 

population, within the project timeframe. Once stabilised, a genotypic recurrent 

methodology would be adopted, similar to the Perennial Ryegrass breeding program 

utilised within the forage breeding group at IBERS, although this did not occur 

within this project. To meet these criteria, an appropriate breeding method allowing 

for controlled cross-pollination and resultant progeny testing was outlined (Figure 

2,1 & 2,2). For a cross pollinating polycarpic perennial species, typically a recurrent 

selection with genotypic progeny tests would be deemed the most effective in 

increasing the frequency of alleles responsible for favourable traits and reducing 

variation by generation (see 1.2 Breeding methodologies). However, given time 

constraints within the project, data from half-sib progeny yield plot trials did not 

influence which accessions were considered for crossing. Instead, DMY and quality 

data were later used to exclude MP seed of poor accessions from the next generation, 

utilising a phenotypic but not genotypic selection method. It was deemed important 

to utilise DMY data from half-sib progeny plot trials rather than taking cuts from 
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individual spaced plants, as literature suggests a very low correlation between spaced 

plant and yield plot trial data for this trait (Jafari, 1998, Conaghan and Casler, 2011). 

If breeding were to continue after the project, crosses would be informed by 

genotypic selection from yield plot trial data.  

Both spaced plant (acting as nurseries) and half-sib progeny yield plot trials 

were undertaken (as previously used in preliminary investigations of Cocksfoot 

leading into this project), because such trials allowed for the analysis of all desired 

traits. Dry matter yield (DMY), feed stock quality (percentage dry matter 

digestibility – %DMD, %Protein and water soluble carbohydrates %WSC), disease 

resistance (Leaf Fleck and Stripe Rust), winter hardiness, date of emergence of 

flowering heads, seed yield and ploidy level were all considered as appropriate test 

traits for the end purpose, as highlighted in 1. Literature Review. Persistency of yield 

plots were not measured, as this trait has a large environmental interaction, where 

plots were sown in lowland, in comparison to a large percentage of Welsh 

agricultural land being in the uplands. Any plots that could have been established at 

IBERS upland site (Pwllperian) to test the performance of Cocksfoot in an upland 

pasture, would not have been possible to harvest, as access to a Haldrup harvester 

was not available on site at the time. Production of phenolic compounds within 

tissues was not considered as a selective trait, given no literature was found to 

support the notion of heritability and data analysed during this project was 

considered only preliminary. Alternatively, phenols were monitored per generation 

over growth stages, with additional comparison between varieties/accessions (see 7.2 

Methods).  

 The proposed and utilised breeding methodology of Cocksfoot for the 

purpose of biorefining is illustrated in Figure 2,1 & 2,2. The descriptive text below 
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outlines details of the methods, with timeframes of measurements within this project, 

in addition to plans for the continuation of the programme, if breeding were to be 

found successful at enhancing favourable traits. 

 

2.2.1 Year one (2016/17) 

2.2.1.1 F0 Spaced plant polycross 

 

 Sixty individual plants from twenty varieties/accessions selected from the 

2009 founding F0 replicated yield trial were planted as 50cm spaced plants in Cae 

Defaid (see ‘F0 accessions’ in Appendix 14 for accessions and Appendix 16 for field 

location) in autumn 2015, before the commencement of the project. Plants were not 

randomised, instead being arranged in a 6x10 plant blocks per variety/accession, 

which were situated in a 3x7 block arrangement, with the exception of the third row 

having the seventh block absent (see Appendix 8). The twenty two plants exhibiting 

the most similar emergence of flowering heads in addition to the best disease 

resistance and stature – including at least one individual per variety/accession - were 

phenotypically selected by Dr Sarah Palmer to be entered into a half-sib isolated 

polycross in 2016, for seed to be used once this project had begun (see ‘F0 MP’ in 

Appendix 14 for selected plants). All polycrosses throughout this project were half-

sib; despite full-sib crosses facilitating evaluation of both a mother and father plant, 

recurring full-sib crosses could have resulted in greater segregation across the 

breeding population with consecutive generations, which contradicts the stable 

nature required to produce a synthetic or population variety. Tillers from selected 

plants were taken from the spaced plant trial in June 2016, labelled and potted into 

individual 6.5inch pots on an outdoor hardstanding with automated overhead 

watering, where plants were allowed to produce further tillers and develop flowering 
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heads. Heads were then detached using garden shears and allowed to cross-pollinate 

in an isolated hydroponic system with air circulated by a fan, as described in Sanada, 

et al. (2010). Flowering heads were kept upright by bunching tillers with twine. Care 

was taken at this stage to not bind the flowering heads directly, as to not restrict 

cross-pollination. Flowering heads were allowed to freely cross-pollinate within the 

isolated system for 4 weeks, until resultant seeds had matured. Seed heads were 

harvested on an individual MP basis using shears, and then were carefully placed 

into pre-labelled paper bags. All detached tillers from this polycross were then 

disposed of, but potted MP tillers were retained on the hard standing. Paper bags 

placed into plastic crates were then left in a glasshouse to allow seed heads to dry 

out. Seed was then threshed from each bunch of tillers (existing from a single MP) 

using rubbing blocks, where viable seed was separated from chaff using a sieve and 

a seed blower. Total viable seed was weighed per MP and then preserved within the 

IBERS seed store at 2°C and 15% humidity (see Table 2.3 for seed weights).  

2.2.1.2 F0 phenotypic analysis 

 

 Initial data from this project included the scoring of phenotypic traits within 

the F0 spaced plant trial. Incidence and severity of both Leaf Fleck (Mastigosporium 

rubricosum) and Stripe Rust (Puccinia striiformis) infection on spaced plant leaf 

tissues were scored monthly throughout April 2017- March 2018, as described in 4.2 

Methods and reported in 4.3 Results. During April 2017, plants were also scored for 

the effects of winter damage and date of emergence of flowering heads (see 6.2 

Methods). Simultaneously, the production of phenolic compounds was analysed in 

both leaf tissues and flowering heads in plants which had previously been selected 

for the 2016 polycross, so as to conclude which tissues produced the greatest 

quantity or most favourable variation of phenols (see 7.2 Methods). Throughout the 
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duration of phenotypic analysis, leaf tissue samples from each individual plant were 

also collected for ploidy analysis via flow cytometry, run with leaf tissues from 

Lolium perenne as a reference. Data from flow cytometry was compared against 

chromosome counts achieved through the squashing and staining of root tissues 

produced by tillers taken from spaced plants, which were cultivated on a tiller tank 

as explained in 3.2 Methods. Level of ploidy was found to be consistently tetraploid 

across F0 accessions/varieties, with the exception of Bc5694 which was excluded 

from the F0 half sib progeny yield plots and F1 spaced plant trials, as data were 

inconclusive (see 3.4.3 Root squash Bc5694).  

 

2.2.2 Year Two (2018) 

 

Data from phenotypic analysis of F0 spaced plants was pooled with data 

from the founding F0 2009 replicated yield trial to allow for the selection of nine F1 

(F0 half-sib progeny) accessions, existing as threshed seed (see 2.3 Selection of F0 

and ‘F1 accession’ in Appendix 14). Selected seed were sown in April 2018 into two 

labelled plastic trays of 77 wells per accession, containing compost. Seeds were 

allowed to germinate and establish within a polytunnel with daily watering by hand, 

before being cut back to 5cm in height (using garden shears) and moved outside to a 

hardstanding, next to the retained replicated clones from tillers of relative MP’s. 

Plants on the hardstanding were watered by an automated overhead system and 

amenity fertiliser (Chempak fully balanced feed, 20:20:20 NPK) dissolved in tap 

water according to instructions was applied to trays using a watering can as required, 

indicated by yellowing of leaf tissues.  
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2.2.2.1 F1 Phenolic compounds 

 

 The presence of phenolic compounds within the leaf tissues of the F1 (F0 

half-sib progeny) seedling trays and relative MP’s maintained on the hardstanding 

were monitored over June-July 2018, through four tri-weekly cuts taken by hand 

using garden shears. Phenolic compounds were isolated from leaf tissues, quantified 

and identified to allow for determination of whether accession or growth stage posed 

a greater influence on the production of phenols within Cocksfoot. Methodologies 

and results for the described F1/F0 MP phenolic analysis are detailed in 7.2 Methods, 

7.3.2.1 Leaf tissues from trays and MP & 7.3.2.2 Leaf tissues from F0 half-sib 

progeny plot trial.  

2.2.2.2 F1 (F0 half-sib progeny) Spaced plant trial  

 

 Plants from trays containing F1 (F0 half-sib progeny) seed from the nine 

selected families were planted out by hand into Cae Banadl D (see Appendix 16 for 

field location) in October of 2018. Plants were situated at 60cm spacing, in a 

randomised complete block design, allowing for three replications including plants 

from two control varieties. This formed the F1 (F0 half-sib progeny) spaced plant 

trial. Plants from each accession existed in blocks of twenty, presenting a total of 660 

plants, with controls considered (11 varieties/accessions in 3 replicates, see trial plan 

in Appendix 10). Phenotypic analysis began in November 2018, where plants were 

observed regularly for incidence of Stripe Rust infection, yet no disease appeared to 

be present (see 4.2.5 Disease scoring F1).  
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2.2.2.3 F0 Half-sib progeny yield trial 

 

 Seven of the F1 (F0 half-sib progeny) families – those with sufficient seed 

from the F0 polycross - were hand sown into randomised complete blocks (where the 

blocks were equivalent to replicates) in a 1m2 yield plot trial at a seed rate of 22kg/ha 

(2.2g per plot), including four control varieties and one Perennial Ryegrass control 

(see field plan in Appendix 9). Plot layout was designed, measured and marked out in 

accordance with protocols laid out by Stapledon (1922) at IBERS (formally the 

Welch Plant Breeding station). Plots were sown at Cae Penrhyn 3 (see Appendix 16 

for field location) in September 2018 and were allowed to germinate before winter 

conditions slowed growth. Fertiliser applications were reflective of those used on the 

F0 plot trial.  

 

2.2.3 Year Three (2019) 

2.2.3.1 F1 (F0 half-sib progeny) Spaced plants 

 

 F1 (F0 half-sib progeny) spaced plants were observed fortnightly for severity 

of Leaf Fleck infection throughout December 2018 and January 2019 as these 

months were outlined for greatest disease severity within the F0 spaced plants, using 

methods employed to the previous generation (see 4.2 Methods). As disease was less 

prevalent during winter months of 2019, Leaf Fleck infection was scored in February 

instead. During April 2019, plants were scored for winter survival and date of third 

emerging flowering head leading into the month of May (see 6.2 Methods). From 

this data, the initial intent was to select the six most favourable plants within each F1 

(F0 progeny) accession, but this selection process was altered following poor winter 

survival in several accessions. Given that mean air temperatures over the winter 
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months were not dissimilar to that seen in the previous year, the exact cause for the 

death of the plants was unknown. Alternatively, plants were only selected from 

accessions exhibiting greater percentage survival than the best performing control 

(Sparta) and up to 13 plants were selected per each of the eight remaining accessions 

(see ‘F1 MP’ in Appendix 14). Fifty-three plants were selected, labelled using pre-

printed self-tie labels attached to bundled leaves and dug from the field using a metal 

spade - once flowering heads had emerged - and transferred into 10 inch diameter 

pots (with pre-printed stick in pot labels) half filled with compost to be entered into 

an isolated polycross. A single garden cane was stuck into the potted compost, 

allowing for each plant to be gathered by hand and secured to the cane using twine, 

in order to prevent lodging during crossing. Plants were placed into a pollen filtered 

isolation chamber, with positive air pressure, automated fan to prevent high 

temperatures and automated bottom watering, to prevent the necessity to enter the 

chamber during anthesis. A single spray of pesticide managed pests shortly after 

isolation, to reduce the effect of aphid infestation. An additional 18 plants were 

selected from the trial and entered into a separate isolated polycross from accession 

Bc7418, due to their unusual density of broad, less course leaves and significantly 

earlier emergence of flowering heads. For discussion of phenotypic selection, see 2.4 

Selection of F1. 

2.2.3.2 F0 Half sib progeny yield trial 

 

 Plots within the F0 half sib progeny yield plot trial (located at Cae Penrhyn 3, 

see Appendix 16) were cut and weighed using a Haldrup harvester at five monthly 

intervals over the months of (date of first cut determined by 10% heading of early 

merging Perennial Ryegrass control) May-September 2019, where plots were sub 

sampled by hand into cryovac bags containing pre-printed sample labels and 
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weighed using an electronic scale (see 5.2 Methods). Sub-samples were then freeze 

dried using an Edwards Modulyo freeze dryer and dry weights were used to 

determine moisture content of fresh sub-samples, allowing for calculation of total 

plot dry matter yield. Approximately 2g of milled dried samples were analysed for 

%WSC, %N and %DMD via NIR spectroscopy, utilising a calibration previously 

created at IBERS for Perennial Ryegrass (see 7.2 Methods). 

2.2.3.2 F1 Polycross 

 

 Selected plants were placed in a randomised order within the isolated 

chamber and left to freely cross pollinate throughout May-July 2019. Separate 

polycrosses were also performed for the Bc7418 selection, and for F0 MP’s divided 

into two isolations - those producing the greatest and the least quantity of flavonoid 

compounds (suggested as favourable for biorefining by the literature). Once seed 

heads had matured to a pale yellow colour, seed heads were harvested by hand 

(using garden shears) on an individual MP basis for the F1 polycross and as bulk for 

the Bc7418 and F0 isolations (created between retained F0 MP’s which showed 

either high or low flavonoid content). Seed heads were then dried and threshed as 

described for the F0 polycross. Threshed seed was weighed, where only those 

amounting to 10g or more were considered as families for the F2 generation. 

Threshed seeds were given family numbers (referring to the F1 accession of their 

parents) with each MP having been given a number relating to the F1 family (e.g: 

Bc7414 was allocated family ‘1’, with plants numbered as 101, 102, 103 etc). This 

was chosen in contrast to allocating accession number as it reflects practises utilised 

within the Perennial Ryegrass breeding populations at IBERS (see ‘F2 family’ in 

Appendix 14 for family number allocations). 
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2.2.3.3 F2 (F1 half-sib progeny) Spaced plants 

 

Families of half sib seed threshed from selected F1 MP’s were sown into two 

96 well trays (containing compost) per accession/family, similarly to methods used 

for the F1 phenolic compound analysis (see 7.3.2.1 Leaf tissues from F1 seedling 

trays and F0 MP’s). Trays existed inside a polytunnel, with daily watering by hand 

using a hose. Once seeds had germinated and seedlings had developed to produce at 

least five leaves, seedlings were planted out by hand into Cae Gwyn 8 (see Appendix 

16 for field location) at 60 cm spacing in a randomised complete block designed 

spaced plant trial, where plants had been randomised within trays prior to being 

transported out to the field (see field plan in Appendix 12). This trial included all 10 

F2 (F1 half-sib progeny) families over 10g in seed existing from F1 MP’s belonging 

to the two highest yielding accessions in the F0 half-sib progeny yield trial, four 

Cocksfoot control varieties (from National List and commercial recommendations by 

Dr Sarah Palmer, project supervisor) and five wild Japanese accessions (only in one 

rep for accessions with poor germination rate).  

 

2.2.3.4 F1 half sib progeny yield trial 

 

 Seed from all selected F1 MP’s (27 families) were also sown by hand into a 

four times replicated yield trial, existing as 1m2 plots in double traverses of 38 (with 

guard plots on either end) with a 50cm path in the middle of traverses and a 2m path 

between double traverses (sown with an amenity Perennial Ryegrass), totalling 152 

plots excluding guards (see Appendix 11 for field plan and Appendix 16 for field 

location map). Other entries included seed from F0 high/low flavonoid synthetics, F2 

synthetic seed (Bc7418 cross), Bc7395 (seed from polycross prior to this project, 
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selected for unique growth form), four control varieties, a high yield (AberEcho) and 

high DMD (AberGreen) Lolium perenne L. to compare against F2 (F1 half-sib 

progeny) Cocksfoot and a Cocksfoot/Lolium perenne L. mixture. 

 

2.2.4 Year Four (2020) 

 

2.2.4.1 F2 (F1 half-sib progeny) Spaced plants 

 

Plants were observed for Stripe Rust and Leaf Fleck severity in November 

2019 and January 2020; no disease was seen on the plants during these months and 

so scores were taken in April instead, when disease had become apparent. 

Measurements for date of emergence for flowering heads commenced in April 2020, 

where scoring of flowering heads continued until every plant had produced 

reproductive tissues. However, data collected from this phenotypic analysis were not 

reported within this thesis, as a full comparison from F0 to F2 could not be 

undertaken because of missing data from the F1 half-sib progeny yield plot trial (due 

to working restrictions during the Covid-19 pandemic).  

2.2.4.2 F0 half sib progeny yield trial 

 

A second year of cuts were not taken from the F0 half-sib progeny yield plot 

trial, which would have allowed for analysis of yield persistence, due to work 

restrictions put in place because of the Covid-19 pandemic. This data would have 

allowed for a comparison between F0 and F1 DMY persistency.  

2.2.4.3 F1 half sib progeny yield trial 

 

 A monthly cutting regime as used in the founding F0 and F0 half sib progeny 

yield plot trials would have allowed for a DMY comparison across the three 
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generations. However, neither DMY nor quality data were collected from this trial, 

due to working restrictions put in place during the Covid-19 pandemic.  
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Figure 2,1: Outline of breeding methodologies used within the project to assess the potential of Cocksfoot as a biorefinery crop. Total numbers of individual 

plants and seed are outlined in green, test traits in blue relative selection pressures in orange 

2016/17 
F0 Spaced plants 

- 20 accessions (60 plants each) 

- Disease, winter hardiness and emergence of 

flowering heads  

- Phenols analysed per selected MP’s  

- Ploidy testing 

 2018 

Selection pressure on 

F0 polycross = 80% 

F0 Progeny 
- 9 phenotypically selected 

F1 accessions and F0 MP’s  

- Phenols monitored per 

accession  

F0 Progeny trials  

Planting spaced plants 

- 60 plants per selected 

accession (540 plants + 

controls) 

Sowing 2 Year Plot trial 

- 1m2 plots x3 reps at 

22kg/ha of seed from 7 

families 

2019 

F0 Progeny trials  

Spaced plants 

- Disease, winter 

hardiness and emergence 

of flowering heads 

1st Year Plot trial 

- 6 cuts to analsyse DMY, 

quality and monitor 

phenols 

Selection 

pressure = 

90% from 

spaced plants 

F1 Polycross  

- 13 plants dug 

from trial per 

selected accession 

(52 plants) 

 

- Seed threshed and 

weighed for yield 

 

2020 

F1 Progeny trials 

Spaced plants 

- Seed from 10 highest 

seed/DMY MP’s and 5 

Japanese accessions 

- 30 plants per 

accession, where 

possible (480 plants, 

incl. control) 

 

Potential breeding cycle 

F1 Progeny trials 
Spaced plants 

- Disease, winter 

hardiness and 

emergence of flowering 

heads  

1st Year plot trial 

- 5 cuts to analyse DMY, 

quality  

F0 Progeny 2nd 

Year Plot trial  

- 5 cuts to analyse 

DMY, quality 

and monitor 

phenols 

Sowing 2 Year Plot 

trial 

- 1m2 plots x4 reps at 

22kg/ha of seed 

from 28 families, 3 

accessions, 4 

controls and 1 

ryegrass/cocksfoot 

mix  
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Figure 2,2: Timeframe of the breeding methodologies used within this project. Measurements of phenotypic traits are indicated by superscript numbers (key indicates 

relevant traits) after each trial or breeding event. Timeframes of spaced plant trials (green, ‘SP’), half-sib progeny test yield plot trials (blue, ‘HSPT’) and polycrosses 

(orange, ‘Px’) are illustrated, under the headings of each relevant generation (F0, F1 or F2) 
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3. PLOIDY 

3.1 INTRODUCTION 

3.1.1 Importance of ploidy 

 

The phenotypic variability seen within Dactylis glomerata can be 

attributed to a broad extent of genetic variation (Shuai et al., 1998). Through 

hybridisation and back crossing - both naturally and via selective breeding - gene 

flow within the species occurs between ploidy levels, increasing genetic variation 

(Sachs, 2012; Xie et al., 2010). Cocksfoot most commonly occurs as tetraploid 

(4n = 28) or diploid (2n = 14), where tetraploid plants are more frequent and 

exhibit a greater degree of genetic variation (Lidner and Garcia, 1997; Xu and 

Sleper, 1991; Stebbins and Zohary, 1959). Tetraploid varieties also tend have 

higher seed rates, earlier emergence of flowering heads and increased biomass 

accumulation (Acquaah, 2007; Lumaret, 1997; Borril, 1991). Therefore, 

varieties/accessions which are tetraploid would be more likely to express 

favourable traits within a recurrent breeding population, for optimum biorefining 

potential through increased overall DMY (see 1.7.1 Polyploidy). Conversely, 

other studies argue that despite diploid Cocksfoot being less persistent in the field, 

greater winter growth and disease resistance can be seen compared to tetraploids 

(Garcia and Lindner, 1998).  

Irrespective of ploidy level affecting expression of traits, consistent ploidy 

within a population is essential, if recurrent breeding is to produce fertile 

offspring for the next generation through poly-crossing. The variation of ploidy 

within the initial generation, the F0 accessions, was suggested to be variable, as 
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bulk seed were collected from wild populations, which may have incorporated 

individuals of differing ploidy levels. On the other hand, if all varieties/accessions 

within the F0 generation were found to be uniform in ploidy, then this could 

indicate that a full scope of favourable traits would not be amalgamated within the 

recurrent selection population going forward into the F1 (F0 half-sib progeny) 

families. To fully investigate this, two separate breeding populations would need 

to be established, one tetraploid and one diploid, which could not be incorporated 

into the scope of this project. It was decided that an analysis of ploidy was to be 

undertaken on the F0 spaced plants only, as ploidy was considered to be uniform 

across the F1 (F0 half-sib progeny) trials. 

3.1.2 Discussion of methodologies 

 

Typically, the ploidy level of forage crops, such as grasses, is determined 

via methods of flow cytometry. Preliminary work carried out on Cocksfoot within 

the breeding group at IBERS found inconsistencies with this method, rendering 

flow cytometry alone unreliable. Additional methods were used in conjunction 

with flow cytometry to accurately determine ploidy of the F0 population through 

a newly developed protocol - assessing ploidy of Cocksfoot via flow cytometry 

using a different species as a reference. 

Numerous studies have shown that chromosome counting from root 

squashes can be a successful method of assessing ploidy of Cocksfoot specifically 

(Sari et al. 1999). Chromosome counting through root squashing is an effective 

method for visibly determining chromosome numbers, therefore ploidy level. Six 

of the varieties within the F0 spaced plant trial had previously predicted ploidy 
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levels. Only one of these varieties (Arly) was suggested to be diploid, with the 

only other diploid (determined through observation of phenotypic traits) was 

thought to be F0 accession Bc6911. Chromosome counting was used to identify 

whether predicted ploidy levels of varieties were correct. This method was time 

consuming, laborious and also infrequent in obtaining root tissues which had 

visibly dividing cells. Therefore, only five tillers per variety were analysed via 

this method; chromosome numbers were compared against flow cytometry values 

obtained from original plants from which tillers were taken, to suggest expected 

flow cytometry values for the ploidy level. Maceira et al. (1992) describe using 

flow cytometry to quantify the amount of nuclear DNA within the cells of 

Cocksfoot, in pico-grams (pg). This method anticipated that tetraploid Cocksfoot 

would contain higher quantities of nuclear DNA than diploid, therefore 

comparing values against one another to give ploidy level. Tuna et al., (2004) 

discuss the inaccuracies of this method, as a wide range of DNA values were seen 

across ploidy levels, due to large variance in DNA content. This concluded that 

combining chromosome counts from root squashes and nuclear DNA content 

calculated using flow cytometry values would be a more effective method for 

determining ploidy level than what had previously been described in the 

literature.  

Previous studies did not explore the possibility of utilising flow cytometry 

values obtained from another grass species with proven greater consistency in 

nuclear DNA per ploidy level - for example Lolium perenne L. (Perennial 

ryegrass) - as a reference for the calibration of DNA contents of Cocksfoot 
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samples. Using perennial ryegrass as a reference improved the reliability of flow 

cytometry values obtained for Cocksfoot, as any variability caused by fluctuations 

within the cytometer were eliminated by relativity between the two species. This 

also allowed for an assessment of variation in DNA content both within and 

across F0 varieties/accessions. An expected mean 4CDNA value was calculated 

from the confirmed tetraploid varieties/accessions, with 2CDNA value estimated 

for diploid Cocksfoot.  

3.2 METHOD 

3.2.1 Root squash 

 

Five vegetative tillers were collected per each four randomly selected 

plants from five commercial varieties (ploidy level previously predicted) within 

the F0 spaced plant trial in March 2017. Varieties Lidacta, Prairial and Sparta 

were selected due to having the greatest phenolic significance in unpublished data 

collected prior to this project. Variety Abertop was chosen due to its appearance 

on UK Recommended List at time of data collection and having been the most 

recent variety produced by IBERS. Variety Arly was chosen as it was believed to 

be the only diploid variety. Using a spade to loosen the roots at one edge of the 

plant, tillers were obtained from selected spaced plants. Dead or diseased tissues 

were removed before tillers were rinsed with tap water to remove residual soil and 

then placed onto a tiller tank in a glasshouse, containing tap water maintained at 

23°C. The following methods were adapted from Morgan and Meredith (1983). 

Tillers were left on the tank for 72 hours to allow for root tissue growth. 

Once root tissue had reached 1-2cm in length, roots were removed from 
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individual tillers using forceps and put into individual wells in a cell culture plate 

of cold RO (reverse osmosis) water, kept on ice in a polystyrene box. Plates were 

refrigerated overnight at 0-2°C in order to seize cell division at the metaphase 

stage. Following this, root tissues were fixed by transferring them into 10ml of an 

ethanol:glacial acetic acid solution (3:1 respectively). After 24hrs in a freezer, 

fixture solution was removed from the root tissues by immersing the roots in 10ml 

of 0.01M citrate buffer in a cell culture plate for five minutes. This washing 

process was repeated a further two times into fresh buffer. Roots were then 

transferred to individual small watch glasses containing 1ml of a cellulase and 

pectinase enzyme mixture (2%w/v cellulose & 3%w/v pectinase from Aspergillus 

niger, in 40% glycerol), in order to digest tissue to allow for easier extraction of 

meristem for squashing.  

After a 1.25 hour incubation period at 37°C, enzyme mixture was removed 

from the watch glasses using a pipette and roots were washed in a citrate buffer 

(0.08M Sodium citrate dehydrate, 0.01M Citric acid, pH 6). Root tips containing 

apical meristem visible under x10 magnification were isolated from the remainder 

of the meristem using entomological needles and transferred to a watch glass 

containing 0.5ml of 45% acetic acid. Upon root tips tissue becoming transparent, 

tissues were transferred to a clean microscope slide using a pipette, along with 

10µl of the 45% acetic acid. Root tips were firmly squashed onto slides using 

glass cover slips and flash frozen to preserve.  

Upon defrosting, slide cover slips were removed from slides using a 

scalpel. In order to allow for the observation of chromosomes, the slides were 
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subjected to a luminescent staining technique using a DAPI solution. Root tissues 

on slides were initially softened by two 7 minute soaks in a 2x SSC (saline 

sodium citrate; 0.3M NaCl, 0.03M sodium citrate, pH 7) solution. Slides were 

then rinsed in sterile distilled water (SDW) and left to air dry in a wire rack. Once 

dry, 100µl of DAPI solution (20µl of 4’6-diamidino-2-phenylindinole added to 

800µl of McIlvanes buffer) was applied to each slide, where a thin plastic 

coverslip was placed on each slide using tweezers. The slides were covered from 

light for 4 minutes in a plastic box with a lid and then washed twice in 4SSC 

Tween (200µl of 20x SSC, 2µl Tween and 800µl of SDW) for 5 minutes, to rinse 

off excess DAPI stain. Slides were then left to air dry after rinsing in SDW. A 

single drop of Vectashield was placed onto each slide using a pipette before 

placing a permanent glass coverslip over the root tissue area. Excess Vectashield 

was removed using a piece of filter paper and slides were then examined under a 

Leica CTR 5500 automated microscope system under fluorescent light, with a 

Leica DFC 365 FX microscope camera attached. Images were captured of cells 

with visibly condensed chromosomes, using Leica LAS AF (Version 4.0) 

software on a computer. 

3.2.2 Flow cytometry 

 

 Once chromosome numbers had been counted for selected plants from 

microscope images, a level of ploidy was suggested for the varieties (2n = 14, 4n 

= 28). Approximately five 1cm lengths of leaf tissues were cut from all the 

individual F0 spaced plants in April 2017 along with samples from seedlings 

within trays of a tetraploid Perennial Ryegrass control (variety - Aston Bonus). 



69 

 

These were immediately placed into cell culture plates containing ionised water 

on ice, to prevent any tissue degradation during transport back to the laboratory. 

Cell count peak values (from the flow cytometer) for the reference samples were 

obtained individually prior to measuring with Cocksfoot samples, as a degree of 

control. Expected mean peak value for reference was calculated, to allow for 

distinction when samples were run in conjunction. Leaf tissues were placed onto 

an individual Petri dish per plant and 0.5ml of Nuclei extraction buffer was added 

per dish, before finely chopping the leaf tissues with a razor blade. Following this, 

2ml of staining buffer (phosphate buffered saline solution; 2% fetal bovine serum, 

2mM ethylene-diamine-tetra-acetic acid, 2mM NaN3) was added to each dish, 

creating a suspension to be transferred into FACS tubes. Every tube was placed 

into a Partec CyFlow Flow Cytometer in sequence, where individual cell count 

peak values were obtained for both the Cocksfoot sample and ryegrass reference 

simultaneously from graphs produced and displayed by the machine.  

Mean peak values for both grass species were calculated per F0 

variety/accession, alongside mean difference between peaks. These values were 

compared against predicted ploidy from root squash images, in order to assume 

ploidy per variety/accession and to propose the range of peak values expected 

from Cocksfoot of differing ploidy levels. Peak ranges were subsequently used to 

calculate approximate nuclear DNA content (pg) for each variety, as reported 

protocol in Arumuganathan and Earle (1991), where L. perenne DNA value had 

been previously determined by Šmarda et al. (2008). From this, nuclear DNA 

content within different Cocksfoot ploidy levels was predicted. 
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3.3 RESULTS 

3.3.1 Root squash and chromosome count 

 

 Cocksfoot root tissue cells undergoing an active phase of cell division - 

with chromosomes in a visibly condensed form were observed under x63 

magnification. Figure 3,1 shows chromosomes from varieties Arly and Sparta, 

where individual chromosomes are visible. Despite difficulty in counting 

individual chromosomes due to overlapping, both images suggested a 

chromosome number of approximately 28, indicating that both of these varieties 

are tetraploid (4n = 28). This contradicts predictions for the ploidy level of the 

variety Arly, which was previously noted to be diploid (2n =14) – a suggestion 

based upon observation of phenotypic traits in the field, such as plant stature and 

the shape/size of leaves. Given this contradiction, ploidy of the variety was not 

confirmed until the comparison of cell count values obtained via flow cytometry. 

Figure 3,1: Images showing chromosomes visible under fluorescent light and x63 magnification, from tissues 

produced through preparation and squashing of the root meristem of D. glomerata varieties Sparta (left) and Arly 

(right). Images are shown alongside a 25µm scale. 
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 Ploidy level for the variety Lidacta was difficult to identify, given that 

images in Figure 3,2 show cells with chromosome number of either 14 (diploid, 

2n=14) or 28 (tetraploid, 4n=28); it is plausible that the left image shows isolated 

chromosomes and not an entire cell. In contrast, the right side image could be 

displaying two cells lying over each other, making the cell appear tetraploid. 

Varieties Abertop and Prairial did not exhibit any actively dividing cells on slides 

produced from the root tip squash method, as captured images were unclear and 

individual chromosomes could not be distinguished. Hence, it was initially not 

possible to determine level of ploidy through this method. A second attempt at 

preparing root squash slides for both of these varieties was undertaken. Figure 3,3 

Figure 3,2: Chromosomes visible under fluorescent light and x63 magnification, from tissues produced 

through squashing of the root meristem of D. glomerata variety Lidacta. Both diploid (left) and tetraploid 

(right) ploidy levels appear to be present. Images are shown alongside a 25µm scale. 
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shows images captured from the second root tissue squash. Despite less clear 

images compared to root squash of other varieties (see Figures 3,1&3,2), there 

was evidence of a chromosome number greater than expected for a diploid variety 

(2n=14 as opposed to 4n=28). It was inferred that both of the varieties were 

tetraploid as previously suggested, but flow cytometry data was needed to 

confirm DNA content. Table 3.1 gives a summary of exact chromosome numbers 

seen in root squashes. Varieties Sparta and Arly were chosen to be used as 

controls when comparing flow cytometry values across accessions/varieties, to 

relate DNA content to ploidy level.  
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Figure 3,3: Images captured under x63 magnification of root squash slides, prepared from root tissues of 

Cocksfoot varieties Abertop (top) and Prairial (bottom).  
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  With unusual and inconclusive flow cytometry results for accession 

Bc5694, additional root squashes from individual F0 spaced plants were required 

for this accession. Tillers were taken from individual plants which appeared to be 

diploid, tetraploid or autoploids, according to flow cytometry data. Condensed 

chromosomes could only be seen in tissues from individuals thought to be diploid 

(plants B2 and B7). Although chromosomes were again difficult to count, 

captured images in Figure 3,4 show a chromosome count less than that expected 

for a tetraploid (n<28).  

Figure 3,4: Image captured under x63 magnification of root squash slides, prepared from root tissues of 

plants B2 and B7 from accession Bc5694, thought to be diploid according to flow cytometry data 

 

Figure 4: Image captured under x63 magnification of root squash slides, prepared from root tissues of plants B2 and B7 

from accession Bc5694, thought to be diploid according to flow cytometry data 
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3.3.2 Flow cytometry 

 

 Initially, both a tetraploid perennial ryegrass (L. perenne 4n, variety Aston 

Bonus) and diploid ryegrass (L. perenne 2n, unknown variety) were measured via 

flow cytometry to determine expected range. Range in peak values for the diploid 

ryegrass was very low, indicating consistency; the range in values seen for 

tetraploid ryegrass was much greater, and nearly as large as the range previously 

identified within IBERS, yet many outlying values meant actual range fell 

between 61.22 and 90.57. Tetraploid ryegrass was selected to be used as a 

reference despite greater range in values, as preliminary measurements indicated 

high levels of noise within the peak range of diploid ryegrass.  

 

 

 

 Previously suggested 

level of ploidy 

Chromosome count Proposed level of ploidy 

from root squash 

Abertop Tetraploid 28 (approx) unknown 

Arly Diploid 28 Tetraploid 

Lidacta Tetraploid 14 and 28 unknown 

Prairial Tetraploid 28 (approx) unknown 

Sparta Tetraploid 28 Tetraploid 

Table 3.1: Previously suggested level of ploidy for five selected D. glomerata varieties, compared against number of 

chromosomes visible from a root tip squash (approx refers to unclear images where number was assumed). Newly proposed 

level of ploidy is shown for each variety, according to the number of chromosomes seen in microscope images, where 

‘unknown’ refers to images which were unclear as to definitive number of chromosomes. 

 

 Previously suggested level 

of ploidy 

Chromosome count Proposed level of ploidy from 

root squash 

‘Abertop’ Tetraploid 28 (approx) unknown 

‘Arly’ Diploid 28 Tetraploid 

‘Lidacta’ Tetraploid 14 and 28 unknown 

‘Prairial’ Tetraploid 28 (approx) unknown 

‘Sparta’ Tetraploid 28 Tetraploid 

 Table 1: Previously suggested level of ploidy for five selected D.glomerata varieties, compared against number of 

chromosomes visible from a root tip squash (approx refers to unclear images where number was assumed). Newly proposed 

level of ploidy is shown for each variety, according to the number of chromosomes seen in microscope images, where 

‘unknown’ refers to images which were unclear as to definitive number of chromosomes. 
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Following deliberation of an appropriate reference species, leaf samples from 

both species (Cocksfoot and Perennial ryegrass) were prepared and analysed 

together, where peak flow cytometry values were recorded for the reference and 

Cocksfoot variety Sparta (determined 4n via chromosome counts), during an 

initial investigation. Numerical difference between species was calculated, to 

identify peak value relating to the tetraploid Cocksfoot per sample, with range and 

mean value calculated across samples (see Table 3.3). Mean value for peaks 1 and 

2 fell within the expected range of tetraploid ryegrass control, so resultant peak 

from either species was initially unclear. Upon evaluation of the range in recorded 

peak values, ryegrass was assumed to be the species responsible for ‘peak 2’, as 

majority of peak values fell within the expected range for tetraploid ryegrass (see 

Table 3.2). This was compared against values recorded for ‘peak 1’, where 

Diploid ryegrass Tetraploid ryegrass 

ID Count ID Count 

132_6332 46 132_6356 81.37 

132_6334 46 132_6360 80.58 

132_6336 52 132_6364 84.59 

132_6338 52.42 132_6370 87.66 

132_6340 52.25 132_6376 90.57 

132_6342 49.03 132_6380 61.22 

132_6344 48.59 132_6384 77.17 

132_6346 49.65 132_6386 67.07 

132_6348 50.08 132_6390 82.83 

132_6350 49.43 132_6394 62.23 

Average 49.545 Average 77.529 

Range 6.42 Range 29.35 

Table 3.2: Range of peak values obtained through flow cytometry of leaf sample from a diploid ryegrass and a 

tetraploid perennial ryegrass, with mean (‘Average’) and range given for both ploidy levels. ID refers to sample 

number, generated by the flow cytometer. 

 

Table 2: Range of peak values obtained through flow cytometry of leaf sample from a diploid hybrid ryegrass and a tetraploid 

perennial ryegrass, with mean (‘Average’) and range given for both ploidy levels.  
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numerous outliers were seen below the expected range for tetraploid perennial 

ryegrass. Despite overlapping, difference between peak values within samples 

remained fairly consistent across samples, where range in difference between 

peaks was lower than range in peak values per species. Difference between peak 

values was concluded to be a more reliable determination of ploidy, given greater  

consistency than the expected range in peak values per species. Likewise, peak  

ID Peak 1 Peak 2 Difference 

132_16305 64.57 79.5 14.93 

132_16309 66.59 83.09 16.5 

132_16313 72.74 90.75 18.01 

132_16319 68.27 76 7.73 

132_16327 63.69 79.03 15.34 

132_16331 64.34 79.3 14.96 

132_16335 62.2 79.32 17.12 

132_16339 59.79 73.68 13.89 

132_16351 64.86 76 11.14 

132_16355 67.12 80.62 13.5 

132_16359 64.34 76 11.66 

132_16365 52.65 62.69 10.04 

132_16369 63.1 79.38 16.28 

132_16373 68.76 83.76 15 

132_16377 60.17 69.74 9.57 

132_16381 61.61 72.22 10.61 

132_16385 56.19 65.82 9.63 

132_16389 60.36 73.04 12.68 

132_16393 65.59 80.8 15.21 

132_16397 66.83 81.5 14.67 

132_16401 66.5 78.2 11.7 

132_16405 73.3 84 10.7 

132_16409 73.31 96.35 23.04 

132_16413 66.51 87.01 20.5 

132_16417 62.82 75.04 12.22 

132_16427 59.6 69.02 9.42 

Average 64.45 78.15 13.69 

Range 20.66 33.66 15.31 

Table 3.3: Range of peak values obtained through flow cytometry from tetraploid cocksfoot variety ‘Sparta’ and control 

tetraploid Perennial Ryegrass. Difference in peak values between both species is given - a more reliable method. ‘Peak 

1’ was thought to be created by cocksfoot and ‘Peak 2’ by ryegrass. ID refers to sample number, generated by the flow 

cytometer. 

