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Abstract 

Mineral composition of forage underpins livestock health. Grass genotypes which accumulate 

certain minerals have been demonstrated to alleviate symptoms of nutrient deficiency in 

livestock (Kumssa et al., 2019a; Moseley and Baker, 1991). In this project, mineral 

composition was evaluated (experiment 19MG) on putatively high and low magnesium (Mg) 

accumulating varieties of Lolium perenne, multiflorum and boucheamum created during the 

MAG-NET project which preceded this. Positive relationships were found between Mg and 

Calcium (Ca), and Phosphorus (P) and Potassium (K), although variation in mineral 

concentrations were not significantly different between varieties. More data will need to be 

collected from this trial to draw conclusions on variety potential.  

The mineral status of L. perenne was surveyed from generations of the IBERS diploid late and 

intermediate heading populations (2 and 3 generations, respectively). Mg ranged from 0.06-

0.14% DM (dry matter) across breeding lines with higher concentrations in the intermediate 

heading population than the late. Ca ranged from 0.34-0.61% DM, K 1.06-2.61% DM and P 

0.26-0.37% DM. Ca and K concentrations had a greater effect on Forage Tetany Index (FTI) 

than Mg in these data, though a positive correlation between Ca and Mg was found. Increasing 

Ca concentration could also be key in reducing FTI. 

Overall, this project established the baseline for minerals in a range of IBERS grass breeding 

germplasm and suggests there is suitable variation existing in the core populations for genetic 

improvement. Results showed that all minerals should be considered in selections to decrease 

FTI, not just Mg, and suggest that trial management will be critical to the efficacy of 

selections (soil pH for example). After following investigations in 19MG, hybrid ryegrass 

varieties (such as bAB1157) present a viable option for exploitation of Mg accumulating L. 

multiflorum genetics to decrease the likelihood of causing hypomagnesaemic tetany. 
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1 BACKGROUND/OVERVIEW  

1.1 RATIONALE  

 

This research project was designed to investigate the natural potential of Lolium perenne, 

multiflorum and boucheanum from both past and present trials carried out at Aberystwyth 

University to supply minerals (namely Magnesium, Calcium and Potassium and Phosphorus) 

in a balance to prevent hypomagnesaemia in livestock without additional intervention. 

This project followed on from the MAG-NET project (http://www.magnesium-

network.uk/the-project.html, 2015-2020) which took an interdisciplinary approach to develop 

novel, resilient nutrient management strategies for the UK ruminant sector. Trials to 

investigate Mg (Magnesium) were initiated to determine whether Mg concentrations could be 

used to reduce the FTI in forage material. This is based on work conducted at the then Welsh 

Plant Breeding Station (WPBS) in the 1970s, which concluded that an Italian ryegrass variety 

(Bb2067) bred for a higher Mg concentration in forage had reduced the incidence of 

hypomagnesaemia in sheep. Recent research has also investigated this study from the 1970s 

to use as a basis to assess the potential of more modern breeding populations (Penrose et al. 

2020). The study stated that there is already unreported variation in modern varieties. It was 

therefore deemed important to investigate this mineral relationship further and attempt to 

identify the breeding lines which may give rise to increased Mg.  It is also well documented 

that potassium (K) has an inhibitory impact on Mg within the forage so this was also an 

important mineral to test for. Readings for Mg, K, phosphorous (P) and calcium (Ca) were 

taken to calculate the Forage tetany index (FTI) and to investigate the interaction between K 

and P. At the time of breeding Bb2067, yield had suffered losses, so this breeding line was 
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not taken forward to National List trials (Penrose et al. 2020). Since this time, breeding 

focussing on a higher Mg has not been a priority.  

Reopening the potential for higher Mg would be increasingly useful to reduce the likelihood 

of hypomagnesaemia in UK livestock, whilst also increasing the mineral composition of the 

meat and milk products derived from cows and sheep. The drive for a more ethical approach 

to agriculture in modern farming would also support the investment of resources into 

breeding towards more environmentally conscious practices (lessening the use of Mg 

supplements in favour of breeding).  

  

1.2 HYPOMAGNESAEMIA AND WHY IT’S A PROBLEM 

 

In ruminant livestock a physiological disorder known as hypomagnesaemic tetany 

(commonly known as ryegrass staggers) is caused by a deficiency in dietary Mg (Kumssa et 

al., 2019a).  

Mineral qualities of forage can be calculated using the FTI which uses concentration 

information of Ca, K, and Mg, this equation can be seen in Figure 1.1 (Kumssa et al., 2019a). 

Forages which are likely to cause hypomagnesaemia will produce a value of 2.2 or more, it is 

therefore advised that forages should have readings lower than this to maintain herd welfare 

(Kumssa et al., 2019a).  

Figure 1.1 - Equation for determining forage 

tetany (Kumssa et al., 2019a). 
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A survey that was conducted in the UK as part of the MAG-NET project 

(http://www.magnesium-network.uk/the-project.html) to determine the prevalence of 

hypomagnesaemic tetany (Kumssa et al., 2019) revealed that hypomagnesaemia affects 39% 

of farms and that the most common intervention is mineral licks. Intervention has been 

shown to be the most effective method of minimising cases of hypomagnesaemia as once 

animals have this, symptoms develop quickly, often resulting in fatality (Zelal, 2017). Grass 

forage is the lowest cost method of delivering vital nutrition to ruminant livestock; therefore, 

another possible solution to mineral deficiencies is to improve the mineral composition of the 

forage via plant breeding.  

 

1.3 WHAT CAN BE DEVELOPED ON/WHAT IS UNKNOWN? 

 

Within the last five years of publications on the potential of perennial ryegrass to offer 

increased Mg nutrition there has not been a study in the UK. Previous research has mainly 

been conducted in New Zealand which means, due to differences in soil and climate, the data 

is not representative of UK conditions. An investigation into yield of perennial ryegrass lines 

was carried out in the Black Sea coastal area of Turkey. The results of this trial showed that 

the Mg content ranged from 0.22 – 0.27% and that FTI ranged from 0.85-1.38, below the 

critical level for causing hypomagnesaemia (Surmen et al., 2013). Results such as this 

indicate that perennial ryegrass does have the potential to consistently have a higher 

percentage of Mg content than the minimum required for healthy livestock. Whilst this figure 

is debatable between the species of livestock the minimum figure for forage Mg content is 

considered to be 0.12% (Filley, 2015). Less than this results in a tetany prone forage, 0.12 to 

0.18% is marginal and anything from 0.2 to 0.25 Mg % DM is safe (Filley, 2015). With these 
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concepts in mind, results from trials in Turkey can be utilised to create safer perennial 

ryegrass lines for the UK market.  

 

Grasslands in temperate regions of the world are predominantly made up of perennial 

ryegrass (Wilkins, 1991). In Europe alone annually there is an output of 90,000 metric tonnes 

of perennial ryegrass, accounting for over 50% of all forage and turfgrass production (Bruins, 

2016). Due to high cultivation, it would prove worthwhile to study L.  perenne’s potential to 

provide higher Mg content for ruminants. One such investigation into this potential compared 

early heading varieties of perennial ryegrass, a high Mg (Ramore) and a control (Frances) 

variety. Sheep were used in this experiment to compare between grazing on swards and daily 

sward cuts fed to indoor ewes (Binnie et al., 1996). Results showed that Ramore had a higher 

Mg concentration than Frances (P<0.001) (Binnie et al., 1996). Additionally, in spring, there 

was a higher concentration of blood Mg content in Ramore (P<0.001) (Binnie et al., 1996). 

This however was not the case in autumn. Liveweight gains were numerically but not 

significantly higher in lambs and ewes in Ramore (Binnie et al., 1996). Indoor results 

mirrored this as livestock fed Ramore had a higher Mg intake (P<0.001) (Binnie et al., 1996). 

The conclusion can be drawn that high Mg varieties of perennial ryegrass can significantly 

impact sward ability to reduce incidence of hypomagnesaemia.   

Developments in this area are vital. A reconnaissance survey in the form of a questionnaire 

was distributed in 2016-2017 to assess UK prevalence of hypomagnesaemia (Kumssa et al., 

2019b). Farmers were asked about incidence of hypomagnesaemia, and their strategies for 

preventing this, among other things. A total of 285 responses were evaluated, of these, 110 

(39%) detailed incidences of hypomagnesaemia at some point (Kumssa et al., 2019b). It was 

estimated that farms had somewhere between 1-30 presumed incidences of 
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hypomagnesaemia (Kumssa et al., 2019b). Currently, intervention is the course of treatment 

for hypomagnesaemia with 84% of the participants having used preventative methods. Such 

methods were categorised into free access supplements (blocks and licks), pasture dressing 

(fertiliser/Mg lime), direct methods (injections, boluses and drenches), mineral 

supplementation, management changes (timing/choice of field for grazing) or no intervention 

method. In total, 308 intervention methods were used by the participating farmers with free 

access methods being the most popular (62% of participants reported they used this method). 

In-feed strategies accounted for 25% of intervention methods and direct methods accounted 

for 19%. Only 3% of respondents used preventative methods such as fertilising pastures with 

Mg lime to correct underlying problems with the soil and therefore the grass for grazing. 

Although preventative measures have been beneficial in some cases, this study found that of 

the 42 farms that used no intervention methods only 4 farms had cases of presumed 

hypomagnesaemia. A result such as this insinuates that there is no significant correlation 

between cases of presumed hypomagnesaemia and methods of intervention.  

As potential has been shown in perennial ryegrass there is scope to study this further.  

1.4 BREEDING TO DATE 

 

As previously discussed, breeding work for high Mg began in the 1970s at what was 

previously known as the WPBS. There were three experiments (one sown in 1983 and two in 

1984) that focused on experimental varieties of L. multiflorum with a high and low Mg 

concentration in comparison to the leading varieties at that time. The experiment sown in 

1983 consisted of one low Mg variety (Bb1276), one high Mg variety (Bb2067_1) and three 

controls (commercial varieties: RvP, Optima and S22). The two sown in 1984 consisted of a 

total of 10 L. multiflorum varieties, three of which were high Mg (Bb2067_1, Bb2067_2 and 
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Bb1843 - an earlier generation of Bb2067). Three were known to have lower leaf Mg 

concentrations, these were Bb2068_2, Bb1842 (both previous generations of Bb2068 

breeding lines) and Bb1267. The four remaining varieties were S22, Optima, RvP and Exalta 

(all commercially available). Since then, breeding priorities shifted away from L. multiflorum 

to L. perenne (80% effort) and boucheanum (20%), and selections have focused more on high 

Water Soluble Carbohydrates (WSC) and Dry Matter Digestibility (DMD) and improved 

protein efficiency, all in combination with superior yield.  

From cross to a commercial variety usually takes over 12 years to complete. The first ten 

years focuses on producing the first generation, in the years following (~7 years) variety 

testing is undertaken. The following two years involves large scale seed multiplication of 

successful varieties. Aims of the IBERS breeding are traits such as dry matter (DM) 

production, fibre digestibility, persistency, seasonal growth, lipid content, vitamin content, 

seed production and resistance to emerging pathogens, however this list is not exhaustive.  

1.4.1 Diploid L. perenne Breeding System 

With respect to the diploid L. perenne breeding populations, genotypic recurrent selection is 

employed. Each generation has a 4 year cycle comprising of 1.5 yr nursery and 2.5 yr half sib 

progeny plot trial. Typically, year one involves the hand sowing of 1,000 seed from ten 

families (10,000 total) which are then to be narrowed down to the best four. In Autumn of 

year one the 4,000 best individuals are transplanted into a field nursery. In year two, 400 of 

these plants are transferred into isolation chambers for polycrossing (a cross in which a 

female parent is known but the male is not). Once seed heads have filled, the seed is 

harvested from each plant separately. Progeny of the 100 highest seed yielding plants are 

sown and assessed for yield, quality and persistence over the next three and a half years in 

replicated ‘mini-sward’ plots. Forage quality is measured on dried herbage which has been 
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milled. WSC and digestible dry matter are predicted by Near Infra-Red Spectroscopy (NIRS) 

and minerals by wet chemistry (protocols detailed in Methods section 3.2.4). 

These data are used to inform both the selection of families for the next generation and also 

mother plants to be combined to make new synthetic varieties.  Between years 4-9, test plots 

are used to evaluate the potential of candidate synthetic varieties to be entered into national 

list trials. Varieties developed at IBERS are generally entered to two national list trials in the 

first instance, one conducted by the Department of Agriculture, Food and the Marine 

(DAFM) in Ireland, and the other in the UK which is conducted by National Institute of 

Agricultural Botany (NIAB). Each new variety is assessed through DUS and VCU trials. 

DUS refers to the Distinctness, Uniformity and Stability of a candidate variety. Only once the 

candidate meets all of these criteria can it be considered for commercialisation. For a 

candidate, the criteria mean it must be distinct from other commercial varieties already 

available, the population within the variety must be uniformly distinct and the advantageous 

distinct properties do not change over the subsequent generations (stability). VCU refers to 

value for cultivation and use. In forage grasses this is usually assessed through National and 

Recommended List Trials. Trialling protocols differ between countries and regions based on 

their respective primary industries and each country maintains its own recommendations. In 

years 7-12 grass varieties can be developed for commercial market. 

1.5 OBJECTIVES OF THIS PROJECT  

 

During the MAG-NET project, the high and low Mg accumulating L. multiflorum varieties 

were chromosome-doubled and crossed into interspecies hybrid ryegrasses known as L. 

boucheanum. The trial named 19MG was comprised of these tetraploid L. multiflorum and L. 

boucheanum candidate varieties, putatively high and low for the Mg accumulating trait 
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alongside some tetraploid L. perenne candidates. This trial was established in Autumn of 

2019 to be harvested across the 2020-2022 seasons and fell outside of the scope of the MAG-

NET project. A preliminary investigation of the variation and validation of these candidates 

for mineral composition is presented in Chapter 3. 

As the primary species for temperate grassland production and breeding improvement at 

IBERS is L. perenne, baselining the mineral composition in the diploid breeding populations 

and scoping the potential for mineral composition improvement as a breeding objective was 

proposed. Breeding population data from late and intermediate flowering diploid L. perenne 

populations were available at the start of this project. Generations from the late population 

were F5 (B674N – sown 2010) and F6 (B674Z - 2014), and F13 (B674G - 2008), F14 

(B674T - 2012) and F15 (B702A and B - 2016) from the intermediate population. These data 

are presented in Chapter 4. Please also see Appendix 1 for sequence of this project.  
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2  LITERATURE REVIEW 

 

Is there a safe way of increasing magnesium concentration’s bioavailability in forage 

crops for improved nutrition in livestock?  

2.1 RUMINANT AGRICULTURE 

Ruminant production globally relies mainly on forage products (90% consists of silage, hay, 

straw and fresh cut or grazed grasses and legumes). Teagasc (2014) found that in the UK, 

grassland forage makes up 60-80% of the total DM intake for ruminants and grains make up 

13% of intake to provide additional nutrition (Wilkins, 2000). In June 2020, it was recorded 

that over 60% of the total utilised agricultural area in the UK was made up of temporary 

(6.4%) and permanent grassland (54.2%) (DEFRA, 2020a). Of grasses sown in Western 

Europe, over 80% are perennial (L. perenne), Italian (L. multiflora), and hybrid ryegrasses 

(Humphreys, 2005). With grasslands covering 4.5 million ha in the UK and approximately 

52.5 million km2 (40% of the Earth’s land area) worldwide, high forage yields can be utilised 

by grazing animals and through harvesting forage as silage for winter feed (Gibson, 2009; 

The Wildlife Trust, 2021).  

With a growing human population and an increase in trade of animal derived products, the 

requirement for efficiency is at the forefront of livestock management. In the latest UK dairy 

industry statistics, the UK is the eleventh largest milk producer in the world (House of 

Commons Library, 2020). Statistics published by DEFRA (Department of Environmental, 

Food & Rural Affairs) (2020a), show that the average UK consumer purchases 1.84 L of milk 

and milk products, 961g of meat, and 123g of cheese per week. Since 1996, the UK’s total 

dairy cow numbers have decreased in England, Wales, and Scotland but have increased in 

Northern Ireland, total dairy cow numbers have decreased from 2,587,000 in 1996 to 
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1,883,000 in 2018, a reduction of 27% (House of Commons Library, 2020). The number of 

dairy holdings has also decreased by 66% from 35,741 in 1995 to 12,209 in 2019 (House of 

Commons Library, 2020). The reduction in registered holdings has led to an increase in the 

average herd size by 97% since 1996 to meet consumer demands (House of Commons 

Library, 2020). These statistics demonstrate how important it is to increase the nutritional 

qualities in the diets of livestock, not just for the UK but globally. Since this data was 

published, the COVID-19 outbreak has had an impact on total milk yield produced. After the 

UK Government imposed a national lockdown in March 2020, around 2,000 dairy farmers 

found themselves in financial difficulty (House of Commons Library, 2020). Approximately 

5-10% of milk products go to the hospitality sector, so with this temporarily closed, a lack of 

demand saw farmers dispose of milk (House of Commons Library, 2020).  

With the general increase in milk demands and a decrease in holding, average milk yields 

have risen and a need for more nutritious food sources has become increasingly essential. The 

mineral composition of the meat products consumed by the human population is directly 

proportional to the mineral nutrition consumed by the animal.  Milk is primarily consumed to 

maintain bone health in both humans and animals, two minerals most important for this are 

Ca and Mg (Kronqvist et al., 2011). In humans, milk and dairy are the principal sources of 

dietary Mg, Mg is often considered to be under-consumed (Oh and Deeth, 2017). The 

average Mg content in cow’s milk is 110 mg L-1 (4.6 mmol L-1) and can be as high as 290 mg 

Kg-1 in dairy products such as cheddar cheese (Oh and Deeth, 2017). Humans require 25 g of 

Mg in the body to remain healthy, in a 2009 USDA (United States Department of 

Agriculture) estimation, 57% of the US population are deficient in Mg. Several studies in this 

area indicate that the rate of absorption varies from 10 to 75% from food and 59% from 

mineral water (Oh and Deeth, 2017). Milk is an important source of Mg due to the stimulant 

effect of lactose and lactulose which can increase the rate of net Mg and Ca absorption in rats 
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and adult males (Heijnen et al., 1993). In a study on infant absorption of Mg, two groups of 

infants were fed with formula containing lactose as the carbohydrate and formula where the 

carbohydrate was made up of sucrose and corn starch hydrolysate (Ziegler & Fomon, 1983). 

The investigation concluded that infants fed with the lactose formula had a significantly 

enhanced absorption of both Mg and manganese. Ca net retention and absorption were also 

significantly higher in the lactose formula. Observations also showed that the absorption of 

zinc and copper were greater in the lactose formula, however the increase was not significant. 

Therefore, delivering Mg to humans as nutrition will be enhanced when consumed as milk 

due to the relationship of the ileum and lactose. The ileum and duodenum are where Mg is 

absorbed in humans, lactose has been found to reduce the pH in the ileum and therefore allow 

for more Mg absorption (Oh and Deeth, 2017).  

 

2.2 INTRODUCTION TO FORAGES 

Forage crops are defined as the edible parts of the plant (except separated grain) that can 

provide feed through being grazed or harvested for feeding (Barnes and Baylor, 1995). It is 

important that these crops are as nutritionally dense as practicable (Wilkins, 2000). 

Nutritional content of forages is affected by differences in soil fertility, management 

practices, stage of growth and forage species (Minson, 1990). With ruminants also producing 

an estimated 80% of milk and two-thirds of the world’s meat in developing countries, 

ensuring livestock health is paramount to be able to feed a growing population (Minson, 

1990). Increasing the productivity of animals in the developing world is an important factor 

in improving the ability of forages to contribute to nutrition as this area of the world have 

three-fifths of the world’s animals but only produce one-fifth of the world’s meat, milk and 

eggs, suggesting that improvements in livestock management and nutrition is required 
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(Minson, 1990). In the UK in 2019 there were 9.7 million cattle where 1.9 million of this is 

dairy cattle and 1.5 million is beef cattle, the remainder of cattle is made up of those aged less 

than 2 years and all male cattle (DEFRA, 2019). This is the third highest population in 

Europe, behind France and Germany (see Appendix 2) (DEFRA,2019). The UK also has a 

population of 33.6 million sheep and lambs, which is the highest population in Europe (see 

Appendix 3) (DEFRA, 2019). Such a high population is due to a large percentage of 

grassland cover in the UK.  For an optimal production of meat and milk products from 

ruminant livestock, nutrient content provided through grazing needs to be optimised. It has 

been noted that the most essential nutrients derived from forage are P, Ca, Mg and Iodine (I) 

(Minson, 1990). All of which are necessary in maintaining growth rate, forage intake, milk 

and wool production, hormone levels, and preventing stillbirths and infertility (Minson, 

1990). The focus of the literature review will be specific to the importance of a higher leaf 

Mg concentration in forages for improved milk and meat production and animal welfare.  

 

2.3 MAGNESIUM AND HYPOMAGNESAEMIA IN LIVESTOCK  

Mg is widely defined as a macro mineral, alongside Ca, P, sodium (Na), and K (Warne, 

2014). Each of these having effects on biological processes that impact the whole organism, 

including at a cellular level (Warne, 2014). Both macro and micro minerals provide vital 

nutrition for livestock such as sheep and cows. In a nutritional setting the term mineral refers 

to inorganic chemical elements that are found in the animal and its diet (Kronqvist et al., 

2011). Micro and macro minerals are defined only by how they were originally analysed, 

where macro minerals could be quantified, and micro minerals could not (Godden, 1939). 

Within the last century the requirement to optimise these minerals in the animal has 

increased.  
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Mg is necessary in the diet of livestock to prevent issues such as hypomagnesaemic tetany. 

Mg is an important constituent in the body, with 60-70% of body Mg found in the skeleton 

and soft tissues containing 30-40% with around 1% in the extracellular space (Zelal, 2017). 

In cows, Mg is solely provided in the diet where a constant uptake is required due to a lack in 

Mg metabolism regulation (Zelal, 2017). For the average dry cow there needs to be a daily 

consumption of 1.2g Mg/kg DM (equal to 0.12%), in lactating cows this figure rises to 2.0g 

Mg/Kg DM (0.20%) (Zelal, 2017).  Lactating cows can be assumed to be at a higher risk of 

developing hypomagnesaemia, as milk contains between 0.12-0.15g Mg/kg, high yielding 

cows can lose between 3-4g Mg through milk per day (Goff, 2006). This Mg is excreted from 

the extracellular Mg, if Mg is not rapidly replaced from this body source, then the cow will 

suffer from hypomagnesaemia (Goff, 2006). Extracellular Mg is critical to muscle function, 

nerve condition and bone mineral formation (Goff, 2006). 

To ensure ruminants have the correct Mg levels, there are several factors to control. One of 

these is this abundance of K in the diet. K has been shown to reduce the absorption of Mg in 

the bloodstream (Goff, 2006). A study provided evidence for this by feeding lambs a high K 

diet (49g K/kg DM = 4.9%) and a low K diet (6g K/kg DM = 0.6%), results showed that 

lambs fed a higher K diet had 0.5 reduction in Mg absorption (Goff, 2006).  The reason for 

this reduction is that when there is a high concentration of K in the rumen fluid, the apical 

membrane of the rumen epithelium is depolarized. This in turn reduces the electromotive 

potential that transports Mg beyond the wall of the rumen (Martens and Kasebieter, 1983). 

The Mg transport mechanism (Na-linked active transport) is the most important mechanism 

in the absorption of Mg. This stage is dependent on the concentration of Mg in the rumen 

fluid, which depends on the Mg content of the diet (Goff, 2006). Whilst this is the main 

mechanism of Mg absorption, there is also a passive transport mechanism in ruminants (Goff, 

2006). In this passive transport mechanism, the Mg is transported down a concentration 
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gradient into extracellular fluid, however this only occurs at high (>4 mmol/L) rumen fluid 

Mg concentrations (Goff, 2006). In the case of high Mg, the mechanism is not affected by K 

concentrations, only the availability of soluble Mg in the rumen fluid. 

Ruminant livestock require Mg to maximise milk production and prevent hypomagnesaemic 

tetany. Due to modern dairy cows possessing genetic potential to produce high milk yields in 

Western Europe, Mg is one of the more important nutrients in grazed forage (Wilkins, 2000). 

In the UK, forage grass makes up 83% of ruminant feed and other feed sources such as grain 

account for 13% as forage grasses are unable to provide enough nutrients that are required by 

dairy cows (Wilkins, 2000). Forage grasses rapidly release Mg whilst being digested in the 

rumen, then the Mg can be transferred to the bloodstream through the rumen wall (Minson, 

1990). This is where the balance with other elements and compounds affects the rate Mg 

enters the bloodstream. Antagonistic associations with high concentrations of K in the forage 

inhibit Mg from benefiting the animal, other inhibitors include high concentrations of fatty 

acids, crude proteins (CP), and low temperatures (Minson, 1990). Soil Mg also helps to 

increase the availability of Mg available in the forage, soil Mg can be increased by fertilizing 

with Nitrogen (N) (Minson, 1990). The FTI is used to indicate the mineral quality of the 

forage using K, Ca, Mg concentrations. Results above 2.2 are likely to cause 

hypomagnesaemia. 

Hypomagnesaemia causes clinical symptoms such as increased excitability, excessive 

salivations, reduced appetite and convulsions (McDowell and Valle, 2000). In extreme cases, 

without medical attention, death can result if an animal suffers tetanic muscle spasms and 

collapses (McDowell and Valle, 2000).  Females are mainly affected by tetany and 

occurrence is more frequent in cattle over sheep and goats. Tetany most commonly occurs in 

wet autumns and early spring (McDowell and Valle, 2000). Herds can experience a grass 

tetany rate of 20% maximum with initial indications in cattle herds being the discovery of 
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dead livestock. Tetany is particularly frequent in Europe due to ruminant production being 

highly developed and the availability of high-quality pastures (McDowell and Valle, 2000). 

To avoid tetany a common practice is to treat pastures with Mg fertilizer with the addition of 

foliar dusting with MgCO3 (calcined magnesite) either before or during tetany prone periods 

(McDowell and Valle, 2000). 

Grasses are important as a nutrient source as they are a low-cost method of delivering 

nutrients due to high yields of DM, and energy and the ability for in situ use such as grazing 

(Beever and Mould, 2020). Ryegrass has shown to have one of the highest Mg contents of 

several forage crops in a study by Mayland et al. (1976). The availability of Mg in forage is 

considerable for ruminants, this figure was found to range from 10-15% (McDowell and 

Valle, 2000). In temperate pastures made up of perennial ryegrass and white clover, apparent 

availability of Mg, P, Ca and K was 31, 17, 21 and 97%, respectively (Grace, 1972). Mg 

availability has also been noted to increase with the maturity of grass (Kemp et al., 1961). 

CSIRO (Commonwealth Scientific and Industrial Research Organisation) declares that the 

recommended Mg concentration for grazing cattle is between 1300 and 2200 mg kg-1 DM 

(equal to 0.13 – 0.22 %) and between 900 and 1200 mg kg-1 for sheep (equal to 0.09 – 

0.12%) (Kumssa et al., 2019a). Hypomagnesaemic tetany occurs when Mg intake falls below 

these figures. An experiment conducted by the WPBS) in the 1970s produced a variety of 

Italian ryegrass, Magnet (S417, Bb2067), which was successful in decreasing frequency of 

hypomagnesaemic tetany in grazing sheep (Moseley and Baker 1991). The sheep trial grazing 

on a control and Magnet showed a clear difference in tetany rates. The control pasture had 

21% incidence of clinical hypomagnesaemia in the first 10 days in comparison to only 2.5% 

in the higher Mg variety (Moseley and Baker 1991). Other beneficial factors were also noted, 

the mean Mg content of Magnet herbage was 48% higher than the control variety, 

additionally P and Ca were 30% and 15% higher than the control, respectively (Moseley and 
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Baker 1991). It was concluded that the higher Mg grass was an effective means of controlling 

hypomagnesaemia in sheep, however due to a lower DM than other varieties in National List 

Trials, Magnet was not commercialised (Kumssa et al., 2019a). Trials in cattle were never 

achieved in this project.  