 

Table 3: Range of peak values obtained through flow cytometry of leaf sample from tetraploid cocksfoot variety ‘Sparta’ and the 

control tetraploid perennial ryegrass, with mean (‘Average’) and range given for both ploidy levels. Difference in peak values 

between both species is given, a more reliable method  



78 

 

values obtained through flow cytometry can be variable, whereas difference  

between peaks can provide relativity.  
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Cocksfoot ‘Peak 1’ range: 36.31 to 50.76 

 

Cocksfoot ‘Peak 2’ range:  73.34 to 86.81 

 

Frequency of peaks in samples 

‘Peak 1’ only 19 

‘Peak 2’ only 0 

‘Peak 1 and 2’ 23 

 

 

Cocksfoot ‘Peak 2’ range:  73.34 to 86.81 

 

Frequency of peaks in samples 

‘Peak 1’ only 19 

‘Peak 2’ only 0 

‘Peak 1 and 2’ 23 

Table 3.4: Range of peak values obtained through flow cytometry of leaf samples from 

19 cocksfoot varieties/accessions, alongside the control tetraploid Perennial Ryegrass.  

Calculated 4C DNA quantities for each cocksfoot variety/accession are also shown, with 

significance returned from a one-way analysis of variance of all plants analysed 

 

Table 4: Range of peak values obtained through flow cytometry of leaf samples from 19 cocksfoot 

varieties/accessions, alongside the control tetraploid perennial ryegrass.  Calculated 4C DNA 

quantities for each cocksfoot variety/accession are also shown, with significance returned from a 

one-way analysis of variance of all plants analysed 

Table 3.5: Peak values recorded via flow cytometry of leaf samples from the 

Cocksfoot accession ‘Bc5694’. Peak values for ryegrass control are not 

included. The frequency of individual plants expressing ‘peak 1’, ‘peak 2’ or 

both is shown.  

 

Table 5: Peak values recorded via flow cytometry of leaf samples from the cocksfoot 

accession ‘Bc5694’. Peak values for ryegrass control are not included. The frequency of 

individual plants expressing ‘peak 1’, ‘peak 2’ or both is shown.  
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 Once expected range in peak values for tetraploid Cocksfoot had been 

determined, leaf samples from all of the F0 spaced plant varieties/accessions were 

analysed along with the reference. Table 3.4 shows mean peak value for both 

Cocksfoot and reference per variety/accession; all Cocksfoot peak values fell within 

the expected range for tetraploid Cocksfoot, aside from Bc5694. Despite overlapping 

between samples, range in peak values between Cocksfoot and reference were 

generally distinct within samples, where newly calculated expected range for both 

species showed very little overlap. It was then concluded that all F0 spaced plant 

varieties/accessions were tetraploid, except Bc5694.  

 Quantification of DNA within each Cocksfoot variety was calculated using 

the below equation extrapolated from Arumuganathan and Earle (1991), 

𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑛𝑢𝑐𝑙𝑒𝑎𝑟 𝐷𝑁𝐴 (𝑝𝑔) = [
𝑚𝑒𝑎𝑛 𝑝𝑒𝑎𝑘 𝑣𝑎𝑙𝑢𝑒 𝑓𝑜𝑟 𝑐𝑜𝑐𝑘𝑠𝑓𝑜𝑜𝑡

𝑚𝑒𝑎𝑛 𝑝𝑒𝑎𝑘 𝑣𝑎𝑙𝑢𝑒 𝑓𝑜𝑟 𝑟𝑦𝑒𝑔𝑟𝑎𝑠𝑠
]  𝑋 11.022 

 where ‘pg’ stands for picograms and ’11.022’ refers to the 4C DNA value for 

tetraploid L. perenne (Perennial Ryegrass) from Šmarda et al. (2008). Significant 

differences were seen between DNA content of nineteen F0 varieties/accessions 

(P<0.001, received via ANOVA).  

 Calculated DNA content for accession ‘Bc5694’ is missing from Table 3.4 

due to inconsistent peak values; Table 3.5 alternatively gives an overview of peaks 

observed. Appearance of a reference peak was consistent across all individual 

samples, but some samples produced two clear additional peaks, not one. A 

Cocksfoot only sample was used to deduce the species responsible for producing this 

extra peak; one peak falling within the tetraploid range and the other within a notably 

lower range without overlaps. No samples from ‘Bc5694’ produced only peak 2 
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(tetraploid) and instead peak two only appeared if peak one was also present (see 

Table 3.5). 

3.4 DISCUSSION 

3.4.1 Root squash of varieties 

 

 Suggested number of chromosomes and resulting ploidy level for the five 

commercial Cocksfoot varieties selected from the F0 spaced plant trial are shown in 

Table 3.1. With some unclear images – overlapping chromosomes and poorly 

focused magnification – data from flow cytometry was needed for clarification. With 

this in mind, variety ‘Sparta’ was used as the control for determining the expected 

flow cytometry values for tetraploid Cocksfoot grass, as root squashes showed 

twenty eight clearly countable chromosomes (4n = 28). It would have been 

inappropriate to use the other variety with clear tetraploid chromosome number 

(Arly, see figure 3,1), as the variety is listed commercially as diploid and so there 

was uncertainty of the validity of the chromosome counts. Observed narrow leaf 

blades and a shorter stature were phenotypic traits associated with the assumed 

diploid level of the variety; with flow cytometry values re-iterating that variety Arly 

is tetraploid, it would be of interest to investigate other factors that may influence the 

expression of such phenotypic traits. These distinctive phenotypic traits could have 

been introduced through deliberate hybridisation with a Cocksfoot subspecies, 

perhaps to integrate other traits, where inheritance of narrow leaves/short stature 

were by products of this breeding effort. Confirmation of breeding methodologies 

utilised in producing the variety would be needed to draw conclusions from this. 

Comparatively, root squashes from variety Lidacta were difficult to decipher, 

as chromosome number appeared to vary within one root tissue (see Figure 3,2). 
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Despite root tips from all varieties being digested for the same period of time, 

perhaps this was too long a period of time for this variety, if the tissue and cell layer 

structure was distinctly different to that of the other Cocksfoot varieties. Enzymes 

may have disrupted the membrane of some cells, allowing chromosomes to be 

dispersed after mechanical squashing (see left image, Figure 3,2). Alternatively, 

McCollum (1957) found that induced Cocksfoot tetraploids exhibited a greater 

instance of trivalent chromosomes, often lacking chiasmata with resultant observable 

univalent or fragmented chromosomes. If Lidacta expressed these altered 

chromosomes, it would explain unusual numbers of chromosomes per cell, through 

unequal distribution during anaphase. Breeding methods may have induced the 

variety to be tetraploid, via chromosome doubling of elite diploid accessions. With 

flow cytometry data for the variety indicating a consistent tetraploid (Table 3.4), 

isolated chromosomes seen in Figure 3,2 were most likely an infrequent abnormality 

caused by inconsistencies during anaphase. 

Further errors within the root squash method can be seen in initial root 

squashes for varieties Abertop and Prairial, where no slides were produced with 

clear, condensed and dividing chromosomes. A cause for this could have been that 

the root tissues were not fully digested in the enzyme mixture before squashing in 

acetic acid, rendering mechanical squashing insufficient in producing a slide with 

actively dividing cells that were not overlapping. Moreover, each Cocksfoot variety 

appeared to grow root tissues at a different rate; varieties Abertop and Prairial were 

amongst those which developed root tissues at a visibly faster rate on the tiller tank. 

In model species, faster root elongation is often directly proportional to an increased 

number of dividing cells, where this would infer that varieties Abertop and Prairial 

would show the greatest number of visibly dividing cells and condensed 
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chromosomes (Beemster and Baskin, 1998; Baskin, 2000). Yet, it must be 

considered that the highest frequency of actively dividing cells would be found in the 

apical meristem, a section separated from the remainder of the root tissue during the 

methodologies described. Meristems from both varieties may not have been 

successfully isolated from the remaining tissues, before mechanical squashing, 

obscuring visibility of actively dividing cells.  

Repeating the root squash for Abertop and Prairial with new root tissues, 

images of condensed chromosomes were successfully obtained, indicating 

eradication of previous human errors. Still, images captured were not sufficiently 

clear to allow for physical counting of the chromosomes in either of the varieties and 

therefore, only variety Sparta offered images of definitively tetraploid cells.  

3.4.2 Flow cytometry 

3.4.2.1 Calibration of the reference species 

 

Individual sampling of leaf tissues from both a known tetraploid and diploid 

Ryegrass (L. perenne) acted as a means of calibration for the flow cytometer – as 

expected values were previously identified – yet range in peak values obtained 

showed low consistency with overlaps between the ploidy levels (Table 3.2). With 

all samples taken from the same synthetic variety, genetic variation should be 

minimal, and so would have returned consistent peak values. Fluctuations within the 

flow cytometer can be attributed to any inconsistencies, despite mean peak values for 

diploid samples being slightly higher than expected, as noise recorded by the 

cytometer made determination of diploid peaks challenging.  

Initially, the selection of tetraploid ryegrass to be used as a reference species 

may not have seemed most appropriate, regardless of expected noise in the diploid 
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range. Both tetraploid Cocksfoot and Ryegrass have a chromosome number of 4n = 

28 (Richardson et al., 2007), which could have produced similar peaks via flow 

cytometry. This was overruled by the notion that chromosome size, therefore 

quantity of DNA, varies greatly between species even if they exist within the same 

taxonomical family or genus. Arguably, any plant species is suitable as a reference, 

but Ryegrass was specifically chosen due to readily available leaf tissues and ploidy 

routinely determined using the same machine and protocol. Having similar leaf 

structure to Cocksfoot (production of blades), Ryegrass allowed for greater 

uniformity when chopping, inducing equal exposure to DAPI staining. It could be 

contended that the course texture of Cocksfoot leaves would have resulted in less 

fine chopping in comparison to ryegrass, if pressure and number of chops were kept 

constant. This was addressed during the methodology, where samples were chopped 

until leaf fragments were of similar size (<1mm2).  

Peak values obtained from variety Sparta (assumed tetraploid, see Figure 3,1) 

along with reference Ryegrass were generally distinct within samples, producing an 

expected range for peaks produced by a tetraploid Cocksfoot. All individuals within 

the variety produced peaks indicative of consistent ploidy, with no anomalies. When 

data were compared between samples, the expected range in peak values for each 

species overlapped. The validity of using an expected range of values was therefore 

questionable, with ploidy best determined by difference between reference and 

sample peak within an individual sample. Running the two species together in the 

same sample reduced the range in peak values for the Cocksfoot, concluding that 

peak values produced from samples containing only one species are unreliable. A 

dependable protocol for determining Cocksfoot ploidy in further work would only 
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consider data obtained from Cocksfoot samples run in conjunction with a reference 

species. 

3.4.2.2 Ploidy of F0 varieties and accessions 

 

Peak values for Cocksfoot and the Ryegrass control obtained by the flow 

cytometer were significantly different within each variety/accession from the F0 

spaced plant trial (P<0.001). These results further iterated that using Perennial 

Ryegrass as a reference was appropriate in determining the ploidy of Cocksfoot 

plants, as peaks produced by each species were unique. Significant differences 

(P<0.001) were also seen in the difference between peaks across the 

varieties/accessions. This could have suggested difference in ploidy level across 

varieties/accessions, yet mean difference between peaks of each variety/accession 

never fell outside of the expected range for a tetraploid Cocksfoot (see Tables 

3.3&3.4). With exclusion of the unusual and inconsistent results from accession 

Bc5694, all F0 varieties/accessions were determined to be tetraploid, including 

variety Arly (previous recognised as diploid).  

Significant variation in the distance between peak values across 

varieties/accessions may have been caused by genetic variation and subsequent 

differences in the quantity of DNA. Polyploidy, such as tetraploids, increases 

interaction between genes, allowing for a greater genetic diversity and probable 

variation in DNA quantity (Stebbins, 1985; Soltis and Soltis, 1993). Furthermore, 

Cocksfoot populations occurring at different geographical locations are known to be 

genetically distinct, to such an extent that subspecies have been defined (Mika et al., 

2002; Stebbins and Zohary, 1959). Tuna et al. (2004) explain how DNA content in 

Cocksfoot in Turkey varies significantly across populations/location, yet is fairly 
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consistent within each population. Similarly, no significant differences were seen 

between 4C DNA within each variety/accession presented here (P>0.05). The effect 

of location on the DNA of accessions within the F0 generation could be explored 

through genetic analysis, which could not be incorporated within the scope of this 

project.  

 The 4C DNA quantities for all varieties/accessions within the F0 spaced plant 

trial were calculated using Perennial Ryegrass as a reference species, when tissues 

from both species were run simultaneously within one sample. The average 4C DNA 

for the tetraploid Cocksfoot was 13.32pg, but significant differences were seen 

between varieties/families (P<0.01). All 4C DNA values calculated from this data set 

were dissimilar to 4C DNA data previously reported in Horjales et al. (1995) – a 

mean range of 12.03pg to 15.84pg, compared to previously reported 17.60pg - 

despite similar methodologies. Interestingly, anomalous data had a 4C DNA value 

closer to 17.60pg (17.25pg, 17.35pg and 18.32pg). All three of these anomalies were 

from different accessions, where none existed within commercial varieties. 

Cocksfoot returning the 4C DNA value 17.60pg reported by Horjales et al. (1995) 

were located in the Galicia region of Spain, similarly to accession Bc5442 and 

Bc6947 which had anomalous data. This offers an explanation to the difference in 

4C DNA, as anomalous individuals could be descendants from a genetically distinct 

population previously reported within the location. The third anomaly was found 

within the accession Bc7049, which was collected in Wales, nullifying this 

justification. Further investigation would be needed to determine the causation for 

both the differences between data and anomalies, by analysing the DNA content of 

Cocksfoot population’s from differing geographical locations globally.  
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 Although presented data concludes an expected range of both flow cytometry 

and 4C DNA values for a tetraploid Cocksfoot, no conclusion can be drawn about 

the range of values expected for diploid Cocksfoot. It is assumed that diploid DNA 

would be half of tetraploid - a 2C value of approximately 6.66pg. This would be 

inaccurate to predict, however, given variability in tetraploid DNA is known to be 

greater than diploid (Stebbins, 1985; Soltis and Soltis, 1993). A range in flow 

cytometry values for diploid Cocksfoot would more accurately be suggested from 

data collected for accession Bc5694. Some individuals from this accession displayed 

peak values which were approximately half of that seen by the presumed tetraploid 

peak produced, indicating a lower level of ploidy.  

3.4.2.3 Bc5694 

 

 Some of the plants from accession Bc5694 showed three individual peaks on 

the flow cytometer – the only variety/accession to give such a result. One of the three 

peaks was identified as the reference (by running tissues from the control 

separately), deducing that the two remaining peaks were both created by the 

Cocksfoot. The range in values for ‘Peak 2’ appeared to fall within the expected 

range for a tetraploid Cocksfoot (Table 3.5). Although range of peak values was 

greater for ‘Peak 1’, values were approximately half of the relative ‘Peak 2’ value, 

indicative of a diploid. Table 3.5 shows the occurrence for ‘Peak 1’ and ‘Peak 2’ 

within individual plants sampled from Bc5694; even though both peaks were often 

found to appear simultaneously, no plants had only ‘Peak 2’ present. Therefore, none 

of the plants within this accession could be tetraploid - plants with only ‘Peak 1’ 

inferred that diploids were present within the accession.  
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 Several explanations could be offered as to why the remaining Bc5694 plants 

produced two peaks via flow cytometry. Individuals with both peaks present may 

offer an example of mixoploidy; diploid-tetraploid mixoploidy would result in some 

cells having the diploid chromosome number (2n = 24), with remaining cells having 

a tetraploid chromosome number (4n = 48). This explains why ‘Peak 2’ does not 

occur with the appearance of ‘Peak 1’ – if Bc5694 were diploid with some mixoploid 

individuals present. If the plants which exhibited both peaks were alloploid, similar 

results may have also been seen. As accession Bc5694 was collected from a wild 

population, a small number of natural hybrids may have existed within the seed 

collected. Zhong, et al. (2009) report instances of both mixoploidy and alloploidy in 

wild populations of Cocksfoot, where alloploidy appeared to significantly reduce 

fertility. These cytological implications on fertility and subsequent viability of seed 

render accession Bc5694 a poor choice to include within the genotypic selection for 

F0 progeny families to enter into the F1 (F0 progeny) trials. Additional investigation 

would be required to confirm the possibility of mixoploidy, which was performed 

through root squashes from tillers of plants which had either one peak or both peaks 

present during flow cytometry.  

3.4.3 Root squash Bc5694 

 

 Slides which produced cells with visibly condensed chromosomes were 

prepared from root tissues of plants which produced a single peak on the flow 

cytometer, ‘Peak 1’. All cells were identified as having the diploid number of 

chromosomes, and so it was concluded that ‘Peak 1’ represented the expected value 

of a diploid Cocksfoot. No conclusions could be drawn regarding plants which 

produced two peaks during flow cytometry, so the suggestion of Bc5694 as an 

autoploidy is still debatable. 
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3.5 CONCLUSION 

 

Using chromosome counts in combination with flow cytometry allowed for 

the development of a new protocol in determining Cocksfoot ploidy. Data confirmed 

that using tetraploid Perennial Ryegrass as a reference species increased reliability of 

peak values. All varieties/accessions from the F0 spaced plant trial (with the 

exception of Bc5694) were found to be consistent tetraploids, with an expected peak 

range of 64.27 to 78.9 and mean 4C DNA of 13.32pg. Tetraploid Cocksfoot has been 

noted within literature to possess many phenotypic traits favourable for product 

yields through biorefining, in comparison to diploids (see 1.7.1 Polyploidy). Because 

of this, ploidy could not be used as a means of selection for the F0 progeny families 

to be continued into yield plot and spaced plant trials, due to uniform tetraploidy, 

with the exclusion of accession Bc5694. No plants from Bc5694 showed definitive 

ploidy, so instead were assumed either diploid or mixoploid. With inconsistent 

ploidy level within the accession, progeny from Bc5694 were not included within the 

F1 (F0 half-sib progeny) trials.  

3.5.1 Further work 

 

The correlation of ploidy to expression of phenotypic traits within the F0 

generation was not possible to explore within the F0 generation, given the consistent 

ploidy level. A brief discussion of the phenotypic traits expressed in accession 

Bc5694, with a varying level of ploidy, can be seen in 8. Concluding discussions. As 

all F1 (F0 half-sib progeny) families entered into trials would be tetraploid, any 

beneficial traits noted for existence in diploid Cocksfoot would be excluded from the 

recurrent breeding population. Further investigation would seek known diploid 

Cocksfoot to analyse the phenotypic variation in comparison to the F0 and F1 (F0 
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half-sib progeny) trial data. However, given the time constraints of the project, this 

was not explored.
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4. DISEASE 

4.1 INTRODUCTION 

 

Incidence of disease on all crops can have devastating effects upon yields 

and plant survival rate (Gaunt, 1995), both of which could affect the biorefining 

potential of Cocksfoot. The species is susceptible to a wide range of viral and 

fungal diseases, showing little infection from bacterial pathogens (Tominaga, 

1968; Miyajima and Tsuboki, 1980). Cultivated Cocksfoot is greatly affected by 

leaf diseases, reducing palatability and quality (Kay and Owen, 1973; Latch, 

1993). Previous studies suggest that Cocksfoot has moderate to high resistance to 

most fungi, with most plants experiencing infection but less severe disease 

symptoms (Gotoh, 1969). Breeding efforts should look to reduce infection 

overall, compared to some current varieties which are moderately resistant. 

Ziliotto (1969) reports that phenotypic traits, such as date of emergence of 

flowering heads, can be correlated to disease resistance and susceptibility; a 

knowledge of the variation of such traits within the Cocksfoot population should 

allow for selection of individuals exhibiting high to full resistance to pathogens. 

Fungal leaf pathogens known to infect Cocksfoot include Puccinia striiformis 

(Stripe rust), Puccinia graminis (Stem rust), Puccinia coronate (Crown rust), 

Blumeria graminis (Powdery Mildew), Mastigosporium rubricosum (Leaf Fleck) 

and Stagonospora arenaria (Purple Leaf Spot), amongst others. Greater details on 

the pathogenesis of common Cocksfoot fungi can be found in 1.6 Disease. Rust 

fungi appear as orange/rust coloured lesions on tissues, compared to Leaf Fleck 

and Purple Leaf Spot which exhibit darker, elongated lesions, or Powdery Mildew 
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which initiates as white lesions later forming a thick mycelium. Griffiths et al. 

(1978) suggest that the most common fungal diseases on Cocksfoot are Stripe 

Rust and Leaf Fleck. Necrosis caused by the infection of Leaf Fleck in particular 

causes grass to become unpalatable to livestock (Bollard, 1950); tissue death can 

also significantly decrease forage quality. Tarasov et al. (2000) explain how 

incidence of Leaf Fleck on Cocksfoot can reduce protein and fat content of leaf 

tissues, which could influence the biorefining potential of the grass. Low quality 

could also reduce the productivity of residual tissues, reducing biomass yields and 

subsequent phenol yields from biorefining. In contradiction, infection of leaf 

tissues could increase the production of secondary metabolites (such as phenols), 

preventing necrosis through anti-oxidant properties. Moreover, stress caused by 

fungal pathogens could elicit a changed phenolic profile, altering the biorefining 

potential of Cocksfoot.  It is unclear whether reduced biomass yield would be 

more detrimental to phenol yields than any increases in phenols brought about 

through altered metabolism resulting from stress caused by disease infection. Yet, 

it is more feasible that any tissue necrosis as a result of disease infection would 

significantly reduce biorefining potential. 

Initial scoring for disease (within the F0 spaced plant trial) aimed to 

identify the most prevalent pathogens on Cocksfoot at Gogerddan and to indicate 

any seasonality of the disease, as little research has previously been carried out 

(Carr, 1971). Additionally, as the frequency of these fungal pathogens is thought 

to be greatly influenced by climatic changes, such as high rainfall and seasonal 

changes, disease on the F0 spaced plant trial was observed monthly. Disease 



93 

 

observations were compared against relevant Met data, allowing for a suggestion 

of seasonality. Disease scoring on the F1 (F0 half-sib progeny) spaced plants 

aimed to only select individuals which exhibited high to absolute resistance to all 

common pathogens, to be entered into a polycross, thus to decrease susceptibility 

within the F2 generation and beyond. Disease incidence was scored during 

months where F0 data suggested the fungal pathogens would be seen at the 

greatest infection level. 

Both Cocksfoot Streak virus and Cocksfoot Mottle virus are also known to 

infect the grass, stunting seed production and preventing flowering (Chamberlain 

and Catherall, 1976). Although incidence of viral diseases on Cocksfoot is 

relatively rare in comparison to fungal pathogens, plants within this project were 

frequently monitored for visual indications of viral susceptibility, with any plants 

exhibiting signs of viral infection being removed from selections. Evidence of any 

seed disease, such as Ergot, was also monitored throughout the project, with 

tillers indicating signs of infection being removed during threshing and therefore 

from further generations. 

4.2 METHODS 

4.2.1 Identification using captured images 

 

 Diseased leaf samples were collected at random from the F0 spaced plant 

field trial at IBERS, Gogerddan in February and October 2017. Samples were 

collected from a range of accessions. Leaf samples were then stored in a 

refrigerator at 4°C, before being observed under a light microscope at 10x 

magnification. A Leica DFC 365 FX microscope camera was attached to the 
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microscope and images of the leaf tissues were captured using Leica LAS AF 

(Version 4) computer software. Brightness, hue and saturation of the images were 

adjusted to make the captured images clearer, to allow for identification of the 

fungal species present on leaves.  

4.2.2 Formal identification 

 

 Identification of the rust pathogen through captured images was deemed 

sufficient to identify to a species level, given that the ‘striped’ nature of spores 

along the leaves is only characteristic of one rust pathogen known to infect 

Cocksfoot, Puccinia striiformis (1.6.1 Disease species). Identification of the Fleck 

pathogen with 10x magnification was sufficient in identifying to a genus level, 

since the distinctive lesions are typical of Mastigosporium (Figure 4,1-4,3, 

Wenham and Latch 1958). Identification to the species level for Mastigosporium 

was achieved through DNA metabarcoding as follows, carried out by Gareth 

Griffiths (IBERS, Aberystwyth University).   

 Leaf samples with visible infection of Leaf Fleck were removed from 

random individuals within the F0 spaced plant trial in May 2016 using scissors, 

placed into a polystyrene box and flash frozen with liquid nitrogen. Samples were 

then freeze dried using an Edwards Modulyo freeze drier accompanying a 

ChemStar vacuum pump. Freeze dried samples were ground by hand using a 

pestle and mortar, where DNA was extracted using the Power Soil DNA 

extraction kit (Qiagen). Amplification of the ‘second internal transcribed spacer’ 

(ITS2) region was chosen for DNA metabarcoding of the leaf samples, as the 

amplicon has high taxonomic resolution for fungi. Primers used for PCR 
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amplification were the same as those reported in Tedersoo et al. (2014), 

consisting of six primers in equal quantities, thought to match regions within 

several phylogenetic groups of fungi. PCR amplification was conducted using 

250nM of primer, 200mM dNTPs and 1.25U of PCR Biosystems DNA 

polymerase, with a reaction cycle of 15 minutes denaturing at 95°C, thirty 30 

second cycles at 95°C, annealing at 55°C for 30 seconds and finally two 

extensions at 72°C (1 minute and 5 minutes, respectively).  

 Following PCR, each sample was sequenced, according to methods 

described in Detheridge et al. (2016), in addition to sequencing of ITS regions 

using the ITSx v1.1 algorithm described by Bengtsson-Palme et al. (2013). 

Sequenced data were related to taxa using the RDP Naïve Bayesian Classifier 

(Wang et al., 2007) compared against the UNITS database for ITS regions 

(Abarenkov et al., 2010). Potential chimeric sequences were identified and 

rejected using a purpose built Python script, resulting in a final record of 38 

identified species of fungi (Appendix 17).  

4.2.3 Manual inoculation 

 

In attempt to develop a protocol to screen Cocksfoot seedlings for Leaf 

Fleck susceptibility, seed of the same 20 families existing in the F0 spaced plant 

trial trays were sown into 77-well plastic trays containing compost (one seed per 

well, two trays per family), in March 2018.  Seeds were allowed to germinate in a 

polytunnel, with daily watering, where seedlings with more than five leaves were 

deemed sufficiently mature for inoculation. Prior to inoculation, seedlings were 
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rearranged into a randomised order within trays, with columns of ten plants from 

the same family, where the middle well in the tray only contained compost. 

 The empty middle row of each tray was used to sprinkle leaf samples 

naturally infected with Leaf Fleck (approximately 1cm in length), which were 

obtained from heavily infected plants within the F0 spaced plant trial. This was 

reflective of the protocol used for Drechslera sp. screening within the Perennial 

Ryegrass breeding programme at IBERS. Throughout the following four weeks, 

seedlings were scored through two methods according to disease severity. The 

number of plants exhibiting disease infection within each column (each family) 

was noted. In addition, plants were scored individually on a scale of 0-9 

(consistent with Table 4.1) according to disease severity.  

 

4.2.4 Seasonality of disease 

 

 Disease susceptibility of both suspected Leaf Fleck and Stripe Rust was 

scored monthly on the F0 spaced plant trial using a subjective scale for individual 

plants (Table 4.1), where species of fungi were previously identified through 

microscope images of infected leaf tissues. F0 spaced plants were individually 

scored for disease each month, from April 2017 to May 2018. Subjective scale 

values for susceptibility of disease were used for both Fleck and Rust, ranging 

from 0-9, where plants showing no disease were scored as ‘0’, increasing in 

severity through to plants showing the worst disease scored as ‘9’ (Table 4.1). 

Scores from the field were recorded directly into a spreadsheet in the field, using 
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a ToughPad, Panasonic tablet computer and analysed on a desktop computer 

using a one way ANOVA with replicated blocks via IBM SPSS Statistics, v.25.  

 

4.2.5 Disease scoring F1 (F0 half-sib progeny) 

 

 Severity of disease on F1 spaced plants were scored weekly during months 

which had previously been highlighted for highest susceptibility of both fungal 

pathogens, from October 2018 to April 2019. A subjective scale was used to score 

plants, synonymous to those used for the F0 spaced plants (Table 4.1). Data were 

similarly analysed via ANOVA using IBM SPSS Statistics, v.25.  
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Table 4.1: Visual representation of numerical Fleck disease subjective scores (scores 1-9) used for both spaced plants and seedlings, with narrative definitions of each score to distinguish 

between consecutive score values. The same scale was utilised for Stripe Rust scoring, except with the appearance of orange lesions and subsequent tissue necrosis. Photographs taken by 

Christina Cox. 
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4.3 RESULTS 

4.3.1 Disease identification on F0 spaced plants 

4.3.1.1 Leaf fleck 

 

Upon observation of the images captured from the F0 spaced plants in February 

2017, the majority of leaf tissue exhibited numerous dark, elongated lesions; all of 

a similar shape and size (see Figure 4,1). Often, presence of lesions could be 

correlated to necrosis of surrounding tissues, evident by yellow/brown 

Figure 4,1: Images showing the appearance of dark, elongated lesions on Cocksfoot leaf tissues, at 10x 

magnification. Bottom right image shows lesions of a greater elongation, suggesting disease of a later maturity. 
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discolouration of the leaf (see Figure 4,2). Severity of necrosis varied between 

leaf samples, where the majority of leaves remained mostly green. Existence of 

lesions indicated a fungal pathogen, yet did not indicate a rust fungus, with 

lesions dark in colour as opposed to yellow or orange. Wenham and Latch (1958) 

discuss two fungal pathogens known to infect Cocksfoot – Stagonospora arenaria 

(Purple Leaf Spot) and Mastigosporium sp; both diseases appear as dark lesions 

on leaf tissues, but Purple Leaf Spot creates lesions of a purple hue. Few of the 

images in both Figure 4,1&4,2 show purple coloured lesions, where any purple 

colouration can be related to adjustment of hue and saturation to improve image 

clarity. Lesions seen in captured images varied in length, with elongated lesions 

signifying longer established disease (see Figure 4,1). This elongation has only 

been reported in Mastigosporium sp., compared to Purple Leaf Spot with lesions 

remaining similar in size regardless of maturity (Wenham and Latch, 1958). 

Another distinguishing factor between diseases was the development of 

cream/white regions within the centre of lesions (see Figure 4,3), which only 

occurs in Mastigosporium sp. during sporulation - sporulation in Purple Leaf Spot 

alternatively occurs alongside lesions (Sherwood, 1982; Wenham and Latch 

1958).  

Figure 4,2: Images showing the apparent necrosis of leaf tissue surrounding disease lesions. 
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Figure 4,4 gives evidence of another fungal species seen on the F0 spaced plant 

Figure 4,3: White/cream centre of lesions indicating sporulation of Mastigosporium rubricosum. 

Figure 4,4: Evidence of an additional fungal pathogen on Cocksfoot leaf tissue. Lesions appear circular and pale 

brown in colour. 
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leaf samples. In comparison to Leaf Fleck observed on the majority of leaves, 

circular lesions were seen, which were paler and less brown in hue. Potentially, 

this fungus could have been identified as Purple Leaf Spot, given that appearance 

of the lesions were similar to that were reported by Wenham and Latch (1982). It 

could otherwise be argued that lesions seen in Figure 4,4 had a disparate 

appearance because the fungus was in an earlier stage of maturity. However, this 

pathogen was not used as a means of breeding selection within this project, as it 

was much less prevalent than the Mastigosporium sp. 

4.3.1.2 Stripe rust 

 

 Figures 4,5&4,6 show leaf tissues harvested from F0 spaced plants in 

October 2017. Despite most plants still exhibiting dark lesions captured in 

February 2017 (Figures 4,1-4,3), some leaf tissues show symptoms of a different 

pathogen. Images seen in Figure 4,5 demonstrate orange discolouration to leaf 

tissue, existing in stripes along the length of the leaf. Where disease was most 

prevalent, necrosis of leaf tissue was apparent at leaf tips. In some instances, 

infected leaves showed entire loss of pigmentation, with desiccate, pale yellow 

appearance. The circular, dark orange lesions visible in both Figures 4,5&4,6 

inferred incidence of fungal pathogen - most apparent in Figure 4,6, where raised 

rust coloured regions displayed distinct lines of urediniospores, synonymous to 

descriptions of infection via fungal pathogen Puccinia striiformis (Stripe Rust) 

(Chen, 2005; Carr, 1971; Braverman, 1986). 

 It was considered most plausible that this particular disease was Stripe 

rust, as Cocksfoot is more susceptible to the disease than other commercial grass 
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species (Griffiths et al., 1978). In addition, the location of the F0 spaced plants 

was prone to lower temperatures and greater dew than surrounding low lying 

fields (Appendix 16); Rapilly (1979) reports Stripe rust as the most prevalent in 

Cocksfoot plants grown in areas with higher moisture and lower temperatures.  
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Figure 4,5: Leaf tissues collected in October 2017 exhibiting striped orange coloured areas along the length of leaf 

tissues .Stripes most likely a result of infection of leaf tissues by fungal pathogen Puccinia striiformis, also known as 

Stripe rust. 
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4.3.2 DNA metabarcoding 

 

 Although attempts to create a pure culture of Mastigosporium from 

Cocksfoot leaves (with apparent Fleck lesions) by Lizzie Waring (MPhil student) 

were unsuccessful, several other fungi were isolated. These were identified by 

DNA barcoding of mycelium grown on agar plates from naturally infected leaf 

tissues, including Microdochium phragmitis (Figure 4,8), Epicoccum nigrum and 

Fusarium avenaceum. None of these fungi are reported to form lesions on 

Cocksfoot.  

Figure 4,6: Leaf tissues collected in October 2017 exhibiting rust coloured urediniospores .Spores were most likely a 

result of infection of leaf tissues by fungal pathogen Puccinia striiformis, also known as Stripe rust. 
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Separately, a sample of Cocksfoot leaves was subjected to DNA 

metabarcoding (ITS2 region of the rRNA locus; by Gareth Griffith, IBERS) 

which revealed which fungi were present on/in the leaves and the relative 

abundance of these species. Mastigosporium and Microdochium were found to be 

the most abundant (each ca. 18% of total fungal sequences; see Appendix 17). 

Phylogenetic analysis of the Microdochium phragmitis isolated by Lizzie Waring 

and the sequence detected by DNA metabarcoding was undertaken to confirm its 

identity (Figure 4.7). Michrodochium phragmitis is known to infect several of the 

Graminae, but unlike Mastigosporium sp., it does not produce dark elongated 

lesions prior to leaf necrosis, as was seen on the Cocksfoot leaves (Figure 4,1 -

4,3). Grass swards infected with M. phragmitis can exhibit pink circle patches, 

most often following a period of snow (Hernández-Restrepo et al., 2016). As the 

leaf samples used in this analysis were collected in September, no snow was 

present to cause Cocksfoot to exhibit these patches and so it can be presumed that 

the fungus existed on the leaves asymptomatically.  

Phylogenetic analysis (Figure 4.8) by Gareth Griffith of the 

Mastigosporium ITS2 sequence, alongside various related sequences from the 

GenBank database, showed that this sequence was identical to a sequence from 

Mastigosporium rubricosum (from culture CBS 405.66, isolated from D. 

glomerata in Germany). This was slightly divergent from the type sequence of 

Mastigosporium album (isolated from Alopecurus pratensis, as were the three 

other isolates for which sequence data are available). It also shows that the genus 

Mastigosporium is polyphyletic, since Mastigosporium kitzebergense (from 
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Phleum) is not closely related to the other Mastigosporium spp. Thus the genus 

Mastigosporium is in need of taxonomic revision and it is likely that the 

Mastigosporium found on the Cocksfoot leaves was in fact M. rubricosum.  
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Figure 4,7: Phylogenetic tree (Maximum Likelihood) representing the identification of a Mastigosporium sp. via 

DNA metabarcoding, accounting for 18.40% of all pathogens cultured from infected Cocksfoot leaves. The red 

rectangle indicates the identified species. Mastigosporium rubricosum has yet to be fully barcoded. 
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Figure 4,8: Phylogenetic tree representing the species identification of Microdochium phragmitis via DNA 

metabarcoding, accounting for 18.42% of all pathogens cultured from infected Cocksfoot leaves. The blue 

rectangle indicates the DNA barcode obtained by Lizzie Waring from a culture (LW10) isolated from Cocksfoot 

leaves, whereas the red rectangle indicates the sequence obtained by Gareth Griffith from the DNA metabarcoding 

experiment. Both are clearly identified as Microdochium phragmitis. 
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4.3.3 Manual inoculation  

  

 The described methods for Leaf Fleck inoculation in Cocksfoot seedlings 

was not successful. After four weeks of observation, no seedlings exhibited signs 

of infection from any pathogens.  

4.3.4 F0 spaced plants 

4.3.4.1 Seasonality of disease 

 

Figure 4,9 shows the mean subjective score of disease severity across 

varieties/accessions within the F0 spaced plant trial of both Leaf fleck and Stripe 

rust, measured at monthly intervals from April 2017 to March 2018. No data were 

recorded in July 2017 as there was insufficient tissue growth following cutting. 

Severity of Leaf fleck was consistently greater than Stripe rust (P<0.001), 

irrespective of season, where rust only infected plants in certain months (April-

Figure 4,9: Mean disease susceptibility across all F0 spaced plants for both Stripe rust (Orange) and Leaf Fleck 

(Brown). No data were recorded for July 2017 as cutting left insufficient leaf tissue for scoring. Similarities 

between mean disease score are denoted by alike letters, where significant differences are denoted by unique 

letters. Error bars indicate standard error of the mean. 
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June and October). The incidence of both diseases were significantly affected by 

month and accession (Table 4.2). The highest severity of Leaf fleck was seen in 

January, compared to the greatest Stripe rust infection occurring in October (5.85 

and 0.22, respectively). The lowest Leaf fleck was seen in May and August (0.2 

& 0.4).  