2.4 OTHER MINERALS OF FORAGES AND THEIR INTERACTION WITH 

MAGNESIUM 

Mineral requirements for livestock vary depending on the stage of growth, with gestating and 

lactating cows requiring more minerals (Sattar and Habasha, 2015). Levels of P, Ca and Mg 

are lower in pregnant cows due to increased nutrients being diverted to the embryo, lactating 

cows also have very high nutritional requirements in comparison to other species (Sattar and 

Habasha, 2015). Increasing nutrition for cows in this stage is vital in supporting milk 

production, metabolic and rumen health and finally, the efficiency of fermentative digestion 

(Herdt, 2014). To maintain a healthy Ca level in cows, recommendations for different feed 

sources varies. Forage from legume diets have a minimum Ca concentration requirement of 

0.71-0.75%, whereas forage from grass sources have a minimum Ca concentration 

requirement of 0.42-0.47% (Herdt, 2014). Similarly, dairy and dry cows require 0.35-0.4%, 

and 0.3-0.35% total dietary phosphate concentration, respectively (Herdt, 2014). It is 

important that this level is not exceeded as the excess is excreted in faeces, becoming a major 

pollutant risk for the environment (Herdt, 2014). In ruminants the Ca : P ratio is not one of 

high importance in comparison to other animals, between 7:1 and 1:1 is acceptable as long as 

both Ca and P levels meet dietary requirements (Herdt, 2014). A lack in dietary calcium 

results in a condition known as hypocalcaemia, this can lead to decreased milk production 

and is considered a predisposition to other health disorders (Venjakob et al., 2017). Other 

such health disorders include a predisposition to infectious and metabolic disorders in early 

lactation for instance mastitis and metritis (Venjakob et al., 2017). An increased risk of these 
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infectious diseases can be explained by a reduction in neutrophils, impairing phagocytosis, 

caused by lower cytosolic calcium concentration (Martinez et al., 2014).  

Ca is the primary mineral component of bones, followed by P as the second most abundant 

(Singh et al., 2018). With a lack in dietary P, ruminant livestock can experience 

hypophosphatemia (lack of P available in the animals’ plasma) (Goff, 2006). P is found in all 

cells within the body and has roles in processes such as cell signalling and the synthesis of 

cell membrane, DNA, RNA and bones (Singh et al., 2018). P is known to have more key 

functions in the body of ruminants than any other mineral nutrient, the balance of this is 

therefore very important (Humer and Zebeli, 2015). This necessity for careful balance of 

nutrition was exhibited in an investigation by Wu, Satter and Sojo (2000) which compared 

the differences in performance based on three different dietary P values. The values used 

were 0.31, 0.40 and 0.49 P % DM (Wu, Satter and Sojo, 2000). Results showed that there 

was no significant impact on the reproductive performances of cows with different amounts 

of P, however there were more cases of foot rot in cows with only 0.31% P (Wu, Satter and 

Sojo, 2000). Although there was not a significant difference between the milk produced over 

the full lactation period, cows with 0.31% dietary P had a decreased milk yield in the final 

third of lactation period. It is concluded that dietary P should be over 0.30% to produce low 

to medium milk producing cows (7500-9000 kg per lactation) and 0.38 – 0.40% for high 

producing cows (>10,000 kg per lactation) (Wu, Satter and Sojo, 2000). Therefore, feeding 

cows with more than this (0.49%) is unnecessary as there was found to be no major 

advantage to this over the 0.40% P treatment as cows would excrete the excess. Diets at 

0.31% can support high milk production but cannot sustain this throughout the lactation 

period and can give rise to other health issues. The reason for this productivity at 0.31% is 

that cows were able to conserve their P in the plasma by reducing the mount excreted via 

faeces or urine (Wu, Satter and Sojo, 2000). Average milk yields were 10,790, 11,226, and 
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11,134 kg for 0.31%, 0.40% and 0.49%, respectively. Emphasising the notion that balance is 

key to avoid waste as the most productive treatment was 0.40% P DM (Wu, Satter and Sojo, 

2000).  

Balance of P is not only important for the animals, but also for farmers to manage 

appropriately. Dietary P supplements are the third most expensive livestock nutrient, 

accounting for over 50% of total costs of minerals and vitamins used on a dairy farm (Singh 

et al., 2018). It is therefore important that farmers manage the intake of nutrients by livestock 

closely. One way to do this is to choose the correct forages to meet the dietary requirements 

of each animal, these can be seen in Table 2.1. Values in Table 2.1 is listed as % dry matter 

(DM), defined as the part of the substance remaining if water content was removed. The table 

expresses how much more K there is in the forage than what is required by the animal, K has 

suppressing effects on both Ca and Mg so management of these minerals is critical to ensure 

forage consumption is optimised.  Grazing animals on pastures is an efficient way of feeding 

as there is a reduction in time and money invested in feeding, there are however 

considerations to be made with this method.  

Table 2.1 – Nutrient concentrations (% Dry Matter) normally found in forages and 

the amount required by sheep and cows (Mayland and Shewmaker, 2001). 

 Concentration in Forages (% DM) Dairy requirements (% DM) 

Element  Grasses Legumes Sheep Cattle 

Calcium, Ca 0.3-0.6 0.3-1.4 0.3-0.4 0.3-0.4 

Magnesium, Mg 0.1-0.3 0.2-0.5 0.1 0.2 

Phosphorus, P 0.2-0.4 0.3-0.5 0.2 0.2 

Potassium, K 1.0-3.0 2.0-4.0 0.3 0.8 
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Grazing animals on a pasture can lead to hypomagnesaemic tetany. In the spring this can be 

caused by early spring forages as they tend to have high K and low Mg values (Lentz et al., 

1976). Additionally, in the winter tetany can be caused by cereal forages such as rye (Secale 

cereale L.), barley (Hordeum vulgare L.), wheat (Triticum aestivum L.) and oats (Avena 

sativa L.) (Zelal, 2017). Hypomagnesaemic tetany is known to be a seasonal issue, being 

more prevalent in cooler rainy periods (Crush et al., 2018). To avoid hypomagnesaemic 

tetany, there needs to be a continuous supply of Mg and for the absorption of this to be 

maximised (Zelal, 2017). This can be made possible by providing salt licks/blocks, mineral 

supplementation in water and directly (via boluses, drenches or injection), dressing the 

pasture (fertiliser/ Mg lime), and field management (e.g field rotation) (Kumssa et al., 2019). 

Additionally, high levels of N and low availability of total soluble carbohydrates reduce the 

concentration of Mg available for animals (Mayland and Shewmaker, 2001). Hence 

pragmatic use of K and N fertilisers are recommended to reduce the likelihood of 

hypomagnesaemia occurring (Mayland and Shewmaker, 2001). By restoring the levels of P to 

soil, both Mg and Ca concentrations in grass leaves can be improved due to P’s capacity to 

improve plant growth (Mayland and Shewmaker, 2001). 

K also requires careful observation as it is the third most abundant monovalent cation within 

the body (Berg et al., 2017). As K is essential in the body for regulation of osmotic pressure, 

nerve impulse transmission, cell function and muscle contraction, it is important that there is 

a constant supply of K from the diet (Berg et al., 2017).  In cows, the blood plasma K 

concentration ranges between 3.9 and 5.8 mmol/L (Wittek et al., 2019). For cows in mid to 

late lactation a blood serum K content of 0.7% DM is adequate to facilitate good health, this 

figure may not be enough for higher producing cows in an earlier stage of lactation (Dennis 

and Hemken, 1978). Whilst K may have a negative impact on Mg in livestock, positive 

relationships with Ca and Mg have been noted (Bhanugopan et al., 2015). In an experiment 
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by Bhanugopan et al., (2015), sheep were treated for two weeks with 3.1% and 1.4% DM of 

K. Results of this showed that post treatment, K was able to increase the fractional absorption 

capacity of Ca in the abomasum (Bhanugopan et al., 2015). Alongside this, K 

supplementation also decreased the fractional excretion of Mg and Ca, allowing for renal 

conservation of minerals for later use (Bhanugopan et al., 2015). 

 

2.5 MAGNESIUM POTENTIAL OF PERENNIAL RYEGRASS  

An investigation into eight different perennial ryegrass (L. perenne) varieties was conducted 

in New Zealand to observe various macronutrients (Crush et al., 2018). N, Na, Mg, Ca, K, P, 

and sulphur concentrations were measured (Crush et al., 2018). The eight varieties were 

Kamo AR37, Commando AR37, Prospect AR37, Alto AR37, AberMagic AR1, One50 

AR37, Base AR37 and Bealey NEA2. Each variety at all sites displayed significantly 

different Mg concentrations (Crush et al., 2018). At two of the four sites (Waikato and 

Canterbury) AberMagic had a significantly lower Mg content than the other varieties (Crush 

et al., 2018). Waikato and Canterbury varieties harvested in Autumn had a significantly 

higher Mg % DM than the spring harvest (Crush et al., 2018). Whereas AberMagic, Alto and 

Bealey harvested in Autumn in Manawatu had a significantly lower Mg % DM than those in 

spring (Crush et al., 2018). Reducing FTI is most feasibly achieved through the selection of 

increased Mg concentrations (Smith et al., 1999). 

Previous work into modifying grass species for increased nutrition has proved successful, 

with new varieties reducing FTI and increasing the blood plasma level of Mg (Mayland and 

Shewmaker, 2001). Grass species improved were Italian ryegrass (L. multiflora Lam.), tall 

fescue, and perennial ryegrass (L. perenne L.) (Mayland and Shewmaker, 2001). In more 

recent years, work in breeding Festulolium varieties for their potential to improve the 
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efficiency of nutrient use in ruminants (Humphreys et al., 2014). Recent work in identifying 

photosynthesis promoters in L. perenne has resulted in transgenic lines to investigate 

increased fibre, yield and digestibility (Badenhorst et al., 2018). In addition to this, 

investigation into WSC has found that L. varieties such as AberDart, AberElite and 

AberMagic have the highest growth rates correlated to highest WSC concentration (Capstaff 

and Miller, 2018).  This breeding has a focus on ensuring that future livestock farming is 

sustainable where higher quality products are sourced from fewer animals (Humphreys, 

2005).  

Previous work in Italian ryegrass varieties have demonstrated how plant breeding can 

decrease the likelihood of grazing animals developing hypomagnesaemia. One such study 

conducted by Moseley and Baker (1991) compared a variety (Bb 2067), specifically bred for 

a higher Mg content, against a control (cv. RvP) to assess if there was potential to reduce 

incidence of hypomagnesaemia in lactating ewes. Results within the first ten days of 

investigation showed that the control had 21% incidence of clinical hypomagnesaemia 

whereas Bb 2067 had only 2.5% (Moseley and Baker, 1991). Blood serum concentrations of 

Mg had decreased by 35% in the control where the high Mg variety had displayed no 

significant change (Moseley and Baker, 1991). In herbage DM, the mean Mg content of Bb 

2067 was 1.45 g kg-1 DM (0.145 Mg % DM), which was 48% higher than that of the control 

(0.93 g kg-1 DM / 0.093 Mg % DM) (Moseley and Baker, 1991). Notably, both P and Ca 

were also 30% and 15% higher than the control, respectively (Moseley and Baker, 1991). 

These increases in mineral content resulted in Bb 2067 exceeding the recommended Mg 

allowance and were close to meeting P and Ca recommendations whereas the control 

severely lacked in all three minerals (Moseley and Baker, 1991). Additionally, ewes grazing 

on Bb 2067 had a higher mean DM intake than the control, however this difference was not 

statistically significant (Moseley and Baker, 1991). In a previous investigation into the same 
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variety against a control Bb 2067 was also found to have a significant impact on reducing 

clinical cases of hypomagnesaemia. Concentration of Mg in the herbage of Bb 2067 was 51% 

higher than that of the control throughout the grazing period (Moseley, Baker and Hides, 

1989). After the first week of grazing, sheep grazed on the RvP (Control) displayed a 

significant decrease in the serum Mg concentration, this was 30% lower than the high Mg 

variety (Moseley, Baker and Hides, 1989). Both groups of grazing sheep were administered 

with Mg bullets on day 12. Following this the serum Mg levels increased for both groups 

however Bb 2067 grazing sheep still had a significantly higher amount of serum Mg than 

RvP (Moseley, Baker and Hides, 1989). 23 cases of clinical hypomagnesaemia were recorded 

in the first ten days of grazing on the RvP sward, by the end of the experiment this number 

reached 25 (Moseley, Baker and Hides, 1989). Of ewes grazing on RvP the percentage 

incidence of hypomagnesaemia was 21%, cases which resulted in fatality accounted for 16% 

(Moseley, Baker and Hides, 1989). Bb 2067 had only 3 (2.5% incidence) cases of clinical 

hypomagnesaemia with all cases making a recovery (Moseley, Baker and Hides, 1989). With 

such a significant difference between the high Mg variety and the control, there is clear 

evidence that work towards breeding grasses for these higher nutrition traits (such as Mg 

discussed in this experiment) can only prove useful.  

Moseley (1984) conducted previous research comparing low and high Mg content swards of 

Italian ryegrass. Results showed that high Mg swards have 44% more Mg and 22% more Ca 

than the low Mg population (Moseley and Griffiths, 1984). Sheep grazed on the high Mg 

grass also had a significantly higher intake, retention and availability of Mg in the blood and 

rumen over the low Mg selection (see Table 2.2) (Moseley and Griffiths, 1984).  
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From these studies it can be concluded that there is potential for further development of 

grasses with a higher Mg content for the alleviation of clinical cases of hypomagnesaemia in 

ewes. In addition to this, it is possible that these improvements could improve quality of 

produced milk (Heijnen et al., 1993).  