4.3.4.2 Disease across F0 accessions 

 

The disease severity per accession/variety across the year is shown in 

Table 4.3 - susceptibility to disease is indicated by a colour scale from most 

resistant (white) to most severely infected (red). Differences in mean severity 

between accessions/varieties were found to be significant across the year and 

within months (Table 4.2). Accession Bc7060 had the least severe fleck 

throughout the year, with Lidacta having the most severe on average (1.77 and 

3.80 respectively). Accession Bc5448 showed the worst Stripe rust infection over 

the year, although this was not significantly different to Bc5442, Prairial and 

Sparta, which showed similar severity of infection. Athos and Bc5673 showed the 

least severity (1.06, 0.14 and 0.18, respectively). There was a weak positive 

correlation between the mean severity of the two pathogens (Figure 4,10, R²= 

0.255).
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 Abertop Arly Athos Bc5232 Bc5234 Bc5442 Bc5448 Bc5654 Bc5673 Bc5694 

Fleck 2.60 3.5 3.1 3.0 3.0 3.7 3.6 2.6 2.6 2.8 

Rust 0.2 0.4 0.1 0.3 0.3 1.0 1.0 0.7* 0.2 0.4 

  Bc6902 Bc6911 Bc6947 Bc7049 Bc7060 Bc7121 Cambria Lidacta Prairial Sparta 

Fleck 2.8* 2.4 2.9 3.1 1.9* 2.9 2.4 3.8* 3.7 3.7 

Rust 0.6 0.6 0.6 0.7 0.3 0.3 0.3 0.5 0.9 0.9 

 F0 Accession 

 Fleck Rust 

Apr-17 <0.001 <0.001 

May-17 <0.001 <0.001 

Jun-17 <0.001 <0.001 

Aug-17 <0.001 0.12 

Sep-17 <0.001 0.124 

Oct-17 <0.001 <0.001 

Nov-17 <0.001 ND 

Dec-17 <0.001 ND 

Jan-18 <0.001 ND 

Feb-18 <0.001 ND 

Mar-18 <0.001 ND 

Annual <0.001 <0.001 

   

 Fleck Rust 

Month <0.001 <0.001 

Month.Accession <0.001 <0.001 

 

 Bc7413 Bc7414 Bc7415 Bc7417 Bc7418 Bc7419 Bc7429 Bc7431 Bc7432 Lidacta Sparta 

Fleck 1.2* 0.8 1.2* 0.5 0.9 0.7 1.2* 0.4 0.2* 1.0 0.2* 

Rust 0.1 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.2 

Table 4.3: Average annual disease susceptibility within all spaced plant accessions/varieties for both Stripe rust and 

Leaf Fleck. Worst disease is highlighted in red, forming a colour scale through to the highest resistance highlighted in 

white. Significantly different accession are indicated by an asterix ‘*’.  

Table 4.2: Statistical comparison (via ANOVA) of 

Leaf Fleck and Stripe Rust severity across all 

accessions in the F0 spaced plant trial, over the 

period of April 2017 to March 2018. ‘ND’ refers to 

data were ANOVA could not be performed, as no 

disease was seen on any plants. 

Table 4.4: Mean disease severity across all plants within the F1 spaced plant trial, per accession. Accessions with greater 

disease severity are coloured in red, whilst those with lower are highlighted in white. Significantly different accessions are 

indicated by an asterix ‘*’ 

Table 4.5: Statistical comparison (via ANOVA, reps considered as blocks) of Leaf Fleck and Stripe Rust 

severity between accessions in the F1 spaced plant trial. 

 
Leaf Fleck Stripe Rust 

F1 Accession <0.001 0.058 
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4.3.5 F1 (F0 half-sib progeny) spaced plants 

 

 Seasonality of Stripe Rust was not entirely synonymous between the F0 and 

F1 generations, only infecting leaves during May, although Leaf Fleck was apparent 

during January and February, as in the F0 spaced plant trial. Fewer plants within the 

F1 trial exhibited infection by either pathogen than in the F0 trial. Figure 4,11 gives 

mean severity of infected plants per accession from a single observation when 

disease was most apparent; significant differences were seen in Leaf Fleck severity 

between accessions, but not in Stripe Rust (Table 4.5). Table 4.4 shows mean disease 

severity per F1 accession (using the subjective scale as illustrated in Table 4.1) 

comparable to F0 data. No correlation analyses between pathogen severities were 

Figure 4,10: Scatter plot indicating a weak positive correlation (Pearsons correlation, R²= 0.255) between mean 

disease severity of the two fungal leaf pathogens Leaf Fleck and Stripe Rust on the F0 spaced plants across April 

2017 – March 2018.  
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made on F1 spaced plants, as data set was limited and Stripe Rust infection was too 

scarce. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4,11: Mean Leaf fleck (Brown) and Stripe Rust (Orange) susceptibility of infected F1 spaced plants per accession. 

Leaf Fleck scores were taken during January and February 2019 compared to Stripe Rust scores taken during May 2019 only.  
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4.4 DISCUSSION 

4.4.1 Inoculation 

 

Whilst attempts to manually inoculate seedling trays prior to planting in the 

field would have allowed for a greater selection pressure of disease susceptibility, 

within these early generations of the breeding programme, disease variation and 

severity within accessions was so great that scoring via field observations was 

deemed sufficient. Beyond the project, collecting infected leaves, obtaining the 

spores and growing a mycelium on agar may be an effective way to implement 

manual inoculation of seedlings. 

4.4.2 F0 spaced plants 

4.4.2.1 Identification of disease 

 

Although field observations indicated lesions on leaf tissues were most likely 

caused by Leaf Fleck and Stripe Rust, a formal identification through DNA 

metabarcoding of mycelium cultured from infected tissues was undertaken for 

clarity. The most prevalent fungal pathogen observed was Leaf Fleck, caused by the 

fungus Mastigosporium sp., although DNA barcoding of the species could not 

conclude the exact species. The species identified on the Cocksfoot leaf samples was 

genetically distinct from M. album, but could not be directly instated as M. 

rubricosum, as this species is yet to be barcoded (Figure 4,7). Further uncertainty 

within the genus is made apparent by the presence of M. kitzebergense, which is 

genetically distant to the other Mastigosporium sp.. Kastirr and Ehring (1994) 

discuss the characteristics of two Mastigosporium sp. known to infect Cocksfoot – 

M. kitzebergense and M. muticum. Other literature discusses a subspecies, thought to 

specifically infect Cocksfoot, M. album var. muticum (Wenham and Latch, 1958, 

Breese, 1966). These variation in species names and genetic distances observed in 
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Figure 4,7 indicates that further work is required to entirely classify the genus. 

Various species within the genus are commonly referred to as ‘Leaf Fleck’ (CABI, 

2020) and so the pathogen was referred to as ‘Leaf Fleck’ throughout this project. 

Leaf Fleck infection was described as dark, elongated lesions, similar to those 

described by Wenham and Latch (1982). A number of the infected leaves exhibited 

white/cream coloured regions in the centre of lesions, believed to be signs of 

sporulation. This display of sporulation has been reported in leaf tissues infected by 

Leaf Fleck and therefore this was identified as the most common fungal species 

infecting the leaves (see Figures 4,1-4,3). Leaf Fleck (Mastigosporium sp.) affects 

Cocksfoot across the UK, but occurs on other forage grass species (Breese, 1966; 

Bollard, 1950). 

 Damage to leaf tissues caused by Leaf Fleck can be severe, as evidenced by 

the leaf samples imaged in Figures 4,1-4,3. From review of the current literature (see 

1.6.1.5 Leaf Fleck), it was suggested that the incidence of Leaf Fleck on Cocksfoot 

has been increased due to the intensification of agriculture in Britain in particular. 

This gives an explanation as to why this disease was seen on the majority of spaced 

plants, where incidence of rust disease was less. Rust disease present on the F0 

spaced plant trial was identified as Stripe Rust (Puccinia striiformis), due to the 

distinctive linear arrangement of orange coloured spores (Figure 4,5&4,6). Rust was 

unlikely to have been caused by the other rust fungi known to infect Cocksfoot, as 

spores were on leaf tissues and not stem (could not be Stem Rust - Puccinia 

graminis) and occurred in a linear fashion (unlike random positioning of Crown rust 

- Puccinia coronate). The formal identification, via DNA barcoding, was not 

undertaken for this species, as it was not present on leaves when tissues were 

collected for the meta barcoding described in 4.2.2 Formal identification.  
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4.4.2.2 Seasonality of disease 

 

The severity of infection for both pathogens was significantly affected by 

month, with Stripe Rust ceasing to infect plant tissues throughout the months of 

November 2017 – February 2018 (Figure 4,9, Table 4.1&4.2). Data showed that 

disease severity of both pathogens is significantly influenced by month, implying a 

potential seasonal pattern. However, neither pathogen saw peak infection within the 

same month, despite distribution of spores via rainfall occurring in both species. As 

presence of fungal pathogens is greatly affected by abiotic factors, it is likely that 

optimum temperature for fungal growth differed between the two diseases. Optimum 

temperature for spore germination in Leaf Fleck was reported to be approximately 

4˚C greater than for Stripe Rust (Wenham and Latch, 1958; Manners, 1960) and so 

infection of Leaf Fleck should be greater during months which are warmer on 

average. Yet, Figure 4,9 suggests that Leaf Fleck infection was most severe during 

the cooler, winter months of December and January. Greatest mycelial growth for 

Mastigosporium ssp. is seen at 12˚C – a considerably lower temperature. This 

growth could have incurred greater visible infection on leaf tissues, compared to 

spore germination, which is not visible to the naked eye. No literature could be found 

regarding an optimum temperature of mycelial growth for Stripe Rust on Cocksfoot. 

If mycelial growth for Stripe Rust has an optimum temperature greater than 12˚C, 

this could offer an explanation to the seasonality of the diseases seen on Cocksfoot 

within the F0 spaced plant trial. If this were true, the spaced plants may have 

exhibited less severe Stripe Rust infection compared to Leaf Fleck if environmental 

conditions were not conductive of sporulation and growth of this pathogen. With this 

in mind, further work should look to manually inoculate seedlings with Stripe Rust 
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prior to entry into a spaced plant trial, as environmental conditions (humidity, 

temperature etc) could be better controlled, allowing for all susceptible plants to be 

recognised and discarded. 

4.4.2.3 Disease per accession/variety 

 

Incidence of disease has been known to significantly affect DMY and quality 

of Cocksfoot, which are both important qualities for a biorefining crop (Breese, 

1966). Table 4.3 shows the average disease susceptibility per F0 accession/variety 

throughout the year April 2017 to March 2018. No variety/accession was more 

susceptible to Stripe Rust than Leaf Fleck, where the resistance to Leaf Fleck 

(Bc7060, 1.77) was lower than the least resistant variety/accession to Stripe Rust 

(Bc5448, 1.06). It was proposed that plants experiencing infection from one disease 

would not be badly affected by another disease, as leaves experiencing severe fungal 

infection will often not exhibit signs of infection from other pathogens, yet there was 

a positive correlation between the average Fleck and Rust scores (Figure 4,10, R²= 

0.255). Given that this correlation is weak, it is unlikely that selectively breeding 

resistance for one pathogen would result in increased resistance of the other, but it 

does imply that breeding for one pathogen only would not have a negative impact on 

the resistance to the other.  

Varieties/accessions with the lowest mean Leaf Fleck severity were Bc7060, 

Bc6911 and Cambria (1.77, 2.23 and 2.27, respectively. See Table 4.3). These 

varieties/accessions exhibited moderate Stripe Rust resistance, but were not the most 

resistant overall. Cambria and Bc7121 showed different levels of resistance to both 

diseases; accession Bc7121 was created through the crossing of strong-leafed 

Cambria plants (see Appendix 15), yet Bc7121 showed much lower resistance to 
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Leaf Fleck than Cambria. It could also be expected that Cambria would show 

moderate Leaf Fleck resistance, as it was selectively bred within the UK, where the 

disease is most prevalent. However, Bc6911 showed some of the greatest resistance 

to this disease; natural resistance to Leaf Fleck in this accession was unusual, as the 

accession originates from Spain, where Leaf Fleck is rarely reported because of less 

frequent rainfall resulting in a lower rate of sporulation. The Fleck resistance of 

Bc6902 was significantly different to all other accessions, yet returned a mid-range 

resistance value. This signified that the variation in Leaf Fleck within the accessions 

was narrow, indicating uniformity. 

Accession Bc5448 saw both the worst Stripe Rust resistance and low Leaf 

Fleck resistance (1.06 and 3.47, respectively). If Bc5448 were to be taken forward 

into the F1 progeny trials, then feasibly disease susceptibility may persist in progeny. 

Equally, Bc5442 saw low resistance to both diseases (3.23 and 1.00. respectively. 

See Table 4.1). In this instance, it must be noted that Bc5442 and Bc5448 were 

located in close proximity within the F0 spaced plant trial. Potentially, this may have 

had an increasing effect on disease infection, due to greater transferal of spores 

nearby. In this case resulting progeny may not inherit disease susceptibility, where 

replication and randomisation within the trial could have eliminated this uncertainty.  

Cocksfoot plants within the F0 spaced plant trial were greater infected by 

Leaf Fleck than Stripe Rust, across all months of the year (Figure 4,9, P<0.001). 

Moreover, mean disease severity varied significantly between accessions/varieties, 

where in general, those with poor Leaf Fleck resistance saw similarly low Stripe 

Rust resistance (Figure 4,9, Table 4.3). Selection of F0 individuals to be taken 

forward into the F1 trials considered this, treating resistance to Leaf Fleck with 

greater importance than resistance to Stripe Rust. It was decided that Stripe Rust 
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would still be scored on F1 and F2 plants, to monitor for accessions which may 

experience unusually high rust infection. 

 

4.4.3 F1 (F0 half-sib progeny) spaced plants 

 

 Identification of fungal pathogens infecting leaf tissues within the F1 spaced 

plant trial was undertaken by comparing colour and size of spores or lesions to those 

seen on samples collected from F0 spaced plants. It was evident that both Leaf Fleck 

and Stripe Rust were present on individuals, although infection was generally short 

lasting and less severe than the disease observed in the F0 spaced plants. Occasional 

incidence of white spores (thought to be Powdery mildew) were seen on very few of 

the plants within the F1 spaced plant trial; although this data is not presented, any 

plants exhibiting infection of this pathogen were excluded from the F1 polycross in 

2019.  

4.4.3.1 Comparison of seasonality 

 

 Leaf Fleck infection on F1 (F0 half-sib progeny) spaced plants was most 

apparent during the months of January and February 2019. Figure 4,9 demonstrates 

the seasonality of Leaf Fleck within the F0 spaced plant trial, where severity of 

infection peaked mid-January, similarly to within their progeny, in the  F1 spaced 

plant trial. This data is indicative of an annual pattern in the fluctuation of Leaf Fleck 

severity; phenolic profile and quantity may be affected by disease severity and so 

this data could advise that tissues cut during this period would be of poor quality for 

biorefining. In particular, months where Leaf Fleck severity is high could see a 

reduction in protein and fats within Cocksfoot, although infection of this pathogen 

has also been show to increase WSC (Tarasov et al., 2000). Knowledge of 
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predictable fluctuations or patterns within pathogen infection could also be 

implemented through the optimum application of fungicides to offset a reduction in 

leaf tissue quality. Moreover, this seasonality in Fleck would be useful to improve 

selections within a breeding population during a period of severe infection, 

preventing individuals with even slight susceptibility to the pathogen from 

contributing to future generations.  

In contrast, Stripe Rust infection was only seen on F1 spaced plants during 

the month of May, in comparison to peak infection occurring during October during 

the F0 spaced trial. Figure 4,9 does indicate a slight increased infection through 

April to May in the F0 plants, which could be representative of greater rust severity 

in F1 spaced plants. As the F1 spaced plant trial only commenced at the end of 

September 2018, it is possible that plants had not been in situ for sufficient time for 

the pathogen to infect leaf tissues, hence the differences in seasonality. Upon 

comparison of the Met data for 2017 and 2019, the greater Stripe Rust infection seen 

in May on the F1 spaced plants (as opposed to rust on F0 spaced plants in May 2017) 

could be explained by April rainfall being almost four times greater in 2019 

(Appendix 1&5). As Stripe Rust spores are spread by rainfall and mycelial growth 

favours wet but mild conditions, weather throughout April 2019 could have greatly 

increased the presence of lesions come May, unlike the drier conditions prior to May 

2017. 

4.4.3.2 Severity of disease 

 Mean severity of infection from both pathogens was lower in F1 spaced 

plants than in F0 spaced plant trial across all accessions, despite F1 data only 

considering the period of greatest infection (Table 4.3&4.4). Moreover, fewer 

individual plants saw infection from either pathogen in the F1 generation compared 
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to F0; F1 families were half-sib progeny of selected F0 spaced plants (Figure 2,1, 

MP’s listed in Appendix 14). Fewer infected plants within the F1 trial may indicate 

improvement in pathogen resistance, with severity of infection decreasing per 

generation. Comparison between these data should be analysed with caution though, 

as the F1 spaced plant trial was initiated only a few months prior to disease 

observations, in contrast to F0 plants which had been present in the field for up to 

two years before any data were collected. Older and more established plants may 

have experienced a greater susceptibility to disease infection, as damaged or 

deceased tissues around the base of the plant from previous years may have 

sporulated, initiating infection of new tissues.  

 

4.4.3.3 Relationship between pathogens 

 

 Figure 4,11 shows the mean susceptibility to infection of both fungal 

pathogens of infected plants within the F1 (F0 half-sib progeny) spaced plant trial. 

Only four of the families saw infection from Stripe Rust, where infection was always 

more severe than Leaf Fleck, but on much fewer plants. Despite three of these 

families (Bc7413, Bc7415, Bc7429) showing the greatest susceptibility in both 

pathogens, other accessions which experienced higher Leaf Fleck susceptibility did 

not experience any Stripe Rust infection – for instance, Lidacta (Table 4.4). Control 

variety Sparta experienced equal disease susceptibility between both pathogens, 

unlike in the F0 spaced plant trial, where Sparta exhibited worse susceptibility to 

Leaf Fleck (Table 4.3). From this, it is plausible that there is no relationship between 

the susceptibility to Leaf Fleck and Stripe Rust. Therefore, any further breeding 

efforts must look to select for pathogen resistance independently of one another.  
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4.4.3.4 Disease per accession 

 

Significant differences in Leaf Fleck severity were seen between F1 

accessions (F0 half-sib progeny families), but not in Stripe Rust severity (Table 4.5). 

The families with the most severe Leaf Fleck infection in the F1 spaced plant trial 

were Bc7413 (MP Arly B2), Bc7415 (MP Athos F9) and Bc7429 (MP Lidacta B1) 

(Table 4.4). This data does not precisely reflect data from the previous generation, 

where Bc7413 and Bc7415 are progeny of Arly and Athos respectively, neither of 

which exhibited the worst Leaf Fleck susceptibility in F0 (Table 4.3). Variety 

Lidacta exhibited the worst Leaf Fleck susceptibility in the F0 trial, as did the 

relative half-sib progeny family Bc7429. However, within the F1 spaced plant trial, 

Lidacta acted as a control variety yet experienced less severe Leaf Fleck infection 

than Bc7429. Taking this into account, a conclusion cannot be drawn about the 

heritability of Leaf Fleck resistance in Lidacta, as data were too inconsistent between 

generations possibly due to too wide disease resistance within one variety.  

Mean Leaf Fleck and Stripe Rust severity in control varieties Sparta and 

Lidacta differ between the F0 and F1 trials, but a similar trend is seen (Lidacta had 

high Leaf Fleck severity and Sparta had high Stripe Rust severity, Table 4.3&4.4). 

Similarly, Bc7414 and Bc7415 are the progeny of individual plants selected from the 

F0 spaced plant population of variety Athos. In both Figure 4,11 and Table 4.4, the 

two F1 accessions (F0 half-sib progeny families) show little similarity in Leaf Fleck 

severity, with only Bc7415 exhibiting rust infection. Although Stripe Rust was only 

present on very few individuals, it is unusual that infected individuals saw a mean 

severity of 4 within this accession (in unreported raw data), given Athos exhibited 

the lowest Stripe Rust incidence within the F0 spaced plant trial. Both Bc5442 and 

Bc5448 showed some of the most severe Leaf Fleck susceptibility in the F0 trial, yet 
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progeny (Bc7418 and Bc7419, respectively) show moderate susceptibility to Leaf 

Fleck within the F1 trial. This could be indicative of selective improvement in this 

trait, suggesting breeding efforts through the initial polycross were somewhat 

effective. This is further inferred by comparing Stripe Rust susceptibility between 

control variety Sparta and F1 accession Bc7432 (MP Sparta A3) within the F1 (F0 

half-sib progeny) spaced plant trial. Both the variety and progeny exhibited the same 

severity of Leaf Fleck susceptibility, but progeny showed resistance to Stripe Rust 

(Table 4.4). Although, in the F0 spaced plant trial, Sparta showed some of the 

highest Leaf Fleck susceptibility, contrasting the results from the F1 spaced plant 

trial, which showed the variety had a significantly low severity (Table 4.3&4.4). 

This could indicate the generally lower Leaf Fleck severity across the F1 (F0 half-sib 

progeny) spaced plant trial could have been an environmental influence, as opposed 

to indication of resistance through selective breeding.  

 

4.5 CONCLUSION 

 Across both the F0 and F1 (F0 half-sib progeny) spaced plant trials, 

susceptibility to the fungal pathogen Leaf Fleck was higher than that of Stripe Rust, 

and therefore was given greater consideration when used as a selective trait. 

Susceptibility to Leaf Fleck was consistently moderate to high throughout the F0 

spaced plant trial, leading to a great extent of necrosis in some accessions/varieties. 

Infection of Stripe Rust very rarely lead to necrosis in either generation. Dead or 

nutrient deficient leaf tissues could influence the production of secondary 

metabolites, such as phenols. Therefore, data from both of the spaced plant trials 

could infer that focusing on Leaf Fleck resistance (as opposed to Stripe Rust) in 
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Cocksfoot would be more effective in producing grass for the intended end market 

from this project.  

The overall lower disease incidence during the F1 spaced plant trial made 

selection of individual plants for the F1 polycross challenging when considering 

disease alone, where disease severity in the field could have increased with a more 

established trial. Likewise, the younger, less established plants indicated little 

seasonality; a seasonal pattern for influxes of both pathogens was inferred from the 

F0 generation, but this was not reflected in their half-sib progeny (F1 spaced plant 

trial). Yet, Stripe Rust resistance significantly improved between the F0 spaced 

plants are their relative progeny families (F1). This improvement between these two 

early generations indicates great potential in improving pathogen resistance, which 

gives a broad scope for further improvements with continued breeding.  

 Level of susceptibility to disease was fairly synonymous between both 

pathogens in F0 plants, meaning that individuals exhibiting high Leaf Fleck 

resistance also showed high resistance to Stripe Rust. This could be beneficial for 

Cocksfoot to be used as a biorefinery crop, given lower incidence of one pathogen 

would not result in infection of the other, which could lower tissue quality and 

potentially alter expected phenol profile and quantity.
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5. QUALITY AND YIELD 

5.1 INTRODUCTION 

 Dry matter yield (DMY) of Cocksfoot is of great importance for 

biorefining, as higher yields could lead to greater economic benefits via increased 

quantity of extractable compounds. Regardless of end use, it is necessary to 

understand the seasonal changes in yield for a crop, which could vary between 

variety/accession. Generally, grasses experience dormancy over winter months, as 

lower temperatures (an abiotic stress) and day length (an abiotic stimulus) stunt 

net growth (Woledge et al., 1990). Cocksfoot in particular is said to exhibit an 

additional summer dormancy, reducing the negative effects of high temperatures 

and potential drought via slower growth rates, yet net yield experiences little 

reduction (Piano et al., 2005; Borril, 1991). Yield of Cocksfoot can be 

significantly affected by other abiotic factors, such as winter hardiness (Sanada et 

al., 2010). These factors must be taken into consideration when selecting best 

variety/accession for yield from the F0 and F1 generations, through the 

comparison of collected data against Met data.  

Both the intensity and frequency of cutting Cocksfoot can significantly 

affect DMY, where net regrowth is reliant upon WSC content to synthesise new 

tissues (Ferraro and Oesterheld, 2002; Ward and Blaser, 1961). Cutting below the 

second emerging tiller during summer months can increase respiration rates, 

resulting in lower WSC content (Turner et al., 2006; Auda et al., 1966; Fulkerson 

and Donaghy, 2001). Although, it must be mentioned that WSC can be highly 

variable within a single Cocksfoot population – an issue which the breeding 

methodology looks to reduce. The cutting of Cocksfoot to be used as a biorefinery 
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crop must be sustainable, so as to allow sufficient regrowth. Cocksfoot is 

reasonably hardy and can grow in drought prone areas, which encourages 

increased WSC under lower temperatures, making the grass suitable for under-

sowing and upland pastures (Wilson et al., 1976; Buxton, 1996). The quality of 

Cocksfoot could be measured through the percentage contents of WSC, DMD and 

N (converted into approximate protein). In any case, quality of a biorefining crop 

should be consistent, so as to not dramatically alter the phenolic profile or 

quantity. Feasibly this consistency will be lower within the initial generations, but 

any accessions with notable inconsistent quality across cuts should not be 

continued into the next generation. 

 Protein could also be considered as a biorefining product, as it can reduce 

the need for imported protein supplements (Hermansen et al., 2017), where 

elevated PPO contents within Cocksfoot could reduce the degradation of proteins 

after cutting and extractions (Lee et al., 2006; Sullivan and Hatfield, 2006). 

However, as the aims of this project were to evaluate and selectively breed for 

Cocksfoot suitable for the biorefining of phenolic compounds only, this was not 

considered during selections for trial entries and polycrosses.  

 The most appropriate method of assessing DMY and quality of Cocksfoot 

was considered to be through replicated cutting, drying, weighing and subsequent 

analysis of dried tissues. Replicated yield plot trials were used for the founding F0 

population and for the F1 (F0 half-sib progeny) of Cocksfoot within this project, 

as it allowed for the observation of differences in both DMY and quality, 
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according to accession and over monthly cuts (see 2.2 Breeding methodologies 

for further detail on plot trials).  

5.2 METHODS 

 Replicated yield trials were sown in Autumn of 2009 and 2018 (F0 and F1 

respectively) in randomised complete block designs, with 3 replicates generated 

using Genstat Eighteenth Edition (VSN International Ltd). While the 2009 trial 

was not undertaken as part of this PhD research project, the data remained 

unpublished so is analysed and presented here for context to the selection of 

accessions which founded the recurrent selection population.  

The F0 yield plot trial was marked out in Cae Banadl B (Gogerddan, 

Aberystwyth) using two tape measures (100m) and string strung between plastic 

pegs inserted into the soil at measured intervals, post tilling and harrowing. Plots 

were marked out in double traverses of 66 (with guard plots on either end) with a 

50cm path in the middle of traverses and a 2m path between double traverses 

(sown with an amenity Perennial Ryegrass), totalling 264 plots. Seed from fifty-

eight wild accessions and seven commercial varieties were hand-sown at a rate of 

22kg/ha in 1m2 plots of 65 varieties/wild accessions and one Perennial Ryegrass 

control (AberDart), with guard plots of Perennial Ryegrass (AberAvon) to 

eliminate edge effect. Fertiliser was applied immediately after sowing, at a rate of 

60kg/ha (in accordance with descriptive list protocol) (Appendix 7). In Spring 

2010, further fertiliser was applied to plots immediately after cuts, at 86kg/ha 

after the first two cuts and 35kg/ha for later cuts. Plots were cut monthly using a 

Haldrup harvester, from June through to September in 2010 and 2011 and plot 
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fresh weights were recorded on board the Haldrup. Sub samples were taken from 

plots by hand into cryovac bags containing pre-printed sample labels; fresh 

weights were recorded of the sub samples using an electronic weighing scale 

plugged into a Panasonic Toughpad tablet computer using IBERS data capture 

software, before being placed into a Unitherm industrial oven at 80˚C for 48 

hours (with 80% air recirculation). Sub sample dry weights were then recorded 

using the same scale and tablet, with DMY of each plot calculated as: 

 𝐷𝑀𝑌 = 𝑃𝑙𝑜𝑡 𝑓𝑟𝑒𝑠ℎ 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔) ÷
𝑆𝑢𝑏 𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑟𝑒𝑠ℎ 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

𝑆𝑢𝑏 𝑠𝑎𝑚𝑝𝑙𝑒 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
 

where plot fresh weight refers to total mass of grass cut from an individual 

plot (weighed on board the Haldrup), and sub sample refers to a random sample 

taken from the plot, weighed both before (fresh) and after (dry) drying.  

Dried samples were milled to a particle size of <1mm before being 

analysed via near infra-red spectroscopy (NIRS) to obtain values for %WSC, 

%DMD and %N. Approximately 2g of each sub-sample were placed into plastic 

ring cups with a glass window (36mm diameter) and scanned using a NIRSystems 

model 6500 near-infrared scanning monochromator (FOSS NIRSystemsInc., 

Laurel, MD). Average absorption over 32 consecutive scans (400-2498nm, 2nm 

intervals) was recorded using WinISI II 1.04a (Infrasoft International LLC, State 

College, PA). Analysis of Mahalanobis H (Global H) and neighbourhood H (NH) 

distances (described by Shenk and Westerhaus, 1991) between all scanned sub-

samples allowed for the selection of samples which were representative of the 

whole population. The selected samples were then calibrated, using spectral data 

from the 1100-2498nm wavelength range (700 data points per sample). Sue Lister 
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(IBERS, Aberystwyth University) quantified the WSC, DMD and N within these 

samples using a calibration previously calculated for all grass species which are 

currently bred at IBERS (L. perenne, L. multiflorum, L. multiflorum x perenne, 

Festuloliums, D. glomerata and other amenity grass species). The calibration was 

calculated as follows. Reference samples from all grass species were created, by 

determining the WSC (cold water extraction and spectrophotometric 

quantification via the blue/green complex formed after heating with anthrone in 

sulphuric acid), N (rapid combustion using a LECO FP-428 analyser) and DMD 

(two stage pepsin-cellulase in-vitro method, Jones and Hayward, 1975). 

Calibration models were then calculated using methods described by Sanderson et 

al. (1997) and standard normal variate and de-trending transformations described 

by Barnes et al. (1989). Modified partial least square equations were then 

developed, which were cross validated using two outlier elimination passes, to 

test the vigour of the calibration model. Equations were finalised on the bases of 

minimising standard error (of cross validation) and increasing regression (R2). 

Samples used to finalise equations were selected according to methods described 

in Shenk and Westerhaus (1991).   

ANOVA (considering blocks/reps) was used on all traits to determine the 

significance of variation and the heritability of each trait, via GenStat Eighteenth 

Edition (VSN International Ltd). Percentage nitrogen from NIRS analysis from 

sub samples was converted to percentage protein, through multiplication by a 

factor of 6.25 according to industry standards, where protein percentage was 

considered more applicable. For the F0 yield plot trial, mean quality values 
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(%WSC, %DMD and %Protein) and mean dry matter yield (DMY) were 

calculated by ANOVA and compared against Perennial Ryegrass and Cocksfoot 

controls. Only varieties/accessions included in the F0 spaced plant trial were 

discussed from the F0 yield trial, with quality data from only the first year of the 

F0 yield trial (2010) presented. 

 

The F1 (F0 half-sib progeny test) yield plot trial was marked out in 2018 

in Cae Penrhyn 3 (Gogerddan, Aberystwyth) using two tape measures (100m) and 

string strung between plastic pegs inserted into the soil at measured intervals, post 

tilling and harrowing. Plots were marked out in a single traverse of 33 (with guard 

plots on either end). Plots consisted of thrice replicated seven half-sib progeny 

families from the F0 polycross which possessed a great enough seed yield to be 

sown at a seed rate of 22kg/ha in 1m2 plots (establishment as per F0 trial). 

Cocksfoot varieties from the UK descriptive list, Sparta, Lidacta and Abertop 

were included in the trial as controls as well as Greenly (bred by PGG Wrightson 

in New Zealand). Fertiliser applications reflected practise used for the F0 yield 

plot trial. A five cut management was applied as per the UK National List 

protocol for Cocksfoot in the 2019 season, where fresh plot sample weights were 

taken and sub samples from these plots were weighed, flash frozen in liquid 

nitrogen, freeze dried (to retain phenolic compounds) and weighed for dry weight. 

Dry matter yield was calculated in the same manner as in the F0 yield plot trial. 

Dry matter yields were calculated and quality predicted from NIRS analysis 
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(utilising methods described for the F0 yield plot trial) and then analysed by 

ANOVA.  

5.3 RESULTS 

5.3.1 Dry matter yield 

5.3.1.1 F0 Yield plot trial 

 

In general, mean DMY decreased significantly with consecutive cuts 

during the F0 yield trial (P<0.001 in both years, Tables 5.1&5.2). However, 

Figure 5,1 illustrates an increase in overall mean Cocksfoot DMY between cuts 2 

and 3 in both years - a trend which is not prominently seen in Perennial Ryegrass 

Figure 5,1: Mean DMY (tonnes per hectare) across all Cocksfoot accessions/varieties in the F0 plot trial in 

comparison to perennial ryegrass control AberDart, throughout both years (2010/11) of the F0 yield trial and first 

year of the F1 yield trial (2019). Data are reported at exact date of consecutive cut per year, where a moving trend 

line for each dataset indicates changes in DMY across the cutting regime.  

 

Table1:  Mean DMY (tonnes per hectare) per F0 variety/accession during the summer/autumn of 2010. Percentage 

DMY yield in relation to variety Abertop is italicised in columns adjacent to DMY. Total DMY values across all 

cuts are given. Mean DMY, least significant difference (L.s.d) and level of significance are displayed in the bottom 

rows. Significance for within cuts and between varieties/accessions are denoted by asterix, either ‘*’ (P<0.05), ‘**’ 

(P<0.01) or ‘***’ (P<0.001). 
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control variety, AberDart (an industry standard for forage yield). Total DMY for 

Cocksfoot control variety Abertop was the same as AberDart in the first year of 

the trial and not significantly different in the second year.  

Tables 5.1&5.2 show mean DMY (tonnes per hectare – t/ha) per 

variety/accession at the five cuts taken through June-November 2010 and 2011 – 

years one and two of the F0 yield plot trial. Percentage DMY in relation to the 

variety Abertop are given, as this was used as a control, being the last variety bred 

at IBERS. Mean DMY for 2010 was greater in total than in 2011, but not 

necessarily across individual varieties/accessions (16.16 t/ha and 15.44 t/ha 

respectively). Significant differences in DMY between trial years were always 

observed within cut, although neither year was consistently greater than the other 

across cuts (Table 5.3). Accession always had a significant effect on DMY, across 

both years (Table 5.3). In 2010 (see Table 5.1), significant differences were seen 

between varieties/accessions within each cut. The accessions/varieties with the 

greatest total yield were Athos, Bc5442 and Prairial, producing up to 30% more 

DMY than Abertop, but showing some of the lowest DMY in the final cut 

(0.55t/ha, 85%; 0.29t/ha, 45% and 0.47t/ha, 42%, respectively). Only 

accessions/varieties Bc7060 and Cambria had greater DMY in the final cut 

compared to Abertop, showing the most consistent growth habit. No accessions or 

varieties had a lower total DMY than Abertop or perennial ryegrass control. 

In the second year of the trial (2011), varieties Athos and Prairial showed 

significantly greater total DMY, with Athos exhibiting more persistent yield 

across cuts (Table 5.2). The total DMY for both of these varieties persisted 
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between the first and second year of the trial, with Prairial seeing a very minimal 

reduction of 0.06t/ha. In contrast to the 2010 data, some varieties/accessions has 

lower total DMY to control Abertop, although these tended to be the lower yield 

entries in 2010 also (i.e: Bc5694, Bc6902, Bc6911).  

Met data collected at IBERS, Gogerddan during the first and second cut of 

F0 yield trials can be seen in Appendix 1. Mean temperatures were consistently 

higher in the second year, which may have influenced DMY between the years
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Table 5.1: Mean DMY (t/ha) per F0 variety/accession during the summer/autumn of 2010. Percentage DMY yield in relation to variety Abertop (A.top) is italicised in columns adjacent to 

DMY. Total DMY values across all cuts are given. Conditional formatting highlights significantly greater (green) and smaller (red) DMY’s within cuts or in total. Mean DMY, standard error 

of means (s.e.m) are displayed in the bottom rows, above probability indicating significance between entries per cut.  

 

Table1:  Mean DMY (tonnes per hectare) per F0 variety/accession during the summer/autumn of 2010. Percentage DMY yield in relation to variety Abertop is italicised in columns adjacent 

to DMY. Total DMY values across all cuts are given. Mean DMY, least significant difference (L.s.d) and level of significance are displayed in the bottom rows. Significance for within cuts 

and between varieties/accessions are denoted by asterix, either ‘*’ (P<0.05), ‘**’ (P<0.01) or ‘***’ (P<0.001). 
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Table 5.2: Mean DMY (t/ha) per F0 variety/accession during the summer/autumn of 2011. Percentage DMY yield in relation to variety Abertop (A.top) is italicised in columns adjacent to 

DMY. Total DMY values across all cuts are given. Conditional formatting highlights significantly greater (green) and smaller (red) DMY’s within cuts or in total. Mean DMY and standard 

error of the mean (s.e.m) are displayed in the bottom rows, above probability indicating significance between entries per cut. 

 

Table1:  Mean DMY (tonnes per hectare) per F0 variety/accession during the summer/autumn of 2010. Percentage DMY yield in relation to variety Abertop is italicised in columns adjacent 

to DMY. Total DMY values across all cuts are given. Mean DMY, least significant difference (L.s.d) and level of significance are displayed in the bottom rows. Significance for within cuts 

and between varieties/accessions are denoted by asterix, either ‘*’ (P<0.05), ‘**’ (P<0.01) or ‘***’ (P<0.001). 
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Table 5.4: Mean DMY (tonnes per hectare) per F1 accession during the summer/autumn of 2019. Percentage DMY yield in relation to variety Abertop is italicised in columns adjacent to 

DMY. Total DMY values across all cuts are given. Conditional formatting highlights significantly greater (green) and smaller (red) DMY’s within cuts or in total. Mean DMY and standard 

error of the mean (s.e.m) are displayed in the bottom rows, above probability indicating significance between entries per cut. See Appendix 14 and Table 2.4 for F1 accession lineage. 

 

Table1:  Mean DMY (tonnes per hectare) per F0 variety/accession during the summer/autumn of 2010. Percentage DMY yield in relation to variety Abertop is italicised in columns adjacent 

to DMY. Total DMY values across all cuts are given. Mean DMY, least significant difference (L.s.d) and level of significance are displayed in the bottom rows. Significance for within cuts 

and between varieties/accessions are denoted by asterix, either ‘*’ (P<0.05), ‘**’ (P<0.01) or ‘***’ (P<0.001). 

Table 5.3: Statistical comparison (via ANOVA) between DMY of both years from the F0 yield plot trial 

(2010/11)  

 

Table1:  Mean DMY (tonnes per hectare) per F0 variety/accession during the summer/autumn of 2010. 

Percentage DMY yield in relation to variety Abertop is italicised in columns adjacent to DMY. Total 

DMY values across all cuts are given. Mean DMY, least significant difference (L.s.d) and level of 

significance are displayed in the bottom rows. Significance for within cuts and between 

varieties/accessions are denoted by asterix, either ‘*’ (P<0.05), ‘**’ (P<0.01) or ‘***’ (P<0.001). 

 
Accession Year Accession.Year 

Cut1 <0.001          0.019             2010 < 2011 <0.001 
Cut2 <0.001 <0.001             2010 > 2011 <0.001 
Cut3 0.008 <0.001             2010 > 2011 <0.001 
Cut4 0.079 <0.001             2010 < 2011 <0.001 
Cut5 0.005 <0.001             2010 < 2011 <0.001 
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5.3.1.2 F1 (F0 half-sib progeny) Yield plot trial 

 

Significant differences in fresh weight yield between accessions in the F1 

(F0 half-sib progeny) yield trial are shown in Table 5.4. These yields are 

displayed for the F1 trial but not the F0 trial, to highlight the lack of differences in 

calculated F1 DMY in comparison to the fresh weights. Less significant 

differences were seen in the later cuts, where no significant differences in fresh 

weight yield were seen for cut 5.  

Mean F1 DMY across all F1 Cocksfoot accessions/varieties illustrates a 

similar pattern throughout as the F0 Cocksfoot, although the peak in yield 

previously seen in July occurred a month later, as indicated by the sharp increase 

in DMY in Figure 5,1. No significant differences were seen in DMY between any 

accessions or control varieties across all cuts during the first year of the F1 yield 

plot trial (Table 5.4). In total, mean yield was greater than the total yield for 

Abertop (18.8 t/ha and 18.3 t/ha, respectively), although this was not significant. 