 

A survey was conducted in 2019 to determine the prevalence of hypomagnesaemic tetany via 

means of a semi-structured questionnaire sent by paper or online to cattle and sheep farmers 

across the UK (Kumssa et al., 2019b). In total, 285 responses were acquired of which 51% 

were from Wales, 35% from England, 11% from Scotland and 3% from Northern Ireland 

(shown in Figure 2.1) (Kumssa et al., 2019b). Of these farmers 110 (39%) stated that, at 

some point, their livestock had been affected by hypomagnesaemic tetany (Kumssa et al., 

2019b). Farms with the highest percentage of presumed hypomagnesaemic tetany (PHT) 

were mixed beef and sheep with a total of 47% recording incidence in 1 to 30 animals a year 

(see Figure 2.1) (Kumssa et al., 2019b).   

Magnesium  High-Mg 

selection 

Low-Mg 

selection 

Significance of 

difference 

Intake (g d-1) 2.229 1.205 ** 

Apparent availability (%) 40.1 33.4 * 

Retention (g d-1) 0.486 0.181 * 

 

Table 2.2 – Magnesium balance of sheep comparatively grazed on high-Mg and low-

Mg selections of Italian ryegrass (Moseley and Griffiths, 1984). Significance is 

indicated as *** (P < 0.001), ** (P < 0.01) and * (P < 0.05). 
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Within the same questionnaire, farmers were asked about methods of intervention (see Table 

2.3). In this section, overall, 84% of farmers had used measures of prevention and/or 

treatment (Kumssa et al., 2019b). These were categorised into in feed, free access 

supplements (blocks and licks), generic mineral supplementation, in water, direct (via 

injection, drenches and boluses), pasture dressing (Mg lime/fertiliser), management (field 

rotation) or nothing. Of the 226 responses over 308 intervention methods were recorded with 

the most common answer (62% of responses) being free access minerals (see Table 2.3) 

(Kumssa et al., 2019b). Of those which did not use intervention, 42 farms had no incidence of 

PHT and 4 farms did (Kumssa et al., 2019b). This most recent study has shown an increase in 

the occurrence of hypomagnesaemic tetany compared to previous work, such as that 

conducted by Whitaker and Kelly in 1982. In this study only 1% of farmers in England and 

Wales had claimed to have critical cases of hypomagnesaemia (Whitaker and Kelly, 1982).  

Figure 2.1 - Incidence of presumed hypomagnesaemic tetany (PHT) (Kumssa et 

al., 2019b) 

(A) – Percentage of Beef (B), mixed beef-dairy (BD), mixed beef-dairy-sheep 

(BDS), mixed beef-sheep (BS), dairy (D), mixed dairy-sheep (DS), and 

sheep (S) farms that reported ‘yes’ (orange) or ‘no’ (blue) to incidence of 

PHT. 

(B) – Overall percentage incidence of PHT. 
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This drastic change in data over almost 40 years would suggest that there has been yearly 

increase in the occurrence of farms impacted by Mg deficiency.  

 

 

2.6 CONCLUSION: 

In the most recent UK assessment of presumed hypomagnesaemic tetany, of those 

questioned, 96% of farmers experiencing this problem had used preventative measures such 

as salt licks and mineral blocks (see Table 2.3). Whilst this study is not representative of the 

entirety of the UK it provides evidence as to where traditional methods are failing. Results 

suggest that it would be beneficial to increase research into the relationship between Mg, Ca 

and K within the grass itself rather than on the pasture and in other infeed methods of 

intervention. Expanding on work conducted by Moseley and Baker (1991) to increase the 

concentration of in forage would be the next step in investigating how practical this would be 

to achieve in L. perenne.  

Table 2.3 - Distribution of interventions used, in line with species and incidence of PHT 

(Kumssa et al., 2019b). 



Page | 38  

 

3 FIELD TRIAL OF CANDIDATE HIGH MAGNESIUM ITALIAN 

AND HYBRID VARIETIES  

3.1  INTRODUCTION 

As a means of clarifying the potential of putatively Mg accumulating varieties (mentioned in 

section 1.5 and described further in 3.1.1), experiment 19MG was created. The experiment 

comprised of candidate varieties of L. perenne, multiflorum and boucheanum with some 

expected to be high and others low for Mg compared against commercially available varieties 

(AberEcho and Kigezi). 

Hybrid ryegrass (L. boucheanum) is an interspecific cross between perennial (L. perenne) and 

Italian ryegrass (L. multiflorum). The characteristics of hybrid ryegrass are a combination of 

some of the advantageous qualities of both perennial and Italian parents. Italian ryegrasses are 

valued for their ability to produce high yields and perennials are known for their persistency in 

the field. Alongside persistency, the perennial parent will produce a plant with a higher leaf 

area and a higher number of tillers, resulting in increased ground cover. Due to these 

advantageous qualities gained by the parent material, hybrid ryegrasses are considered to be 

some of the best grasses available to support intensive farming due to high silage yields and a 

large capacity for grazing (Herridge et al., 2019). By selecting parent materials carefully, 

improving WSC content has been possible in hybrid varieties (Jones and Humphreys, 1993). It 

has been routine practise in the IBERS programs to chromosome double high performing 

varieties from the diploid L. perenne populations for such crossing. In more recent work it has 

also been shown that hybrid ryegrasses have a higher K and Mg concentration than both 

perennial and Italian ryegrass varieties (Penrose et al., 2020). Hybrid varieties also had a lower 
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FTI than perennial ryegrass. Within the same work by Penrose et al. (2020), it was noted that 

there was a small subset of hybrid varieties with a significantly higher Mg concentration than 

the other species tested (tall fescue, perennial and Italian ryegrass). These results indicate the 

already present potential of a higher Mg concentration in hybrid ryegrasses.  

The IBERS forage breeding programs have a strategic marketing alliance with Germinal 

Holdings Ltd. The market for Italian ryegrasses is small compared with perennial, and does not 

justify the investment in development as low cost seed can be sourced from Europe (P. Com, 

Ben Wixey, Germinal). Hybrid ryegrasses are routinely created in IBERS breeding and were 

considered an alternative route of delivering these intervention options into farmers hands (P. 

Com, S. Palmer).  

3.1.1 Origin of 19MG Candidate Varieties 

Hybrid ryegrass candidates included in 19MG trial arose from Italian parents with either high 

or low Mg trait. The timeline of development for these candidate varieties were as follows: 

Seed of high and low diploid L. multiflorum (Bb2067 and Bb2068, respectively) developed in 

the 1970s at WPBS were chromosome-doubled in 2015 (see methods section 4.2.2) and 

stabilised for 2 generations (2016-2017). The resulting C2 populations were allocated the 

accession numbers Bb2589 (high) and Bb2590 (low). In 2018, individuals from each tetraploid 

pool were pair crossed with modern tetraploid L. multiflorum and L. perenne genetics (either 

made in house or commercially available varieties). For the L. multiflorum x perenne crosses 

typically the L. multiflorum were emasculated and bagged with an anthesing L. perenne 

individual, though 2 of 13 were made in the opposite combination (see Table 3.1). In addition, 

intra-species pair crosses were made to begin to introgress the Mg trait into modern L. 

multiflorum background.  The F1 of these emasculated pair crosses were grown out in pots and 

intercrossed in pollen isolation houses (2019) and the F2 seed harvested as a bulk is both the 
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foundation stock and trials seed for these candidate varieties. The high/low Mg trait had not 

been monitored during the development of these populations by phenotyping or marker assisted 

selection, so these populations could only be considered putatively high and low based on their 

pedigree. The experiment 19MG was established to phenotype these candidate hybrid 

ryegrasses against perennial and Italian to determine if this higher Mg potential of the hybrids 

could be identified.     

Where lines with the parent Bb2589 (also used as the high Mg control) were considered high 

Mg, the hybrid line bAB1134, and all three of the perennial ryegrass varieties were considered 

putatively low Mg. Kigezi has been chosen as a control Italian ryegrass and Bb2600 has been 

selected as it is known to have a higher Mg content than Kigezi. The inclusion of hybrid 

varieties has not been done before when assessing for higher leaf Mg concentrations to attain 

a lower FTI. 

This Chapter aims to clarify high Mg potential in 19MG using wet chemistry. Ca, K, P, and 

Mg are quantified and compared against one another and also yield. Mg, Ca and K are used in 

combination to calculate FTI and identify the influence each mineral has upon this. P was 

sampled to understand the interaction between K and P as there is a known interaction between 

these in the literature.  
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3.2  MATERIALS AND METHODS 

The following data was collected in the Gogerddan Campus of Aberystwyth University 

(52°25'59.0"N 4°00'56.6"W). 

3.2.1 19MG Experiment Objectives and Experimental Design 

 

The Experiment 19MG comprised of 20 Varieties (Table 3.1). These were a mixture of 

Tetraploid Perennial Ryegrass x 3 (L. perenne), Italian Ryegrass x 3(L. multiflorum) and 

Hybrid ryegrass x 14 (L. boucheanum). Amongst the Italian and Hybrid ryegrasses were 

candidate varieties that arose from crosses using chromosome-doubled Bb2067 and Bb2068 

(high and low Mg accumulating Italian ryegrasses, respectively) made during the MAG-NET 

project. The aim of this experiment was to sample and measure the Mg content of these 

putatively accumulating lines under field conditions.  

The experimental layout was 80 plots of dimensions 2x1m, in a completely replicated block 

design (CRBD) in randomised order (randomised in Genstat). Plots were broadcast by hand 

and gently raked in September 2019. Data from the first cut in year one will be analysed here. 

Standard procedure is for the first cut in year two to be analysed for mineral composition 

however this did not align with the timeline for this project.  
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Table 3.1 - List of plant material and parental origin of varieties in experiment 19MG. 

Name Species  Mother  Father  Putatively  

bAB1131 Hybrid ryegrass (L. boucheanum) Bb 2589 Carraig High 

bAB1132 Hybrid ryegrass (L. boucheanum) AberDell Kigezi  

bAB1134 Hybrid ryegrass (L. boucheanum) Bb 2590 Carraig Low 

bAB1145 Hybrid ryegrass (L. boucheanum) Carraig Bb 2589 High 

bAB1154 Hybrid ryegrass (L. boucheanum) Bb 2589 Carraig High 

bAB1156 Hybrid ryegrass (L. boucheanum) Bb 2589 Ba 14712 High 

bAB1157 Hybrid ryegrass (L. boucheanum) Bb 2589 Ba 14712 High 

bAB1166 Hybrid ryegrass (L. boucheanum) Ba 14398 Bb 2589 High 

bAB1167 Hybrid ryegrass (L. boucheanum) Bb 2589 Ba 14913  High 

bAB1168 Hybrid ryegrass (L. boucheanum) Bb 2589 Ba 14913 High 

bAB1169 Hybrid ryegrass (L. boucheanum) Bb 2589 Ba 14916  High 

bAB1170 Hybrid ryegrass (L. boucheanum) Bb 2589 Ba 14398 High 

bAB1172 Hybrid ryegrass (L. boucheanum) Bb 2589 Ba 14913 High 

AberEcho Hybrid ryegrass (L. boucheanum)    

Bb2589 Italian Ryegrass (L. multiflorum)   High 

Bb2600 Italian Ryegrass (L. multiflorum) Bb 2589 Kigezi  

Kigezi Italian Ryegrass (L. multiflorum)    

Ba15042(1,3)/ 

Ba14047(2,4) 

4n Perennial Ryegrass (L. perenne) C2BannxStarman   

Ba15043 4n Perennial Ryegrass (L. perenne) Ba14952xAberDell AberDell  

Ba15044 4n Perennial Ryegrass (L. perenne) Ba14693xBa14952 Ba14952  

 

3.2.2 Chromosome doubling of ryegrass 

Seed was placed in petri dishes lined with filter paper and incubated at 20°C for 2 to 4 days. 

Germination times vary, seeds were therefore soaked until coleoptile is approximately 2-4mm 

long. Germinated seedlings were placed in compartmented petri dishes with drainage holes 
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within a deep glass container, approximately 25 seedlings were placed in each compartment. 

0.2% colchicine solution was added to the deep glass container and left to stand for 5 hours in 

a fume cupboard. After this, seedlings were rinsed under running water for at least two hours, 

seedlings were then planted into seedling trays in a glasshouse.  

Once the seedlings had reached the three tiller stage, the ploidy of the seedlings was assessed 

using flow cytometry. Methodology followed for this stage can be found in IGER protocol 

No.2 – Ploidy testing of Ryegrass species (Alan Lovatt pers. comm.).  

 

3.2.3 Harvesting Methods  

Harvesting of 19MG commenced in the summer of 2020 (the year following establishment). 

All samples were collected using a HALDRUP 1997 model. A subsample of approximately 

200-400g was collected randomly from the grass cut by the HALDRUP for DM calculation, 

taking care to avoid collecting weeds or stones. Subsamples were placed into clear CRYOVAC 

bags (USA) and weighed immediately for fresh weight (Sealedair, 2021). A pre-printed label 

with sample details including experiment, sampling time, plot, sampling year and unique 

identifier was added to the bag facing outwards for easy reading. Fresh subsample weight was 

recorded by connecting a Toshiba Touchbook to a balance (accuracy of ± 1g) and inputting 

numbers corresponding to which sample was being weighed. Samples were then dried in an 

oven at 80°C for 48 hours, after this time they were weighed again in the same process as fresh 

weights. Samples were stored at ambient temperature until milling. 

All milling was conducted in accordance with COSSH (The Control of Substances Hazardous 

to Health Regulations) guidelines of Aberystwyth University. Each sample was milled 

separately in an enclosed rotating hammer mill (Christy Turner & Gosling 8” Laboratory Mills 

Mark 2 with 3-phase motor, Ipswich, England) to pass through a 1 mm sieve. The mill was 
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cleaned between each sample to minimise cross-contamination. Milled samples were then 

poured into a 50ml Sterilin tube (Leicestershire, England) until full. Any remaining sample was 

discarded. The subsample label from the bag was transferred to the inside of the sample tube, 

again facing out, and paired with a corresponding label on the tube lid. Tubes were then placed 

into a plastic planter tray ready for transportation to the lab for analysis. Trays were also 

labelled with details of the experiment name, sowing year, year of sampling, cut number and 

the range of sample numbers within each tray. Labels were laminated and cable-tied to trays to 

avoid misidentification of samples.  

3.2.4 Laboratory Analytics  

Before values for cation content were concluded, cations were first extracted. Extraction was 

conducted by dry ashing and dissolving the ash in hydrochloric acid. To dry ash, 0.5 ± 0.005 g 

of dried, ground sample was weighed and placed into a test tube. Test tubes were then placed 

into a muffle furnace and the start time noted. Furnace temperature was then increased to 450 

± 20 °C for at least 16 hours until the ash remaining was white/grey in colour. Once samples 

were cool, 10 ± 0.5 ml of 25% hydrochloric acid was slowly added using a pipette. Filter 

papers, funnel and 50 ml volumetric flasks were rinsed with deionised water and used to filter 

test tube contents. To ensure all matter was collected test tubes were rinsed several times with 

deionised water into filter paper. The filter paper was rinsed twice more with deionised water 

before allowing complete filtration. Once this stage was complete, funnels and filter paper were 

removed and the flask was made up to volume with deionised water, stopper inserted and 

shaken. For K, Ca, and Mg tests, some of the sample was poured into two 8 ml ICP (Inductively 

Coupled Plasma) test tubes.  

Finally, elemental analysis was undertaken by ICP-OES (Inductively Coupled Plasma Optical 

Emission Spectrometry). This is where the samples were nebulized and transferred to an argon 
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plasma where they are decomposed, atomized and ionized (the ions and atoms are excited). 

Light intensity emitted is measured when the ions or atoms return to lower levels of energy. 

Characteristic wavelengths are emitted by each element, these are used for quantitative analysis 

after calibration. Following analysis, results were reported as percentage mineral. 

3.2.5 Statistical Analysis 

Using SPSS (Statistical Package for the Social Sciences), analysis of variance (one-way 

ANOVA) and regressions were used to perform descriptive analysis of the Mg, Ca and K % 

DM content and FTIs of each replicate. Data was entered in a list format with numbers used to 

identify individual lines. One-way ANOVA (Analysis of Variance) was used to investigate if 

different lines/varieties had a significantly different nutrient content and FTI. Results from 

SPSS were exported into excel for presentation. 

Mineral concentration means were used to create graphical representations of the data. 

Comparisons were made using box and whisker plots to facilitate the presentation of maximum, 

minimum, upper quartile, lower quartile, and median values between candidate varieties.  

Regressions were undertaken between each combination of variables to investigate the 

correlation between minerals. Where a correlation was significant, a scatter graph was created. 

Depicting data in this way allows for more detailed comparisons to be drawn to demonstrate 

the differences between the ratios of nutrients in 19MG. In some cases, the ratio of highly 

correlated variables was subsequently created as a new variable for ANOVA (such as Ca:Mg). 
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3.3   RESULTS 

3.3.1 Cation analysis  

As seen in Table 3.2, results for cation analysis showed that K was most abundant mineral in 

19MG and the most varied, evidenced by the largest interquartile range of the experiment (2.18 

to 2.49 K % DM). Second most abundant was Ca, followed by P and Mg, respectively. This 

pattern was also evident in the consistency of the data, with the interquartile range decreasing 

from K to Mg.  

Mg data ranged from 0.10 to 0.13 % DM content with a median of 0.118 Mg % DM. Overall 

data from each mineral was evenly spread with the median of each mineral being close to that 

of the mean.  

 

Table 3.2 - Information derived from Box and Whisker plots for the % concentration for 

minerals and FTI (Forage Tetany Index). 

 Highest 

value 

Upper 

Quartile 

Median Lower 

Quartile 

Lowest 

Value 

Interquartile 

Range 

K 2.49 2.37 2.34 2.25 2.18 0.12 

Ca 0.44 0.41 0.39 0.38 0.34 0.03 

P 0.31 0.30 0.29 0.28 0.27 0.02 

Mg 0.13 0.13 0.12 0.11 0.10 0.02 

FTI 1.44 1.41 1.35 1.31 1.22 0.10 

 

There was a positive correlation (R=0.74), demonstrated in Table 3.3 and Figure 3.1, that with 

increased Mg concentration, Ca increases. bAB1145 had the highest Ca and Mg concentrations 

and upon further analysis it was found that bAB1145 also had the second highest P % DM.  

The regression values calculated in SPSS indicate that the positive relationship between Ca and 

Mg is significant (P<0.001). It was calculated that for every increase in one unit of Ca that Mg 

would increase by 0.017% DM. The R Square value here was 0.547. R Square is used to define 

how much of the data can be explained by the regression. Therefore Figure 3.1 indicates that 
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54.7% of the data can be explained by the regression and the remaining 45.3% of the variation 

in the data is due to other dependent variables. 

Table 3.3 – Means, standard deviations and Pearson correlations among variables 

(Dry Matter yield, Forage Tetany Index, % K, % P, % Ca and % Mg) in 19MG. 

 Mean SD 2. FTI 3. % K 4. % P 5. % Ca 6. % Mg 

1. DM Yield 1.024 0.228 -0.066 0.090 -0.037 0.078 0.079 

2. FTI 1.354 0.108 - -0.051 -0.244* 0.644*** 0.149 

3. % K 2.326 0.233 -0.051 - 0.634*** 0.459*** 0.612*** 

4. % P 0.292 0.022 -0.244* 0.634*** - 0.583*** 0.779*** 

5. % Ca 0.394 0.037 0.644*** 0.459*** 0.583*** - 0.740*** 

6. % Mg 0.118 0.017 0.149 0.612*** 0.779*** 0.740*** - 
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There was no correlation noted between mean yield and any other factor (Table 3.3). However, 

there was a positive correlation between P % and K % concentration, as indicated in Figure 3.2 

and Table 3.3. It was also noted that Ba15042(1,3)/Ba14047(2,4) had both the highest P 

concentration and highest K concentration. Other correlations can be seen in Appendix 4, 

where other positive correlations were found between Mg % DM and P % DM. 

 

Figure 3.1 - A scatter chart representing the relationship between mean Mg % DM (Dry 

Matter) and mean Ca % DM in lines and varieties of experiment 19MG. Each point 

represents an individual sample of the 80 plants (21 lines) in 19MG. 
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Figure 3.3 A and B show the relationship between P and K % DM against DM yield, 

respectively. Both Figures show no obvious correlation between the two, despite there being 

some expectation that yield would skew the nutrient content data. 
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Figure 3.2 - A scatter chart representing the relationship between mean P % DM (Dry 

Matter) and mean K % DM in lines and varieties of experiment 19MG. The chart shows 

the mean values of 21 lines originating from previous high and low magnesium trials.  



Page | 50  

 

 

 

 

 

3.3.2 Calculated Forage Tetany Index Results  

 

There was no clear pattern in FTI observed in 19MG. Seven of the 20 varieties had an FTI 

between 1.34 to 1.36, as seen in Figure 3.4. All FTIs were lower than the 2.2 threshold of 

likeliness to cause hypomagnesaemic tetany in ruminants. Overall FTI for 19MG only had a 

range of 0.22 between the maximum (1.44) and the minimum (1.22) value. The lowest FTI, 

and therefore the least likely to cause hypomagnesaemia, was Bb2600 with an FTI of 1.22. 

This was also the variety with the lowest Ca concentration. Second lowest was that of Bb2589 

with an FTI of 1.26. The highest FTI belonged to Ba15043, followed by bAB1169, and the 

control variety Kigezi, respectively.  
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Figure 3.3 A & B - A scatter chart representation of the relationship between P % DM (Dry 

Matter) and DM yield (3.3 A) and K % DM and DM yield (3.3 B), respectively. Values presented 

are the mean values of 21 lines originating from previous high and low magnesium trials. 
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Figure 3.4 - A histogram representing the distribution of FTI (Forage 

Tetany Index) data from experiment 19MG. 
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3.3.3 Variation by species  

 

Table 3.4 lists the lines and varieties split by species, where those beginning with bAB are 

hybrid ryegrasses, Bb are Italian ryegrass and Ba are perennial ryegrass varieties (see Table 

3.1). Mg or P% DM concentrations were highest in Bb2589 (the high Mg selection). Both 

Italian ryegrass breeding lines (Bb2589 and Bb2600) had a lower mean Ca % DM and K % 

DM than the Italian ryegrass control, Kigezi. Although Kigezi had higher concentrations for 

some of the macrominerals, the FTI was one of the highest in the experiment. This therefore 

suggests that Kigezi would be one of the more likely varieties to cause hypomagnesaemia in 

livestock, and that the new Italians created from historical germplasm represent an 

improvement for mineral concentration on what is commercially available today. Other 

candidate varieties amongst the highest for FTI include the Hybrid, bAB1169 and Perennial, 

Ba15043. Within the Hybrid ryegrasses, only three of the breeding lines had a lower FTI than 

the hybrid control, AberEcho. Despite the favourable FTI, AberEcho displayed some of the 

lowest concentrations for Mg, Ca and P % DM, so again the new candidates have some 

interesting potential.  

Between species, overall, the Italian ryegrass lines had the lowest FTI (1.30), indicating that 

this species would be the least likely to lead to hypomagnesaemia in livestock. The mean Mg 

concentration (% DM) for Italian varieties was also the highest of the species tested, a factor 

which would allow for a lower FTI. As a trait, FTI had the highest variation with a range of 

0.07, the highest being for bAB (1.37 %).  

All three species (bAB, Bb and Ba) had the same mean Mg concentrations (0.12% DM) and 

similar K (2.33, 2.33 and 2.32% DM) and P (0.29, 0.30 and 0.29% DM) concentrations 

respectively. The field for Ca % DM was the most varied of the micronutrients analysed with 

a mean of 0.40, 0.38 and 0.40 for bAB, Bb and Ba, respectively.  
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Table 3.4 also depicts the significance between the difference within each field. Statistically, 

yield had the most significant (P<0.05) difference between varieties. All remaining fields did 

not have statistically significant variation between varieties however Ca (P=0.076) was most 

significant, and K (P=0.979) was least significant.  

 

 

Table 3.4 - A table to represent the variation in yield, micronutrient concentration (% 

Dry Matter), and FTI (Forage Tetany Index). 

Name Yield 

(T/Ha) 

Mean Ca 

% DM 

Mean K % 

DM 

Mean Mg 

% DM 

Mean P % 

DM 

FTI 

bAB1131 0.995 0.412 2.378 0.124 0.293 1.41 

bAB1132 0.893 0.403 2.328 0.127 0.289 1.40 

bAB1134 1.040 0.378 2.202 0.101 0.270 1.40 

bAB1145 1.015 0.435 2.370 0.131 0.312 1.40 

bAB1154 1.128 0.369 2.179 0.109 0.277 1.34 

bAB1156 1.128 0.374 2.253 0.110 0.279 1.34 

bAB1157 1.120 0.385 2.326 0.120 0.299 1.29 

bAB1166 0.898 0.393 2.349 0.124 0.295 1.33 

bAB1167 0.953 0.379 2.344 0.116 0.292 1.30 

bAB1168 1.095 0.422 2.316 0.119 0.300 1.41 

bAB1169 0.910 0.424 2.347 0.128 0.295 1.44 

bAB1170 0.998 0.406 2.478 0.126 0.302 1.35 

bAB1172 0.965 0.390 2.297 0.112 0.290 1.35 

AberEcho 1.145 0.373 2.403 0.106 0.281 1.33 

Bb2589 1.150 0.391 2.350 0.126 0.310 1.26 

Bb2600 1.370 0.343 2.251 0.112 0.281 1.22 

Kigezi 1.270 0.419 2.375 0.118 0.294 1.43 

Ba15042(1,3)/Ba14047(2,4) 0.753 0.403 2.485 0.124 0.315 1.28 

Ba15043 0.850 0.402 2.222 0.117 0.279 1.44 

Ba15044 0.805 0.385 2.258 0.0106 0.283 1.36 

F-Statistic 2.510 1.636 0.428 1.026 1.331 1.462 

Significance  0.004 0.076 0.979 0.447 0.199 0.134 
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3.4  DISCUSSION 

In previous work by Adams (1975), the mineral content of forage grasses was quantified using 

a total of 352 samples. Minerals tested included P, K, Ca and Mg, as tested in 19MG. Results 

should indicate a similarity to those produced in 19MG given that the data collected included 

different species of forage grasses. Values obtained in Adams’ 1975 research were as follows; 

P: 0.22 ± 0.07, K: 1.68 ± 0.61, Ca: 0.49 ± 0.20 and Mg: 0.16 ± 0.06 % DM (where data is 

presented in the format of Means ± Standard deviation). Values for 19MG in the same format 

are; P: 0.29 ± 0.01, K: 2.33 ± 0.08, Ca: 0.39 ± 0.02 and Mg: 0.12 ± 0.01 % DM. As seen from 

the standard deviation, data from 19MG was less variable than the study conducted in 1975. 

This could be due to the fact that 19MG was a smaller sample size with only 20 samples, 

compared with Adams’s 352. Based on mean, both P and K were higher in modern day samples 

where Ca and Mg were less. As the species in the research conducted by Adams (1975) is 

unspecified it is likely that these differences are due to different species composition to 19MG. 