Accessions Bc7429 and Bc7431 saw greater total DMY than controls (20.1 t/ha, 

110% and 20.2 t/ha, 110%, respectively). Both accessions had consistently greater 

DMY across cuts, especially in cut 5 (1.59 t/ha, 117% and 1.64 t/ha, 120%, 

respectively). Accessions Bc7413 and Bc7517 saw the lowest total DMY, 4% 

lower than control Abertop, but greater than control Lidacta (17.6 t/ha, 96% and 

17.5 t/ha, 96%, respectively). The greatest yielding varieties from the F0 were not 

included in the F1 trial, except Lidacta, as they had since been removed from 

recommended listing in the UK. 
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5.3.2 Quality 

5.3.2.1 F0 Yield plot trial 

 

Sub samples from the first two cuts (May and June 2010) of the F0 yield 

trial were analysed for quality. No quality analysis was undertaken for the second 

year (2011) as plot trial analysis followed protocols used for Perennial ryegrass 

breeding. Quality traits were compared against Perennial Ryegrass (AberDart) as 

a control. Percentage WSC decreased and %Protein increased between the first 

and second cut, across all varieties/accessions; %DMD saw a small yet significant 

decrease between cuts (Table 5.6). Variety Abertop was used as a benchmark in 

Table 5.5, where the quality of other varieties/accessions was comparably greater 

(shown in green) or lower (shown in red). Varieties/accessions Athos, Bc7060 

and Sparta showed the greatest %DMD in Cut 1, with only Bc7060 retaining a 

value greater than Abertop across both cuts. The majority of varieties/accessions 

returned a lower %DMD than Abertop in the second cut.  

The greatest %Protein was produced in the second cut, with accessions Bc6911, 

Bc5694 and Bc5442 showing equivalent protein to the Perennial Ryegrass 

control. Percentage WSC was consistently greater in AberDart than in Abertop, 

with only the variety Sparta surpassing these values by 0.2% in the first cut. 

Varieties/accessions Arly, Athos, Bc5442, Bc5448, Bc7060 and Prairial showed 

higher percentage WSC than Abertop in the first cut, but showed lower %WSC 

than Abertop in the second cut, as did all other Cocksfoot. Only Bc5234 showed 

overall lower quality across both cuts in comparison to Abertop; Bc7060 showed 

the best overall quality, despite %WSC falling below the Abertop value in the 
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second cut.  Control ryegrass produced better quality in the second cut, yet only 

surpassed Abertop in %WSC in the first cut.  
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 Cut1 Cut2 

 %DMD %Protein %WSC %DMD %Protein %WSC 

Abertop 65.73 100 6.81 100 18.53 100 64.71 100 12.69 100 6.18 100 

Arly 64.27 98 6.5 95 19.14 103 62.48 97 11.94 94 5.16 83 

Athos 67.43 103 6.44 95 21.95 118 62.07 96 12.38 98 5.31 86 

Bc5232 62.67 95 7.31 107 14.51 78 61.84 96 13 102 3.28 53 

Bc5234 60.4 92 6.38 94 13.87 75 60.12 93 12.63 100 2.37 38 

Bc5442 60.94 93 5.13 75 19.07 103 63.72 98 14.56 115 3.98 64 

Bc5448 64.68 98 6.5 95 20.62 111 63.22 98 13.75 108 4.62 75 

Bc5654 66.02 100 7.13 105 16.73 90 62.46 97 13.88 109 2.57 42 

Bc5673 64.94 99 6.56 96 18.21 98 61.98 96 12.69 100 3.47 56 

Bc5694 64.73 98 7.44 109 16.53 89 65.66 101 14.44 114 4.68 76 

Bc6902 65.96 100 7.19 106 16.94 91 62.42 96 13.63 107 2.61 42 

Bc6911 66.32 101 7.38 108 17.87 96 64.59 100 14.38 113 4.52 73 

Bc6947 65.96 100 7.5 110 18.39 99 63 97 13.19 104 4.41 71 

Bc7049 65.37 99 7.13 105 18.42 99 62.24 96 13 102 4.44 72 

Bc7060 66.99 102 7.06 104 20.02 108 65.01 100 13.25 104 5.87 95 

Bc7121 64.91 99 7.19 106 17.95 97 63.61 98 12.88 101 5.58 90 

Cambria 64 97 7.19 106 17.19 93 63.01 97 13.06 103 4.63 75 

Lidacta 64.32 98 6.25 92 18.25 98 64.37 99 12.75 100 5.19 84 

Prairial 64.04 97 5.44 80 21.96 119 63.12 98 12.31 97 5.72 93 

Sparta 67.27 102 6.25 92 23.75 128 62.69 97 12.31 97 4.93 80 

AberDart 64.23 98 5.56 82 23.64 128 73.56 114 14.19 112 14.34 232 

Mean 62.37 98 6.98 99 16.10 100 63.66 97 14.59 104 3.96 71 

s.e.m 0.886  0.253  1.107  0.611  0.515  0.704  
Probability <0.001  <0.001  <0.001  <0.001  <0.001  <0.001  

Table 5.5: Forage quality data of the first two cuts, May and July 2010, from F0 plot trials are shown. Nutritional values for percentage dry matter 

digestibility (%DMD), protein (%Protein) and water soluble carbohydrates (%WSC) of oven dried samples are given. Relative percentage of quantities to 

control variety, Abertop, are italicised, where significantly greater (green) and lower (red) quantities per cut for each nutrient are emphasised. 

 

Table 4: Forage quality data of two cuts, May and July 2009, from cocksfoot field plants. Control perennial ryegrass variety, AberDart, is shown in the 

bottom row. Nutritional values for dry matter yield (DMD), nitrogen (N) and water soluble carbohydrates (WSC) are given as a percentage (%) of total 

biomass. Quality values are compared against variety Abertop, where lower values are shown in red and greater values in green. 
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5.3.2.2 F1 (F0 half-sib progeny) Yield plot trial 

  

 Mean quality data (%DMD, %Protein and %WSC) of sub samples from 

replicated accession plots across five monthly cuts from May-September 2019 

were calculated for the F1 (F0 half-sib progeny) yield plot trial. A series of 

ANOVA revealed significant differences in quality traits between cuts, but not 

accessions (Tables 5.9-5.11). Variance in quality between cuts, shown as an 

average across all accessions/varieties, is illustrated in Figure 5,2. Percentage 

DMD was similar in the first three cuts, but significantly different in cuts 4 and 5, 

with protein increasing with cut and WSC generally decreasing. Standard error 

bars are indicative of the very narrow range within quality traits across 

accessions.  

Figures 5,4&5,5 illustrate the mean quality composition across all cuts per 

F1 accession. Composition of constituents showed consistent similarities between 

accessions/varieties. All accessions/varieties had over 60% DMD, 8-11% WSC 

and approximately 11% protein. Percentage values were transformed into total 

digestible dry matter, protein and WSC per hectare, as a product of dry matter 

yield from the F1 yield plot trial per cut (Figure 5,3). Larger standard error bars 

on total digestible matter are indicative of differences between accessions within 

cuts, although these differences were found to be not significant through 

ANOVA. The relationship between %WSC and %Protein across all cuts and 

accessions/varieties is illustrated in Figure 5,6 – samples with greater %WSC 

generally had lower %Protein, as indicated by a negative correlation (R2 = 0.440).  
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Cut Accession.Cut 

%DMD <0.001       Cut1>Cut2 <0.001 

%Protein <0.001       Cut1<Cut2 <0.001 

%WSC <0.001       Cut1<Cut2 <0.001 

Figure 5,2: Mean %Protein, %WSC (primary axis) and %DMD (secondary axis) over a monthly cutting regime (May-

September 2019) of freeze dried sub samples from all F1 accessions. Dissimilar letters indicate significant differences per 

quality constituent with cut. Standard error of the mean across all yield plots are represented by error bars. 
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Table 5.6: Statistical comparison (via ANOVA) of DMD, Protein and WSC between the first two cuts during the 

first year (2010) of the F0 yield plot trial 
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Figure 5,4: Mean %DMD per F1 accession/variety across all cuts taken from the F1 yield trial in 2019. 

Standard of the mean error bars highlight the lack of variation in %DMD across varieties/accessions. 

Figure 5,3: Mean calculated mass of protein, WSC and overall digestible matter for across all F1 accessions/varieties per 

consecutive cut. Standard error bars are given, with alike letters indicating similarities (non-significant differences) 

between cuts. Standard error of the mean across all yield plots are represented by error bars. 
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Figure 5,5: Mean %Protein and %WSC per F1 accession/variety across all cuts taken from the F1 yield trial in 

2019. Standard error of the mean bars highlight the lack of variation in %DMD across varieties/accessions. 

Figure 5,6: Pearson correlation between percent WSC and protein across all cuts and accessions/varieties within 

the F1 yield plot trial. Line of best fit indicates a negative correlation between the variables, with an R2 value of 

0.44.  
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5.4 DISCUSSION 

5.4.1 Yield 

5.4.1.1 F0 Yield plot trial 

 

 Figure 5,1 shows trends in mean Cocksfoot and Perennial Ryegrass DMY 

across the summer/autumn cutting season in 2010/11 for the F0 yield plot trial. 

The greater mean total DMY for Cocksfoot could be explained by the unusual 

increase in biomass yield between cuts 2 and 3 in both years, which is not 

exhibited in AberDart. This trend contradicts the concept that Cocksfoot 

undergoes a phase of summer dormancy (Knight, 1968; Ghesquière et al., 2014). 

It is possible that summer dormancy only occurs in Cocksfoot during periods of 

drought or extreme temperatures as stress mitigation – if this is true, it is worth 

considering how any future climatic changes could alter the total yields expected 

from Cocksfoot over a spring-autumn cutting regime. Moreover, stress tolerant 

metabolic pathways are often synonymous with the synthesis of phenolic 

compounds, meaning that during periods of drought or heat stress, phenolic 

quantity may be increased. 

 Total DMY of the control variety Abertop was the lowest in comparison 

to all other F0 varieties/accessions, first year of the trial in 2010 (Table 5.1). The 

greatest overall DMY in this first year was produced by varieties Athos, Prairial 

and Bc5442, although these varieties exhibited the least autumn regrowth. Despite 

Abertop yielding lower dry matter overall, regrowth did not decline as severely 

with consecutive cuts as other varieties/accessions within the F0 generation. If 

Cocksfoot were to be grown as a biorefining crop, it would be beneficial for yield 
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to be consistent and predictable across cuts, to provide a predictable profit from 

each cut. However, this could never truly be achieved in practise, given the 

influence of uncontrollable environmental factors, such as changes in weather. 

More consistent and predictable DMY could be achieved by good management, 

by ensuring grass is cut at an exact height, rather than estimates by eye - although 

this could alter the phenolic profile slightly in comparison to data reported here, 

given mechanical cutting could influence certain metabolic pathways. In the first 

year of the F0 yield plot trial, accession Bc7060 consistently offered the greatest 

DMY in comparison to Abertop. Greatest autumn regrowth was seen in both 

accession Bc7060 and variety Cambria, represented in cuts four and five. This 

differed from varieties producing the highest summer DMY, Athos and Prairial. 

Optimum cutting time for biorefining of phenols would need to be compared 

against relevant phenolic data, which was not available for the F0 yield plot trial.  

 Second year yield data from the F0 yield trial in 2011 (see Table 5.2) 

further illustrates that Athos and Prairial had the greatest DMY for both total and 

summer, closely accompanied by variety Lidacta (129 percentage DMY, in 

relation to Abertop total DMY). The similarity also stands for the greatest autumn 

DMY, seen in accession Bc7060 and variety Cambria, with the exception of 

Athos also exhibiting high autumn DMY, compared to the first cut. This could be 

explained by the overall greater DMY in autumn cuts within the second year 

(Table 5.1). Decline in DMY across cuts was less severe within the first year of 

the trial, where no variety dropped below a DMY of 0.58t/ha by the final cut 

(DMY>56% of Abertop DMY across all cuts).  
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The effect of seasonal weather on DMY in Cocksfoot was considered 

when selecting the most desirable varieties/accessions from the F0 generation, 

given that climate can differ significantly across the UK (Met Office, 2010). 

Therefore, varieties could differ in DMY production in comparison to data 

presented in this project, dependent on geographical location. Met data described 

in 5.3.2.1 F0 yield trial indicate how unusually warmer autumn temperatures 

could have extended the growing season, into the months of October/November. 

Grass from cuts four and five in the second year saw a gentler decline in DMY 

than the first year, due to the milder winter in 2011 (see Met data in Appendix 1).  

Increased rainfall may have accounted for the lower DMY throughout the 

spring/summer months during the month of July in the year 2011, where over 

twice as much rain fell over a month period when compared to 2010 rainfall 

(65mm compared to 149mm, Appendix 1). Regions such as West Wales, North 

West England and western Scotland typically encounter the greatest annual 

rainfall across the UK (Met Office, 2010); therefore, these regions would benefit 

from the development of a Cocksfoot variety where DMY is not as severely 

affected by increased rainfall. Varieties that showed good summer DMY in both 

years included Sparta, Prairial, Lidacta and Athos, with only Athos showing 

consistently high DMY across all months and years. Similarly, regions which 

experience lower mean temperatures during autumn months (inland regions in 

East Wales and North West England), could offset losses in DMY by growing 

varieties such as Cambria, Bc7060 and Athos.  
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5.4.1.2 F1 (F0 half-sib progeny) Yield plot trial 

5.4.1.2.1 Discrepancy between fresh weights and dry weights 

 

 No significant differences in DMY were seen between accessions within 

the F1 (F0 half-sib progeny) yield plot trial (Table 5.3), yet plot fresh weights 

were found to be significantly different between accessions. This is unusual, as it 

would be expected for DMY to reflect this, especially given that significant 

differences were seen in the previous generation (Tables 5.1&5.2). Therefore, it is 

likely that this difference in significance between fresh and dried yield, is due to 

differences in the sampling methods. One explanation could be that mud and 

stones present in some plot samples (as also observed in samples from other trials 

located within the field), but not in hand collected sub samples, would have 

increased plot fresh weights. Additionally, sub samples from the F1 yield plot 

trial were collected by different staff to the F0 trial, where an unconscious bias 

towards certain tissues at the top of the cut grass pile could have been present. 

 However, the difference in sub sample drying methods between the F0 

and F1 yield trials must be considered; it is plausible that oven dried samples (F0) 

lost a greater moisture content within tissues than oven drying, due to hydrolysis 

of lipids, which would not have occurred during freeze drying (F1) (Moscoso et 

al., 2019). Although this would have resulted in heavier dried F1 sub samples, 

supposedly this difference would have been consistent across samples (having no 

net effect), which would not have altered the significant differences seen in the 

fresh weights when converting to DMY. It is more likely that freeze drying 

resulted in inconsistent moisture levels within samples, due to uneven drying. 
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This was contradicted when ANOVA revealed that percentage dry matter varied 

significantly in both drying methods (F1 and F0 data, unreported).  

Despite uncertainty towards the causation of differences between the 

DMY and fresh weight yield, it is clear that freeze dried sub samples retained a 

greater moisture level than those oven dried. Because of this, DMY cannot be 

directly compared between the F0 and F1 yield trials, although comparing trends 

in data would still be valid.  

 

5.4.1.2.2 Discussion of yield 

 

Differences in calculated DMY between the F0 and their half-sib progeny 

(F1) yield plot trials (due to differences in drying methods) is highlighted by the 

total DMY of control varieties (Abertop, Lidacta and Sparta) in the F1 yield plot 

trial being greater than those seen in the F0 yield plot trial (Table 5,1-5,3). This 

difference could be affiliated to the greater mean air temperature in July and 

August in 2019 and differences in rainfall (see Appendix 6). In contrast, the range 

in total DMY between accessions was greater in both years of the F0 yield plot 

trial compared to data from F1 yield plot trial (6.33, 4.27 and 3.07 t/ha, 

respectively). This could suggest improved uniformity between the two 

generations.  

The two greatest yielding accessions (Bc7429, Bc7431) saw overall 

greater DMY than any of the controls, showing promising potential market value. 

The F1 control varieties included Greenly, a more recently bred variety giving an 

indication of how the DMY of modern varieties compares to current accessions 
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within this project. Although this difference was not significant, this infers good 

potential of improving DMY through further breeding. It is unlikely at this early 

generation that significant differences in DMY would be seen, as over 50 years of 

breeding, biomass yield of Cocksfoot only saw an improvement of less than 1% 

(Casler et al., 2000; Veronesi, 1991). The extent of the improved DMY of these 

two accessions would be better assessed over a two year trial, accounting for 

persistency, but this was not possible due to lack of data collected in 2020 during 

the Covid-19 pandemic. In addition, both of these accessions saw the greatest 

DMY in the final cut, indicative of an extended growing period. The ability of 

Cocksfoot to continue growth into late Autumn would improve overall yield 

potential for extracted phenols, but the profile and quantity of compounds could 

be altered, due to differences in average air temperature and rainfall to 

spring/summer. However, plants which continue to grow into the late autumn 

could experience worse winter damage, subsequently reducing spring growth and 

DMY in the following summer. Analysis of second year data would have allowed 

further insight into this, but could not be collected due to restrictions at IBERS 

resulting from the Covid-19 pandemic.  

The high yielding accession Bc7429 was progeny from F0 MP Lidacta B1 

(see lineage in Appendix 14), which exhibited the greatest total DMY in the 

second year of the F0 yield trial and one of the greatest DMY in the first year 

(Figure 5,1). This also stands true for the equally high yielding F1 accession 

Bc7431, deriving from variety Prairial, which exhibited the greatest DMY in the 

first year of the F0 yield plot trial (Figure 5,1&5,3). It is not possible to interpret 
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whether DMY was improved between the generations, as any differences between 

accessions seen in the F1 yield plot trial were not significant, in addition to 

differences in drying methods between the two trials altering moisture content in 

dry weights.  

In further research, comparison across F0, F1 and F2 yield plot trials could 

allow greater insight into the improvement of DMY through selection, yet only 

spaced plants from accession Bc7429 were selected for the F1 polycross. Other 

higher yielding accessions, such as Bc7431, were not included in the polycross 

due to poor winter survival in the F1 spaced plant trial. Moreover, selection based 

on DMY could only be phenotypic, given that DMY data was not available until 

after the F1 polycross was performed.  

5.4.2 Quality 

5.4.2.1 F0 yield plot trial 

 

 The review of literature suggested that protein contents within Cocksfoot 

can be considerably greater than in other forage grasses, with little variation 

(Sanada et al., 2010; Jafari and Naseri, 2007; Aufrère et al., 2003; Turner et al., 

2003; Marlow et al., 1983). Data from NIRS analysis of F0 yield plot trial 

revealed that Abertop, the benchmark variety, had greater initial %Protein than 

the ryegrass control (Table 5.4). This was contradicted in the second cut, where 

difference in protein was almost 2% greater in AberDart, yet some F0 accessions 

had greater protein (Bc5442, Bc5694 and Bc6911). Both accessions Bc6911 and 

Bc5694 were also amongst the greatest %Protein in the first cut, thus indicating 

consistency in nitrogen concentration.  
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It appeared that an increase in %Protein with cut – therefore maturity – 

was common amongst Cocksfoot in the F0 yield plot trial. Generally, it is 

considered that grasses decrease their protein with maturation, as percentage 

lignin increases; this effect may have been counteracted, due to a short period 

between cuts or the application of nitrogen fertiliser after cuts. Data across all cuts 

would have allowed further insight into this. Irrespective of any advantages or 

disadvantages of elevated protein, considering all F0 varieties/accessions had a 

relatively low range in %Protein, selecting for Cocksfoot with elevated %Protein 

could be limited.  

Increase in %Protein between cuts could be accounted for by the steep 

decrease in %WSC between cuts. Mostly, losses in WSC would have been a 

causation of increases in lignin and fibre as the grass matured in June (Rezaeifard 

et al., 2010). Grasses with greater lignin/fibre content can be associated with 

increased phenol metabolism (Méchin, et al., 2000; Casler and Jung, 2006; Jung 

and Fahey, 1983). Across both cuts, %WSC in Cocksfoot was comparably lower 

than ryegrass (AberDart), except for variety Sparta in the first cut (Table 5.4). 

Interestingly, Sparta showed the greatest reduction in %WSC despite having the 

greatest %WSC in the first cut. This can be compared to the accessions with the 

lowest %WSC in the first cut - Bc5234 and Bc5232 - seeing the least reduction 

between cuts. If breeding efforts looked to increase %WSC only in spring growth, 

then total carbohydrate across all cuts may be lower than in varieties/accessions 

that showed lower, yet more consistent %WSC. Increased WSC content could 

improve the grasses biorefining potential, as WSC is known to mostly consist of 
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the inulin fructan, which can be refined and sold as a prebiotic food supplement 

(Smith et al., 2015). 

Unlike WSC, %DMD was previously reported to be more consistent 

across seasons in Cocksfoot (Minson et al., 1964; Kunelius et al., 1974). This was 

likely because DMD incorporates a range of nutrients and is directly relevant to 

growth stage, with steminess of grass in a reproductive growth stage lowering 

digestibility through lignification. Alternatively, Wilson et al. (1976) suggest that 

DMD is influenced by temperature, with expectations that DMD in warmer 

months would differ from that in colder months. This was considered when 

interpreting the data collected for this project, where low DMD values could have 

been caused by higher temperatures during the spring/summer months.  

Overall, accession Bc7060 showed the greatest %DMD when compared to 

Abertop. Only one other Cocksfoot family showed better %DMD in the second 

cut than Abertop - Bc5694. In the first cut, variety Athos showed the greatest 

%DMD, second to Sparta. Across all varieties, a marginal decrease in %DMD 

was seen between cuts, aside from Bc5694 and Bc5232, showing a slight increase 

from the first cut to the second. In comparison, the ryegrass saw an increase in 

%DMD between cuts.  
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5.4.2.2 F1 (F0 half-sib progeny) yield plot trial 

 

 Quality composition of leaf tissues sampled from all accessions within the 

F1 (F0 half-sib progeny) yield plot trial varied significantly with each consecutive 

cut (Figure 5,2). However, %DMD remained relatively consistent across the first 

three cuts with significant variation only seen in cut four and five. This reflects 

the trend in digestibility seen in the first two cuts of the F0 yield plot trial, thus 

implying that irrespective of accession/variety, earlier cuts of Cocksfoot would be 

expected to have a DMD of 60% or above. Cocksfoot with high percentage 

digestibility would allow for a more nutritious livestock feed, increasing 

economic gains from residual fibres after biorefining. Figure 5,4 shows calculated 

DMD per hectare, as a product of the DMY per cut. Despite consistency in 

percent DMD, the calculated mass of total digestible matter indicates how DMY 

has a greater influence on available digestible matter. Therefore, it could be 

suggested that selective breeding for increased DMY would have a more 

beneficial effect on digestible matter than breeding for accessions with differing 

composition, although this would be dependent on the relevant heritability of each 

trait. On the contrary, harsher weather conditions expected in upland pastures may 

influence the quality composition of leaf tissues; for example, varieties with 

improved cold tolerance have previously been reported to have greater WSC 

content (Livingston et al., 2009; Sanada et al., 2007). Upon comparing Met data 

between May-June 2010 and 2019, average maximum air temperature was over 

3°C hotter in 2019 (Appendix 1&6). This did not appear to have any effect on 

mean %DMD and little effect on %Protein, but may explain the differences in 
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%WSC between the first two cuts in both trials. In the initial cut, the F0 trial saw 

a mean WSC of 18.5% compared to the lower 14.23% in the F1 trial (Table 5.4, 

Figure 5,2). This supports the notion that Cocksfoot experiences elevated WSC in 

cooler temperatures, yet is opposed in the following cut where samples from the 

F0 trial contained 4.48% on average, which was less than half of the 10.63% 

maintained in the F1 trial. This could have been influenced by the low rainfall 

seen in June 2010, the lowest seen during this month across all years (Appendix 1-

6). Further work would be required to explore how upland temperatures could 

affect %WSC, as data collected throughout this project was limited to lowland, 

given this was the available field space. If WSC is elevated in Cocksfoot grown in 

upland pastures, this could increase expected profits from biorefining, as the 

inulin fraction within WSC can be extracted for use as a food supplement (Smith 

et al., 2017).  

 The general trend in %WSC indicated a reduction with each consecutive 

cut, with increasing %Protein (Figure 5,2). The relationship between these two 

constituents was further highlighted by the negative correlation seen across all 

samples, returning an R2 value of 0.44 through a Pearsons correlation (Figure 

5,5). In contrast, with the mass of WSC and protein calculated as a product of 

DMY, protein appears to remain fairly constant, in comparison to WSC, where a 

reduction can still be seen with consecutive cuts (Figure 5,3). This infers that an 

additional factor must influence the WSC content within Cocksfoot leaves – given 

that grass within the F1 yield plot trial would have progressed through various 

growth stages throughout the cutting regime, this could also have affected quality 
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composition. As Cocksfoot grass within the plots progressed from post-inductive 

to the flowering growth stages between May-July (the first three cuts), tissues are 

known to become progressively lignified, reducing WSC as more complexed 

structural carbohydrates are formed. Therefore, leaf samples taken from later cuts 

were likely lower in WSC as an effect of growth stage, which is mostly 

influenced by abiotic factors, as opposed to a trade off with protein mass (as 

previously suggested in 5.4.2.1 F0 yield plot trial). The high protein content in the 

later cuts could be beneficial as an additional biorefining product, increasing 

potential income from Cocksfoot.  

Figure 5,4&5,5 indicate the similarities in quality composition between all 

F1 accessions/varieties, where %Protein differed by <1%. Despite the non-

significant differences in quality composition between accessions implying 

breeding for better quality Cocksfoot would have little improvement, Figure 5,3 

illustrates a consistent and expected quality for Cocksfoot as a species. If the 

composition of Cocksfoot can be predicted, then a reliable estimate can be 

assumed for the biorefining of protein and fructan fractions from WSC. Previous 

literature and unpublished data from within the grass breeding group at IBERS 

highlight the elevated protein levels in Cocksfoot, in comparison to other 

commercial grass species (Sanada et al., 2010; Jafari and Naseri, 2007; Aufrère et 

al., 2008). With this in mind, there is good potential for Cocksfoot to be utilised 

for the biorefining of protein, in comparison to other forage grass species. The 

contrasting trends seen between WSC and protein through May-September could 

increase biorefining potential of Cocksfoot across a spring-autumn cutting regime 
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(Figure 5,6), where earlier cuts could be considered for the refining of inulin and 

later cuts would be best utilised as a protein source to produce a sustainable 

protein concentrate for livestock. 

5.5 CONCLUSION 

 Overall, the digestibility of Cocksfoot in both the F0 and F1 (F0 progeny) 

yield plot trials seemed to remain fairly high, irrespective of cut. This indicates 

that the species would be suitable to harvest over a Spring-Autumn cutting 

regime, if residual grass after bio reining were to be used as a livestock feed. The 

negative correlation seen between WSC and protein indicates how the biorefining 

potential of the species could be increased beyond phenolic compounds, where 

inulin for human health could be extracted from initial cuts, with later cuts 

reserved for the extraction of a protein concentrate for livestock feed. Variation in 

quality composition (WSC and Protein) between accessions was reduced between 

the F0 and F1 generations, as indicated by no significant differences between the 

F1 accessions, inferring that these traits could be influenced by generation. DMY 

was found to have a greater influence on the mass of total digestible matter 

(including WSC and protein) than differences in percent composition – with 

significant differences in percentage quality constituents only seen in the F0 yield 

plot trial. Therefore, selectively breeding Cocksfoot for improved protein and 

WSC for biorefining would be best achieved in focusing on dry matter yields.  

 Cocksfoot was found to produce greater DMY than perennial ryegrass 

(AberDart), most likely due to persistent yield in the earlier cuts. Selection events 

between the initial and first generation saw a narrower range in DMY, although 
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exact DMY were deemed incomparable between generations due to the difference 

in sub sample drying methods. This may indicate that breeding for improved 

DMY is challenging in Cocksfoot, yet a comparison between more distant 

generations would have given a better perspective on this. Moreover, the higher 

yielding F1 accessions were likely a causation of an elongated growth period into 

the Autumn cuts, as opposed to improved DMY overall. Improved Autumn re-

growth may allow for a longer cutting season, improving the total biomass 

available for biorefining of phenolic compounds.  

 More knowledge must be gained into the effect of changes in DMY and 

quality upon the profile and overall yield of phenolic compounds. This is 

discussed in 8.3.2 Autumn growth and phenolic composition and 8.4.2 Quality 

and phenols.
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6. WINTER HARDINESS AND HEADING DATE 

6.1. INTRODUCTION 

Growth patterns, other than changes in DMY, need to be assessed in 

Cocksfoot – irrespective of end use. A grass population with synchronous growth 

patterns can increase fertility and seed viability. The damage caused to plant tissues 

through winter conditions (frost and cold temperatures) can reduce DMY overall, 

with differences in the date of emergence of flowering heads known to have an 

influence on various phenotypic factors. Reducing the variation in such growth 

habits is important in a commercial crop breeding programme, if resulting candidate 

varieties are to pass distinctiveness, uniformity and stability (DUS) tests to be 

considered for National Listing. As there are currently no DUS protocols for 

Cocksfoot in the UK (only to be developed if a variety were to be submitted), this 

project utilised the Perennial Ryegrass protocol for guidelines on test traits (Animal 

and Plant Health Agency, 2020). Test traits for DUS are extensive and so only date 

of emergence of flowering head (inflorescences) was selected. The DUS protocol 

does not directly test ‘winter hardiness’, instead scoring spring growth – a different 

approach was adapted within this project, assessing tissue damage following winter 

conditions in early generations instead, resulting in poor feedstock quality. 

Moreover, growing plants with synchronised emergence of flowering heads 

(‘heading’) can be advantageous, as it allows for the highest level of sexual 

recombination during cross-pollination. As Cocksfoot is an obligate out breeding 

species, attempts to cross plants with asynchronous flowering could result in self-

fertilisation, leading to inbreeding depression (Sanada et al., 2010). Moreover, the 

genetic variation retained within a breeding population with greater sexual 

recombination can be advantageous for selection, as a wider variety of traits could be 
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observed. In addition, the higher fertilisation rates through synchronous flowering 

can result in high seed production, although heading is not entirely predictive of 

anthesis (Knight, 1968). The broad genetic variation in Cocksfoot - even seen within 

breeding families - can result in a large range in heading dates and therefore lower 

synchrony (Calder, 1964). The ploidy level of Cocksfoot plants can also significantly 

influence the variation in heading dates, so is worth considering when comparing the 

difference in heading dates between accessions/varieties (Borril, 1991). Because of 

this, only varieties/accessions with consistent tetraploidy were included within the 

breeding methodologies (rationale described in 3. Ploidy) – aside from one F0 

accession having undetermined ploidy. Cocksfoot bred as a commercial biorefining 

crop would need to have a low variation in heading dates to pass DUS testing and so 

data reported in this chapter were used to influence selections for the F1 and F2 

polycrosses, where accessions with unusually wide range in heading dates were not 

taken forward into crosses when possible. In further relation to this, earlier heading 

dates have previously been reported to increase DMY by up to 7%, improve disease 

resistance and therefore biomass quality; all of these traits are important for ensuring 

optimum biorefining potential of phenolic compounds (Papadopolous et al., 1995; 

Talmucci, 1968; Ziliotto, 1969). Cocksfoot plants with earlier heading dates can also 

exhibit increased seed yield in general, making seed production more economically 

viable (Ryle, 1964; Wilson, 1959). Increases in seed yield within this project were a 

consideration, with seed yields produced from the F0 polycross being low enough to 

eliminate some F1 (F0 half-sib progeny) families from the F1 yield plot trial. 

Because of this, calculated mean heading dates for F0 and F1 spaced plant trials 

were utilised to recognise particularly early heading accessions. 
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Winter hardiness can be defined as the degree of damage in leaf tissues and 

any reduction in growth as a result of winter conditions. Low temperatures and 

incidence of frost or snow are abiotic factors that affiliate to winter conditions – co-

occurrence of abiotic stresses initiates different biological pathways to a single 

stress, where milder winters may see a lower occurrence of frost and so plants would 

experience a singular stress (Mittler, 2006). Therefore, Met data were used to 

compare winter hardiness to actual conditions, as to remove bias on tissue damage 

severity from milder winters in some years. It must be made apparent that it is 

common for infection by fungal pathogens to cause leaf damage and necrosis, which 

can be mistaken for signs of poor winter hardiness; care was taken to fully inspect 

leaves of spaced plants for evidence of fungal lesions, to ensure necrosis was not a 

causation of infection. This was challenging for the F0 generation, where disease 

resistance was low. In addition, it should be noted that plants which exhibit 

favourable phenotypic traits often experience poor winter hardiness, counteracting 

the benefits. Selecting for plants/accessions with moderate winter hardiness would 

best maintain favourable traits and prevented negative effects from winter 

conditions.  

Winter hardiness was scored on individual plants within the F0 and F1 (F0 

half-sib progeny) spaced plant trials, through observation of stunted growth and leaf 

necrosis, in March (following winter conditions). The majority of Cocksfoot show 

emergence of flowering heads within the month of May, where the range in heading 

dates is small (Jafari and Naseri, 2007; Griffiths et al., 1978). Therefore, scoring of 

heading dates looked to incorporate the month of May; date of heading is usually 

denoted as days from the 1st of April for commercial varieties, and so this approach 

was adopted within the methodologies. Spaced plants were observed until all 
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individuals had produced flowering heads, aside from a few accessions which failed 

to produce heads on many individuals.  

6.2 METHODS 

6.2.1 Heading dates 

 

F0, F1 and F2 spaced plant trials were scored for date of emergence of 

flowering head per individual plant, commencing from 1st April 2017, 2019 and 

2020, respectively. Plants were observed on alternate days during the week 

(Monday, Wednesday and Friday), where the date of heading (in days since 1st 

April) was noted for individual plants and recorded in the field onto a Panasonic 

Toughpad tablet computer. Heading was defined as the date on which the first three 

ears emerged beyond the flag leaf of three individual reproductive tillers (Figure 

6,1). Scoring continued until all individual plants within the field had headed, with 

the exception of plants which failed to produce flowering heads two weeks after all 

other plants. Following this, mean heading date for each variety/accession was 

Figure 6,1: A diagram showing D. glomerata with evidence of emergence of 

ears on three different reproductive tillers, defined as the point at which plants 

were considered to be ‘heading’.  

Reproductive tiller 

Ear 

1st ear 

2nd ear 3rd ear 

Flag leaf 
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calculated per generation, with graphs produced using Microsoft Excel, Microsoft 

Office 2010.  

6.2.2 Winter hardiness 

 

 The F0 spaced plant trial was scored for observable winter hardiness on a 

scale of 1-9; where 1 represented the least affected by harsh winter conditions (green 

leaves, no wilting) and 9 represents the most affected (leaf tissues mostly dead). 

Hardiness was described as the degree of damaged tissue and/or reduction in growth 

after the winter season had ended, in early April 2017. This was distinguishable to 

damage through disease infection, as leaf tissues suffering from harsh winter 

conditions became straw-coloured and dry to touch, whereas necrosis from disease 

resulted in wet, rotting tissues. Scores were recorded directly onto a Panasonic 

Toughpad tablet computer. Any plants which had not survived the winter were 

noted, but not included in the data. From this, mean winter hardiness scores were 

calculated 

 Alternatively, plants within the F1 (F0 half-sib progeny) spaced plant trial 

were scored for winter survival instead, as no plants exhibited obvious tissue damage 

from winter conditions, yet some accessions had numerous plants which did not 

survive the winter season. Individual plants were given a score of either ‘1’ (alive) or 

‘0’ (dead), recorded onto a Microsoft excel spreadsheet in the field using a Panasonic 

Toughpad tablet computer, and then converted in a percentage survival score per 

accession. 
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6.2.3 Statistical analysis 

 

Significant differences in heading dates and winter hardiness between 

varieties/accessions (both F0 and F1 spaced plant data) were identified through an 

ANOVA using GenStat Eighteenth edition (VSN International Ltd). 

6.3 RESULTS 

 

6.3.1 Heading dates 

 

Heading dates were noted for all plants from the varieties/accession/families 

within the F0, F1 and F2 spaced plant trials, in April-June 2017 and 2019. Dates 

were denoted as number of days since 1st April, then converted into calendar dates 

and displayed in a box and whisker diagram. 

6.3.1.1 F0 Spaced plants 

Differences in the range of heading dates were significant across all 20 F0 

varieties/accessions (P<0.001, Figure 6,2). Mean heading date was 9th May 2017 

(28.78 days from 1st April) with a range of 46 days overall. Accession Bc5694 had 

the latest mean heading date of 20th May in addition to having the third greatest 

range in heading dates, behind Bc6911 and Arly (36, 38 and 41 days, respectively). 

The accession with the lowest range in heading dates was Bc7121. 

Varieties/accessions Abertop, Bc5234 and Bc5442 had the earliest mean heading 

date of 5th May 2017.  
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Figure 6,2: Range in dates of the emergence of flowering heads from F0 spaced plants, with quartiles displayed as a 

box and whisker plot. Outlying data are denoted by green circles and mean date for each variety/accession are 

marked by crosses (X). If median differed from the mean, this is denoted by a line within the box plot. 

a,b a b,c c d c,e c,f d c,g c,h c,i 

Figure 6,3: Range in dates of the emergence of flowering heads from F1 spaced plants, with quartiles displayed as 

a box and whisker plot. Outlying data are denoted by green circles and mean date for each variety/accession are 

marked by crosses (X). If median differed from the mean, this is denoted by a line within the box plot. Alike black 

letters indicate none significant differences between accessions 
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6.3.1.2 F1 (F0 half-sib progeny) Spaced plants 

Significant differences in mean heading date were seen between accessions 

(Figure 6,3). Mean heading date was 4th May, five days earlier than within the F0 

spaced plant trial, with a much smaller range of 28 days. Accession Bc7414 had the 

latest mean heading date of 7th May, which was earlier than the overall mean and 

nearly two weeks earlier than the latest heading accession in the F0 generation. 

Control varieties Lidacta and Sparta had mean heading dates of 6th and 3rd May, 

respectively, in comparison to 10th and 11th May in the F0 trial. The two accessions 

with the earliest heading date were Bc7418 and Bc7431, producing flowering heads 

over a week earlier than the latest accession (28th April), unlike within the F0 spaced 

plants where these mean heading dates were only five days apart.  
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Figure 6,4: Mean winter hardiness, arranged from greatest to least (left to right) hardy Cocksfoot varieties/accessions 

from the F0 spaced plant trial. Standard error bars are given, where significantly hardy varieties/accession are denoted 

by ‘*’ and significantly least hardy by ‘-’.  
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Figure 6,4. Percentage survival of all accessions within the F1 spaced plant trial, with lowest to greatest survival 

from left to right.  
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6.3.2 Winter hardiness and survival 

6.3.2.1 F0 Spaced plants 

Mean hardiness scores for the variety/accession in the F0 spaced plant trial 

are shown in Figure 6,4, with scores range from 0-9 showing best hardiness to most 

severely affected by winter conditions, respectively. Varieties/accessions with 

significantly greater winter hardiness (P<0.05) are denoted by an asterix (*) and 

those with significantly lower hardiness (P<0.05) are denoted by a hyphen (-). 

Varieties Arly, Bc5448 and Lidacta showed the best winter hardiness, with the least 

visible damage to leaf tissues. Varieties Abertop, Bc5654, Bc5673, Bc7060 and 

Bc7121 showed the worst winter hardiness, and so were most affected by cold/frost 

damage. The majority of these varieties showed a greater range in scores for 

individual plants when compared to varieties identified as having the significantly 

greatest winter hardiness, with the exception of accession Bc7121.  