However, as the means are similar, it would suggest that overall differences in forage grass 

species is not highly significant and there has been very little change in terms of breeding for 

mineral selection since this particular experiment in 1975. In comparison, more recent work 

published by Bhat et al. in 2011, established the status of forage minerals; Ca, Mg and P. Ca 

had a reading of 0.51 ± 0.02% DM (mean ± Standard error) with ten samples being below 

critical concentration (0.30 Ca % DM), Mg was 0.18 ± 0.02 % DM with the critical 

concentration being 0.12 Mg % DM of which there were no samples below this figure (Bhat et 

al., 2011). Finally, P was valued at 0.35 ± 0.03% DM, here 35 samples were below the critical 

figure of 0.20 P % DM (Bhat et al., 2011). Using the findings from this study against data 

acquired in 19MG, it can be suggested that average levels of Ca and P in the forage samples 

are higher than critical levels and Mg levels are likely to be at risk of falling below this critical 

level given that the mean of 19MG is the equal to the critical figure (0.12% DM).  
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The pattern present in Table 3.2 is also reflected in work by Khan et al. (2020) which quantified 

chemical composition of seven summer grass species. Mg had the lowest concentration in 

Table 3.2 which is consistent with the work conducted on the seven summer species, results 

here ranged from 0.10 – 0.86 g kg-1 DM (equivalent to 0.010 – 0.086 Mg % DM) (Pennisetum 

orientale and Setaria anceps, respectively) (Khan et al., 2020). Although the range is far larger, 

19MG had higher Mg concentrations with a range of 0.10 – 0.13 % DM. This is however not 

the case for P or Ca. Whilst the trend that Ca is present in a higher concentration than P and 

Mg is consistent with the previous literature their abundance is not. In 19MG, P ranged between 

0.27 and 0.32% DM whereas other summer grasses had a range of 3.11 – 8.89 g kg-1 DM (equal 

to 0.311 –5 0.889 % DM) (Khan et al., 2020). The minimum value of the study conducted by 

Kahn et al. was similar to the maximum of the grass species in 19MG, demonstrating the large 

variation in the literature available. This was the same for Ca, the range in 19MG was 0.34 – 

0.44% DM and 0.52 – 1.93 % DM (published as 5.2 – 19.3 g kg-1 DM) in the 2020 study 

conducted by Kahn et al.. 

In previous work perennial ryegrass (cv.AberWolf), has been recorded to have a Ca 

composition of 6.42 g/kg-1 DM (equivalent to 0.64% DM) and a Mg composition of 1.62 g/kg-

1 DM (equal to 0.16% DM) (Marley et al., 2021). For the lines tested in 19MG, both average 

values were lower than that documented by Marley et al. (2021). For the perennial ryegrass 

lines in 19MG, Ca averaged 0.37% DM which is almost half of that displayed by perennial 

ryegrass documented by Marley et al., Mg composition was also less in 19MG with an average 

of 0.12% DM. Table 3.4 represents the variation between the species in 19MG, this data 

indicated that perennial ryegrass would be least likely to lead to hypomagnesaemia in livestock.  
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Table 3.4 shows the average ratio to be 1.3  :1 for Ca : P, which is within the acceptable range 

reported by Herdt (2014). Thus, showing that the average mineral concentration for 19MG is 

unlikely to lead to hypomagnesaemic tetany. Mg concentrations listed in Table 3.2 have the 

smallest interquartile range of all four micronutrients. Lines in 19MG were selected for their 

association with Mg concentrations and compared against commercial Hybrid and Italian 

control varieties (AberEcho and Kigezi, respectively). The average concentration of Mg for 

Kigezi was 0.118% DM while the mean value of the putatively high Mg Italian Bb2589 was 

0.126% DM, furthermore the average concentration of AberEcho was 0.106% DM. The 

putatively high hybrid varieties ranged from 0.109% to 0.128% DM and the putatively low 

from 0.101% to 0.124% DM. While these differences in Mg content were not found to be 

statistically significant in this single sampling time, the expected trait of Mg accumulation does 

appear to have had some effect on content, suggesting that there is potential to utilise these 

lines to breed for higher Mg varieties. Previous literature has also noted that 0.12 Mg % DM 

concentration is a safe threshold for ruminants to graze upon without incidence of 

hypomagnesaemic tetany (Filley, 2015).  

Within Figure 3.1, the relationship between Mg % and Ca % is shown, bAB1145 is the result 

of a cross between Carraig (Intermediate tetraploid) and Bb2589, the chromosome-doubled 

high Mg Italian ryegrass. This line is known to be early growing and thought to lead to higher 

Mg due to larger concentrations in the early phase of foliage growth.   

Although the results in Figure 3.1 show a positive correlation between Mg and Ca, previous 

literature has indicated that increasing the level of Mg decreased the level Ca in the shoots of 

winter wheat forage (Ohno and Grunes, 1985). However, there is also some evidence 

supporting the positive correlation between Mg and Ca found in 19MG. On a pasture of mainly 

alfalfa (Medicago sativa) and Egyptian / Berseem clover (Trifolium alexandrinum) (pasture 

also comprised of lesser amounts of chicory (Cichorium intybus), field mustard (Brassica 
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campestris) and common oats (Avena sativa)) the same positive correlation was observed. Data 

collected showed that DM concentration of Mg increased with Ca increase with Ca 

concentration ranging from 0.15 – 0.25 % DM and Mg ranging from 0.321 – 0.344 % DM 

(Khan et al., 2010). Both of these minerals did decrease with one another as forage species 

matured. In this investigation concentrations of Mg were far higher than that of 19MG and 

showed to have 0% of samples under the mineral element requirement figure, whereas Ca had 

30% of samples below this figure. These findings contradict those previously referenced in this 

investigation. Levels of minerals in livestock plasma were also measured and mirrored the 

pattern that as the forage matured and contained less mineral concentration, the livestock would 

also have less minerals in the blood plasma sample (P<0.01). Khan et al. (2010) concluded that 

in this instance the quantification of Ca in the forage was an important factor in determining 

the concentration of both Mg and Ca in the plasma of the grazing livestock due to the fact that 

animals were deficient in Mg but forages were not. In more recent work investigating the 

macro-mineral content of seven different summer grass varieties a pattern had emerged that 

those species with higher Ca content also had higher Mg content (Khan et al., 2021). 

Figure 3.2 shows a positive correlation between P and K, previous work in this area has 

confirmed this trend. In a 2011 study assessing the macronutrient content of a range of herbs 

and forages including grasses, legumes and plantain, a positive correlation between the level 

of K and P was noticed across the different forage and herb species. Not only was the trend 

observed across species but also between cuts. Between the first and third cut the levels of K 

and P also increased with one another (Pirhofer-Walzl et al., 2011). A positive corelation in 

the content of P and K has been noted in fertilization methods, where a pasture fertilized with 

P had resulted in a higher concentration of K in the soil (Barnett et al., 2011). This study also 

revealed that P had no significant impact on forage yield which supports the data shown in 

Figure 3.3 A. In addition to P fertilisation leading to a higher K concentration, research into 
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the application of K on randomised plots of stargrass (Cynodon nlemfuensis Vanderyst 

var. nlemfuensis) revealed that a sufficient supply of K was vital for an efficient utilization of 

P by forages (Pant, Mislevy and Rechcigl, 2004).  

Comparatively to the effect of P on yield, research has evidenced that fertilising forage 

sorghum (Sorghum bicolor (L.) Moench) with K significantly increased the fresh and DM 

yields, this does not comply with the results found in Figure 3.3 B (Chaudhary et al., 2018). A 

positive effect of K fertilizer on the yield of alfalfa has also been noted consistently across 

several varieties, with the main influencer being the soil concentration of K leading to higher 

forage content of K and thus increasing yield (Jungers et al., 2019). 19MG was not designed 

to investigate the effects of fertilisation rates, however this could prove to be an avenue for 

further research to test the nutrient use efficiency of these lines with reported variation. 

Further comparisons between varieties in 19MG compared the FTI to assess the potential that 

each variety has to cause hypomagnesaemia in livestock. Figure 3.4 depicts this data where no 

clear pattern was observed between the varieties. All FTI were however below the threshold 

(2.2) known to increase the occurrence of hypomagnesaemia (Kumssa et al., 2019). The variety 

with the most favourable index was Bb2600, a cross between Bb2589 and Kigezi. A possible 

cause for this low FTI could be the parental material being a high Mg selection (Bb2589) which 

was also the variety in 19MG with the second lowest FTI. Despite the low FTI of Bb2600, the 

maternal plant material used was Kigezi, which had one of the highest FTI’s of 19MG. 

Although this figure was below the critical threshold, Kigezi had a 14% higher FTI than the 

paternal material of Bb2600, Bb2589. Alongside the fact that Bb2589 had a low FTI in 19MG, 

it can be accepted that this putatively high Mg breeding line has the potential to decrease the 

FTI when used as mother plant material when crossed with an appropriate father plant. Another 

example of the use of Bb2589 as mother material is in combination with Ba14916 as a father 

plant to create bAB1169 which resulted in one of the highest FTIs but also one of the highest 
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Mg concentrations of 19MG. It is therefore important to consider the impact of the qualities 

that each parent contributes to the offspring as Bb2589 has the capability to increase Mg 

concentration but when combined with varieties that have a higher K concentration can lead to 

a higher FTI. Other combinations of the same parents in 19MG show that there is higher 

variation between those with the same mother and father than those with opposite mother and 

father. This is supported by there being a higher variation in yield, mineral concentration and 

FTI between bAB1156 and bAB1157, who share the same mother (Bb2589) and father 

(Ba14712) plant, than bAB1166 and bAB1170 who have the opposite parents (bAB1166 has 

Ba14398 as a mother and Bb2589 as a father and bAB1170 has the opposite pairing). There is 

also a higher variation seen for some fields tested between bAB1168 and bAB117, who also 

have the same mother (Bb2589) and father plant (Ba14913).  

As seen in Table 3.4, yield, mineral and FTI results can be seen including the statistical 

significance of the difference between each variety. Within this Table a greater understanding 

of how FTI can be influenced by minerals can be achieved. Some varieties created using the 

same parent material have created offspring with varying mineral concentrations. For example, 

Carraig and the putatively high Mg variety, Bb2589 have been used in combination together 

on three occasions in 19MG, each time with differing results. Bb2589 was used as the mother 

plant and Carraig as the father on two occasions to create bAB1131 and bAB1154, and 

bAB1145 was created with the parents reversed. bAB1131 and bAB1154 had largely different 

results for each field tested despite having the same parent combination. bAB1154 had some 

of the lowest levels of Ca, K, Mg and P concentration with one of the highest yields whereas 

bAB1131 had some of the highest Ca and K concentrations and one of the lowest yields. FTI 

between these also ranged from 1.34 (bAB1154) to 1.41 (bAB1131). The range in the mineral 

concentrations observed when different individuals of Bb2589 was used as the mother material 

raises the question whether there is a segregation for the Mg accumulating trail occurring in 
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the population that comprises Bb2589. As indicated in the introduction to this chapter, the 

high/low Mg trait had not been monitored during the development of Bb2589 so phenotyping 

and reselection of high Mg individuals should be considered a priority for this population 

should it not be used for future breeding. In contrast to bAB1131 and bAB1154, the reciprocal 

cross, bAB1145 had the highest Ca and Mg concentration with the second largest measure for 

P concentrations. Although this variety had the highest Mg % it had an FTI of 1.40, which for 

19MG was at the higher end of the range. This data suggests that pair-crossing using the high 

Mg Italian (Bb2589) as a pollen donor onto perennial mothers should be attempted again in 

future crossing for the creation of mineral accumulating Hybrid Ryegrasses.  

Table 3.4 has provided evidence that Italian ryegrass, on average, has the lowest FTI of the 

species tested. This is supported by prior work conducted in Aberystwyth which compared the 

FTI and mineral concentrations of tall fescue, Hybrid ryegrass, Italian ryegrass and Perennial 

ryegrass species. Results in this study also concluded that Italian ryegrass had the lowest FTI 

figure (Penrose et al., 2020). This study also found that hybrid ryegrass had the highest Mg 

concentrations out of the species tested, whilst this was not found in 19MG the majority of 

Hybrid ryegrass varieties had a Mg concentration larger than the median value for Mg 

presented in Table 3.4. Additionally, Penrose et al. (2020) found that Italian ryegrass had the 

largest median value for Ca % DM, which is inconsistent with the results found in 19MG which 

showed Perennial ryegrass to have the largest median. 

Penrose et al. (2020) also noted that K had a larger effect on FTI than Mg did (this can be 

explained by the suppressing nature K has upon Mg) but no one micronutrient had a 

significantly larger impact on FTI than others tested in 19MG. 

In conclusion, experiment 19MG has provided preliminary evidence that breeding with known 

high Mg varieties can result in a lower FTI in the offspring material. This has been clearly 



Page | 61  

 

displayed by Bb2600, the mother material of this being the putatively high Mg variety Bb2589. 

Other results of this research have shown that Ca potentially has more of an impact on Mg 

concentrations than previously considered due to the strong positive relationship between these 

minerals. In addition to this, both P and K had a positive relationship with one another. With 

future breeding it could be beneficial to focus on concentrations of both Ca and P to impact the 

ratio of K and Mg to reduce the known negative impacts that K can have upon Mg. This with 

the intention of decreasing K and increasing Mg to result in a low FTI ratio to minimise the 

incidence of hypomagnesaemia. 19MG has also shown that Hybrid ryegrass varieties did 

appear to be in high abundance out of those varieties with a lower FTI. Assuming the findings 

presented here are corroborated from subsequent seasons (2021-2022) the first enhanced Mg 

hybrid grass varieties could be entered to national listing trials as soon as 2024 with first 

commercial release within this decade. These or the next generation of Mg enhanced varieties 

could form the basis for a multidisciplinary project to prove the benefit in feeding and on-farm 

trials. 
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4 MINERAL STATUS OF DIPLOID PERENNIAL RYEGRASS 

BREEDING POPULATIONS 

4.1  INTRODUCTION  

To further investigate the variation in mineral concentration in Lolium species, a selection of 

generations from the IBERS diploid L. perenne breeding populations were chosen to observe 

changes between different heading dates. The mineral data from these generations had not 

previously been analysed as a metadata set.  