6.3.2.2 F1 (F0 half-sib progeny) Spaced plants 

 

 Percentage winter survival of accessions within the F0 spaced plant trial is 

shown in Figure 6,5. Accession Bc7432 had the poorest winter survival rate with 

only 53.3% of plants surviving the winter period. Only one accession within the trial 

– Bc7414 - saw better survival than control variety Lidacta (93.3% and 90%, 

respectively). Control variety Sparta had a lower survival of 80%, with five of the 

nine accessions within the F1 spaced plant trial exhibiting worse winter survival; 

accessions Bc7413, Bc7418, Bc7419, Bc7431 and Bc7432 were then excluded from 

the F1 polycross, due to having lower percent survival rates than the worst control 

(Sparta).  
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6.4 DISCUSSION 

6.4.1 Heading dates 

Before discussing differences in the dates of emerging flowering heads for 

any of the generations, it must be considered that winter climate may have had an 

influence on the production of reproductive organs of the Cocksfoot plants. Ambient 

temperature has been argued to have a varying effect on the vernalisation of 

Cocksfoot, where Heide (1994) suggests there is a weak correlation between 

vernalisation and temperature, except when a warm temperature threshold is reached 

(preventing vernalisation). In February 2019 (F1 spaced plants), mean maximum air 

temperature was 3°C hotter than in 2017 (F0 spaced plants), when plausibly plants 

would have initiated vernalisation, but March was 1.5°C cooler than 2017 (see Met 

data in Appendix 3&5). If vernalisation in Cocksfoot occurred within the month of 

February, then individuals within the F1 spaced plant trial would have exhibited a 

delayed development of flowering heads, yet the slightly earlier heading dates within 

this trial compared to the F0 trial infer that the cooler period experienced in March 

was sufficient to offset this.  

During April and May 2017 when all the plants were beginning to produce 

flowering heads, the F0 spaced plants experienced an average increase in 

temperature of 5°C, in comparison to F1 spaced plants only experiencing an average 

increase of 1°C between these two months in 2019. Broué and Nicholls (1973) 

suggest that a period of unusually high temperatures during the post-inductive 

growth phase can hinder the emergence of flowering heads. This could explain the 

earlier mean heading date displayed by the control varieties in 2019, where plants 

within the F0 spaced plant trial experienced an unusually warm April in 2017. 
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6.4.1.1 F0 Spaced plants 

 

Mean heading date across all F0 varieties/accessions was calculated as 10th 

May (9.75), with an average range in heading dates of 15 days. Differences in the 

range of heading dates were seen between varieties/accessions from the F0 spaced 

plant trial. Varieties/ accessions with the greatest range of heading dates indicate low 

uniformity within a population, less favourable to include within a recurrent 

selection population. Accessions within the F0 spaced plant trial were collected from 

wild populations, where variation is greater than commercial varieties. This may 

have introduced a range of alleles responsible for earlier or later heading than the 

base population, increasing the range. However, greatest range in heading dates were 

not only seen within wild accessions - Bc5694, Bc6911 - but also commercial 

variety Arly, having ranges of 36, 38 and 41 days, respectively (Figure 6,2). One 

similarity between varieties/accessions with the greatest range in heading date was 

location within the spaced plant trial (see Appendix 8). All varieties with greater 

ranges in heading dates were located within the first two blocks of the field plot, with 

most located in the bottom half of the plot. Plants at the bottom of the plot may have 

experienced greater surface water, given the slope of the field, which could have 

affected the production of reproductive organs. Further spaced plant trials with 

randomised replications would be required to determine what affect aspect has on 

plants within the same accession/variety. In opposition, accession Bc7121 had the 

lowest range in heading dates (Figure 6,2, 12 days). Given that the accession 

consists of reselected, course leafed Cambria (a commercial variety), synchronous 

heading dates were expected for the Bc7121 plants. A breeding population with a 

lower range in heading dates across all families would ensure higher levels of cross 
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pollination and could produce a candidate variety with sufficient uniformity to pass 

DUS testing.  

Accession Bc5234 and Abertop displayed the earliest mean heading date in 

the F0 spaced plant trial, although Bc5234 did exhibit several outliers (Figure 6,3, 

5th May, P<0.01). Despite this, the feasibly lower range in heading dates of Bc5234 

would make a better choice to select than Abertop, if synchronous heading dates are 

to be obtained after fewer generations of breeding. Cocksfoot with earlier heading 

dates can influence growth stages, including the transition to post-inductive growth, 

which can directly affect seed and dry matter yields (Knight, 1968). Earlier heading 

dates are also associated with increased disease resistance and greater persistency 

(Talmucci, 1968; Ziliotto, 1969). Because of this, varieties/accessions with later 

heading dates with a large range should have been discarded from the phenotypic 

selection of the F1 (F0 progeny) accessions, but poor winter survival of two of the 

earlier accessions meant that no individuals from these accessions were included in 

the F0 polycross, undertaken before the start of this project. Bc5694 was calculated 

to have one of the latest mean heading dates in 2017, despite having one of the 

largest ranges in heading dates (Figure 6,2). Furthermore, some of the plants failed 

to produce flowering heads entirely. Studies reporting other grasses to fail entirely at 

the development of flowering heads, suggest the expression of genes previously 

determined to delay heading (Van der Valk et al., 2007). Accession Bc5694 is a wild 

accession originating from Camacha, Madeira. Of all F0 accessions, only Bc5694 

was collected from this country specifically (Appendix 15). It is likely that Bc5694 is 

genetically dissimilar to the other families within the field, with enhanced expression 

of a gene responsible for delayed heading date. An analysis of the relatedness of all 

accessions within the spaced plant trial would be needed to determine this, which 
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was not performed due to time constraints. This trait, although unique, was 

considered important to not include within the selection accessions for entering into 

the F1 (F0 progeny) trials. 

 

6.4.1.2 F1 (F0 half-sib progeny) Spaced plants 

 

 Overall mean heading date across the F1 spaced plant trial was five days 

earlier than the F0 spaced plant trial, including two control varieties present in both 

trials. This indicates that environmental conditions differed between the years 2017 

and 2019, as mentioned above in relation to Met data (see 6.4.1 Heading dates). The 

influential impact this may have had upon the emergence of flowering heads 

between these two trials must be considered when discussing any notable differences 

between F0 and F1 accessions. The difference in mean heading date between the 

control varieties also differed between the F0 and F1 trials. Within the F0 spaced 

plant trial, Lidacta saw heading dates one day earlier than Sparta on average, but 

mean heading date within the F1 spaced plant trial was three days later than Sparta. 

There are multiple other environmental factors that may have influenced the 

vernalisation and elongation of reproductive stems prior to heading, where the 

varieties may have differing optimum conditions, given they were bred in different 

countries and therefore different climates. Moreover, Calder (1964) suggests that 

vernalisation requirements differ between populations. Both trials had a similar 

number of replicates within each variety (60 in F0 and 58 for Lidacta and 55 for 

Sparta in F1) and so data sets were both equally reliable.  

 In addition to differences in mean heading date, the overall range in heading 

dates was much smaller in the F1 spaced plant trial, indicating decreased 
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heterogeneity from the initial to the first generation; for a candidate variety to be 

successful within a DUS trial, it must display uniformity, which is achieved by 

reducing heterogeneity within a population. This is further inferred by the difference 

in mean heading date between the earliest and latest F1 accession being greater than 

between the earliest and latest F0 accessions. Overlapping mean heading dates 

between F0 accessions was likely because of the wider range in heading dates, with 

F1 accessions having more defined mean heading dates, as vastly outlying plants did 

not skew the means. Therefore, the selective process used for excluding F0 progeny 

families with wide heading ranges from the F1 spaced plant trial offers the potential 

to be included within a longer term Cocksfoot breeding programme. However, the 

degree to which this selection influenced heading dates overall is arguable, given F0 

progeny families (F1 accessions) were half-sib progeny and thus all MP’s entered 

into the F0 polycross will have contributed to the gene pool of the F1 accessions.  

 The extent of not including earlier heading accessions within a polycross 

would be better investigated within the F2 (F1 progeny) trials, of which data is not 

reported within this project. The two earliest heading F1 accessions, Bc7418 and 

Bc7431, were removed from the F1 polycross because of poor winter survival 

(Figure 6,5). It would be expected that F2 accessions resulting from this polycross 

would have later heading dates, with a narrower range across individuals. Plants 

from accession Bc7418 were alternatively entered into a separate synthetic 

polycross, due to an observed unique growth form and earlier heading dates. 

Literature has previously suggested that Cocksfoot with earlier heading dates can 

experience increased yield by up to 7% (Harris et al, 2008); Bc7418 plants were 

noted for having a bushy, leafy growth form, which could indicate increased DMY. 

The extent of any increase in DMY can only be assessed through the F2 yield plot 
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trial, which includes seed from the Bc7418 synthetic cross, which was not included 

within the scope of this project. 

6.4.2 Winter hardiness and survival 

 

The influence of weather patterns relative to location may be important to 

consider upon discussion of the observed winter hardiness across all generations, 

where data recorded in this project may only be relevant to the Mid Wales region. 

On average, Mid Wales (particularly Gogerddan and other coastal areas) experience 

a lower number of frost days and higher mean temperature over winter months (Met 

Office, 2000). Better selection of winter hardy Cocksfoot would have occurred at a 

location experiencing harsher winter conditions, although these conditions were not 

available at any accessible fields at IBERS.  

6.4.2.1 F0 Spaced plants 

 

Appendix 2 shows Met data for the 2017 winter/spring season in Gogerddan 

subsequent to winter hardiness scoring. Both mean monthly temperature and rainfall 

were compared to data averaged over the years in this region 1981-2010. With 

recorded temperatures consistently higher over the 2017 winter period than the 

station average, it could be inferred that the winter season was mild. Moreover, total 

rainfall through December to February 2016/17 was 49.2mm less than the previous 

average, further indicating a mild winter. Conversely, rainfall later on in the winter 

period was greater than the 1981-2010 average, with March 2017 being the wettest 

month, when usually rainfall can be seen to decrease from December through to 

March (Appendix 2&3). With this in mind, Cocksfoot plants seen to have good 

winter hardiness from the F0 spaced plant trial may not show the same degree of 
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resistance in a harsher winter season – where tissue death recorded as cold damage 

may been mistaken for stress from soil saturation in February and March. 

Despite this, data revealed that individuals from varieties Arly, accession 

Bc5448 and Lidacta showed the least damage from winter conditions, with Bc5448 

returning the best hardiness score of 1.6 (P<0.05; Figure 6,4). In comparison to 

varieties identified as possessing the greatest DMY, there appears to be little 

relationship to winter hardiness, aside from variety Lidacta having a high total DMY 

in the 2011 cutting data (see Table 5.1&5.2). Good winter hardiness is thought to 

positively affect DMY, as this increases the longevity of the sward. Accession 

Bc7060 was the least winter hardy, yet appeared to show good DMY in the autumn 

cuts of 2011 and consistently throughout 2010 cuts. This could suggest that winter 

hardiness is negatively correlated to DMY, but with only Bc7060 showing this trend, 

then any correlation was most likely due to chance. Varieties/accessions which also 

displayed the poorest winter hardiness included Bc7121 and Bc5654, followed by 

Abertop and Bc5673 (P<0.05). It is difficult to fully determine which of these 

varieties/accessions showed the lowest hardiness, given that the range of scores were 

higher than those observed in varieties with the greatest winter hardiness (see error 

bars, Figure 6,2).  

Range in winter hardiness could be affiliated to the accuracy of the arbitrary 

hardiness values given to individual plants. It is plausible that human bias may have 

occurred, in contemplation that scores given to consecutive plants may influence 

judgement. Similarly, there may have been a bias upon subsequent 

varieties/accessions, due to no randomisation. Moreover, the spatial variation of 

varieties/accessions due to this lack of randomisation could have influenced the 

exposure to winter conditions (the top of the trial was more sheltered to prevailing 
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wind). Alternatively, low hardiness values given to plants may have been mistaken 

for disease damage, as opposed to cold damage. As disease was prevalent in the field 

during the observation of hardiness, it is possible that tissue necrosis may have been 

relative to disease instead, reducing the reliability of the data.  

6.4.2.1 F1 (F0 half-sib progeny) Spaced plants 

 

 Data collected from the F1 (F0 progeny) spaced plant trial was alternatively 

scored for winter survival, where any plants that did not survive the winter were 

noted. Although it is plausible that the death of plants may have been a combined 

result of other stresses, it was assumed that winter conditions attributed the greatest 

to tissue necrosis.  

 Accessions Bc7432 had the lowest percentage survival of all F1 accessions 

(Figure 6,4). This accession was the progeny family of F0 MP Sparta A3 (see 

lineage in Appendix 14), a variety which in the F0 spaced plant trial showed some of 

the greatest winter hardiness scores, although not significantly so (Figure 6,3). 

Comparatively, Sparta – entered as a control within the F1 spaced plant trial – had a 

mid-range percentage survival of 80%. This difference in survival between Sparta 

and its progeny family (Bc7432) could be explained by the quality of seed from MP 

Sparta A3; although germination rate was good, Bc7432 saw poor growth of 

seedlings cultivated within trays prior to planting in the F1 spaced plant trial. Despite 

the most substantial seedlings being selected to be entered into the trial, this could 

explain the low winter survival rate.  

 Only one F1 (F0 half-sib progeny) accession experienced a better percentage 

winter survival than control Lidacta, Bc7414. This accession was the progeny family 

of F0 MP Athos F9 (see lineage in Appendix 14) – a variety which exhibited mid-



180 

 

range winter hardiness (Figure 6,3). However, accession Bc7415 was the progeny of 

a different Athos MP, which showed lower winter survival, but still higher than 

control variety Sparta (Figure 6,4). With the majority of F1 accessions exhibiting 

lower winter survival than control Lidacta, it could be suggested that utilising this 

variety in future trials as a winter hardiness control could be beneficial.    

In comparing both data sets, it could be suggested that winter survival and 

winter hardiness scores are not comparable. A partial reason for this could have been 

that the F1 spaced plants were not planted in the field until late autumn 2018, 

meaning they were given little time to establish and so were more vulnerable to 

winter conditions, compared to the F0 spaced plants. 

 

6.5 CONCLUSION 

Despite selecting a few F1 (F0 half-sib progeny) accessions existing from F0 

accessions that had a large range in heading date, there was evidence to suggest that 

variation was reduced between F0 and F1 spaced plant trials, because of a decrease 

in the range of heading dates. Fewer outlying heading dates within F1 accessions 

further indicated this. A comparison of the differences in variation of other 

phenotypic traits between the two generations is discussed in 8.3.1 Yield, quality and 

heading dates and 8.4.1 Quality and winter hardiness. The decision to select for 

earlier heading dates was made based on previous literature highlighting the 

relationship between enhanced DMY and improved disease resistance, amongst 

others. The actual benefits of earlier heading dates within this specific breeding 

population are discussed in 8.3.1 Yield, quality and Heading date, to conclude 

whether these suggestions from literature are relevant. Date of emergence of heads 

were influenced by environmental factors such as weather, made apparent by 
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comparing mean heading dates for control varieties between the F0 and F1 spaced 

plant trials. However, as heritability of heading date was fairly consistent between 

the trials (see Table 8.1 in concluding discussions chapter), it can be concluded that 

differences in heading date between the trials was under greater genetic control than 

environmental.  

Winter hardiness scores taken on the F0 spaced plant trial may not have 

offered the greatest reflection of hardiness at Gogerddan, given the mild climate in 

comparison to the rest of the UK (less frost). In addition, the incidence of disease on 

the F0 spaced plants could have affected winter hardiness data, as it was challenging 

to decipher winter damage from necrosis caused by disease. This may explain how 

varieties/accessions that showed good winter hardiness in the F0 trial did not relate 

to their progeny having better winter survival in the F1 spaced plant trial. Another 

explanation for this could be that winter hardiness and percentage survival were not 

comparable.  
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7. PHENOLIC COMPOUNDS 

7.1 INTRODUCTION 

Cocksfoot is of interest as a biorefining crop, due in part to numerous 

phenolic compounds having been identified within leaf tissues, which are more 

commonly found in Chinese medicinal herbs. Both lithospermic and salvianolic 

acid have been found in notable quantity within Cocksfoot plants (Hauck et al., 

2013). Usually recognised for their existence in Danshen (Salvia miltiorrhiza), 

previous studies have found that these flavonoid compounds have significant 

medicinal benefits, such as anti-inflammatory and viral inhibition properties (Lin 

and Hsieh, 2010; Liu et al., 2008; Zhang et al., 2008; Huang and Abd-Elazem, 

2008). Other compounds reported within Cocksfoot include caffeic acids and their 

conjugates, which are known for further medicinal properties, in addition to 

combating abiotic stress within the plant tissues (Zhao et al., 2011; Onakpoya et 

al., 2014; Gechev et al., 2014; Liu, et al., 2014). The presence of such phenolic 

compounds in plant species is of growing interest within the biomedical, 

pharmaceutical and health food industries, given their presence in traditional 

Chinese medicines and herbal teas (Atoui et al., 2005; Cai et al., 2004). Phenols 

have received further attention through the media, by encouraging individuals to 

increase intake of plant-based products present in botanical supplements or health 

foods, as a means of both preventing and combatting disease (Shahidi and 

Ambigaipalan, 2015). The global market for botanical medicines was 

approximately worth US$60 billion in 2014, and is set to rise in coming years 

(Persistence Market Research, 2018). Phenolic compounds, particularly 
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flavonoids, recovered from Cocksfoot could offer a high commodity product 

within UK agriculture.  

The suitability of Cocksfoot as a biorefinery crop would be improved if 

quantity of phenols could be increased within tissues. Selective breeding efforts 

could look to increase this, by identifying accessions that produce greater 

amounts of phenolic compounds. However, due to the nature of secondary 

metabolite production and their role within stress tolerance mechanisms, it could 

not be concluded at the initiation of this project whether accession or growth stage 

has a greater influence on phenol quantity. Hauck et al. (2013) reported that 

phenolic content can be seen to vary from vegetative to flowering stages of 

growth, yet this paper only reports tissues from the Cocksfoot variety Abertop. It 

was decided that this project must compare differences in phenolic production 

(both the quantity and presence of specific compounds), between and within 

breeding lines, to investigate the potential of phenolic compounds to be used as a 

selection trait. Additionally, the project compared individual plants to plots of the 

same accession, analysing differences in their secondary metabolites over a 

cutting regime reflective of agricultural practises. Equally, it was deemed 

important to recognise the difference in phenolic composition between plant 

tissues, to establish best harvesting practise to obtain greatest phenol yields.  

Leaf and flowering head tissues were collected from F0 spaced plants and 

analysed for phenolic compounds, to assess which tissue would be most 

beneficial to harvest for a biorefinery. Root tissues were not analysed as obtaining 

clean, undamaged root tissues from a crop grown in marginal land would be 
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challenging, costly and not practical from a commercial perspective. Comparison 

between the effect accession and maturity have on the production of phenols was 

undertaken with F1 spaced plants in 96 well plastic trays (prior to planting out in 

the field) and their relative potted F0 mother plants (MP’s).  

7.2 METHODS 

The following extraction methods were used with sampling of all 

generations of plants. Three sampling regimes were undertaken – samples of leaf 

and flowering head tissues of selected F0 spaced plants (from which detached 

heads had previously been taken in 2016 for the F0 polycross), a comparison 

between leaf tissue regrowth from potted F0 MP’s and relative F1 (F0 half-sib 

progeny) seedlings in 96 well trays over four tri-weekly cuts in summer 2018 (see 

accession lineage in Appendix 14) and leaf tissue sub-samples at monthly cuts 

(using a Haldrup harvester) from May-September 2019 from all plots within the 

F1 yield plot trial, to assess changes in phenolic content across a spring-autumn 

cutting regime (see entries in F1 yield plot trial in Appendix 9).  

Samples were transported to the laboratory in individual 20mL polyvials 

or plastic cryovac produce bags (dependent on samples size) on dry ice, where 

tissues were transferred to a freezer at -20°C immediately to prevent degradation 

of phenols within the tissue. After a 24 hour period in the freezer, tissues were 

moved to an Edwards Modulyo freeze dryer, with a Welch Chemstar dry vacuum 

pump, to be dried for 48 hours prior to milling. Once dried, samples in plastic 

produce bags were transferred to 20mL polyvials. Four 8mm 100 grade stainless 

steel ball bearings were added to each vial, and these were milled for 100 
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seconds, through the use of a milling robot (Labman Automation, 

Middlesborough, UK). 

Thirty milligrams of each milled sample were weighed out into 2mL 

microfuge tubes. Milled samples were then subjected to a series of suspensions 

and centrifugal steps in order to separate compounds containing phenols as 

follows. A quantity of 0.7mL of 70% methanol (MeOH) was added to each 

sample, and the tube was then capped, inverted three times and shaken for 15 

minutes using an IKA VIBRAX VXR Basic shaker at 1000 revs per minutes 

(RPM). Following this, samples were centrifuged for six minutes at 12000 RPM, 

using a micro centrifuge. The supernatant fractions were transferred to empty 

vials using a pipette and set aside, taking care not to displace each pellet. A 

quantity of 0.7mL of 70% MeOH was added to each pellet and samples were 

subjected to shaking and centrifuged as described above. Newly extracted 

supernatant was then added to the vials and combined with previously transferred 

supernatant fractions. This process was repeated for a third time, before 

subjecting the pooled supernatant to vacuum centrifugation using a Jouan R.C 

10.22, until MeOH content had been evaporated to leave a dried residue in each 

vial.  

 In order to specifically extract the phenolic compounds from the samples, 

50µL of MeOH was added to each residue, where a suspension was created 

through shaking the vials for 5 minutes at 1000 RPM. An additional 1mL of 

purified water was added per vial - vials being capped and inverted three times to 

mix. SepPak C18 3cc cartridges (Waters Ltd, Elstree, UK) were prepared for solid 
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phase extraction of samples by running 5mL of MeOH through each column 

using a SUPELCO Visipep solid phase vacuum manifold. Samples were run 

through columns under vacuum, followed by 5mL of 5% acetic acid to wash off 

unbound polar compounds. Clean 5mL vials were then placed under each column, 

in preparation to collect the bound fraction. Bound fractions were eluted off the 

columns under vacuum into the vials using 4mL of MeOH. Vials were removed 

and 2mL of each sample were transferred into 2mL microfuge tubes and then 

subjected to vacuum centrifugation as described above until all MeOH had been 

evaporated.  

 Dried residues were re-suspended in 0.5mL of 70% MeOH and shaken for 

15 minutes using the shaker. Samples were transferred into HPLC vials for 

subsequent analysis by reverse phase liquid chromatography with online 

photodiode array detection and electrospray ion-trap tandem mass spectroscopy 

(LC-PDA-ESI/MSn). The system was comprised of a Thermo Finnigan Surveyor 

HPLC accompanying a PDA Plus detector and a Thermo Finnigan LTQ linear ion 

trap MS with an ESI source (Thermo Electron Corp, Waltham, MA, USA). 

Samples were separated on a Waters C18 Nova-Pak column (3.9 x 100mm, 

particle size 4µm) maintained at 30°C at an injection volume of 10 µl. The 

column was equilibrated with 95% solvent A (0.1% formic acid) and 5 % solvent 

B (methanol and 0.1% formic acid) at a flow rate of 1ml min-1, where 10% of the 

combined solvents was used for the mass spectrometer and 90% sent to waste. 

The concentration of solvent B was increased to 65% over 35 min. Eluting 

compounds were detected by PDA in the absorbance range of 240–400 nm and by 
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MS in positive and negative modes. MS parameters were: sheath gas 30, auxiliary 

gas 15 and sweep gas zero (arbitrary units), spray voltage -4.0 kV in negative and 

4.8 kV in positive ionisation mode, capillary temperature 320 °C, capillary 

voltage -1.0 V and 45 V, respectively, tube lens voltage -68 and 110 V, 

respectively, and normalised collision energy (CE) typically 35%.  

Analyses were carried out via the 2013 Thermo Fisher Scientific Inc. 

computer software Thermo Xcalibur operating system. For each sample, PDA and 

MS data were analysed using the Xcalibur ‘Qual Browser’. Individual files for 

each sample allowed for the relation of peaks from MS spectra (Figure 7,1) 

detected in real time (RT) to PDA and MS2 spectra. Comparison of these 

collective data (chromatograms, RT peak, MS and MS2 fragments) against data 

reported in a previous publication (Hauck et al., 2013), allowed for the 

identification of the phenolic compounds responsible for each RT peak. Greater 

confirmation of the structure of these identified compounds could have been 

achieved by reverse phase chromatography to isolate compounds, followed by 

acid/alkali hydrolysis (as described in Hauck et al., 2013) and structural 

elucidation by nuclear magnetic resonance spectroscopy (NMR), although this 

was not performed due to time constraints. A number of hydroxycinnamate 

isomers were identified, which had not previously been reported in Cocksfoot. 

These were determined by the comparison of characteristic UV spectra (peak λ) 

and fragmentation pattern from MS against previously identified isomers by 

Hauck et al (2013), where the differentiating factor between isomers was the time 

of elution from the column (RT peak). 
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Each compound was quantified using area under the representative peak 

from the chromatogram as below: 

𝑚𝑔/𝑔 =
𝜇𝐴𝑈 ∗ 33.333 ∗ 50

1000
 

where ‘AU’ refers to area units under the peak and numbers were derived from 

the conversion of μAU/30mg (from 10μL injection volume of 0.5mL sample) to 

mAU/g. These values were then converted using factors obtained from calibration 

curves (standards obtained from Sigma Aldrich, calibration curves plotted using 

response over increasing increments of concentration) - caffeic acid, apigenin, 

luteolin, ferulic acid - to calculate milligram of phenols per gram of leaf tissue. 

Conversion factors were as follows: 

Caffeic acid 3.24E-07  Luteolin 1.06E-06 

 Apigenin 9.76E-07  Ferulic acid 3.08E-07 

Relevant conversion factors were determined by the closest derivative of the 

compound. Conversion factors for conjugated compounds were taken to be the 

mean of the nearest derivative of the constituent compounds (see Table 7.1, 7.2 & 

7.5). 

 

 



190 

 

7.3 RESULTS 

7.3.1 F0 phenols 

7.3.1.1 Flowering heads 

 

 Flowering heads collected from F0 spaced plants consistently produced 

results which could not be interpreted using the Xcalibur software, as peaks 

resultant from the existence of phenols were not distinct. Therefore, no results are 

included within this thesis, where it is suggested that flowering heads would be an 

unsuitable tissue to harvest for biorefining purposes.  

7.3.1.2 Leaf tissues 

 

 Across all varieties/accessions from which leaf samples were collected, 25 

unique phenolic compounds were identified (Table 7.1). Total absorbance 

detected by PDA was recorded in real time and compounds were identified using 

Figure 7,2: Changes in mean phenolic content and average number of identified different phenolic compounds in F0 

spaced plant leaf samples, cut at three seasonal intervals from March-October 2017. Error bars represent relative standard 

error of the mean.  
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a combination of individual absorbance spectra, MS- and MS2 fragment data, 

which were compared against data presented in Hauck et al. (2013).  Under LC 

conditions used in these experiments, identified phenolic compounds eluted 

between 3.8-33.0 minutes in real time. Mean phenolic content (µg/g) of leaf 

samples taken from F0 spaced plants in March (Spring), July (Summer) and 

October (Autumn) are displayed in Figure 7,2. No significant differences were 

noted between the mean phenolic content of leaf tissues across the seasons 

(P=0.061), but the number of different phenolic compounds produced were 

significantly affected by season (P<0.05).  
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Table 7.1: Details from LC-MS of all 25 different phenolic compounds identified in F0 spaced plants throughout Spring-Autumn 2017. Mean real time (RT) of compound 

release, peak wavelength from absorbance spectra (λ), total compound mass (MS) and MS2 fragments are given. ‘ND’ refers to undefined λ peaks. Relative conversion factor 

determined by closest derivative of the compound, where ‘/’ indicates the mean of two factors.  
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7.3.2 F1 (F0 half-sib progeny) phenols 

7.3.2.1 Leaf tissues from F1 seedling trays and F0 MP’s 

 

 Leaf samples from both F1 (F0 progeny) seedling trays and corresponding 

potted F0 MP’s grown on an outdoor hard standing contained 29 different phenolic 

compounds altogether (Table 7.2). These compounds were all identified by Hauck et 

al. (2013) except for a flavonoid glycoside, an iso-orientin derivative and a second 

caffeic acid derivative. Full identification of these compounds would have required 

an MS3 analysis, and further MSn which was not possible within the time constraints 

of this project. Compounds were grouped according to class, i.e. Hydroxycinnamate, 

Flavonoid, Lithospermic & Salvianolic acid and Hydroxycinnamate-flavonoid 

conjugates. Figure 7,3 illustrates how these four classes of compounds varied over 

the four cuts, as an average of all samples from all accessions. Significant 

differences were seen between grouped compound classes both within and across all 

cuts (P<0.001, Table 7.3). Ratios between classified compounds in the F1 seedling 

trays changed with cut, although these differences were not significant within the 

potted F0 MP. The ratios of grouped phenols were similar between cuts 3-4 between 

the progeny and MP’s, but not in cut 1&2 (Figure 7,3, Table 7.4).  

Differences between the total phenolic content of leaf samples taken from the 

seven F1 (F0 progeny) accessions grown in trays over cuts 1-4 are shown in Figure 

7,4. Significant differences were seen in total phenol production between accessions 

at first and last cut, but not in cut2&3 (Table 7.3). Total phenol production decreased 

between cuts 2-4, irrespective of accession, with cut 2 producing the greatest total 

quantity of phenolic compounds and cut 4 the lowest. 
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Table 7.2: Details from LC-MS of all 29 different phenolic compounds identified in F1 progeny seedling trays and respective F0 MP’s. Mean real time (RT) of compound release, peak wavelength 

from absorbance spectra (λ), total compound mass (MS) and MS2 fragments are given. ‘ND’ refers to undefined λ peaks. Relative conversion factor determined by closest derivative of the compound, 

where ‘/’ indicates the mean of two factors. 
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Accessions (total phenols) Grouped phenols (ignoring accessions) 

 

F1 

accessions 

(trays) 

Potted 

MP's 

Between 

families 

(MP+progeny) Total 

F1 

accessions 

(trays) 

Potted 

MP's 

Between 

families 

(MP+progeny) Total 

Cut1 0.002 0.316 0.001 
 

<0.001 0.132 <0.001  

Cut2 0.53 0.93 0.967 
 

<0.001 <0.001 <0.001  

Cut3 0.482 0.743 0.285 
 

<0.001 0.006 <0.001  

Cut4 0.034 0.196 0.01 
 

<0.001 0.002 <0.001  

All 
   

0.602 
   

<0.001 

Figure 7,3: Changes in the mean quantity of classified phenolic compounds in both F1 seedling trays and 

respective potted F0 MP samples.  

Table 7.3: Statistical comparison between total phenols by accession and grouped phenols (ignoring accession) both 

within and across cuts 1-4 of F1 (F0 progeny) grown in trays and respective F0 MP via ANOVA. ‘F1 accessions (trays)’ 

refer to the 10 accessions grown in seedling trays (df=9), ‘Potted MP’s’ the 7 F0 MP in pots obtained from tillers of 

individuals within the F0 spaced plant trial (df=6) and ‘Between families’ considered as both potted MP and their relative 

progeny (F1) grown in seedling trays (df=7). Phenolic compounds were grouped as Hydroxycinnamates, Flavonoids, 

Lithospermic & Salvianolic acid and Hydroxycinnamate-Flavonoid compounds (df=3). 
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Grouped (progeny only) Grouped (MP only) 

Cut1  Hydroxycinnamates>Flavonoid>Conjugates Litho+Salvia  Hydroxycinnamates>Flavonoid>Litho+Salvia>Conjugates 

Cut2  Flavonoid>Conjugates>Hydroxycinnamates>Litho+Salvia  Conjugates>Flavonoid>Hydroxycinnamates>Litho+Salvia 

Cut3  Conjugates>Flavonoid>Litho+Salvia>Hydroxycinnamates  Conjugates>Flavonoid>Litho+Salvia>Hydroxycinnamates 

Cut4  Conjugates>Flavonoid>Litho+Salvia>Hydroxycinnamates  Conjugates>Flavonoid>Litho+Salvia>Hydroxycinnamates 

Figure 7,4: Differences in total phenolic content within leaf samples of all F1 accessions taken from trays of seedlings across cuts 1-4, during June-August 2018. Standard error of the mean 

bars are shown. Significant differences between accessions are indicated in cuts 1&4 by dissimilar letters. No significant differences were seen between accessions in cuts2&3.  
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Table 7.4: Relative frequency of phenolic compounds grouped by class, within each cut of both the F1 seedling trays (F0 progeny, ‘progeny only’) and F0 potted MP’s 

(‘MP only’). Groups of phenols are listed from left to right from most to least frequent within each cut. Significant differences between groups are italicised.  
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 Mean phenolic content within F1 (F0 progeny) seedlings was significantly 

different to total phenolic content of respective F0 MP over the four cuts between 

June-August 2018, especially in cut 2 (P=0.042 via ANOVA, Figure 7,5). No 

errors bars are given on the figure, as quantities displayed for MP are absolute, in 

comparison to mean phenolic content across four replications within progeny 

seedling trays. Both the phenolic content of progeny and relative MP appears to 

decrease between cuts 2-4. Total phenols were mostly not significantly different 

between lineage families (F0 MP and their progeny) within cuts, although 

significant differences were consistently seen in grouped phenols between lineage 

families (Table 7.3).

Figure 7,5: Total phenolic content of F1 progeny grown in trays and respective MP’s. Phenolic content within each cut is 

represented by the colours in the figure legend, where solid colour columns represent MP’s and outlined columns 

represent mean of progeny.  
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Table 7.5: Details from LC-MS of all 44 different phenolic compounds identified in F1 yield plot trials over a monthly cutting regime from May-September 2019. Mean real time (RT) of 

compound release, peak wavelength from absorbance spectra (λ), total compound mass (MS) and MS2 fragments are given. ‘ND’ refers to undefined λ peaks. Compounds not identified in 

Hauck et al (2013) are written in green text. Relative conversion factor determined by closest derivative of the compound, where ‘/’ indicates the mean of two factors.  
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7.3.2.2 Leaf tissues from F0 half-sib progeny yield trial 

 

 Analysis of leaf tissues obtained from the 33 plots (1x1 m) within the F1 

yield plot trial over five monthly cuts revealed 44 unique phenolic compounds 

(Table 7.5). Several new isomers or derivatives of salvianolic, rosmarinic and 

lithospermic acids were noted, but their chemical structure was not elucidated via 

MS3, due to the time constraints of this project. All phenolic compounds were 

grouped according to class, just as the data collected from F1 (F0 progeny trays) 

(Hydroxycinnamates, Flavonoids Lithospermic&Salvianolic acid and 

Hydroxycinnamate-Flavonoid conjugates). Both grouped and individual phenolic 

compounds were significantly different within and across cuts, yet differences 

between accessions were not significant (Table 7.6). Figure 7,6 shows how the 

Figure 7,6: Totalled means per accession of grouped and all phenolic compounds in leaf tissues from F1 plot 

trial, across a spring to autumn cutting regime (date intervals on x-axis). Letters (a,b,c) indicate significant 

differences between cuts (P<0.05 via ANOVA). 
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content of the different phenolic classes and total phenols changed with 

consecutive cut. For both hydroxycinnamate and flavonoid compounds, quantity 

was seen to increase significantly with cut in a similar trend, whereas the quantity  

of conjugated compounds appeared to plateau by the final cut. Total phenolic  

quantity increased almost linearly by cut.  

  Accession Group Phenol 

Across cuts 
Ignoring cut 0.697 <0.001 <0.001 

Between cuts <0.001 <0.001 <0.001 

Within cuts 

Cut 1 0.525 <0.001 <0.001 

Cut 2 0.116 <0.001 <0.001 

Cut 3 0.116 <0.001 <0.001 

Cut 4 0.514 <0.001 <0.001 

Cut 5 0.09 <0.001 <0.001 

 
Cut 1 Cut 2 Cut 3 Cut 4 Cut 5 

2-O-caffeoylisocitrate 

  0.067***   
2-O-caffeoylisocitrate 6 methyl ester 

 0.048*    
apigenin-6-C-hexoside-8-C-pentoside 

    0.107** 
Iso-orientin 

0.0375*** 0.067**  0.191*  
Lithospermic acid isomer 

0.004* 0.079*** 0.041* 0.050* 0.051** 
luteolin-6-C-pentoside-8-C-hexoside 

0.0505*   0.152** 0.213** 
tricin-O-hexoside 

0.036***  0.360*** 0.161*  
2-O-caffeoylisocitrate methyl ester orientin 

conjugate 0.0265** 0.048***   0.145*** 
2-O-caffeoylisocitrate orientin conjugate 

0.0335** 0.075***  0.199*** 0.239*** 

Table 7.7: Phenolic compounds present in significantly greater quantities than other compounds within flavonoid, 

hydroxycinnamate or conjugated compound groups. Numbers displayed indicate mean mg/g of each compound, where 

significance is indicated by P<0.05 ‘*’, P<0.01 ‘**’, P<0.001 ‘***’ 

 

 
Cut 1 Cut 2 Cut 3 Cut 4 Cut 5 

2-O-caffeoylisocitrate 
  

1504.94*** 
  

2-O-caffeoylisocitrate 6 methyl ester 
 

488.3* 
   

apigenin-6-C-hexoside-8-C-pentoside 
    

-983.48** 

Iso-orientin 353.7 

*** 

681.67** 
 

420.85* 
 

Lithospermic acid isomer 133.06 

* 

3622.21*** 820.03* -420.85* -881.24** 

luteolin-6-C-pentoside-8-C-hexoside 136.88 

* 

  
-766.7** 881.24** 

tricin-O-hexoside 320.36 

*** 

 
4271.21*** -524.88* 

 

2-O-caffeoylisocitrate methyl ester 

orientin conjugate 

-216.3 

** 

-775.85*** 
  

2094.03*** 

2-O-caffeoylisocitrate orientin 

conjugate 

216.3 

** 

775.85*** 
 

1440.06*** 2946.15*** 

 Table 7.6: Phenolic compounds present in significantly greater quantities than other compounds within flavonoid, 

hydroxycinnamate or conjugated compound groups. Numbers displayed indicate least significant difference in each 

grouping, where significance is indicated by P<0.05 ‘*’, P<0.01 ‘**’, P<0.001 ‘***’ 

Table 7.6: Statistical analysis via ANOVA of differences in total (by accession, df=10), grouped (df=3) and 

individual phenolic compounds (df=43) both within and across cuts 1-5 of the F1 yield plot trial, taken in 2019. 

Significant differences are italicised.  
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 Table 7.7 indicates individual phenolic compounds that were present in 

significantly greater quantities than other compounds within their class. Only 

lithospermic acid isomer was present in significantly high quantities across all 

cuts, although in most cuts, other compounds were more abundant. A greater 

number of individual Flavonoid compounds and Hydroxycinnamate-flavonoid 

conjugates were produced in high quantities in comparison to Hydroxycinnamate 

compounds.  

 

7.4 DISCUSSION 

7.4.1 F0 Spaced plants 

 

 No phenolic compounds were identified within the flowering heads of the 

F0 spaced plants, despite collection and analysis of samples being carried out 

twice. Spectra and chromatograms from flowering head samples were 

incomprehensible, as signal from the machine was weak and mostly obscured by 

noise.  

Data obtained from F0 spaced plants gave an indication that season does 

not significantly affect phenolic quantity in the leaf tissues of Cocksfoot (Figure 

7,2). It could be inferred that Cocksfoot would produce a similar yield of phenolic 

compounds if grown as a biorefinery crop irrespective of time of cut, yet data 

from singular plants may not be representative of a larger population, given the 

production of secondary metabolites would likely differ when Cocksfoot exists as 

part of a sward. Not only could interaction between neighbouring plants influence 

phenolic content within tissues, but variation in soil profile, available nutrients or 
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camber of a field may have an effect (see elevation and soil profile of field 

locations in Appendix 16). Differences in soil profile or nutrient availability could 

result in either environmental or biotic stress to the grass; phenolic compounds 

are often synthesised because of stress, given their anti-oxidant properties. 

Moreover, data reported for the F0 spaced plants contained no replication and 

therefore could be considered preliminary, in not accounting for variation within 

accessions/varieties. A more accurate representation of expected phenolic content 

within leaf tissues harvested from a Cocksfoot sward would be represented by 

data collected from multiple plants simultaneously. This was achieved through 

subsampling the F1 yield plot trial, which contained three replicates, as described 

in ‘7.4.3 F1 Yield plot trial’.  

 Although quantity of phenolic compounds was not affected by time of cut, 

the number of unique compounds identified decreased through spring to autumn 

(Figure 7,2). A diverse phenolic profile allows for a wider biorefining market – 

each compound has a unique market value for use in particular medicines, health 

supplements or cosmetics (see 1.7.2 Phenolic compounds). However, given the 

large time frame between sampling and lack of replication, dependable 

conclusions regarding how time of cut can effect the production of phenolic 

compounds cannot be drawn from this data. A more thorough analysis of the 

changes in unique compounds with time of cut is discussed in ‘7.4.2.1 F1 

differences between compounds’.  
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7.4.2 F1 (F0 half-sib progeny) seedling grown in trays 

7.4.2.1 F1 Differences between compounds 

 

 Time of cut significantly affected the differences between phenolic 

compounds grouped by classification in Cocksfoot leaf tissues collected from 

both F1 seedling trays and relative F0 MP’s, where differences in grouped 

phenols were significantly different within cuts for the F1 seedling (Figure 7,3, 

Table 7.3). Quantity of flavonoids and hydroxycinnamate-flavonoid conjugates 

increased between cuts 1 and 2, with flavonoids and hydroxycinnamates 

decreasing from cut 2 onwards (as indicated be significant differences between 

grouped compounds in Table 7.4). Flavonoid production has been observed to 

increase within days of germination in seedlings of amenity grasses, although this 

is not reported beyond seedling stage (Pedersen et al., 2018). The increase in 

flavonoid compounds seen between cuts 1 and 2 reflects this trend, where plants 

had matured to no longer be considered ‘seedlings’ by later cuts (with plants 

being over two months old at this time). In contrast, conjugate compounds 

increased consistently within leaf tissues with each sequential cut. This data 

indicates plants synthesising more complexed, conjugated phenolic compounds 

with time, at the cost of fewer separate flavonoids or hydroxycinnamates, which 

may have been a seasonal effect at each regrowth. Some literature suggests that 

dimerization of flavonoids can increase anti-oxidant activity, yet little is known of 

the effects of conjugates containing both flavonoids and hydroxycinnamates 

(Williamson et al., 1999). Data presented in Hauck et al. (2013) suggests that the 

more complexed the hydroxycinnamate-flavonoid conjugate, the greater the 

antioxidant activity. This could be of use within industry if biorefining of 
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compounds aims to produce a product with the greatest antioxidant capabilities, 

which could be considered more appropriate for use in health foods and 

supplements than medicines. Quantity of conjugated compounds within F1 (F0 

progeny) seedling leaf tissues was found to increase across the cutting period 

(Figure 7,3, Table 7.4), inferring that leaf tissues had a greater anti-oxidant 

capacity further into the summer season.  

 In contrast, the industry for flavonoids for use in medicines and 

pharmaceuticals is set to increase in market value from 2014 onwards (Persistence 

Market Research, 2018). The wide variety of flavonoid molecules identified 

within the F0 and F1 Cocksfoot, have been noted in numerous literature reports 

for their anti-inflammatory and anti-carcinogenic properties, with some patented 

within chemotherapies (see 1.7.2 Phenolic compounds). Because of this, it is 

worth identifying the particular timing of non-conjugated flavonoid production 

within leaf tissues, as seen at cut 2 in F1 (F0 progeny) seedling trays (see Figure 

7,3, Table 7.4).  

 It is plausible that weather throughout the cutting period (June-August 

2018) could have influenced the production of phenolic compounds within leaf 

tissues. Having an understanding of which periods of weather could increase 

flavonoid production could enable better exploitation of Cocksfoot as a 

biorefining crop.  
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7.4.2.2 F1 Difference between accessions 

 

 Although total phenol content - taken as a mean across all accessions, F0 

MP and their progeny – did not differ greatly between and within cuts (Table 7.3), 

total phenols within the leaf tissues of progeny alone reduced significantly 

between cuts 2 to 4 across all accessions (Figure 7,4). Differences in quantities 

between the two data sets indicates that changes in phenol content over a tri-

weekly summer cutting period varies between F0 MP and F1 (F0 progeny). 

Environmental dissimilarities between MP’s grown in 6-inch diameter pots and 

progeny sown in 2-inch depth wells could have influenced production of phenolic 

compounds, as indicated by the differences in grouped phenols (Table 7.5). As 

phenols are secondary metabolites, which are often associated with metabolic 

pathways initiated by stress, restricted root growth of progeny sown in shallow 

trays could be perceived as a stress. Yet, phenol content within leaves of progeny 

reduced more greatly with time, contradicting this notion. Reduction in soil 

nutrients over time could additionally have affected the synthesis of secondary 

metabolites; potted F0 MP’s were grown from tillers taken from original F0 

spaced plants in February 2018, compared to F1 (F0 progeny) seed sown in April 

2018. Despite presence of Osmocote exact fertiliser tablets, potted MP’s could 

have experienced a greater decline in nutrients towards the end of the summer 

season (cuts 3&4), maintaining phenol content in leaf tissues. The difference in 

age of plant tissues between MP and F1 (F0 progeny) may also have altered the 

quantity of phenols produced over the cutting period. F0 MPs were planted as part 

of the F0 spaced plant trial in 2009, which can be compared to F1 (F0 progeny), 
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which could have been considered seedlings during the first cut. Cvikrová et al. 

(1996) found that production of phenolic compounds can be increased during 

intensive mitosis in alfalfa. With potential restriction in growth caused by small 

depth within progeny trays, reduced quantity of phenols with time could be 

related to inhibited tissue growth and lower rate of cell division. 

 Irrespective of differences in quantity of phenols across the cutting period, 

Figure 7,4 illustrates that mean phenol content was not always significantly 

different between F1 accessions (Table 7.3). This is indicative that accession has 

little effect on the quantity of phenolic compounds produced within leaf tissues of 

Cocksfoot, inferring that phenols are under greater environmental control than 

genetic, thus indicating that selective breeding for optimum phenol production 

would have little success. This notion was further emphasised by data from the F1 

yield plot trial, where phenol quantity and profile was not significantly different 

between accessions, across a greater time period (see 7.4.3 F1 yield plot trial). 

7.4.2.3 F1 Differences between MP and progeny 

 

 Significant differences were seen in the phenolic content and composition 

of leaf tissues between F0 MP and relative F1 (F0 progeny) seedlings grown in 

trays (Figure 7,5), yet it is unlikely that these differences were an effect of 

differences between generations, as due to experimental design, environmental 

factors were different between the F1 and F0 plants. Moreover, samples taken 

from progeny allowed for replication, yet only one sample was taken across 

replicated MP tillers. Results of a greater reliability could have been obtained if 

MP’s were compared against multiple individual progeny plants, as opposed to 
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comparison against numerous seedlings within a tray. This was not possible 

within this project due to time constraints. Similarly, differences in phenol profile 

between MP and respective progeny could have been an effect of plant maturity 

(MP created from tillers of mature plants compared to progeny seedlings). The 

synthesis of some flavonoids is often associated with lignin biosynthesis, which 

may have been greater in the more mature MP’s. In a similar respect, progeny 

grown in trays could have experienced stress from root confinement within the 

small, shallow wells within the trays. In addition, as a biorefinery crop, Cocksfoot 

would be grown in a field as a sward – this cannot be directly compared to potted 

plants, such as the MP and F1 (F0 progeny) trays referred to in the data presented 

in Figures 7,3-7,5. Environmental and biotic factors could alter phenol production 

within leaf tissues of Cocksfoot grown within a field; the effect of these factors on 

phenol production are analysed and discussed for families within the F1 yield plot 

trial below.  

7.4.3 F1 (Half-sib progeny test) yield plot trial 

7.4.3.1 Newly identified isomers 

 

 Forty-four different phenolic compounds were identified within the F1 

yield plots across five monthly cuts (Table 7.5), amongst which, 17 isomers were 

identified that were not previously reported within Cocksfoot by Hauck et al 

(2013) (indicated in green text). Although not undertaken during this project due 

to time constraints, elucidation of these compounds via MS3 and isolation through 

reverse phase chromatography, followed by acid/alkali hydrolysis and structural 

analysis by NMR could have allowed for determination of chemical structure. 
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Differences in structure of these isomers could offer unique therapeutic benefits, 

due to structure activity relationships, especially given the known differences in 

anti-oxidant activity of salvianoilc acid A and salvianolic acid B in the Chinese 

medicinal herb Danshen (Zhao et al., 2008; Chen et al., 2013). Therefore, further 

work to assess the biological activity of the newly identified isomers in Cocksfoot 

could compare their properties against isomers of interest isolated from other 

plant species.  

7.4.3.2 Differences between plots/accessions 

Figure 7,6 illustrates the increase with consecutive cut in total phenolic 

quantity produced across all F1 accessions in the F1 yield plot trial, although 

differences between the last three cuts were not significantly different from one 

another. The increasing content of phenolic compounds with cut could facilitate 

an extended cutting season for Cocksfoot grown for biorefining, allowing for 

greater profitability. The continual increase in total phenolics could have been a 

causation of lignification with regrowth, as reported in various grass and legume 

species by Bidlack and Buxton (1992). The production of phenolic monomers, 

amongst other secondary metabolites, can be associated with metabolic pathways 

involved in lignin synthesis (Méchin, et al., 2000; Casler and Jung, 2006; Jung 

and Fahey, 1983; Renault et al., 2017). However, the forage quality of Cocksfoot 

would be reduced by the presence of lignin, as lignified plant tissues offer lower 

digestibility, which could reduce suitability of residual fibres to be utilised as 

livestock feed or feedstock for an anaerobic digester after biorefining.  

 As lignin biosynthesis is associated with phenols, Hydroxycinnanmate-

flavonoid conjugates may have seen a decrease in production towards the last two 
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cuts, through tissues becoming more lignified. Figure 7,6 illustrates how the 

presence of conjugated compounds plateaus between cuts four and five (August-

September), unlike the other two grouped compounds. Both hydroxycinnamate 

and flavonoid phenolic compounds exhibited a linear increase with consecutive 

cuts between May-September 2019. This data contradicts trends recorded from 

the F1 (F0 progeny) grown in seedling trays, existing from the same accessions 

that were entered into the F1 yield plot trial; hydroxycinnamates generally 

decreased with cut, whereas flavonoids and conjugated compounds increased 

(Table 7.4). Whilst F1 (F0 progeny) trays were cut more frequently (tri-weekly as 

opposed to monthly) and in different years, this distinct difference in phenolic 

production between the two data sets was more indicative of environmental 

impact on the production of secondary metabolites. Plants within shallow welled 

trays could have been limited not only by space, but also by available nutrients, 

altering stress resistance metabolic pathways. It is well known that the production 

of secondary metabolites, including phenols, can alleviate damage to plant tissues 

caused by stress through anti-oxidant activity. Flavonoids have previously been 

identified for having a greater capacity to scavenge reactive oxygen species in 

plants than hydroxycinnamate compounds (Williamson et al., 1999). Plants from 

within the F1 (F0 progeny) trays likely increased flavonoids over 

hydroxycinnamates – therefore trends in the production of grouped phenols with 

consecutive cut in field conditions would be more accurately described by the F1 

yield plot data, especially given this accounts for interaction and competition 

between plants within a sward. 
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 Flavonoid compounds were consistently produced in the greatest quantity 

of the grouped compounds within the F1 yield plots, irrespective of cut (Figure 

7,6). The market value of flavonoid compounds (as opposed to hydroxycinnamate 

and conjugated compounds) has been highlighted within 7.1 Introduction. 

Irrespective of cut, lithospermic acid was the only individual phenol to exist in 

significantly high quantities across all cuts (Table 7.3). The existence and 

importance of lithospermic acid has previously been highlighted in Cocksfoot, 

with the compound being known for abundancy within the medicinal Chinese 

herb Danshen. Lithospermic acid possesses clinically proven anti-inflammatory 

and anti-viral properties, giving it potentially high commercial value as a 

biorefinery product (Lin and Hsieh, 2010; Liu et al., 2008; Zhang et al., 2008; 

Huang and Abd-Elazem, 2008). Data from the F1 yield plots infers that 

lithospermic acid could be a reliable and plentiful biorefinery product of 

Cocksfoot.  

 No significant differences in the quantity of total, grouped or individual 

phenolic compounds were seen between accessions and/or control varieties within 

the F1 yield plot trial (Table 7.6). Although some data from F1 (F0 progeny) trays 

suggests differences between accessions, these differences were not consistent 

between nor within cuts and comparison against relative F0 MP showed very few 

similarities within lineage. Environmental factors and metabolic pathways 

influenced by growth stage had a greater effect on the presence of phenolic 

compounds, where breeding efforts to selectively improve phenolic quantity or 

composition could be nullified by greater environmental influence, although an 
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analysis of genetic variation would be required to conclude this. Further work 

could also look to compare individual plants against MP’s, to truly assess whether 

progeny share a similar phenolic profile to their mothers.  

 

7.5 CONCLUSION 

Preliminary data from the F0 spaced plants revealed no effect of season 

upon the quantity of phenolic compounds, although it did affect the phenolic 

profile in terms of composition of unique compounds. However, data from F1 (F0 

half-sib progeny) seedling trays suggested that time of cut (within the summer 

season) can significantly influence both the quantity and phenolic profile, 

although this is likely an effect of regrowth instead. Data from the F1 yield plot 

trial revealed that consecutive cuts can steadily increase phenolic compounds, 

through spring to autumn. Whilst the three data sets seem contradictory, it must 

be remembered that data from the F0 spaced plants was preliminary and that data 

from F1 (F0 half-sib progeny) grown in seedling trays could have been greater 

influenced by restricted plant growth than timing of cut. Leaf tissues from across 

all F1 yield plots showed increased content of phenolic monomers 

(hydroxycinnamates and flavonoids) in regrowth obtained by consecutive cutting. 

The tissues also consistently produced flavonoids in high quantities, more so with 

each cut. It has been proposed that flavonoid compounds hold the greatest 

biorefining market potential and so tissues from later cuts would have greater 

economic benefits, but only if monthly cutting intervals are maintained to prompt 

lignification in regrowth. The same effect can be seen with lithospermic acid, 
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renowned for its presence in medicinal herbs, anti-inflammatory and anti-viral 

properties. In contrast, increased lignin synthesis associated with the production 

of phenolic monomers could result in Cocksfoot with lower digestibility, reducing 

additional economic gains from utilising residual grass as a livestock feed or 

anaerobic digester feedstock. Comparison of quality (WSC, DMD and Protein) 

data from the F1 yield plots against phenolic quantity allows for conclusions 

regarding the feasibility of Cocksfoot to be further utilised following the 

biorefining of phenolic compounds (see 8.4.2 Quality and phenols). 

Differences in total phenolic quantity between accessions from the F1 (F0 

half-sib progeny) seedling trays were significant for some cuts, but not others. 

Significant differences were also seen between potted F0 MP’s and F1 (F0 half-

sib progeny) grown in seedling trays; collectively, this could imply that phenolic 

profile may differ between generations and accessions within the same 

generation, allowing for the production of phenols to be used a selection trait in a 

breeding programme. However, the F0/F1 comparison experiment did not have a 

robust design and it cannot be said with certainty that these differences were not a 

result of abiotic stress or plant maturity instead. Further work would be required, 

such as an analysis of genetic variation, to determine the causation of differences 

in phenol profile between accessions and generations, which could not be 

undertaken within the time constraints of this project. Data from the project would 

be better utilised to calculate expected phenol quantity per accession, in relation 

to the variation to other test traits, which is illustrated in 8.3.2 Autumn growth and 

phenolic composition. 
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8. GENERAL DISCUSION 
 This project was undertaken to evaluate the suitability of Cocksfoot as a 

biorefining crop, in specific relation to phenolic compounds. Cocksfoot has 

previously been noted for having high quantities of phenolic compounds (Hauck et 

al., 2013) and so this project aimed to analyse how both phenolic quantity and 

profile vary across Cocksfoot varieties/accessions, over a cutting regime suitable to 

be implemented on a farm, and to explore the potential for improving the phenol 

content through a selective breeding method (see 2.2 Breeding methodologies). To 

further improve the species for biorefining, breeding methods aimed to increase 

DMY, to supposedly in turn improve expected phenolic yield from a pasture. 

Biomass quality from cut yield plots was also assessed, to explore the influence of 

this on biorefining potential. Other traits which were considered to have a potential 

impact on the phenolic content were also addressed throughout the breeding process, 

including disease severity, winter hardiness, ploidy and emergence of inflorescences. 

The aim of all these investigations, was to determine which factors influence the 

production of phenolic compounds, whether Cocksfoot would be suitable as a 

biorefinery crop and whether a recurrent selection process could result in an 

improved crop which could be marketed specifically for this use (see aims and 

objectives in ‘General introduction’). 

Although previous chapters have individually discussed ploidy, the severity 

of two fungal pathogens, biomass quality (WSC, DMD and Protein), DMY, winter 

hardiness, heading dates and the quantity/profile of phenolic compounds through the 

initial and first generations of the Cocksfoot breeding programme of this project, this 

has allowed for little comparison between traits. A greater understanding of how 
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breeding efforts addressed the suitability of Cocksfoot as a biorefinery crop would be 

gained through the analysis of any interactions or correlations between traits.  

8.1 PLOIDY 

 Determining the variation in ploidy within the initial generation (F0) was 

essential to ensure optimised cross fertilisation and uniformity within future 

generations. Whilst chromosome counts, peak values obtained through flow 

cytometry and calculated 4C DNA per variety/accession showed some variability, 

sufficient evidence concluded that all but one entry, Bc5694, were tetraploid 

(4n=28). Because of this, progeny seed threshed from Bc5694 MP’s after the F0 

polycross was not taken forward into the F1 (F0 progeny) spaced plant or yield plot 

trial. Therefore, no comparisons can be made as to how ploidy may have affected 

phenotypic traits throughout this project, given that the breeding population had 

predominantly uniform ploidy.  

8.2 DISEASE 

Observations of both individual plants and entire accessions in both the F0 

and F1 (F0 progeny) spaced plant trials revealed that the most prevalent pathogens 

infecting Cocksfoot were Leaf Fleck and Stripe Rust, where severity of disease 

varied across seasons. Disease severity scoring within both the F0 and F1 (F0 

progeny) spaced plant trials gave apparent indication that the severity of infection 

and resulting necrosis of plant tissues was greater caused by Leaf Fleck than Stripe 

Rust (see 4.3.3.2 Disease F0 across accessions and 4.3.4 F1 spaced plants). 

Therefore, Leaf Fleck would be more likely to alter the biorefining potential than 

Stripe Rust, as infection of fungal leaf pathogens can result in leaf necrosis, initiating 

stress tolerance metabolic pathways. Throughout both generations (F0 and F1), 
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disease severity was significantly affected by accession and month (Table 4.2&4.5), 

where monthly monitoring in the F0 spaced plant trial indicated an expected 

seasonality of Leaf Fleck. This was further affirmed by disease observations in the 

F1 spaced plant trial. Infection of Leaf Fleck was greatest in cooler, wetter months, 

aligning to optimum conditions for sporulation and resulting spread of 

urediniospores of Mastigosporium ssp. outlined by Wenham and Latch (1958). 

Although these winter months would not coincide with any cutting regime, it is 

worth considering that leaf tissue damage and necrosis could reduce the quality of 

the first cut, if Fleck infected tissues hidden under spring growth were cut. 

Increasing the cutting height may alleviate this, but would come at the cost of lower 

DMY.  

Disease scoring on the F0 spaced plant trial (2017; Figure 4,8) showed low 

severity of Leaf Fleck in the month of May, increasing throughout June, and with 

low disease seen once again in August (observations were not carried out in July, as 

plants were cut, due to unmanageable heights from summer growth). It is possible 

that this drop in disease is an effect of cutting the spaced plants – removing plant 

tissues would reduce the leaf area available for the spores to land, grow lesions and 

then sporulate, in addition to removing diseased tissues. Cutting of the plants could 

have reduced transmission of the disease between leaf tissues in this way. This 

theory could only be tested with repeated cutting and more frequent disease scoring. 

If proven to be conclusive, this would suggest that reducing intervals between cuts 

could alleviate the negative impacts on the quality of Cocksfoot from disease 

infection. In turn, this could this could alter the biorefining potential of the grass, 
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although Nizami et al. (2009) suggest that altering the timing and frequency of 

cutting can alter the quality of grass, which could outweigh any benefits seen by 

reducing disease severity.  

It would be informative to compare disease severity to quality and phenolic 

data from the F1 (F0 progeny) plot trial, to outline any correlations between reduced 

quality or difference in phenolic composition and Leaf Fleck infection. There is 

evidence that grass expressing greater resistance to fungal pathogens can exhibit 

increased lignin biosynthesis, reducing available WSC, which must be considered 

during this project (Vance and Sherwood, 1976). Some phenolic compounds - 

beneficial to biorefining - are a pre-requisite of lignification, where free phenolics 

within cell walls could be reduced via this metabolic pathway if tissues were infected 

with a pathogen (Méchin et al., 2000; Casler and Jung, 2006). However, all disease 

scoring was undertaken on spaced plants, as this allowed for a greater level of 

replication and acted as a phenotypic selection trait for entries into the polycrosses. It 

is possible that disease severity would differ in Cocksfoot grown as a sward, as 

density of leaves could have increased the transmission of fungal spores between 

plants, although the degree to which this would occur cannot be assumed from data 

collected within this project, as disease scoring was not undertaken on plot trials. 

Moreover, phenolic profile and quantity was not significantly affected by accessions 

during the F1 yield plot trial (7.3.2.2 Leaf tissues from F1 (F0 progeny) yield trial), 

inferring that the significant differences seen in Leaf Fleck severity may not result in 

differences in phenol synthesis.  
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8.3 DRY MATTER YIELD 

 Data collected from replicated yield plot trials for both the F0 and F1 (F0 half 

sib progeny) yield plot trials allowed for the comparison of DMY between 

accessions across 5 monthly cuts, over Spring-Autumn of 2010, 2011 (F0) and 2019 

(F1) (see 5.3.1 Dry matter yield for collected data, Appendix 7 & 9 for field plans 

and Appendix 16 for field locations). DMY recorded in both years of the F0 yield 

plot trial was significantly different between F0 accessions (Table 5.1&5.2), but no 

differences were seen between the F1 accessions within the first year of the F1 (F0 

progeny) yield plot trial (Table 5.3). This inferred that environmental factors 

influenced growth, given that Abertop was used as a control in both trials; yet, it is 

equally likely that differences in drying methods during sub sampling from the plots 

resulted in differences in variable DMY within accessions (see 5.4.1.2.1 Discrepancy 

between fresh weights and dry weights) . Therefore, data from this project could not 

conclude whether breeding efforts have been effective in improving DMY in 

Cocksfoot. The addition of data from the F2 yield plot trial could have allowed more 

insight into this but were not included due to time constraints and working restriction 

during the Covid-19 pandemic. 
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8.3.1 Yield, quality and heading date 

 

Although data from 5. Quality and yield did not conclude the effect selective 

breeding had on DMY, data from other chapters could be compared against it, to 

identify any correlation between traits from synonymous accessions from the spaced 

plant trials. DMY is known to be influenced by additive gene effects, giving the 

potential to indirectly select for changes in DMY by selecting other phenotypic traits 

such as plant height, as described in Majidi et al. (2015). Therefore, selecting for 

other traits that may be genetically linked to these genes would in theory result in 

cumulative improvements in DMY with generations. Harris et al. (2008) suggest that 

Cocksfoot with earlier heading dates could see up to 7% increase in yield.  

Figure 8,1: Linear regression of total yield (DMY) per accession in both F0 and F1 yield plot trials against relative 

mean heading date recorded from the F0 and F1 spaced plant trials. Regression lines are indicated per trial and R² 

values are also listed. F0 accessions where progeny were entered into the F1 trials are circled in black, with accessions 

entered into the F1 polycross circled in green.  
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Figure 8,1 illustrates the regression between average heading date (spaced 

plants) and total DMY (yield plot trials) of the F0 (years 1&2) and F1 (F0 progeny) 

generations, created using SPSS Statistics 25 (IBM, New York). Comparison of data 

for both years from F0 accessions show no correlation, with the heading dates having 

a negative correlation to the DMY in the F1 accessions (R²=0.345). This negative 

correlation infers greater yield with earlier heading date, but only in the F1 

accessions. With inconsistencies in the correlations of the two traits between 

generations, data suggests that selecting plants with earlier heading dates would not 

always select for the greatest DMY potential. However, F0 trials consisted of wild 

accessions and commercial varieties – the broad germplasm could explain the lack of 

correlation between heading date and DMY. Selective breeding leading to the F1 (F0 

progeny) generation may have narrowed the variation in traits, an indication that the 

breeding methodologies utilised within this project could be successful at producing 

a uniform synthetic or population variety. Uniformity is imperative for any candidate 

variety to pass through DUS trials for National Listing – although there is currently 

no DUS protocol for Cocksfoot, the protocol for Perennial Ryegrass indicates 

‘…time of inflorescence emergence (after vernalisation)’ as a test trait (Animal and 

Plant Health Agency, 2020).  

All of the F0 accessions displayed in Figure 8,1 were entered into the F0 

polycross, but only progeny from those accessions circled in black were entered into 

the F1 trials. For the F1 spaced plant trial, it can be seen that in only entering F1 

accessions which were progeny families existing from earlier heading or higher 

DMY F0 accessions, a generally lower range and mean in heading dates were 
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observed. It can also be seen that this selection in F1 accessions (F0 progeny) 

considered high DMY over early heading date (Figure 8,1). Perhaps the narrowing 

of heading date range could explain the difference in correlations seen between the 

generations. Equally, both the F0 and F1 trials saw significant differences in mean 

heading date between accessions (P<0.05), although DMY was significantly 

different between F0 accessions but not F1 accessions. With DMY being more 

consistent and within a smaller range in the F1 accessions than in F0, this could have 

influenced the negative correlation. However, these differences in DMY trends 

between the two yield plot trials (F0 and F1) may have been influenced by 

differences in drying methods of sub samples, where residual moisture content 

would have been lower in oven dried samples (see 5.4.1.2.1 Discrepancy between 

fresh weights and dry weights). Inclusion of data from the F2 (F1 progeny) trials 

would have allowed for a better analysis of how early heading dates can affect 

DMY, potentially further reducing the range in both traits. However, data from the 

F2 yield plot and spaced plant trials could not be incorporated within this project, 

due to working restrictions during the Covid-19 pandemic. It would also have been 

of interest to have had DMY data from the abnormally early heading accession, 

Bc7418, within F1 spaced plant trial included in the regression. This was not 

possible as the accession was not included in the F1 yield plot trial due to low seed 

yield. 

The benefit of higher DMY in the earlier heading F1 accessions could be 

outweighed by poor quality composition. Upon comparing both the mean quality 

across all cuts against quality within the first cut when heading would most likely 
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influence quality composition, %DMD, %WSC and %Protein saw no correlation to 

the mean date of emergence of flowering heads across all F1 accession (all R2 values 

<0.01). Despite expected higher levels of lignin and hemi-cellulose which may have 

resulted from the production of reproductive tillers ahead of the first cut, the lack of 

correlation shows that timing of emergence of these tillers did not have an effect on 

digestibility or WSC. Moreover, Figure 5,4 illustrates how DMY can greatly 

influence available DMD, WSC and Protein per hectare, where differences in 

percent DMD, WSC and Protein have less of an influence on overall expected DMY 

of these quality constituents. This implies that even if later generations were to 

reveal that heading can influence quality of Cocksfoot that this would be negligible, 

so long as high DMY is maintained.  

8.3.2 Phenols as a product of yield 

 

   Differences in DMY, both across accession and cuts, could be considered 

negligible in regards to biorefining, if elevated DMY does not improve the yield of 

phenols. Figure 7,6 demonstrates how throughout a cutting regime, the composition 

total of phenolic compounds steadily increases from spring to autumn. It is possible 

that Cocksfoot with better autumn regrowth would be more likely to increase total 

phenols extracted throughout such a cutting regime; with phenol quantity already 

elevated, any increases in DMY would have a greater potential to increase available 

phenols per hectare than in earlier cuts. Conversely, this would not stand true if 

associated with the synthesis of phenolic compounds. Figure 8,2 illustrates the 

influence of total DMY across all F1 accessions against phenols estimated per 
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hectare at each cut across a monthly May-September cutting regime. Expected 

phenol quantities were calculated as; 

𝑔

ℎ𝑎
=  𝐷𝑀𝑌 (

𝑡

ℎ𝑎
) × 1 000 000 × 𝑇𝑜𝑡𝑎𝑙 𝑝ℎ𝑒𝑛𝑜𝑙𝑠 (𝑚𝑔/𝑔) 

where total phenols refers to totalled mean phenols across F1 accessions. This 

calculation was also performed for phenols grouped by class (for groups, see 7.3.2 

F1 phenols). It is evident that differences in DMY have little influence on available 

phenol yields per hectare, aside from during the last cut, when DMY saw a dramatic 

decrease. This indicates that whilst phenol quantity greatly affects resulting phenol 

Figure 8,2: Comparison between dry matter yield (t/ha) and expected total phenols –total and group - per hectare 

(g/ha) (calculated from DMY) across five monthly cuts in the F1 yield plot trial. Quantities given are means of 

totalled phenols within F1 accessions. 
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yield per hectare in comparison to DMY, any drastic changes in DMY can outweigh 

this. This is made apparent upon comparing Figure 7,6 to the trends seen in Figure 

8,2; a linear increase in total phenols across all cuts can be seen in phenols per gram, 

compared to a large decrease in total (and flavonoid) phenols per hectare between 

cuts four and five. In contrast, trends in hydroxycinnamate, lithospermic & 

salvianolic acid and conjugated compounds per hectare appear to follow the same 

trend as phenols per gram of sample, with the exception of a small decrease in 

phenols per hectare of Hydroxycinnamates in the last cut. The data reported in 

Figure 8,2 indicates that despite a general decrease in DMY across cuts, expected 

biorefining potential of phenolic compounds is not negatively affected, where 

summer cuts could offer greater quantities of phenols per hectare, despite lower 

biomass.  

Figure 8,3: Mean expected phenols per hectare in comparison to mean dry matter yield for the two highest yielding 

accessions in the F1 yield plot trial.  
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 It is possible that those accessions which exhibited greater autumn DMY 

could increase expected phenols per hectare. Within the F1 (F0 progeny) yield plot 

trial, the two accessions (Bc7429 and Bc7431) which produced the highest total 

DMY also experienced some the greatest DMY in the autumn cuts (Figure 5,3). In 

contrast, in both years of the F0 yield plot trial, accessions with high total DMY had 

amongst the lowest autumn yields in comparison to lower yielding accessions 

(Figures 5,1&5,2). Accessions Bc7429 and Bc7431 were progeny from F0 MP 

belonging to varieties Lidacta and Sparta (Appendix 14) – two of the entries with the 

greatest total F0 DMY. It must be remembered that calculated DMY cannot be 

directly compared between the F0 and F1 trials due to differences in sub sample 

drying methods, leading to different residual percentage moisture in dried sub 

samples (see 5.4.1.2.1 Discrepancy between fresh weights and dry weights).  

 Figure 8,3 compares calculated expected phenols per hectare against DMY in 

the two highest (overall and autumn) yielding F1 accessions, Bc7429 and Bc7431. A 

likeness in trends can be seen in Figure 8,3 as in Figure 8,2 – where DMY and 

expected phenols per hectare followed almost opposing trajectory’s, until the final 

cut in September. It can also be observed that despite little difference in the DMY of 

the accessions, expected phenols vary greatly, where phenols are almost 2kg/ha more 

plentiful in Bc7431 than Bc7429 during the July and August cuts.  

8.4 QUALITY 

 Quality composition of Cocksfoot did not alter greatly between the F0 and F1 

(F0 progeny) generations, although this analogy would be better instated if quality 

data were available for the final three cuts of the F0 yield plot trial. The similarities 
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seen both between the generations and between accessions within generations 

indicate that the biomass quality of Cocksfoot is predictable and consistent. This 

may be beneficial to the biorefining of phenolic compounds, as changes in chemical 

composition of tissues could result in changes in secondary metabolite production 

(see data in 5.4.2 Quality). On the other hand, the low range of differences seen 

between F0 accessions and lack of significant differences between F1 accessions 

make selecting for quality challenging and breeding efforts would likely result in 

little improvement. Upon considering percentage quality constituents as a product of 

DMY, it became apparent that differences in DMY can have a greater influence on 

the mass of digestible matter than any differences in quality between cuts or 

accessions. Therefore, breeding for improved quality could be better achieved 

through consideration of DMY instead. In general, NIRS data from the F1 yield plot 

trial saw an increase in %Protein with cut, but a decline in %WSC. As discussed in 

5.4.4.2 F1 yield plot trial, the contrasting trends in these two quality constituents 

indicates further biorefining potential of Cocksfoot across the spring-autumn 

seasons. Alternatively, protein extracted as a livestock feed supplement would not 

only reduce CO2 emissions from the transportation of alike extracts from imported 

Soya (Hermansen et al., 2017), but would also offer an additional income on farm. 

 Comparison of Met data between the F0 and F1 (F0 progeny) trials gave 

some indication that whilst digestibility and protein are not strongly affected by 

differences in climate, WSC may be. Buxton (1996) suggests that lower 

temperatures can elevate WSC – which was supported by overall greater WSC in the 

second cut of the F0 yield plot trial compared to the F1 yield plot trial, where 
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temperatures were on average 3°C warmer (see Met data in Appendix 1&5). If 

Cocksfoot cultivated on an upland pasture were to be considered for the biorefining 

of fructan from WSC, then it is worth noting that WSC levels recorded for Cocksfoot 

in trials in lowland are likely be lower than would be expected at a higher elevation 

where temperatures are cooler.  

8.4.1 Quality and winter hardiness 

 

 In further discussion to the relationship between climatic conditions and 

quality in Cocksfoot, Livingston et al., (2009) and Sanada et al., (2007) infer that 

better winter hardiness can be related to higher WSC in leaf tissues. As only cuts 

1&2 were analysed for WSC content in the F0 yield plot trial, only data from 

synonymous cuts in the F1 (F0 progeny) yield plot trial could be compared. As 

winter conditions in 2019 caused several plants within the F1 spaced plant trial to 

die, percentage survival was used as an indication of winter hardiness for each 

Figure 8,4: Percentage survival per each F1 accessions linearly correlated against mean %WSC across all cuts, 

through a Pearsons correlation. Line of best fit indicates the general trend, although no correlation was seen between 

the variables (R2 = 0.03). 
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accession instead. Figure 8,4 illustrates the lack of correlation between mean %WSC 

content across all cuts in the F1 yield plot trial against percentage winter survival of 

all F1 accessions in the F1 spaced plant trial (R2 = 0.03). Whilst this could imply that 

%WSC does not have any significant effect on winter hardiness, perhaps the 

elevated WSC associated with winter hardiness is only apparent in winter months, 

where accessions that may have experienced this would no longer exhibit this trend 

through Summer-Autumn. Further work should look to sample Cocksfoot during 

winter months to assess whether greater %WSC in leaf tissues during winter months 

could give an indication of improved winter hardiness. Moreover, winter survival 

scores from the F1 spaced plant trial could have been influenced by external factors 

– given that the F0 and F1 spaced plant trials were undertaken in different fields, 

variations in soil pests and exposure to prevailing wind may have caused plants to 

die off, rather than specifically winter conditions (see Appendix 16 for field 

locations). 

 If WSC is only elevated during periods of harsh winter conditions, then 

perhaps the biorefining of an inulin extract from Cocksfoot would be best considered 

in a location other than Wales, which experiences a fairly mild climate throughout 

the year. The extraction of fructans from biorefining crops with elevated WSC can 

offer a high commodity product, as they can be sold directly as a health food 

supplement for humans (Smith et al., 2015), although the grass growth during winter 

months is stunted and cutting cut reduce spring growth and persistency following 

frost damage.  
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8.4.2 Quality and biorefining 

 

 To explore the influence of biomass quality on the biorefining potential of 

Cocksfoot, changes in total phenol quantity must be compared against fluctuations in 

protein and WSC. Figure 5,2 illustrates how %Protein increased with each 

consecutive cut whilst %WSC decreased; Figure 7,6 illustrates how all groups of 

phenolic compounds increased with consecutive cut (for phenol groups, see 7.3.2 F1 

phenols). When respectively converted to mass according to DMY, all groups of 

phenols are seen to follow a similar trend in through most cuts (Figure 8,2) and 

protein quantity remains fairly consistent - yet, the trend in WSC remains fairly 

unchanged. This data implies that the first three cuts would be favourable for the 

biorefinery of phenolic compounds (or inulin), but that the fourth and fifth cuts 

would be less favourable. In addition, with the mass of total phenols per hectare 

dropping by over 50% from the fourth to the final cut, an October cut would have 

significantly less economic value, which in relation to a farming business, must be 

weighed up against the labour and machine costs required to cut the grass. Instead, it 

could be suggested to graze Cocksfoot during the autumn; although feed quality 

would not be optimum, elongated autumn growing season could extend grazing as 

far as into November with little need for supplement silage.  

 When comparing %WSC to total phenolics without regard to DMY, 

opposing trends can be seen. This is of interest given that some phenolic compounds 

are associated with lignin biosynthesis, where an increase in phenolic compounds 

have been noted within cell walls in more lignified tissues (Jung and Fahey, 1983; 

Casler and Jung, 2006). The concentration of free sugars within plant tissues are 
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widely known to decrease with increasing lignification, as the sugars are metabolised 

to form more complexed structural carbohydrates. The presented data in this project 

supports this, where perhaps other grass species would not experience the same fall 

in WSC content as Cocksfoot, because it produces noticeably greater phenol 

quantity.  