There are many factors that can affect mineral composition and FTI in forage grass; 

management of soil pH and fertilisation and environmental factors such as soil temperature 

and rate of grass growth to name a few. There is also a genetic element of control as 

demonstrated in the development of the original Magnet variety (Bb2067). This was also 

corroborated in the MAG-NET project with significant molecular markers being found for 

Mg accumulation in a diploid L. multiflorum mapping family (P. Comm, L. Skøt). Why this 

work was initiated only in L. multiflorum and not widely taken up by farmers is a story lost to 

time. However, no evidence can be found to suggest similar improvements may not be 

achievable by selecting for mineral accumulation in L. perenne.  

At present, mineral accumulation is not one of the priority objectives for breeding in the 

IBERS L. perenne breeding programs. That said, it has been standard protocol to collect 

mineral data from the spring sampling in year 2 of the half sib progeny test (for overview of 

genotypic recurrent breeding system see sections 1.4.1 and 4.2.2-3). In the 4-year cycle for 

each recurrent generation, this mineral data is routinely not available when decisions on 

which families to initiate the generation with are made. This comes about as samples are held 

for milling and subsequent chemistry analysis until the sampling season has finished 

(November of year 4) and then these cation analyses are some of the more time consuming of 
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the analyses to be undertaken, meaning it is often May of year 5 when the data is received (P. 

Comm, S. Palmer). As such, it has not been used to apply any constraints to family selection 

to date other than removing any family that had an excessively high FTI, and any variation 

between generations and lines should be considered drift. The objective of this Chapter was 

to explore the variation for mineral composition within the core L. perenne breeding 

populations. Data investigated in this chapter are from half-sibling progeny plot samples of 

generations F5 and F6 of the late heading population, and generations F13, F14 and F15 of 

the intermediate heading populations. 

Generation F5 is a late heading diploid breeding population established in 2010 that produced 

AberThames (Ba14300). F6 is another late population that was established in 2014 but did 

not result in any commercial varieties. F13, F14 and F15 are all intermediate heading diploid 

breeding populations established in 2008, 2012 and 2016, respectively. Population F13 

resulted in the production of AberTest (Ba14246). Whereas F14 has had no varieties but has 

had three submissions to National List (NL) trials, with Ba14383 to NL18, Ba14420 to NL19 

and Ba14677 to NL20. F15 has not yet reached this stage of the breeding cycle. Neither one 

of these populations were bred with a significant direction for nutritional selection. This 

investigation aimed to determine if there was a previously unseen potential to lower FTI in 

these, and by inference, subsequent, generations of these populations.  
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4.2  MATERIALS AND METHODS  

The following data was harvested at the Gogerddan Campus of Aberystwyth University 

(52°25'59.0"N 4°00'56.6"W). 

4.2.1 Preliminary Investigation into Previous Work  

Due to restrictions regarding in person activity the first stage of methodology was conducted 

off-campus. Investigations into both intermediate and late population trials were analysed. 

Intermediate population trials included B702A, B702B, B674G (Year 2), and B674T (Year 

2). Late population trials investigated were B674N (Year 2) and B674Z (Year 2). Information 

regarding these experiments and their respective generations can be found below, in Table 

4.1. 

4.2.2 Breeding Methodology  

 

The IBERS diploid L. perenne breeding program uses genotypic recurrent selection. This 

populational breeding system is characterised by 2 phases; Years 1-2 - a nursery of between 

3000 and 10,000 spaced plants from which up to 400 are selected (as mother plants – MPs), 

isolated, then harvested individually; followed by Years 2.5 – 4 - a half-sib progeny test 

(HSPT) to determine which families to begin the next generation with (Year 4/0). 

4.2.3 Breeding Trial Sampling Protocol 

  

The HSPT is a replicated mini-sward plot trial where replicated plots typically 1x1m are 

established from seed of individual MPs. Plots are broadcast by hand in the Autumn in a 
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Completely Randomised Block Design (CRBD) and harvested for forage yield, persistence 

(ground cover at the end of each season) and quality. 

Samples are routinely taken at cuts 4 and 5 in year 1 for DMD, WSC and N composition 

(analysed by Near InfraRed Spectrophotometry, NIRS), and in cut 1 of year 2 for Cation 

analysis (Ca, Mg, K, analysed by wet chemistry, see method in section 3.2.2). Typically, 

samples are collected during the growing season (April-October), then milled (November-

December) and passed to IBERS Analytical Chemistry group for analysis (January-March). 

As such the cation analysis is often reported beyond the time point decisions have been made 

on families to progress in Year 4/0. Thus, while the cation data has been collected as routine 

practise, it has often been overlooked for analysis as the new generation has become forefront 

in a breeder’s mind. It was therefore deemed to be a useful and new dataset for analysis in 

this project. 

4.2.4 Breeding Populations 

 

In diploid L. perenne, IBERS maintain 2 populations of Intermediate and Late Heading Dates 

(HD) [May 20th- 30th and May 31st-June 20th, respectively UK RL, 2021]. The generations 

of each population used in this project are outlined in Table 4.1: 
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Table 4.1 - A table representing the generation, sowing year, number of replicates, 

population type and number of breeding lines and controls of each experiment. 

 

 

4.2.5 Harvesting Methods  

Harvesting methods are as of that listed in Chapter 4 (3.2.3) 

4.2.6 Laboratory Analytics  

Methodology is like that of Chapter 4 (3.2.4).  

4.2.7 Statistical Analysis 

Using SPSS (Statistical Package for the Social Sciences), analysis of variance (one-way 

ANOVA) was used to perform descriptive analysis of the Mg, Ca and K content (% DM) and 

FTIs of each breeding line. Data was entered in a list format with numbers used to identify 

individual lines. One-way ANOVA was used to investigate if different lines had a 

significantly different nutrient composition and FTI. 

Generation Experiment Sowing 

year 

Reps per 

site 

Population 

Type 

No. of 

breeding 

lines 

No. of 

controls  

F5 B674N 2010 4 Late 435 5 

F6 B674Z 2014 4 Late 412 4 

F13 B674G 2008 4 Intermediate 235 5 

F14 B674T 2012 4 Intermediate 412 4 

F15 B702A 2016 3 Intermediate 530 12 

 B702B 2018 1 Intermediate   
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Means of breeding lines sourced from this statistical test was then converted into an excel file 

in order to present the information in histogram format. Histograms were then collated to 

more easily observe how each family compared. 

Once this analysis was completed the sum total of averages in families were collated and 

divided into two categories: intermediate and late populations. This methodology was chosen 

as it allows for comparisons to be drawn between breeding populations with differing 

heading dates. Comparisons were made using box and whisker plots to facilitate the 

presentation of maximum, minimum, upper quartile, lower quartile, and median values. 

Depicting data in this way allows for more detailed comparisons to be drawn from each 

generation data set leading to a more accurate interpretation. An additional set of box and 

whisker plots were created to demonstrate the differences between the ratios of nutrients in 

the data. Further scatter charts were created to assess the correlations between nutritional 

qualities and FTIs. 

Relationships between mineral composition, among and across generations were also 

established by regression analysis carried out in SPSS 

4.3   RESULTS 

4.3.1 General Relationships of Minerals and FTI between Generations  

As an initial measure of comparison, Box and Whisker plots were constructed using the 

medians, upper quartile, lower quartile, maximum and minimum values of Mg, Ca, K, P and 

FTI for each line / variety per generation. Figure 4.1 shows this for Mg % DM. Generally, the 

late population (F5 & F6) had lower Mg% DM than the intermediate population (F13-F15). 

The highest range in data occurs in F15 (range of 0.067%) and the smallest range was seen in 

F14 (0.043%).  
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Of the three intermediate populations, F13 had a median value lower than the mean. This 

would suggest that the majority of the varieties have a lower Mg % DM than the mean value 

and that there are fewer varieties with a high concentration. This is with the exception of the 

control variety, Premium, with 0.135 Mg % DM. F14 and F15 had a low interquartile range, 

and a median value close to the mean, meaning that Mg % DM was more evenly distributed 

within the population. F14 had the highest upper quartile, median, lower quartile, and lowest 

value of all five of the generations. F15 had the highest values with several higher Mg % 

outliers, the largest being 0.141% (Ba14691), followed by Moira, Ba14962, Trojan, Ba14689, 

and Ba14960.  

On average, late populations (F5 and F6) had the lowest median, lower and upper quartile of 

the five generations. F6 had the smallest interquartile range, varieties in this population were 

therefore more uniform, the two highest outliers were Late_F6_221 followed by Toddington. 

Whereas the two lowest outliers were Late_F6_117 followed by Late_F6_250.  
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Figures 4.2, 4.3, and 4.4 represent the variation between minerals Ca, K and P between the 

generations. F15 had the highest values of all generations for Ca, K and P. Ca data for both 

late populations had consistent data with one another with the only difference in the data 

being for the highest value (Figure 4.2, difference of only 0.01, not including outliers). F5 

had a highest value of 0.622 Ca % DM, identified as Late_F5_107. Generation F13 has the 

lowest Ca concentration. F14 had higher quartile values than both other intermediate 

generations, with a high outlier identified as Int_F14_114. Although Late generations had 

higher Ca concentrations, F15 had several high outlier values, the largest being Ba14691 (as 

in Mg). The remaining outliers were Ba14692, Ba14689, Trojan, and Premium (descending 

Figure 4.1 – Box and Whisker plot comparing the medians, upper quartile, lower 

quartile, maximum and minimum values of Mg content (% Dry Matter) per line / 

variety for each generation. 
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in Ca % DM). In general, levels of Ca were higher in the two late generations, despite some 

higher outliers in F15. 

 

 

 

 

 

 

 

 

In comparison to the higher Ca % DM in late generations, K concentrations were lowest in 

the late generations and overall, the concentration of K increases over the generations (Figure 

4.3). For F5, the control AberAvon had the highest K % DM, followed by the candidate 

variety Ba14088 (subsequently named AberLee), shown as outliers in Figure 4.3. AberAvon 

was also the outlier with the highest K % DM in generation F6.  K data for F13 had the 

lowest interquartile range of 0.01. K values for generation F15 were the most diverse, with an 

interquartile range of 0.17. There was also an outlier, F15_INT_216, with a value of 2.609 K 

% DM. Three low outliers are also depicted in Figure 4.3, the lowest being F15_INT_508.  

Figure 4.2 - Box and Whisker plot comparing the medians, upper quartile, lower 

quartile, maximum and minimum values of Ca content (% Dry Matter) per 

generation. 
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Figure 4.4 - Box and Whisker plot comparing the medians, upper quartile, lower 

quartile, maximum and minimum values of P content (% Dry Matter) per 

generation (measurements of P were only taken in intermediate generations F13 and 

F15). 

Figure 4.3 - Box and Whisker plot comparing the medians, upper quartile, lower 

quartile, maximum and minimum values of K content (% Dry Matter) per 

generation. 



Page | 72  

 

Readings for P were only taken for both F13 and F15, where F15 had the higher values with 

the larger range in data and a lower minimum value. The largest P % DM was recorded in 

F15, with a value of 0.371 (F15_INT_122).  

Figure 4.5 depicts the same chart type, however with FTIs compared against one another. FTI 

data showed that intermediate generations all had a very similar maximum value, upper 

quartile and median. However, F15 was the highest of these. This generation did also have 

the largest range between the data (1.05). In comparison to the late populations, the 

intermediates all had a less advantageous reading. As clarified in the introduction, FTI is 

required to be low, therefore the lines / varieties that had the most beneficial results are those 

in generation F5. F5 had the lowest median, lower quartile and lowest value of all generations 

analysed (0.98, 0.92, and 0.78 respectively). Whilst this generation had the most notable 

reading for FTI in Figure 4.5, a mediocre Mg content exhibited in Figure 4.5 would suggest 

that whilst this generation on average had the potential to reduce the incidence of 

hypomagnesaemia, its lack in Mg % DM would contradict this. The other late population, F6, 

had a generally low FTI, with the exception of the control line, AberAvon (depicted as the 

outlier in Figure 4.5). Generation F13, of the intermediate heading generations, had a low 

outlier with the value of 1.39. This was identified as the control variety, Premium, which also 

had the highest outlier value for Mg % DM in Figure 4.1. Generation F15 had two lower FTI 

values, the lowest being 1.29 from Ba14691 which also possessed the largest Mg % DM. 

Second lowest was seen in Ba14689 with a value of 1.44, also one of the high Mg outliers.  
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4.3.2 ANOVA in Mineral Data 

An ANOVA table (4.2) was created to compare the significant differences in mineral data; 

yield was also analysed. There was no obvious trend in this data and no correlation between 

yield and any other mineral or FTI was found. Highly significant differences within the lines 

were observed in 17 of the fields (P < 0.001), two being significant to a degree of P < 0.01 and 

three significant to P < 0.05. Only five of the fields tested were not showing any significant 

difference between the varieties within the generations. Both Ca and FTI results were 

consistently different between variates within the generations (P < 0.001 in every generation). 