8.5 PHENOL VARIATION 

 Total and grouped phenolic compounds, hydroxycinnamates, flavonoids and 

hydroxycinnamate-flavonoid conjugates, all increased with each consecutive cut 

throughout the F1 (F0 progeny) yield plot trial, with no significant differences seen 

between accessions. This contrasted data collected from F1 (F0 progeny) seedlings 

grown in plastic 72-welled trays, prior to being entered into the F1 spaced plant trial, 

which saw some differences in phenolic quantity between accessions and very 

different trends with tri-weekly cuts. However, data from the F1 yield plot trials was 

considered most relevant to assessing the biorefining potential of Cocksfoot, as plots 

were thought to reflect the behaviour of the grass in a pasture. Collectively, all of 

these data suggest that production of phenolic compounds is greatly influenced by 

environmental factors, such as change of season during the yield plot trial, confined 

spaced for root growth in the seedling trays and nutrient stress. This is opposed to 

genetic influence, which would have been highlighted by significant differences 

between F1 accessions in both seedling trays and yield plots. Because of this, it can 

be concluded that selectively breeding for Cocksfoot with greater phenol quantity 

would likely have little influence, where selecting for other factors would see a 

greater improvement in total phenolic yield per hectare. This would have been better 

assessed by calculating the heritability of phenolic quantity between the F0 and F1 
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generations, yet this could not be achieved as no comparable data were taken 

between the trials (F0 yield plot trial was undertaken prior to the start of this project). 

Moreover, phenol data between F0 MP and F1 (F0 progeny) could not be directly 

compared to calculate heritability, as maturity and growing conditions were too 

different (potted tillers, compared to seedlings confined to trays, respectively). 

 Comparison between trends in DMY and expected phenols per hectare 

indicated that greatest expected phenols per hectare would be obtained from 

Cocksfoot in summer (July and August), as opposed to spring growth, which had a 

greater DMY (Figure 8,2). For the biorefining of phenols to be considered a feasible 

alternative to livestock farming in Wales, estimated economic returns must be able to 

offer a sufficient income. To gain an understanding of this, phenol yields must be 

translated to expected income, which is discussed further in 8.8 Estimated incomes 

from biorefining. Data from the F1 yield plot trial also revealed that Lithospermic 

acid consistently occurred in significantly high quantities across all cuts – a trend 

which was not observed at such consistency with any other compounds (Table 7.3). 

This compound has previously been highlighted within Cocksfoot (Hauck et al., 

2013), due to its wealth of anti-viral, anti-inflammatory and anti-thrombotic 

properties (see 1.7.2 Phenolic compounds). Previous studies have explored the 

potential for the extract to be directly injected as a treatment for coronary heart 

disease and cerebral infarction, meaning that of all phenolic compounds, 

Lithospermic acid can be considered a high-value commodity (Zhang et al., 2006). 

Given data within this project has demonstrated the consistency of this particular 
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phenol, it can be concluded that Cocksfoot would make a suitable biorefinery crop, 

based on Lithospermic acid alone.  

8.6 OPTIMUM MANAGEMENT AND HARVESTING 

 With Cocksfoot being considered for cultivation in Wales where upland 

pastures are common, the grass must not require intense management, as access to 

such areas may be challenging. There is also the added difficulty that data reported 

within this project was collected in lowland, where practises for optimal biorefining 

could differ significantly in the uplands. The greatest challenge in management 

would likely be gaining access to the pasture with large machinery, either required 

for drilling of seed, fertiliser applications (post sowing, 9&5 weeks prior to first cut 

and applications after each cut, see 2.1 Prior work on F0), cutting the proposed 

monthly cuts throughout May-September (alongside transport of cut tissues to a 

biorefinnery). Plots analysed within this project were hand sown, whereas sowing an 

entire field in this manner would not be feasible. Challenges could also be posed in 

fertiliser applications when applying to an upland pasture, as camber of the field and 

increased rainfall could cause run off. Further work would be needed to assess the 

influence of changing fertiliser rates on DMY and phenol production in Cocksfoot. 

Dry matter yield, quality data and phenol data from this project indicated that a 

monthly cutting regime (Spring-Autumn) would be suitable for Cocksfoot as a 

biorefining crop. There is also some indication that extending the cuts later into 

autumn could be useful for increasing overall DMY, but this would not be optimal 

for biorefining (given the reduction in Lithopsermic acid and low %WSC). 

Alternatively, cutting intervals could be determined by a target standing yield of 
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Cocksfoot, to optimise the quality of regrowth tissue, but further work would be 

needed to determine this target.  

The only exception to this management and harvesting practise could be 

additional cuts during winter months to actively remove tissues infected with fungal 

pathogens; however, accessing upland pastures with heavy machinery could be 

challenging and so light grazing may be a more suitable management technique. 

These potential difficulties in management emphasises the necessity for breeding 

efforts to reduce disease severity. Leaf Fleck was found to be more damaging to 

tissues than Stripe Rust, therefore making the pathogen more likely to affect the 

suitability of Cocksfoot for phenol biorefining. Data from the F0 spaced plant trial 

indicated a sudden decrease in Leaf Fleck infection following a cut in July, 

speculating that removal of infected tissues could allow for control of the disease, 

especially as no fungicides have been seen to control the disease effectively in 

previous studies (Figure 4,8). However, it is possible that further breeding could 

reduce the susceptibility to both of these pathogens, if a screening methods for 

seedlings using manual inoculation was undertaken as a means of selection. 

Attempts at manual inoculation were not successful during this project, but further 

work could look to develop an effective protocol.  

The overwhelming majority of Cocksfoot accessions considered within this 

project were tetraploid; it must be noted that recommendations for management of 

the species may not be applicable to diploid, octoploid or other aneuploidy 

accessions if growth patterns varied. The suspected F0 triploid accession (Bc5694) 

showed no obvious difference in growth patterns compared to the tetraploids, but 
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further investigation into Cocksfoot of other ploidy would be needed to conclude 

how ploidy may result in an alteration of cutting regime.  

8.7 BREEDING  

8.7.1 Selection of F1 families using F0 data 

The selection process for the nine F1 (F0 progeny) accessions taken forward 

into the F0 half sib progeny trials is outlined below. Phenotypic selection for the F0 

polycross is not discussed, as this was undertaken prior to the start of the project. 

Selection of F1 (F0 half-sib progeny) families was according to the performance of 

their relative MP, based on the phenotypic data collected from the F0 spaced plants 

and DMY and quality data collected from the founding F0 plot trials, before the 

commencement of this project in 2010/11. Ideally, only seed from MP’s belonging 

to F0 accessions which showed the best traits overall would have been taken forward 

into the next generation, yet selection occurred with compromise given that often 

favourable traits are negatively correlated in grasses (Majidi et al., 2015; Jafari and 

Naseri, 2007). Therefore, in this early generation where heterozygosity was high, F1 

(F0 progeny) accessions were selected as best per trait and taken forward into the 

next generation. Selective traits per F0 accession can be seen in the heat map, Table 

8.1.  

Upon review of the purpose of this project, it could be suggested that the 

most important traits would be those that directly associated with the improvement 

of phenol yields (high DMY, consistent quality and high quantity of phenols). Yet, 

other traits, such as emergence of flowering heads, can be deemed with equal 

importance; A recurrent breeding population of any species requires uniformity 

within the population, in order to produce varieties that will meet DUS standards 
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(see 1.2.4 Production of varieties). For example, within this early generation, Athos 

and Bc5442 demonstrated the greatest DMY, but have distinctly different heading 

dates compared to the mean for all F0 accessions. Therefore, the second best for 

DMY was selected instead as a compromise (given that those heading dates were 

closer to the mean). 
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Variety/accession 

DMY Yr1 

(total t/ha) 

DMY Yr 2 

(total t/ha) 

DMY (mean 

t/ha) 

Winter 

hardiness 

Mean heading 

date 

Heading 

range 

%DMD 

(mean) 

%WSC 

(mean) 

Fleck 

(mean, 

scale 

1-9) 

Rust 

(mean, 

scale 1-9) 

Abertop 14.34 14.28 14.31 3 05-May 25 65.2 12.35 2.58 0.2 

Arly 15.07 16.67 15.87 1.9 07-May 41 63.4 12.15 3.47 0.35 

Athos 18.61 18.24 18.425 2.5 13-May 18 64.75 13.65 3.14 0.14 

Bc5232 16.06 14.2 15.13 2.2 12-May 15 62.25 8.9 3.01 0.25 

Bc5234 16.17 13.06 14.615 2.4 05-May 28 60.25 8.15 2.98 0.3 

Bc5442 18.03 17.53 17.78 2.6 05-May 25 62.3 11.55 3.36 1 

Bc5448 16.46 16.38 16.42 1.6 09-May 33 63.95 12.6 3.57 1.06 

Bc5654 16.24 12.07 14.155 3.4 10-May 28 64.25 9.65 2.63 0.7 

Bc5673 15.63 15.14 15.385 3.2 14-May 18 63.45 10.85 2.63 0.18 

Bc5694 15.21 13.98 14.595 2.2 20-May 23 65.2 10.6 2.78 0.4 

Bc6902 15.53 12.48 14.005 2.8 09-May 15 64.2 9.75 2.78 0.61 

Bc6911 15.48 13.17 14.325 2.6 08-May 38 65.45 11.2 2.40 0.6 

Bc6947 16.26 15.21 15.735 2.7 08-May 36 64.5 11.4 2.93 0.61 

Bc7049 15.66 15.67 15.665 2.3 09-May 28 63.8 11.4 3.14 0.65 

Bc7060 16.29 15.87 16.08 3.4 13-May 16 66 12.95 1.94 0.28 

Bc7121 15.78 14.58 15.18 3.4 07-May 12 64.25 11.8 2.92 0.32 

Cambria 15.79 15.73 15.76 2.8 10-May 21 63.5 10.9 2.39 0.33 

Lidacta 16.58 18.4 17.49 2.3 09-May 23 64.35 11.75 3.84 0.51 

Prairial 18.2 18.14 18.17 1.95 11-May 20 63.55 13.85 3.71 0.85 

Sparta 15.71 17.94 16.825 2.1 11-May 15 65 14.35 3.67 0.91 

Table 8.1: Heat map to show the best varieties/accessions per trait in the F0 generation, where green indicates the best and red indicates the worst score for each trait. ‘Mean’ refers to values which are 

the mean across measurement period (refer to relevant chapters for period duration). %Protein is not included within the heat map, as other quality traits were deemed more important traits to assist in 

selection. Phenolic composition is also not included, because this trait will not be used as a means of selection 
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8.7.1.1 Discussion of suitability 

8.7.1.1.1 Ploidy 

 

Ensuring the next generation (F1, F0 half-sib progeny) of the breeding 

population was uniform in ploidy level was imperative in allowing for high levels of 

fertilisation, seed setting and subsequent germination within the F1 polycross. With 

the majority of commercial varieties being tetraploid – and all included in this 

population proven to be so in 3. Ploidy – any accessions that were diploid or showed 

inconsistent ploidy were excluded from the F0 half-sib progeny trials. Moreover, 

tetraploid Cocksfoot show greater levels of genetic variation, higher disease 

resistance, earlier vernalisation and increased growth (Lumaret, 1988; Lindner et al., 

2004; Mika et al., 2002; Bretagnolle and Thompson, 1996). 

Accession Bc5694 was the only accession from the F0 spaced plants that 

showed inconsistent values in flow cytometry data, indicating varying levels of 

ploidy. For this reason, progeny from the accession was not chosen to be taken 

forward into the F1 (F0 half sib progeny) trials. It could be argued that the varying 

levels of ploidy would offer variation resulting in expression of favourable traits, 

which may not be exhibited within the tetraploid families, yet stability within a 

breeding population is crucial. Inconsistent ploidy may have resulted in low breeding 

compatibility, therefore reduced seed setting. In comparison to other F0 accessions, 

Bc5694 showed consistent %DMD across yield cuts, especially in the second year 

(see Table 5.4). This apparent consistency in regrowth would make the accession 

more favourable if Cocksfoot were to be cut in this regime on farm, but only if each 

individual cut were to be equally favourable for biorefining. However, Bc5694 
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showed the greatest range in heading dates, where on average the emergence of 

flowering heads were two weeks later than the earliest F0 accessions. Given that all 

accessions within a recurrent selective breeding population require synchronous 

heading dates to ensure fertilisation and seed production, Bc5694 could undergo 

anthesis too late for cross-pollination to occur. 

8.7.1.1.2 DMY and heading dates 

 

  As outlined in 1.3 Previous breeding efforts, earlier heading dates have been 

associated with high forage yields, high seed yields and greater disease resistance 

(Forbes and Watson, 1992; Papadopoulous et al., 1995; Ryle, 1964; Ziliotto, 1969). 

Combining data from the founding F0 plot trial and F0 spaced plant trial, it appears 

that association between earlier heading dates and favourable traits may only be true 

to some extent, where the highest yielding accessions were slightly different to those 

with the earliest heading dates (Table 8.1). Accession Bc5442 showed both early 

heading dates and high DMY in the first year, but difference in DMY to control 

(Abertop) was less in the second year of the founding F0 plot trial. Similarly, the two 

varieties which held the greatest DMY across both years had average heading dates 

greater than the median – Prairial and Athos (Table 5.1, 5.2 & Figure 6,2). 

With this in mind, perhaps it is more beneficial to select for accessions that 

have a lower range in heading dates, as opposed to the earliest heading dates. 

Additionally, uniformity in heading dates is a key DUS test trait and so any 

candidate variety emerging from this project would need to have a narrow and 

consistent range in heading dates. Accession Bc7121 showed the smallest range in 

heading dates, along with a relatively early average heading date; yet, DMY and 
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quality from first and second cut showed little improvement on control, Abertop. 

Contrastingly, it could be argued that high DMY and good quality are more 

important traits to consider than range of heading in this early generation. In this 

way, variety Sparta was the only accession to have a relatively low range in heading 

dates within the F0 spaced plant trial (15 days), as well as returning the greatest 

%WSC with consistently higher yield than Abertop in both years of the founding F0 

yield plot trial.  

Comparing F0 DMY data across both years and all cuts gave clarification 

that the majority of the F0 accessions showed better yield than Abertop (see Table 

5.1&5.2). The exception to this rule was Bc5654 and Bc6902, which both had poor 

quality in the founding F0 plot trial (low %WSC and %DMD) and mediocre 

resistance to both Leaf Fleck and Stripe Rust in the F0 spaced plant trial. For this 

reason, neither of these accessions were considered favourable to continue into the 

F1 (F0 half sib progeny) trials. In general, it can be noted that lower yielding 

varieties had lower %WSC, although %DMD does not appear to directly relate to 

this (see Table 2.1). Furthermore, the highest yielding F0 accessions had some of the 

lowest resistance to Leaf Fleck, where variety Athos could be seen as the highest 

yielding variety to have mediocre disease resistance, rather than poor.  

8.7.1.1.3 Winter hardiness 

Similarly, the most winter hardy F0 accessions – Bc5448, varieties Arly and 

Prairial – had some of the lowest average resistance to Leaf Fleck and Stripe rust in 

the F0 spaced plant trial (see Table 8.1). Contrastingly, Bc7060 showed some of the 

lowest winter hardiness, but good resistance to both diseases in addition to high 

quality. In consideration of desirable traits, the best accessions for winter hardiness 
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and Bc7060 would be ideal to cross, in expectation that some of the resulting 

progeny would express good winter hardiness and resistance to disease 

simultaneously. However, this combination could exist by chance within any of the 

F0 progeny seed harvested from the Bc7060, Bc5448, Arly or Prairial MP’s within 

the F0 polycross, given that F1 progeny are half sib.  

8.7.1.1.4 Disease resistance 

 

Data collected from F0 spaced plants indicated that in the UK, Cocksfoot is 

more susceptible to Leaf Fleck than Stripe Rust (see Figure 4,8 & Table 4.3). 

Therefore, in spite of F0 accessions showing the greatest resistance to Leaf Fleck 

being lower in DMY, it is important to include these within a breeding population. 

Infection from either of the fungal pathogens investigated has been shown to reduce 

palatability and quality, which could ultimately offset any benefits gained from high 

DMY accessions (Carr, 1971; Braverman, 1986). In continuation, data collected 

from the founding F0 yield plot trial indicated that good resistance to Leaf Fleck is 

often associated with higher quality, with Bc7060 in fact having the highest %DMD 

(see Table 8.1). 

However, this did not stand true for F0 accessions with the highest resistance 

to Stripe Rust, where quality varied regardless of resistance to the pathogen. In 

relation to resistance of this specific disease, the most favourable to be carried 

forward into the next generation of trials was considered to be Athos, with both high 

DMY and good quality. Yet, Leaf Fleck resistance for this accession was quite low 

and so progeny were selected for the F1 (F0 progeny) trials alongside the 
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consideration of other progeny families from MP’s exhibiting higher resistance to 

Leaf Fleck. 

8.7.1.1.5 Potential effects of traits on phenolic compounds 

 

Given that presence of disease can result in production of anti-oxidants, this 

could in turn affect phenolic composition within the leaf tissues. Therefore, disease 

resistance of F0 accessions where half sib progeny families were to be continued into 

further trials was particularly important. The F0 accession highlighted for worst 

incidence of Leaf Fleck – Lidacta - increased the total number of unique compounds 

between March and August 2017, where disease incidence decreased (see Table 

7.3&7.4). This inferred that disease severity can affect the composition of phenolic 

compounds in Cocksfoot, which could be an effect of the anti-oxidant effects of 

phenolic compounds. However, F0 Prairial (identified as the second worst accession 

for Leaf Fleck) did not appear to experience an alteration in the number of unique 

phenolic compounds within this time frame, yet presence of specific compounds did 

alter (Figure 7,2). It is also worth re-iterating that the F0 accessions which 

experienced poor disease resistance produced some of the highest DMY in the 

founding F0 yield plot trial.  

Accession Bc7121 showed some of the lowest winter hardiness, in 

conjunction with a consistently low range in phenolic compounds between summer 

and autumn 2017 (see Tables 7.4&7.5). Given the anti-oxidising properties of 

phenols, it would be logical that accessions producing fewer phenols might 

experience worse tolerance to stress. Moreover, data collected on the F0 spaced 

plants did not quantify phenols. It would be impossible to draw a conclusion as to 
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whether the low winter hardiness of Bc7121 was related to phenol production unless 

this quantification were to be made.  

As sufficient conclusions could not be drawn from the phenolic analysis on 

the F0 spaced plants, phenolic composition was not used as a selection trait, where 

further data was proposed to be collected from the F1 (F0 half sib progeny) trials 

with a greater level of replication. Therefore, it was decided that tissues would be 

collected from trays of plants before they were entered into the F1 (F0 half-sib 

progeny) spaced plant trial, to compare against their relative F0 MP’s as an 

indication that phenols could be used as a means of selection.  

8.7.1.2 Phenotypic selection 

8.7.1.2.1 Selected accessions 

 

With such a range in phenotypic traits, at this early generation (F0) it was 

deemed most beneficial to select for progeny families existing from F0 accessions 

with the best score for each individual trait. Exceptions were made for accessions 

with such poor traits that any positive gains from the desired trait were outweighed 

by the negative effect of others. In this instance, selected MP’s per accession were 

previously crossed, where data reported for F0 spaced plants and founding F0 plot 

trials was used to select progeny seed sets based on the performance of the entire F0 

accession, as opposed to the individual MP’s.  

Table 8.2 highlights the best and the poorest qualities of each F0 accession 

relative to values listed in the heat map (Table 8.1), where progeny from F0 MP’s of 

selected accessions (Table 8.2) were taken forward into the F1 (F0 half-sib progeny) 

trials. All F0 accessions which were best for a particular trait were automatically 
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selected, aside from Abertop; a large range in heading dates outweighed advantages, 

as outliers produced flowering heads over a week earlier than the varieties average 

(see Figure 6,2). Abertop also did not perform well for most other traits, emphasised 

by poor DMY and winter hardiness (Table 8.1). Similarly, it could be argued that 

Bc5234 and Bc5442 were poor in most other traits; however, with Bc5442 being the 

only F0 accession - opposed to commercial variety - to be in the top five total DMY 

scores, it was decided to retain the progeny from the accession for the F1 (F0 

progeny) trials. Likewise, Bc5234 had fair winter hardiness and rust resistance, 

although the progeny could likely be excluded from the F1 polycross, depending on 

performance in F1 (F0 half-sib progeny) trials. 

As can be seen in Table 8.2, not every chosen F0 accession held the best value for a 

trait, so were chosen instead for their overall performance. It was also important that 

selection of F0 accessions, from which F1 (F0 half-sib progeny) trials would be 

established, were diverse enough to achieve broad genetic diversity, streamlining this 

selection for advantageous gene combinations. For example, Arly displayed the 

second best winter hardiness, with an early heading date, fair quality and good Stripe 

Rust resistance (Table 8.1). Despite average DMY not being outstanding, the variety 

showed an increase between the first and second year in the founding F0 yield plot 

trial, which was only seen in two other F0 accessions (Lidacta and Prairial). In 

comparison, both of these varieties showed poor disease resistance, where Lidacta 

experienced the worst Leaf Fleck infection amongst the F0 spaced plants (Table 8.1). 
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Best 

for 

traits 

Advantages Disadvantages Selected 

Abertop  Early heading Poor DMY and heading 

range 

 

Arly  Winter hardiness Large heading range, low 

%DMD, low Fleck 

resistance 



Athos 2 Yield, Rust 

resistance 

Late heading 

Bc5232  Narrow heading 

range, Rust 

resistance 

Poor in most other traits  

Bc5234 1 Early heading Poor in most other traits 

Bc5442 1 Yield, early heading Poor in most other traits 

Bc5448 1 Winter hardiness Poor disease resistance 

Bc5654   Poor in all traits  

Bc5673  Rust resistance Poor in most other traits  

Bc5694  High %DMD Inconsistent ploidy  

Bc6902  Narrow heading 

range 

Poor in most other traits  

Bc6911  High %DMD, Fleck 

resistance 

Very low DMY  

Bc6947   Poor in all traits  

Bc7049   Poor in all traits  

Bc7060 2 High %DMD, Fleck 

resistance 

Poor winter hardiness 

Bc7121 1 Narrow heading 

range 

Poor winter hardiness 

Cambria  Rust and Fleck 

resistance 

Poor in most other traits  

Lidacta  High DMY and 

good winter 

hardiness 

Poor Fleck resistance 

Prairial  High DMY and 

%WSC 

Poor Rust and Fleck 

resistance 



Sparta 1 High %WSC Poor Rust and Fleck 

resistance 



Table 8.2: Summary of the best (advantages) and worst (disadvantages) traits seen in the F0 accessions. Accessions selected to 

be taken forward into the F0 half-sib progeny trials are indicated by a tick (). ‘Best for traits’ refers to the number of traits of 

which the accessions showed the best performance in compared to all other accessions. 
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Whilst resistance to Leaf Fleck can be deemed an important trait, the presence of F0 

accession Bc7060 within the selected progeny families entered into the F1 (F0 

progeny) trials was thought to have little negative affect, as disease resistance would 

expect to be increased resistance within the next generation through the F1 

polycross.  

8.7.1.2.2 Discarded F0 accessions 

 

Although the decision to eliminate some F0 progeny families from advancing 

to the F1 trials was simple given their overall poor traits, others required certain 

traits to be considered for importance, similar to Abertop. Table 8.2 shows three F0 

accessions - Bc5654, Bc6947 and Bc7049 - which had no obvious advantageous 

traits and subsequently progeny family existing from these accessions were not 

considered for the F1 (F0 progeny) trials. Amongst these poor traits were the second 

lowest DMY and a large range in heading dates across all three F0 accessions (Table 

8.1). The next poorest performing F0 accession was Bc5694, where the only positive 

trait (high %DMD) can be considered negligible, given the inconsistent ploidy (see 

3.3 Results), giving too much variation and instability within a single accession. 

Regrettably, many of the F0 accessions which were not selected had the highest 

%DMD (Table 8.1). Conceivably, %WSC is a more important quality trait as high 

levels of sugar can provide an additional biorefinery product. Because of this, 

progeny families existing from three of the F0 accessions with the best %WSC were 

selected, dissimilarly to those which were highlighted for having greater %DMD, 

which were subsequently disregarded (Table 8.2). However, as at least one MP from 

each F0 accessions existed within the F0 polycross, the genetics from accessions 
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whose progeny were not entered into the F1 (F0 progeny) trials would still have 

contributed to other half sib progeny, therefore it would be expected that in further 

generations these genes will still be present.  

Accessions with best Fleck resistance were prioritised over those with good 

Rust resistance, given that severity of Fleck was the greater of two diseases observed 

in the F0 spaced plant trial. Accessions Bc5232 and Bc5673 had some of the best 

rust resistance, but were poor in most other traits (Table 8.2). In contrast, Cambria’s 

reasonable Fleck resistance was outweighed by a lack of other favourable traits. The 

short range in heading dates of Bc6902 can be perceived as the only favourable trait 

the MP progeny could offer within the F1 population, and therefore was not selected. 

2.3.2.3 Seed for F1 (F0 half-sib progeny) trials 

 

 Despite a total of ten F1 (F0 half-sib progeny) families being selected from 

the F0 data, not all of these were used within the F0 half sib progeny yield plot trial. 

Considering seed yield per F0 MP, some families had insufficient seed to be 

included within the plot trial, with a total of 4.5g of seed required for three 1m2 plots. 

F0 MP’s Bc5442 E9, Lidacta B1 and Sparta A3 produced a seed yield lower the 

4.5g, but seed from Lidacta B1 was still selected to be entered into the plot trial. As 

seed was only 0.07g lower than the required weight, a decision was taken to include 

this accession, as it was unlikely to cause a significant effect on plot yield. 

Therefore, seed from nine F0 MP’s was taken forward into the F0 half-sib progeny 

yield plot trial, as displayed in Table 8.3.  

 Likewise, seed from F0 MP’s Bc7060 B10 and Bc7121 B10 exhibited very 

low germination rates. As seed was stored within the purpose built seed store at  
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IBERS genetic resource unit (2°C, 15% humidity), it was most likely that poor 

germination was an effect of sterile seed produced through asynchronous heading 

dates within the F0 polycross. Another explanation may be that some accessions  

experienced seed dormancy, which is known to be a common challenge in 

commercial Cocksfoot breeding (Canode et al., 1963; Stansavljević et al., 2014).  

 

 

 

 Upon genotypic selection, new accession numbers were generated for all 

seed sets from F0 MP’s, as to create the accessions for the F1 (F0 half-sib progeny) 

trials. The pedigree of each new accession/family was recorded within AGRIS 

(internal germplasm repository database at IBERS), with accession numbers being 

automatically generated in order of entry. Table 8.4 gives an account of the 

accession numbers for the nine F1 accessions which had been selected to be included 

in either the F0 half sib progeny yield plot trials or F1 (F0 progeny) spaced 

plants/nursery.  

F0 MP F1 accession Weight (g) 

Arly B2 Bc7413 5.5 

Athos C8 Bc7414 13.61 

Athos F9 Bc7415 9.6 

Bc5234 C8 Bc7417 4.99 

Bc5442 E9 Bc7418 1.25 

Bc5448 F10 Bc7419 7.43 

Bc7060 B10  Bc7426 6.4 

Bc7121 B10 Bc7427 8.72 

Lidacta B1 Bc7429 4.43 

Prairial B7 Bc7431 8.83 

Sparta A3 Bc7432 3.12 

Table 8.3: Total weight of seed retained from selected F0 MP’s, to be entered into the F0 half-sib progeny plot trial with generated 

accession numbers. Any accessions with insufficient seed to be entered into a yield trial are highlighted in red. 
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8.7.2 Polycross selection of F1 

8.7.2.1 Selection criteria 

 

 The objective of the F1 polycross was to refine and stabilise the population 

for key traits for DUS (heading and stature) and agronomic performance (disease 

resistance) that could be efficiently selected from the phenotype of an individual 

plant from the F1 spaced plant trial (as genotypic selection was not possible). 

Phenotypic selection traits outlined within the F0 selection were not sufficient to 

apply the desired high selection pressure on the F1 (F0 half-sib progeny) spaced 

plant trial (Figure 2,1, 80% in F0 and 90% in F1). Therefore, additional data were 

collected such as unusual or favourable growth habits. A large number of individual 

plants were rejected due to comparatively pale or yellow leaf tissues, inferring poor 

nutrient use efficiency, given all surrounding plants had healthy leaves. Cocksfoot 

plants with a lower ability to utilise soil nutrients would be unfavourable, as fertiliser 

applications are costly and offers challenges in relation to large agricultural 

machinery on upland pastures. It could be argued that this discolouration of leaves 

was an effect of a viral infection, such as Cocksfoot Mottle Virus, but constraints 

within this project did not allow for formal identification of viral pathogens. 

However, this is seemingly unlikely given that the virus is more often than not lethal 

to plants that are susceptible (Catherall, 1985).  

 Individual plants within the F1 (F0 half-sib progeny) spaced plant trial also 

showed a broad variation in stature and growth form. Plants with a more erect 

growth form have the potential to yield greater biomass under a cutting regime 

(Elgersma and Schlepers, 1997); the intended market for Cocksfoot in this project 

was for biorefining via cutting and so plants exhibiting this growth form showed 
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potential to improve DMY (therefore phenol yields), and so were selected from the 

F1 spaced plant trial. Each plant was measured by the height of the tallest vegetative 

tiller from the ground, using a metre ruler. Plants were considered to have favourable 

height if they were taller than the mean calculated for the respective accession (see 

‘height’ Table 8.4). Not all of the tallest plants were chosen to be entered into the F1 

polycross, either because they were from an F1 accession (F0 half-sib progeny 

family) with poor winter survival or exhibited signs of fungal infection. Moreover, 

any plants which were tall but had noticeably less leaves were rejected, as 

irrespective of height, low tiller density would provide lower biomass yield.  

8.7.2.1.1 F1 (F0 half-sib progeny) Winter survival 

 

 It was initially intended that the six plants from each F1 accession (F0 half-

sib family) demonstrating the best combination of phenotypic traits would be 

selected from the spaced plant trial to be entered into the F1 polycross (54 plants). 

However, when several accessions showed lower winter survival than the worst 

control variety, Sparta, these families were then also excluded. Plants exhibiting poor 

winter survival were defined by the overwhelming majority of tissues being 

deceased, withered leaves or plants which ceased to survive after planting in October 

2018. The worst control had a percentage survival of 20%, which could lead to very 

poor ground cover if sown as a pasture. This selective process confirmed plants from 

only four of the accessions were to be considered for the F1 polycross (see Table 8.4 

for ‘winter survival’ and lineage of ‘F1 MP’ in Appendix 14).  
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8.7.2.1.2 F1 (F0 half-sib progeny) Disease 

 

 Little to no disease was observed during months of October-January 2018/19 

- months that were previously highlighted during the F0 spaced plant trial the 

previous year as causing the greatest severity of disease. The most feasible 

suggestion for this difference would be that the F1 (F0 half-sib progeny) spaced 

plant trial contained plants which were less established, therefore having a lower leaf 

density and reducing the transmission of spores. An additional explanation may be 

due to differences in temperature and rainfall between the two years (2017/18 and 

2018/19). Disease scoring was instead undertaken during February 2019 (Leaf 

Fleck) and early May 2019 (Stripe Rust). Upon scoring the F1 (F0 half-sib progeny) 

spaced plant population for infection of Stripe Rust, control variety Sparta showed 

the most severe infection, indicating that the F1 accessions (half-sib families) 

possessed good Rust resistance. Because of the lack of this pathogen on most 

families, severity of Stripe Rust infection was not used as a means of selection. The 

mean severity of the fungal pathogen Leaf Fleck was also lower than the previous 

(F0) generation (see Table 4.3 &4.4), most likely a reflection of the numerous plants 

which saw no indication of Leaf Fleck infection at all. Due to this, any plants 

exhibiting signs of Leaf Fleck infection were not considered for entry into the F1 

polycross (see ‘Fleck’ and ‘Rust’ in Table 8.4). 

8.7.2.1.3 F1 (F0 half-sib progeny) Heading dates 

 

 All plants within the F1 (F0 half-sib progeny) spaced plant trial were noted 

for the date of emergence of flowering heads, though some plants failed to produce 

reproductive tillers and so could not be considered for the F1 polycross. Despite 
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earlier heading dates having previously been associated in the literature for increased 

DMY and other agronomical traits, the majority of the early accessions were rejected 

from the F1 polycross selection due to poor winter survival (see ‘winter survival’ 

and ‘heading date’ in Table 2.4). Winter survival may have been poor across several 

accessions as they are progeny originating from F0 accessions which were wild 

collections from Mediterranean climates, such as Spain (see collection locations in 

Appendix 15). Accession Bc7418 (early emergence of flowering heads) was selected 

to be entered into a separate polycross due to unique growth form. The four F1 

accessions (F0 half-sib progeny families) taken forward into the F1 polycross had a 

relatively low range in heading dates and so thought to cross-pollinate in synchrony, 

which is not only optimal for sexual recombination, but offers uniformity in relation 

to DUS traits (see ‘heading range’ in Table 8.4 and F1 MP in Appendix 14).  

8.7.2.2 Influence of F0 half-sib progeny DMY data 

 

 Yield data from F1 (F0 half sib progeny) yield plot trial did not influence 

which plants were entered into the F1 polycross, as sufficient data had not yet been 

collected (polycross was entered in June 2019, yield plot trial cuts taken May-

September 2019). This was a calculated decision both to achieve as many 

generations as practicable within the timeframe of this project, but also to fulfil the 

objective of stabilising the population as efficiently as possible. Alternatively, this 

DMY data was used to select the two highest yielding F1 families out of the four 

accessions that were included in the F1 polycross, to progress their half sib progeny 

into the F2 (F1 half-sib progeny) spaced plant trial/nursey in Autumn 2019. Seed 

from all these four accessions were entered into the F2 (F1 progeny) yield plot trial, 
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as a means of comparison in DMY between the F1 and F2 generations. Due to time 

constraints, quality data from plots in the F1 (F0 half-sib progeny) yield plot trial 

could not be used as a means of genotypic selection in the F1 polycross, as NIR 

analysis was not undertaken until November 2019.
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F1 

accession 

Yield Yr 1 (mean 

t/ha) 

Winter 

survival (%) 

Height (mean 

cm) 

Mean heading 

date 

Heading 

range 

%DMD 

(mean) 

%WSC 

(mean) 

Fleck (scale 

1-9) 

Rust (scale 

1-9) 

Total phenols 

(mAU/g) 

Abertop 18.3 
    

65.11 9.41 
  

150816 

Bc7413 17.6 75 35.9 05/05/2019 21 63.96 9.51 2.7 0.07 166538 

Bc7414 18.6 93 35.3 07/05/2019 25 65.31 10.71 2.4 0 162519 

Bc7415 19.3 83 36.8 05/05/2019 23 64.16 9.25 2.8 0.07 175406 

Bc7417 17.5 88 33.0 03/05/2019 28 64.04 8.24 2 0 183239 

Bc7418 
 

78 33.6 28/04/2019 18 
  

2.4 0 
 

Bc7419 19.1 77 31.1 05/05/2019 23 64.72 8.17 2.4 0 158976 

Bc7429 20.1 87 34.6 03/05/2019 23 66.31 10.01 2.4 0.13 170694 

Bc7431 20.2 77 34.3 28/04/2019 28 65 9.43 1.8 0 172355 

Bc7432 
 

53 33.7 03/05/2019 17 
  

1.8 0 
 

Greenly 19.1 
    

64.83 9.44 
  

175670 

Lidacta 17.1 90 Not recorded 06/05/2019 21 63.73 8.26 2.5 0 173340 

Sparta 19.4 80 Not recorded 03/05/2019 17 64.75 9.64 2.3 0.2 170476 

Table 8.4: Heat map to show the best F1 accessions (F0 half-sib progeny family) per trait, where green indicates the best and red indicates the worst score for each trait. Accessions 

in green were included in the F1 polycross and accession in blue was entered into a separate polycross. %Protein is not included within the heat map, as other quality traits were 

deemed more important traits to assist in selection. Phenolic quantity is included, but this trait was not be used as a means of selection.  
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8.7.3 Assessment of improvement through selection 

 

One of the main aims of this project was to gain an understanding as to 

how selective breeding in Cocksfoot can or potentially could improve the species 

as a biorefinery crop. Assessment of the breeding methodologies could be 

achieved through the evaluation of the reduction in variation of traits, although 

this is limited by the small number of generations incorporated within the project 

timeframe. Table 8.5 gives a comparison between the majority of selection traits 

recorded throughout this project in both the F0 and F1 (F0 progeny) trials, where 

calculated means, ranges and calculated broad sense heritability did not 

incorporate controls, so as to highlight differences in selectively bred accessions 

only. Quality composition data is not included due to lack of data from the F0 

yield plot trial (only reported for cuts 1&2). Likewise, phenolic quantity was only 

considered in spaced plants at seasonal intervals in the F0 generation, which is not 

comparable to data from the five monthly cuts from the F1 (F0 progeny) yield 

plot trial. Winter hardiness was also not comparable, given this was evaluated as a 

percentage survival rate in the F1 spaced plants instead.  

 

 F0 mean F1 mean F0 range  F1 range  F0 H2 F1 H2 

Leaf Fleck 2.85 0.79 1.63 1.05 0.39 0.86 

Stripe Rust  0.54 0.03 0.88 0.13 0.24 0.63 

DMY 16.06t/ha 18.94t/ha 2.82t/ha 2.64t/ha 0.04 & 0.17 0.27 

Difference in 

heading date to 

control -0.4 days -1.6 days 46 days 46 days 0.96 0.87 

Table 8.5: Comparison of mean, range and broad sense heritability (H2) of some selection traits analysed in 

the F0 and F1 accessions (not including control varieties). 
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Breeding efforts appeared to be effective in reducing Leaf Fleck severity 

between the F0 and F1 (F0 progeny) spaced plant trials (2.85 to 0.79, 

respectively), whilst additionally reducing the range in disease scores across 

accessions (1.63 and 1.05, respectively). This indicates that selection of individual 

F0 spaced plants for entry into the F0 polycross was successful in reducing both 

heterogeneity and severity of Leaf Fleck within a single generation, likely 

because of the initial high range in disease scores across accessions. Heritability 

of Leaf Fleck was much greater in the F1 spaced plant trial compared to the F0 

generation, which may reflect the manner in which data was collected rather than 

genetic effect, with F0 data spanning across many seasons and therefore being 

subject to a greater variation in weather (0.86 and 0.39, respectively). With this in 

mind, Leaf Fleck showed good heritability. Similarly, Stripe Rust severity and 

range decreased steeply between the F0 and F1 (F0 progeny) spaced plant trials 

(0.54 to 0.03 and 0.88 to 0.13, respectively), with greater heritability seen in the 

F1 dataset. This highlights how during early generations of this breeding 

programme, the large number of wild ecotypes allowed for sufficient variation in 

Leaf Fleck and Stripe Rust severity for significant improvements to be made by 

phenotypic selection. However, it must be mentioned that, in relation to Leaf 

Fleck, January/February 2018 (during the F0 spaced plant trial) was generally 

cooler and wetter than in 2019 (during the F1 spaced plant trial). Natural infection 

of the pathogen may have been lower in the F1 trial due to these differences in 

weather, potentially skewing the results. 
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Although initial comparison between overall DMY from the F0 and F1 

(F0 progeny) yield plot trials may infer increases between the generations, it must 

be remembered that differences in the drying methods of sub samples and the 

effect of elevated temperatures during the 2019 cutting season were the most 

likely causation, and not an effect of selection events (see 5.4.1.2 F1 Yield trial). 

The effectiveness of breeding would be better evaluated by assessing any 

reduction in heterogeneity, reflected by a decrease in the range of DMY; as very 

little difference was seen in ranges between the generations, it can be concluded 

that selective breeding efforts for DMY did not see significant improvements 

within a single generation. This is reflected in the very low heritability calculated 

for both the F0 and F1 yield plot trials (Table 8.5) In contrast, the lack of 

improvements in this trait may also be affiliated to the low selection pressure 

applied for both the F0 and F1 generations. In attempt to incorporate sufficient 

breeding to allow conclusions to be drawn within the time scale of this project, 

genotypic selection based on yield plot trial data could not inform spaced plant 

selection for polycrosses, instead only allowing for exclusion of progeny (existing 

from poorer yielding accessions) from further yield plot trials. Whilst the 

comparison of yield data between more distant generations further along in a 

breeding programme may begin to show some improvements, it is unlikely that 

large gains would be seen in this particular trait, as global Cocksfoot breeding has 

seen less than 1% improvement in DMY between the years 1950-2000 (Casler et 

al., 2000; Veronesi, 1991).  
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No reduction in heading date range was seen between the two generations 

(Table 8.1), despite high selection pressure in the F0 polycross (20% of spaced 

plants were selected, Figure 2,1) and high calculated heritability scores for both 

the F0 and F1 spaced plants. This is likely because selections for the F0 polycross 

were greater focused on disease severity or winter hardiness and were made 

before the commencement of this project. However, a reduction in mean heading 

date was seen from the initial to first generation of Cocksfoot (10th May to 3rd 

May, respectively). Yet, a very similar reduction was seen in the control variety 

Sparta between the F0 and F1 generations (11th May to 3rd May, respectively). 

Therefore, Table 8.5 presents the difference between mean heading date across 

(all accessions) and mean control heading date (Lidacta and Sparta). It can be 

seen that mean heading dates were 1.2 days earlier in F1 accessions in 

comparison to the F0. This indicates that breeding efforts within these two early 

generations resulted in earlier heading dates, which were suggested to increase 

DMY according to literature. 

8.7.4 Evaluation of the breeding methodologies 

 

 For a breeding program to be successful in producing Cocksfoot suitable 

for National listing, candidate varieties must be distinct, uniform and stable to 

pass DUS testing. Arguably, one of the most important DUS test traits is 

considered to be the uniformity in heading date. As selection for entries into the 

F0 polycross were greater focused on traits other than heading date, a definite 

conclusion as to the success of the breeding methodologies on reducing the range 

(therefore increasing the uniformity) in heading dates cannot be drawn. In 
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revising the differences in range of both fungal pathogens, breeding 

methodologies implemented throughout this project could be successful in 

producing a Cocksfoot candidate variety which would have uniform and stable 

disease resistance, if it were continued over a few additional generations (Figure 

2,1). In contrast, it is apparent that the breeding methodologies within this project 

were not successful in improving DMY in relation to control varieties available 

on the National List (Lidacta and Sparta). This is to be expected, as time 

constraints did not allow for genotypic selection for polycross entries, where 

DMY reported for this project better explores trends in growth over a monthly 

cutting regime in relation to biorefining potential. Future breeding could look to 

improve DMY by allowing data from yield trials to select only the highest 

yielding families selected from spaced plant trials, thus increasing selection 

pressure for this trait.  

 Whilst winter hardiness is not reported in Table 8.5, evaluating the success 

of breeding efforts is essential, given it is used as a VCU test trait for other grass 

species. Although F0 and F1 (F0 progeny) data were not directly comparable 

given differences in recording methodologies, it must be noted that the decision to 

score F1 survival was taken because no individual plants showed any apparent 

signs of winter hardiness, other than those deceased. Upon reviewing relevant 

Met data, it can be seen that mean air temperatures between Dec-March were 

almost consistently greater in 2018/19 (F1 spaced plant trail) than in 2016/17 (F0 

spaced plant trial); the milder winter experienced by the F1 spaced plants could 

explain the lack of winter damage, where deceased plants could be due to another 
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external factor. Moreover, the location of the F0 spaced plant trial was at a greater 

elevation and less sheltered from prevailing winds, causing further stress on the 

Cocksfoot (see Appendix 16 for field locations). In future breeding, winter 

hardiness of Cocksfoot would be better evaluated by having trials in a country 

with harsher winter conditions than the UK, such as Sweden, which has 

previously been utilised within the breeding group at IBERS for Perennial 

Ryegrass. Alternatively, this difference could indicate a divergence in hardiness 

within the F1 population (either very poor or very high, but never moderate). The 

success of selecting for the F1 polycross based on accessions with the highest 

percent survival could only be evaluated in the F2 spaced plant trial, which is not 

reported within this project. Biomass quality from the yield plot trials is also not 

reported in Table 8.5 – an assessment on the ability of recurrent selection to 

improve this trait is important if any resulting candidate varieties are to be used as 

a biorefining crop. Fluctuations in WSC could have a potential effect on 

lignification (therefore phenol metabolism), but also the potential for the refining 

of inulin (from WSC) or protein could be greatly influenced by selective breeding 

for differences in biomass quality. When comparing the first two cuts from both 

the F0 and F1 (F0 progeny) yield plot trials, very little difference can be seen 

between mean values, although range in values increased across %WSC, 

%Protein and %DMD (Table 8.6). This range in values did not relate to variation 

purely between accessions though, as indicated by the lack of significant 

differences between accessions in all cuts of the F1 yield plot trial (Figure 5,3). 

This increase in heterogeneity between the initial and first generation indicates 

that selection events did not reduce variation in quality traits, nor did %WSC,  
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%Protein or %DMD significantly improve.  

 

From seeing the variation in phenolic quantity and composition within 

both the F1 seedling trays (later utilised for the F1 spaced plant trial) and the F1 

yield plot trial, it can be concluded that environmental factors are more influential 

than any breeding efforts may be. Only one phenol, Lithospermic acid, was found 

in a significant and consistently high quantity in the F1 yield plot trial across all 

cuts, yet as with all other compounds, did not vary significantly between 

accessions. Calculated heritability of total phenols further emphasises this – a 

value of 0.11 indicates that phenolic composition is greater influenced by 

environmental factors than genetics. Whilst data indicates that selective breeding 

for optimum phenolic quantity or composition for biorefining would be 

outweighed by fluctuations in abiotic factors, the species was selected for study 

due to previous reported high phenol quantity for what would be expected from a 

forage grass species (Lee et al., 2006: Hauck et al., 2013). Therefore, even if 

selective breeding for improved phenolic content would have little effect, 

Cocksfoot would still be a suitable biorefining crop.  

 Cut1 Cut2 

 %DMD %Protein %WSC %DMD %Protein %WSC 

F0 6.59 2.37 6.75 5.54 1.93 3.5 

F1 8.234 5.98125 14.193 7.217 5.1625 8.081 

Difference -1.644 -3.61125 -7.443 -1.677 -3.2325 -4.581 

Table 8.6: Comparison between the range in %DMD, %Protein and %WSC in the first two cuts of the 

F0 and F1 yield plot trials.  

 

 Cut1 Cut2 

 %DMD %Protein %WSC %DMD %Protein %WSC 

F0 6.59 2.37 6.75 5.54 1.93 3.5 

F1 8.234 5.98125 14.193 7.217 5.1625 8.081 

Difference -1.644 -3.61125 -7.443 -1.677 -3.2325 -4.581 
 Table 8.2: Comparison between the range in %DMD, %Protein and %WSC in the first two cuts of 

the F0 and F1 yield plot trials.  
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8.8 ESTIMATED INCOMES FROM BIOREFINING  

 Whilst data from this project highlights the potential of Cocksfoot to be 

used as a biorefining crop, it is essential to estimate the expected on-farm income. 

Livestock farming in Wales is progressively becoming less economically viable 

and so for Cocksfoot to appeal as a biorefining crop, resulting income needs to be 

considerably greater.   

8.8.1 Phenols 

  

Data from the F1 (F0 half-sib progeny) yield plot trial revealed that total 

available phenols in Cocksfoot in late summer cuts can be as great as 4.2kg/ha 

(4159 g/ha, Figure 8,2), where season of cut had a significant effect on quantity. 

Table 8.7 gives the average market value of phenolic monomers (as of December 

2020), from which all compounds reported within this project derive.  

 

Phenolic monomer Mean £/kg 

Apigenin £204.00 

Caffeic acid £112.63 

Luteolin £225.26 

Ferulic acid £157.68 

Salvianolic £146.42 

Vitexin £78.84 

Rosmarinic £50.40 

Tricin £73.53 

Lithospermic £204.23 

Caffeic/Luteolin £168.95 

Caffeic/Tricin £93.08 

Average £137.73 

Table 8.7: Mean market value of pure phenolic monomer extracts (£/kg), obtained from Alibaba.com, as of 

December 2020. Caffeic/Luteolin and Caffeic/Tricin are the mean price of both monomers, calculated to be 

the estimated price per kilo from Hydroxycinnamate-Flavonoid conjugates.  

 

Table 8.3: Mean market value of pure phenolic monomer extracts (£/kg), obtained from Alibaba.com, as of 

December 2020. Caffeic/Luteolin and Caffeic/Tricin are the mean price of both monomers, calculated to be 

the estimated price per kilo from hydroxycinnamte-flavanoid conjugates.  
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From these average market values, estimated income per grouped and total 

phenols can be seen in Table 8.8, calculated as a product of expected mean grams 

per hectare (as displayed in Figure 8,2) and relevant market values (£/kg) as 

below; 

£

ℎ𝑎
=

£/𝑘𝑔 ∗ 𝑔/ℎ𝑎

1000
  

 It can be seen that the biorefining of phenolic compounds from 

Cocksfoot, as a total of grouped compounds across all cuts, could provide an 

income of approximately £3100 per hectare. This offers a value that can be 

applied to any farm irrespective of size, although both the production of phenols 

and DMY would likely be variable between farms, dependent on environment, 

soil type and establishment of the pasture. This value also indicates the potential 

for substantial additional income per farm, if Cocksfoot were to be grown on field 

edges and waste land, given the large estimated income per hectare. Moreover, 

total income per hectare almost doubles with each cut between cuts 1-3, 

emphasising the effect of season. The greatest commodities are the Flavonoid 

compounds and Hydroxycinnamate-Flavonoid conjugates (£1405.69 and 

£1206.56, respectively). This was to be expected given the wealth of literature 

which specifically cites the medicinal and therapeutic properties of flavonoid 

compounds (see 1.8.2 Phenolic compounds). It is likely that the greatest 

percentage of total estimated income is accounted for by flavonoids, as they 

consistently existed in greater quantities, both in phenols per gram of sample and 

as a product of DMY (Figure 7.6 & 8.2).  



263 

 

8.8.2 Protein and water soluble carbohydrates 

 

Tedeschi et al. (2001) suggest that protein from Cocksfoot contains a wide 

variety of amino acids, indicating that Cocksfoot would be a suitable protein 

source for biorefining to create a protein concentrate for animal feed supplement. 

There is also scope for extracted protein to be used for human consumption, but 

this would be challenging given the renowned ‘bitterness’ of plant proteins, 

heightened by the presence of phenolic compounds (Puri et al., 1996). In relation 

to WSC, the inulin fraction can be considered a high commodity product, as it 

known to be a nutritious dietary fibre supplements for humans. Cocksfoot was 

found to have high protein content, where this increased with monthly cut 

between spring and autumn, during the F1 yield plot trial, at the expense of 

reduced WSC (Figure 5,6). This trend suggests potential for the refining of inulin 

during periods of higher WSC and for a protein rich extract in later months 

(Hermansen et al., 2017; Smith et al., 2017). Although WSC content of Cocksfoot 

may be lower than other forage grass species from June onwards (Table 5.5), a 

high quantity of WSC is seen in the initial cut in May (0.9 t/ha). This would 

provide additional profits on farm. Moreover, with a drop of only 0.25t/ha across 

the spring-autumn cutting regime, the high protein contents in Cocksfoot offer 

further biorefining potential in later cuts, where WSC content is significantly 

reduced (Figure 5,3). 

As the percentage of inulin from WSC in Cocksfoot was not determined, 

no estimates can be made as to the expected income from the biorefining of inulin 

from Cocksfoot. Instead, estimated income from the bi refining of protein from 
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Cocksfoot grown as a pasture was calculated from market value of a grass protein 

extract (£2,071.42, taken from estimated £/t of protein from a high sugar L. 

perenne at IBERS) and approximate soluble proteins (calculated as 40% of the 

mean proteins per hectare reported in Figure 5,3). Only soluble proteins were 

considered in relation to biorefining, as common methods for extracting proteins 

only consider the liquid fraction after pressing cut grass (Hermansen et al., 2017). 

Despite percentage protein increasing with cut (Figure 5,2), as a product of DMY, 

estimated income from protein decreases with cut (Table 8.9). 
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Table 8.8: Estimated income per hectare from the biorefining of both grouped and total phenolic compounds in stem and leaf tissues, across a Spring-

Autumn cutting regime. Incomes were calculated as a product of price of pure phenol extract as of December 2020 (Table 8.4) multiplied by the expected 

grams per hectare of phenols (Figure 8,2). 

 

Table 8.4: Estimated income per hectare from the biorefining of both grouped and total phenolic compounds in stem and leaf tissues, across a Spring-

Autumn cutting regime. Incomes were calculated as a product of price of pure phenol extract as of December 2020 (Table 8.4) multiplied by the expected 

grams per hectare of phenols (Figure 8,2). 

Table 8.9: Estimated income on a Welsh farm from the biorefining of protein from stem and leaf tissues of Cocksfoot, across a Spring-Autumn cutting 

regime. Incomes were calculated as a product of t/ha and price of protein (£2071.42/t). 

 

Table 8.6: Estimated income on a Welsh farm from the biorefining of protein from stem and leaf tissues of Cocksfoot, across a Spring-Autumn cutting 

regime. Incomes were calculated as a product of t/ha (first row) and price of protein (£2071.42/t), and then per average croppable area of a Welsh farm (‘avg 

Welsh farm’) (20ha, approximated from data reported in DEFRA, 2020). 
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 8.8.3 Consideration of feasibility 

 

Although these calculated values indicate that the biorefining of phenolic 

compounds from Cocksfoot could offer substantial income, they do not consider 

the expenses of managing and harvesting the grass for this purpose. Expenditure 

would consist of (but not exclusively) seed for establishing the crop, running costs 

of heavy machinery to till, drill, fertilise and cut the field and the cost of fertiliser. 

The greatest expense for biorefining would likely be the cold storage and/or 

transport of cut material to a biorefinery, in addition to costs associated with 

biorefining. Therefore, profits from the biorefining of Cocksfoot could only be 

calculated once all these expenses had been determined and subsequent net 

income calculated.   

Further work is needed to assess the total financial output required for 

biorefining to be possible on-farm (allowing for calculation of profits). As the 

concept of biorefining from farming communities - as opposed to large 

biorefinery companies - is still at the research and development stage, 

infrastructure would need to be established in close proximity to the farms. 

Although refrigerated vehicles could be used to facilitate the movement of cut 

grass to biorefineries further away, this would result in transportation costs, in 

addition to a possible processing cost charged by the biorefinery, which could 

outweigh the costs of building small biorefineries to be utilised by clusters of 

rural farms in Wales. 
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8.9 FURTHER WORK 

The genetic influence upon phenols will be further investigated in work 

following this project, by analysing the phenolic profile of two families sown in 

the F2 yield plot trial, created through isolated polycrosses of F0 MP’s selected 

for their deviation of high and low flavonoid content. Analysis of these families 

will give preliminary indication of flavonoid heritability. Moreover, it would be 

beneficial to identify genes that are associated with DMY, as no significant 

improvements were seen in this trait between the first two generations of 

conventional breeding. Data from this project suggested that improvements in 

DMY may not significantly improve yields of biorefining products (Figure 8,2). 

However, both WSC and protein, which could also be considered as biorefining 

products, could be increased by improving DMY. Table 9.4 indicates how 

estimated income from protein reduces with cut between spring and autumn, 

where improvements in autumn DMY through recurrent selection could lessen 

this reduction.  

Additional work following this project also includes the continuation of 

the recurrent selection process, although generation time will be extended to a 

four year cyclic process to facilitate genotypic selection from half-sib progeny 

tests, which was not possible within this project. This practise should greater 

improve selection events, better selecting for uniform and elite lines. One of the 

challenges presented during the breeding in this project was that germination rate 

of Cocksfoot seed, both from polycrosses and wild collections, was highly 

variable (2.3.2.3 Seed for F1 (F0 progeny) trials). If a commercial variety of 

Cocksfoot selectively bred for biorefining were to be economically viable, not 
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only would variations in seed yields be an issue (Table 2.3), poor ground cover 

resulting from low germination rates could significantly impact expected DMY 

and, therefore, expected profits. Further work should look to assess possible 

causations of low germination rates, such as seed dormancy. Stanisavljević et al. 

(2014) suggest that moisture content of seeds can influence dormancy in 

Cocksfoot seeds, where further work could explore how differing drying methods 

can affect not only germination rate, but also seedling growth. 
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9. CONCLUSION 
 The aim to establish a breeding population for the recurrent selection of 

Cocksfoot was fulfilled; established from seven commercial varieties, two 

breeding lines and eleven wild accessions present within the founding population 

(F0), taken through three generations involving two selection events 

(polycrosses). The utilised breeding methodologies accelerated generation time 

(one generation per year), to allow an assessment of multiple generations within 

the time frame of this project. An assessment of ploidy revealed that all entries in 

the founding population were tetraploid, except for a possible triploid. Selective 

breeding significantly reduced the susceptibility of Cocksfoot to two fungal 

pathogens – Leaf Fleck (Mastigosporium rubricosum) and Stripe Rust (Puccinia 

striiformis). The variation in disease susceptibility was also reduced between the 

founding and first generation (F0 and F1). In contrast, the heterozygosity of 

DMY, biomass quality (%DMD, %WSC and %Protein) and the date of 

emergence of inflorescences was not significantly reduced throughout this 

project. Despite this, it can be considered that the maintenance of genetic 

diversity within a breeding population is important to reduce the effects of 

inbreeding in future generations, especially within these initial generations. 

Data from this project concluded that Cocksfoot has the potential to be a 

suitable crop for the biorefining of phenolic compounds, with a wide variety of 

compounds found to be present in substantial quantities within leaf tissues. The 

monthly cutting regime undertaken on the F1 (F0 half-sib progeny) yield plot 

trials demonstrated how regular cutting of a Cocksfoot sward can produce a 

reliable and predictable quantity of phenols, where the significant variation in 
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DMY between cuts appears to have little influence on the expected phenol yield 

per hectare. No significant variation in phenolic composition or quantity was 

apparent between the varieties, accessions or breeding families investigated 

within this project. Therefore, the ability to improve phenolic yields from 

Cocksfoot through selective breeding would require further investigation. 

Estimated income from the biorefining of phenolic compounds following the 

outlined cutting regime indicated that a substantial income can be obtained, 

totalling £3100.49/ha. However, this figure do not consider the costs of 

biorefining and marketing of phenolic compounds, which could significantly 

reduce net income. Elevated protein contents, particularly in later cuts, indicated 

an additional biorefining product from Cocksfoot. The potential income from 

protein in Cocksfoot was estimated to be £1,541/ha over the spring-autumn 

cutting regime, yet this too does not consider harvesting, transport, biroefining 

and marketing costs. There is also the possibility that the market value of protein 

or phenols to change in accordance to demand and so estimated income might 

vary from actual income. Further work could investigate the scalability of this 

practise on-farm, in addition to exploring the best means of transportation, storage 

and refining of both commodities.  
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APPENDICIES 
MET DATA 

2010/11 

2017 

2018 

 

2019 

Appendix 1: Total rainfall (mm) per month (May-November) is represented by bars for both years 2010/2011 with Average 

max temperature (°C) represented by lines. Data from 2010 are displayed in blue and data from 2011 are displayed in red. All 

data correspond to the cutting period of the F0 yield plot trials. Significant difference between 2010 and 2011 data are 

indicated per month by either ‘*’ (rainfall) or ‘X’(temperature).  
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Appendix 2: Total rainfall (mm) per month (February-May) is represented for 2017, according to the left side vertical axis. 

Average maximum temperature (˚C) is also shown 2017, according to the right side vertical axis. Data coincides with 

heading dates recorded for D. glomerata F0 Spaced plants.  
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Appendix 4: Total rainfall (mm, left vertical axis) and average max temperature (°C, right vertical axis) across June-

December 2018 are shown via bars and a line, respectively. Data displayed in the graph correspond to the monitoring of 

phenols undertaken June-August and initial spaced plant disease scoring from October-December.  

 

Appendix 4: Total rainfall (mm, left vertical axis) and average max temperature (°C, right vertical axis) across June-

December 2018 are shown via bars and a line, respectively. Data displayed in the graph correspond to the monitoring of 

phenols undertaken June-August and initial spaced plant disease scoring from October-December.  
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Appendix 3: Total rainfall (mm) during winter (Dec-March) is represented for 2016/17 (blue bars) and 1981-2010 average 

data (red bars), according to the left side vertical axis. Average max temperature (˚C) is also shown for 2016/17(blue line) 

and 1981-2010 average data (red line) are shown, according to the right side vertical axis. Data coincides with winter season 

previous to scoring of winter hardiness undertaken on D. glomerata F0  Spaced plants in April 2017 

 

Appendix 3: Total rainfall (mm) during winter (Dec-March) is represented for 2016/17 (blue bars) and 1981-2010 average 

data (red bars), according to the left side vertical axis. Average max temperature (˚C) is also shown for 2016/17(blue line) 

and 1981-2010 average data (red line) are shown, according to the right side vertical axis. Data coincides with winter season 

previous to scoring of winter hardiness undertaken on D. glomerata F0  Spaced plants in April 2017 



297 

 

FIELD PLANS 

Appendix 6: Total rainfall (mm, left vertical axis) and average max temperature (°C, right vertical axis) across May-

September 2019 are shown via bars and a line, respectively. Data displayed in the graph correspond to the monthly cuts of 

the F1 plot trial.  

 

Appendix 6: Total rainfall (mm, left vertical axis) and average max temperature (°C, right vertical axis) across May-

September 2019 are shown via bars and a line, respectively. Data displayed in the graph correspond to the monthly cuts of 

the F1 plot trial.  

Appendix 5: Total rainfall (mm, left vertical axis) and average max temperature (°C, right vertical axis) across February-

May 2019 are shown via bars and a line, respectively. Data displayed in the graph correspond to the vernalisation and 

emergence of flowering heads within the F1 spaced plant trial.  

 

Appendix 5: Total rainfall (mm, left vertical axis) and average max temperature (°C, right vertical axis) across February-

May 2019 are shown via bars and a line, respectively. Data displayed in the graph correspond to the vernalisation and 

emergence of flowering heads within the F1 spaced plant trial.  
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F0 Yield plot trial (2010/11)  
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Appendix 7: F0 yield plot trial - 66 varieties/accessions drilled into 1x1m randomised plots with four replications and 1m paths 

between drills. Once seed had established, lines were routinely sprayed between each plot.  

 

Appendix 7: F0 yield plot trial - 66 varieties/accessions drilled into 3x1m randomised plots with four replications and 1m paths 

between drills. Once seed had established, lines were routinely sprayed between each plot.  
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F0 Spaced plants

Appendix 8: F0 spaced plant trial - 60 plants per accession/variety, planted within 6x10 plant plots, with 60cm 

spacing. Accessions/varieties were arranged in 3 blocks, with 1m spacing between each block. 

 

Appendix 8: F0 spaced plant trial - 60 plants per accession/variety, planted within 6x10 plant plots, with 60cm 

spacing. Accessions/varieties were arranged in 3 blocks, with 1m spacing between each block. 
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Appendix 9: F1 yield plot trial - 1.5g of 7 phenotypically selected accessions and 4 Cocksfoot controls were hand sown into 1m2 plots. Plots were randomised into 

three replications (33plots) in a continuous run, with guard plots of Cocksfoot (unknown variety) mixed with AberNiche (Perennial ryegrass). Once seed had 

established, lines were routinely sprayed between plots.  
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F1 Spaced plants

Appendix 10: F1 spaced plant trial - 20 plants from 9 selected progeny accessions sown into 3 replications (660 plants), with 50cm spacing. Two control varieties were included across all reps. 

Blocks of 20 plants were randomised with replication (20x3=60 plants per accession).  

 

 

 

Appendix 10: F1 spaced plant trial - 20 plants from 9 selected progeny accessions sown into 3 replications (660 plants), with 50cm spacing. Two control varieties were included across all reps. 

Blocks of 20 plants were randomised with replication (20x3=60 plants per accession).  
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F2 Yield plot trial 
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Appendix 11: F2 yield plot trial - 2.2g of 28 F2 accessions selected for greatest seed yield (or plant MP vigour, F2Syn), 3 F1 accessions from unique polycross’ (Bc7395, F1Low and F1High), 4 

Cocksfoot controls, 2 high yield/DMD L. perenne and 1 Cocksfoot/L. perenne mix were hand sown into 1m2 plots. Plots were randomised into four replicated runs (152plots), with guard plots of 

L. perenne (AberGreen). Once seed had established, lines were routinely sprayed between plots. 

 

 

Appendix 1: Total rainfall (mm) per month (May-November) is represented for both years 2010 (blue bars) and 2011 (red bars), according to the left side vertical axis. Average max temperature (˚C) is also shown for 

2010 (blue line) and 2011 (red line) are shown, according to the right side vertical axis. Data coincides with cutting regimes undertaken on D. glomerata field plants. Significant differences per month between rainfall 

are indicated by ‘*’, and significant differences temperature are shown by ‘X’. 

 

Appendix 11: F2 yield plot trial - 2.2g of 28 F2 accessions selected for greatest seed yield (or plant MP vigour, F2Syn), 3 F1 accessions from unique polycross’ (Bc7395, F1Low and F1High), 4 

Cocksfoot controls, 2 high yield/DMD L. perenne and 1 Cocksfoot/L.perenne mix were hand sown into 1m2 plots. Plots were randomised into four replicated runs (152plots), with guard plots of 

L.perenne (AberGreen). Once seed had established, lines were routinely sprayed between plots. 

 

 

Appendix 1: Total rainfall (mm) per month (May-November) is represented for both years 2010 (blue bars) and 2011 (red bars), according to the left side vertical axis. Average max temperature (˚C) is also shown for 

2010 (blue line) and 2011 (red line) are shown, according to the right side vertical axis. Data coincides with cutting regimes undertaken on D. glomerata field plants. Significant differences per month between rainfall 

are indicated by ‘*’, and significant differences temperature are shown by ‘X’. 



304 

 

F2 Spaced plants 
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Appendix 12: F2 spaced plant trial - Ten plants from 10 high seed yield F2 accessions, 2 wild Japanese accessions and 3 

Cocksfoot controls sown into 3 randomised replicated blocks of individual spaced plants (450 plants), with 3 additional 

Japanese accession in Rep 3. 
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Phenolic analysis 

 

 

 

 

 
Varieties/accessions Period Intervals 

F0 Spaced 

plants 

Abertop, Athos, Arly, Bc5232, Bc5234, Bc5442, Bc5694, Bc6902, Bc6911, Bc6947, Bc7049, Bc7060, 

Cambria, Lidacta, Sparta  

March-October 

2017 

Seasonal 

F1 Seedling 

trays 

Bc7413, Bc7414, Bc7415, Bc7417, Bc7418, Bc7419, Bc7427, Bc7429, Bc7430, Bc7432 (+ relative MP's, see 

APPENDIX) 

June-August 

2018 

Tri-

weekly 

F1 Spaced 

plants 

 
May 2019 Once 

F1 Plot trials Bc7413, Bc7414, Bc7415, Bc7417, Bc7419, Bc7429, Bc7431, Abertop, Greenly, Lidacta, Sparta May-Nov 2019 Monthly 

Appendix 13: Varieties/accessions sampled for analysis of phenolic content. ‘Period’ refers to length of time phenols were monitored, with ‘interval’ relating to the time between cuts across the 

period.  
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Accession lineage (Appendix 14) 

Accessions through F0-F2 

F0 

Accession 

F0 

MP 
 F1 

Accession F1 MP  

F2 

Family 

Abertop  F10 
 

Bc7412    

Arly B2 
 

Bc7413    

   

 

114  101 
   

 115 
 

102 
   

 116 
 

103 
   

 225 
 

104 
   

 239 
 

105 

Athos C8 
 

Bc7414 581 
 

106 
   

 585 
 

107 
   

 587 
 

108 
   

 590 
 

109 
   

 599 
 

110 
   

 233  111 
   

    

   

 

43 
 

201 
   

 48 
 

202 
   

 51 
 

203 
   

 54 
 

204 

Athos F9 
 

Bc7415 60 
 

205 
   

 573  206 
   

 575 
 

207 
   

 576 
 

208 
   

 577 
 

209 

Bc5232  A10 
 

Bc7416    

    8  301 
   

 9 
 

302 
   

 10 
 

303 
   

 12 
 

304 
   

 13 
 

305 
   

 14 
 

306 
   

 365 
 

307 
   

 368 
 

308 
   

 371 
 

309 

Bc5234 C8 
 

Bc7417 380 
 

310 
   

 522 
 

311 
   

 525 
 

312 
   

 527 
 

313 
   

 528 
 

314 



307 

 

   
 529 

 

315 
   

 530 
 

316 
   

 534 
 

317 
   

 535 
 

318 
   

 536 
 

319 
   

 539 
 

320 

Bc5442   E9 
 

Bc7418    

Bc5448  F10 
 

Bc7419    

Bc5654  C10 
 

Bc7420    

Bc5694  A9 
 

Bc7421    

Bc6902  C10 
 

Bc7422    

Bc6911  A10 
 

Bc7423    

Bc6947  D7 
 

Bc7424    

Bc7049  E3 
 

Bc7425    

Bc7060   B10 
 

Bc7426    

Bc7121   B10 
 

Bc7427    

Cambria  F6 
 

Bc7428    

    144 
 

401 
   

 151 
 

402 
   

 155 
 

403 
   

 156 
 

404 
   

 431 
 

405 
   

 621 
 

406 

Lidacta  B1 
 

Bc7429 627 
 

407 
   

 628 
 

408 
   

 629 
 

409 
   

 630  410 
   

 631 
 

411 
   

 632 
 

412 
   

 432  413 

Prairial  C8 
 

Bc7430    

Prairial  B7 
 

Bc7431    

Sparta  A3 
 

Bc7432    

Appendix 14: Lineage tree showing all accessions involved in the breeding programme throughout the project. Where mother 

plants (MP) are listed within one generation, all were entered into a polycross. MP numbers related to position in spaced plant trials. F2 

families were not given accession numbers and instead given a family number (starting 1, 2, 3 or 4) relative to MP accession for reference.  
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STATUS ORIGIN LATITUDE LONGITUDE ALTITUDE 

(M) 

 DATE COLLECTOR 

BC5232 Wild Navia, Spain 45.5457 -6.7151 75  26/06/1961 Borrill, M 

BC5234 Wild Carrena, Spain 43.3209 -4.8387 0  27/06/1961 Borrill, M 

BC5442 Wild Campuac, France 44.5708 2.6637 800  30/07/1962 Breese, E.L 

BC5448 Wild Pont-de-Salars, France 44.2804 2.7339 800  31/07/1962 Breese, E.L 

BC5694 Wild Camacha, Madeira 32.6833 -16.8667 600  01/01/1963 Parker, P.S 

BC6902 Wild Pena Corneira, Spain 42.305 -8.253 550  26/07/1977 Chorlton, K.H 

BC6911 Wild Feas, Galicia, Spain 42.4406 -8.1366 630  27/07/1977 Chorlton, K.H 

BC6947 Semi-natural Oselle, Galicia, Spain 42.8537 -7.1516 630  03/08/1977 Chorlton, K.H 

BC7049 Wild Nant-Y-Moch, Wales 52.4692 -3.898 400  22/08/1979 Thomas, I.D 

BC7060 Breeder's 

Line 

Bc7056-7059 F1 bulk polycross 
   

 01/07/1979 Thomas, I.D 

BC7121 Breeder's 

Line 

Reselected from strong-leaved Cambria 
   

 30/04/1982 Wilson, D 

Appendix 15: Ledger showing the origin of all the Cocksfoot accessions entered into the F0 trials. ‘Wild’ refers to seed collected from plants in an undisturbed environment, ‘Semi-

natural’ refers to areas indicating previous reseeding or maintenance and ‘Breeder’s Line’ refers to seed existing from crosses undertaken at Gogerddan prior to the commencement 

of this project. ‘Altitude’ refers to metres above sea level of the collection site. 
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Trial Field name Elevation  Soil type 

F0 Spaced 

plants 

Cae Defaid 40-50m Loam -

clay 

F1 Spaced 

plants 

Cae Bandal D 30-35m Loam -

clay 

F2 Spaced 

plants 

Cae Gwyn 8 35-40m Sandy -

loam 

F1 Yield 

plots 

Cae Penrhyn 3 37m Sandy - 

loam 

F2 Yield 

plots 

Cae Penrhyn 6 39m Sandy - 

loam 

Appendix 16: Aerial map of field trial sites around IBERS Gogerddan, Aberystwyth University, that were used during this project. Orange boxes indicate spaced plant trials and blue 

boxes indicate yield plot trials. Generation of Cocksfoot entered into trial at each site is indicated by text (F0, F1 and F2). The relative field name, elevation above sea level (m) and 

soil type is given for each trial site in the adjacent table.  
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DNA metabarcode from infect leaf tissues of F1 spaced plant trial 

 

Phylum Class Order Family Genus Species DgBL   

Ascomycota Sordariomycetes Xylariales Microdochiaceae Microdochium 

Microdochium_phragmi

tis:SH1555458.08FU 18.42%  

Ascomycota Leotiomycetes Helotiales 

Helotiales_fam_Incert

ae_sedis Mastigosporium 

Mastigosporium_album:

SH1545905.08FU 18.40%  

Ascomycota Leotiomycetes Helotiales Dermateaceae Helgardia 

Helgardia_anguioides:S

H1545881.08FU 13.65%  

Ascomycota Dothideomycetes Cladosporiales Cladosporiaceae Cladosporium 

OTU 2: Cladosporium 

herbarum 9.00%  

Ascomycota Leotiomycetes Helotiales 

Helotiales_fam_Incert

ae_sedis Rhynchosporium 

Rhynchosporium_ortho

sporum:SH1545886.08F

U 8.98%  

Ascomycota Dothideomycetes Capnodiales Dissoconiaceae Dissoconium 

Dissoconium_proteae:S

H1552276.08FU 3.98%  

Ascomycota Dothideomycetes Pleosporales Pleosporaceae Alternaria 

Alternaria_infectoria:S

H1505864.08FU 3.85%  
unclassified_

Fungi 

unclassified_Fung

i 

unclassified_Fung

i unclassified_Fungi unclassified_Fungi 

Fungi_sp:SH1240979.0

8FU 3.34%  

Ascomycota Dothideomycetes Pleosporales Didymellaceae Epicoccum 

OTU 8: Epicoccum 

nigrum 2.67%  
unclassified_

Fungi 

unclassified_Fung

i 

unclassified_Fung

i unclassified_Fungi unclassified_Fungi 

Fungi_sp:SH1646337.0

8FU 2.19%  

Ascomycota 

unclassified_Asco

mycota 

unclassified_Asco

mycota 

unclassified_Ascomyc

ota 

unclassified_Ascomyc

ota 

Ascomycota_sp:SH152

4266.08FU 2.10%  

Ascomycota Sordariomycetes Glomerellales Glomerellaceae Colletotrichum 

Colletotrichum_gramini

cola:SH1543741.08FU 1.89%  

Ascomycota Dothideomycetes Pleosporales Phaeosphaeriaceae Phaeosphaeria  

OTU 34: Phaeosphaeria 

lunariae 1.89%  

Ascomycota Dothideomycetes Pleosporales 

unclassified_Pleospor

ales 

unclassified_Pleosporal

es 

Pleosporales_sp:SH152

4265.08FU 1.63%  

Ascomycota Dothideomycetes Pleosporales Didymellaceae Ascochyta 

Ascochyta_sp:SH15470

66.08FU 1.29%  
Basidiomycot

a Tremellomycetes Tremellales 

Rhynchogastrematace

ae Papiliotrema 

Papiliotrema_frias:SH1

650816.08FU 1.11%  

Ascomycota Dothideomycetes Pleosporales Didymosphaeriaceae Paraphaeosphaeria 

Paraphaeosphaeria_spor

ulosa:SH1525447.08FU 1.06%  

Ascomycota 

unclassified_Asco

mycota 

unclassified_Asco

mycota 

unclassified_Ascomyc

ota 

unclassified_Ascomyc

ota 

Ascomycota_sp:SH152

4276.08FU 0.69%  

Appendix 17: Table containing the classification of all microorganisms present on Cocksfoot leaf tissues, identified through metabarcoding (ITS2 region of the rRNA locus; by 

Gareth Griffith, IBERS).  
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Ascomycota Dothideomycetes Pleosporales Didymellaceae Neoascochyta 

Neoascochyta_sp:SH15

47064.08FU 0.55%  

Ascomycota Dothideomycetes Pleosporales Pleosporaceae Alternaria 

Alternaria_brassicicola:

SH1505877.08FU 0.55%  

Ascomycota Dothideomycetes Dothideales Aureobasidiaceae Aureobasidium 

Aureobasidium_pullula

ns:SH1515060.08FU 0.51%  

X X X X X OTU 23 0.37%  

Ascomycota Dothideomycetes Pleosporales Leptosphaeriaceae Leptosphaeria 

Leptosphaeria_sp:SH15

25140.08FU 0.35%  

Ascomycota X X X X OTU 42 0.32%  

Ascomycota Dothideomycetes Pleosporales 

unclassified_Pleospor

ales 

unclassified_Pleosporal

es 

Pleosporales_sp:SH115

6446.08FU 0.30%  
Basidiomycot

a Tremellomycetes Tremellales Bulleribasidiaceae Vishniacozyma 

Vishniacozyma_victoria

e:SH1528207.08FU 0.25%  

Ascomycota Dothideomycetes Pleosporales 

unclassified_Pleospor

ales 

unclassified_Pleosporal

es 

Pleosporales_sp:SH152

4268.08FU 0.23%  
unclassified_

Fungi 

unclassified_Fung

i 

unclassified_Fung

i unclassified_Fungi unclassified_Fungi 

Fungi_sp:SH1525448.0

8FU 0.23%  
Basidiomycot

a Tremellomycetes Tremellales Bulleribasidiaceae Dioszegia OTU 29 0.21%  

Ascomycota Dothideomycetes Capnodiales Cladosporiaceae Cladosporium 

OTU 4: Cladosporium 

sphaerospermum 0.00%  

Ascomycota Dothideomycetes Pleosporales Phaeosphaeriaceae 

unclassified_Phaeosph

aeriaceae 

Phaeosphaeriaceae_sp:S

H1525241.08FU 0.00%  

Ascomycota Sordariomycetes Xylariales 

unclassified_Xylariale

s unclassified_Xylariales 

Xylariales_sp:SH15554

59.08FU 0.00%  
unclassified_

Fungi 

unclassified_Fung

i 

unclassified_Fung

i unclassified_Fungi unclassified_Fungi 

Fungi_sp:SH1555457.0

8FU 0.00%  

Ascomycota X X X X OTU 43 0.00%  

Ascomycota Sordariomycetes Glomerellales Plectosphaerellaceae Plectosphaerella 

Plectosphaerella_sp:SH

1644387.08FU 0.00%  

Ascomycota Dothideomycetes Pleosporales Pleosporaceae Pyrenophora 

Pyrenophora_lolii:SH15

75710.08FU 0.00%  
Basidiomycot

a Tremellomycetes Tremellales Tremellaceae Cryptococcus 

Cryptococcus_sp:SH15

28215.08FU 0.00%  
Basidiomycot

a Tremellomycetes Tremellales Bulleribasidiaceae Vishniacozyma 

Vishniacozyma_sp:SH1

528212.08FU 0.00%  

Ascomycota Leotiomycetes Helotiales 

Helotiales_fam_Incert

ae_sedis Chalara 

Chalara_sp:SH1237153.

08FU 0.00%  

      100.00%  
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