Figure 4.5 – Box and Whisker plot comparing the medians, upper quartile, lower 

quartile, maximum and minimum values of FTI (Forage Tetany Index) per line / 

variety for each generation. 
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This trend can clearly be seen in Table 4.2, where it can also be seen that generations F5 and 

F15 have the highest variance between varieties within the generations. 
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Table 4.2 – A table representing the variation of mean yield (T/Ha), mineral 

concentration and FTI (Forage Tetany Index) between each generation. Significance 

is indicated as *** (P < 0.001), ** (P < 0.01) and * (P < 0.05).   
Generation Yield 

(T/Ha) 

Ca % 

DM 

K % DM Mg % 

DM 

P % DM FTI 

F5 Mean 2.65 0.522 1.246 0.083 N/A 0.98 

 Sample Size 440 440 440 440 N/A 440 

 Degrees of Freedom 439 439 439 439 N/A 439 

 F-Statistic  2.327 2.781 1.739 3.073 N/A 1.662 

 Significance 0.000 

*** 

0.000 

*** 

0.000 

*** 

0.000 

*** 

N/A 0.000 

*** 

F6 Mean 3.88 0.525 1.605 0.085 N/A 1.24 

 Sample Size 416 416 416 416 N/A 416 

 Degrees of Freedom 415 415 415 415 N/A 415 

 F-Statistic  1.222 3.261 1.554 1.514 N/A 2.861 

 Significance 0.098 0.000 

*** 

0.002 

** 

0.004 

** 

N/A 0.000 

*** 

F13 Mean 4.20 0.404 1.961 0.094 0.304 1.81 

 Sample Size 240 240 240 240 240 240 

 Degrees of Freedom 239 239 239 239 239 239 

 F-Statistic  1.504 3.010 1.580 2.693 1.127 2.761 

 Significance 0.022 

* 

0.000 

*** 

0.012 

* 

0.000 

*** 

0.273 0.000 

*** 

F14 Mean 3.74 0.487 2.279 0.098 N/A 1.81 

 Sample Size 416 416 416 416 N/A 416 

 Degrees of Freedom 415 415 415 415 N/A 415 

 F-Statistic  0.927 2.358 1.086 1.196 N/A 1.818 

 Significance 0.670 0.000 

*** 

0.294 0.124 N/A 0.000 

*** 

F15 Mean 5.31 0.468 2.244 0.093 0.323 1.87 

 Sample Size 542 542 542 542 542 542 

 Degrees of Freedom 541 541 541 541 541 541 

 F-Statistic  1.538 2.642 1.519 2.652 1.260 1.960 

 Significance 0.000 

*** 

0.000 

*** 

0.000 

*** 

0.000 

*** 

0.029 

* 

0.000 

*** 
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4.3.3 Relationship Between Minerals and Forage Tetany Index  

Regressions for the relationships between all fields were calculated in SPSS and results are 

displayed in Table 4.3. Those prefaced with a minus symbol indicate a negative correlation 

and higher values displayed a higher correlation. Significance of the relationship is also 

indicated. In every generation a significant (P<0.001) negative correlation is observed 

between Ca and FTI. Significant positive correlations were also seen between Mg and Ca in 

every generation, with four of the five displaying a more distinct regression (Table 4.3). 

There were no relationships reported between yield and any other field.  

Scatter charts have been created to depict some of the key correlations featured in Table 4.3 

(Figures 4.6-4.10). 
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Table 4.3 - Means, standard deviations and Pearson correlations among variables in 

Intermediate and Late breeding populations. Significance is indicated as *** (P < 

0.001), ** (P < 0.01) and * (P < 0.05).   
  Mean SD 2. FTI 3. % K 4. % P 5. % Ca 6. % Mg 

F5  1. DM Yield 2.650 0.446 -0.227*** -0.084 - 0.320*** -0.082 

 2. FTI 0.980 0.147 - 0.807*** - -0.744*** -0.355*** 

 3. % K 1.246 0.121 0.807*** - - -0.248*** -0.083 

 4. % P - - - - - - - 

 5. % Ca 0.523 0.054 -0.744*** -0.248*** - - 0.281*** 

 6. % Mg 0.083 0.009 -0.355*** -0.083 - 0.281*** - 

  Mean SD 2. FTI 3. % K 4. % P 5. % Ca 6. % Mg 

F6  1. DM Yield 3.881 0.412 0.032 0.189*** - 0.090 0.219*** 

 2. FTI 1.249 0.111 - 0.536*** - -0.676*** -0.309*** 

 3. % K 1.608 0.114 0.536*** - - 0.227*** 0.458*** 

 4. % P - - - - - - - 

 5. % Ca 0.523 0.042 -0.676*** 0.227*** - - 0.609*** 

 6. % Mg 0.085 0.009 -0.309*** 0.458*** - 0.609*** - 

  Mean SD 2. FTI 3. % K 4. % P 5. % Ca 6. % Mg 

F13  1. DM Yield 4.195 0.427 -0.050 0.212** -0.015 0.132* 0.270*** 

 2. FTI 1.810 0.165 - 0.228*** -0.144* -0.759*** -0.562*** 

 3. % K 1.953 0.128 0.228*** - -0.199** 0.398*** 0.345*** 

 4. % P 0.305 0.024 -0.144* -0.199** - 0.004 0.042 

 5. % Ca 0.405 0.043 -0.759*** 0.398*** 0.004 - 0.555*** 

 6. % Mg 0.094 0.012 -0.562*** 0.345*** 0.042 0.555*** - 

  Mean SD 2. FTI 3. % K 4. % P 5. % Ca 6. % Mg 

F14  1. DM Yield 3.733 0.574 0.029 0.005 - -0.056 0.040 

 2. FTI 1.807 0.140 - 0.494*** - -0.549*** -0.248*** 

 3. % K 2.279 0.172 0.494*** - - 0.414*** 0.499*** 

 4. % P - - - - - - - 

 5. % Ca 0.487 0.039 -0.549*** 0.414*** - - 0.531*** 

 6. % Mg 0.098 0.010 -0.248*** 0.499*** - 0.531*** - 

  Mean SD 2. FTI 3. % K 4. % P 5. % Ca 6. % Mg 

F15 1. DM Yield 5.307 0.574 0.023 -0.065 -0.096 -0.061 -0.092 

 2. FTI 1.865 0.192 - 0.578*** 0.043 -0.842*** -0.578*** 

 3. % K 2.244 0.152 0.578*** - 0.406*** -0.078 0.142* 

 4. % P 0.323 0.028 0.043 0.406*** - 0.185** 0.189** 

 5. % Ca 0.468 0.046 -0.842*** -0.078 0.185** - 0.741*** 

 6. % Mg 0.093 0.010 -0.578*** 0.142* 0.189** 0.741*** - 

 

 

Late population, F5 showed a strong negative correlation between Ca and FTI (r= -0.744, 

Figure 4.6A), strong positive correlation between K and FTI (r=0.807, Figure 4.6B), negative 
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correlation was also observed between Mg concentration and FTI (r= -0.355) and a weak 

positive identified between Ca and Mg concentration (r=0.281, Table 4.3).  

 

 

A stronger relationship between Mg and Ca concentration was observed in the second late 

population, F6 (r=0.609, Figure 4.7). There was also a weak positive correlation between Mg 

and K % DM (r=0.458), seen in Table 4.3. A strong negative correlation was also noted 

between Ca % DM and FTI (r= -0.676) and a positive correlation was seen between K % DM 

and FTI (r=0.536). 
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Figure 4.6A and 4.6B – Scatter charts depicting the relationship between Calcium 

and FTI (Forage Tetany Index) and Potassium and FTI of generation F5, 

respectively.  
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Within the intermediate population, a positive correlation between Ca and Mg concentration 

were observed in each generation (r=0.555, 0.531 and 0.741 for F13, F14 and F15 

respectively, see also Figure 4.8). Similarly, negative correlations were found between Ca 

and FTI (r= -0.759, -0.549 and -0.842 for F13, F14 and F15 respectively, see also Figure 4.9). 

Table 4.3 also shows a positive relationship between Ca % DM and Mg % DM. 
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Figure 4.7 – Scatter charts depicting the relationship between Calcium % DM (Dry 

Matter) and Magnesium % DM of generation F6.  
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Figure 4.8 – Scatter charts depicting the relationship between Calcium % DM (Dry 

Matter) and Magnesium % DM of intermediate generations F13, F14 and F15.  

Figure 4.9 – Scatter charts depicting the relationship between Calcium % DM (Dry 

Matter) and FTI (Forage Tetany Index) of intermediate generations F13, F14 and F15. 
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Of all populations, the intermediate F15 had the most relationships between the fields 

measured. As seen in Figure 4.10 A and B, a strong positive correlation was found between 

Ca and Mg, K and Mg and a weaker positive correlation between K and P (Table 4.3). A 

strong negative correlation was noted between FTI and Ca.  

 

Table 4.4 represents the combined regression between minerals, FTI and yield of F5, F6, F13, 

F14, and F15. All relationships were highly significant (P<0.001) apart from the relationship 

between P % DM and FTI. The largest r values were noted between Ca % DM and FTI (-

0.658), FTI and DM Yield (r=0.649), K % DM and DM yield (r=0.650), and K % DM and FTI 

(r=0.918, Table 4.4). From the combined data, there is a clear division between Late and 

Intermediate generations when visually representing this data in scatter charts (Some examples 

of this are shown in Figure 4.11).  
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Figure 4.10 A and 4.10 B – Scatter charts depicting the relationship between 

Calcium and Magnesium % Dry Matter and Potassium and Magnesium % Dry 

Matter of intermediate generation F15 respectively.  
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Table 4.4 - Means, standard deviations and Pearson correlations among variables 

across all generations. Where DF = Degrees of Freedom and FTI = Forage Tetany 

Index. 

 DF Mean SD 2. FTI 3. % K 4. % P 5. % Ca 6. % Mg 

1. DM Yield 2053 4.000 1.056 0.649*** 0.650*** 0.171*** -0.310*** 0.255*** 

2. FTI 2053 1.532 0.399 - 0.918*** 0.051 -0.658*** 0.309*** 

3. % K 2053 1.875 0.435 0.918*** - 0.402*** -0.333*** 0.539*** 

4. % P 781 0.317 0.028 0.051 0.402*** - 0.288*** 0.216*** 

5. % Ca 2053 0.487 0.059 -0.658*** -0.333*** 0.288*** - 0.134*** 

6. % Mg 2053 0.090 0.011 0.309*** 0.539*** 0.216*** 0.134*** - 
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4.3.4 Relationships of Mg Between Generations  

As on overview, Mg concentrations of the late heading populations were lower than those of 

the intermediate populations. Late generations (F5 and F6), seen in Figures 4.12A and B, had 

the majority average of lines / varieties between 0.8-0.9 Mg % DM. F6 had less variation with 

75% of the generation lying within the 0.8-0.9 Mg % DM category. Of the generations 

 

Figure 4.11 – Scatter charts depicting the relationship between FTI (Forage Tetany Index) and 

Magnesium (A), FTI and Calcium (B), FTI and Potassium (C), and Potassium and Calcium (D) of all 

generations. 
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assessed, this had the least variation of Mg. F5 generation of the late population had an almost 

even split of breeding lines falling in bins 0.7-0.8 Mg % DM and 0.8-0.9 Mg % DM with 90% 

of breeding lines within this field.  

In contrast to the late population, the intermediate generations on average had a higher mean 

Mg concentration. All intermediate histograms, shown in Figures 4.12C to E, depict an average 

majority of 0.9-0.10 Mg % DM. This was 0.1 % DM higher than that of the late populations. 

Generation F13 (Figure 4.12C) had the fewest samples of all the experiments, however a clear 

majority (62%) of the data was between 0.9 and 0.10 Mg % DM. Generation F15 (Figure 

4.12E) showed a similar trend to the late population F5 with the majority of data being between 

two different bins in the histogram, with 89% of the varieties in this band. F15 was also the 

population with the highest reading for Mg concentration (14% DM). Whilst F14 had the 

majority in the same bin as both other intermediate populations, unlike the others, F14 had a 

larger proportion of data in a larger data bin, seen in Figure 4.12D. Just over a quarter of the 

varieties in F14 had a mean Mg % DM of 0.10-0.11, this is the highest proportion of data in a 

larger Mg % concentration band of the whole experiment.  

Each experiment did have different numbers of repeats and lines / varieties involved but a 

general bell curve pattern in the histogram could be seen in all figures (4.12A to 4.12E). The 

overall average of these figures was around 0.9 Mg % DM. Of all generations, F14 had the 

most promising Mg DM content in the lines / varieties tested.  

Results of ANOVA showed that the differences between lines / varieties were significantly 

different from one another (P<0.001) for generations F13, F15 and F5. Whereas generation F6 

had a significant difference between groups of P<0.01 and F14 reported no significant 

difference (P=0.124). See Appendix 4. 
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Figure 4.12 – Average Mg concentration per breeding line for generations A. F5 late (Experiment 

B674N), B. F6 late (Experiment B674Z), C. F13 intermediate (Experiment B674G), D. F14 

intermediate (Experiment B674T) and E. F15 intermediate (Experiments B702A and B, combined). 
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4.3.5 Relationship of Magnesium and Forage Tetany Index Between Generations   

Results for FTI had a similar pattern between generations as Mg content. Over the 

generations there appears to be a shift towards higher FTIs. Figure 4.13A shows a majority 

ratio of 0.90-1.00 in generation F5, with half of the varieties within this bracket. The other 

late population F6, shows an increase in FTI from the previous late generation, with 46% of 

the varieties being in the 1.20 – 1.30 range (Figure 4.13B).   

The low FTIs in the late populations are not mirrored in the intermediate generations. 

Generation F15 (Figure 4.13E) has a majority FTI of 1.80-2.00. This is almost a doubling 

from the Late F5 generation. On average both late populations had a lower FTI (as seen in 

Figure 4.13A and B) than intermediate populations. Based on information from Figures 

4.13C, D and E, the FTI of intermediate populations increases over generations. Evidenced 

by F13 having an average of 1.70-1.80, F14 having an average 1.80-1.90 and F15’s average 

being 1.80-2.00. F13 had the most variety in the data with only 35% of the varieties being in 

the bin with the most varieties in. This contrasts F15 where almost half of the generations lie 

within the most populous bracket.   

Statistical analysis of the differences between and within each line / variety of each 

generation resulted in significant differences (P<0.001) (see Appendix 5). Meaning that there 

was a high variance within each line / variety and between each line / variety per generation.  

Evaluating both Mg content and FTI did not seem to draw a significant pattern. Late 

populations did however have the lowest Mg content and the lowest FTI. 
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Figure 4.13 – Average FTI (Forage Tetany Index) per breeding line for generations A. F5 late (Experiment 

B674N), B. F6 late (Experiment B674Z), C. F13 intermediate (Experiment B674G), D. F14 intermediate 

(Experiment B674T) and E. F15 intermediate (Experiments B702A and B, combined). 
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4.3 DISCUSSION  

As in Chapter 3, the pattern of Mg not being the sole influence on FTI is also apparent here. 

As seen in Figure 4.12 and 4.13 where Mg and FTI histograms were not proportional to each 

other. It is known in the literature that Mg has an effect on FTI, and it is accepted that a 

higher Mg % can lead to a lower FTI. As late populations F5 and F6 had the lowest Mg 

concentrations and also the lowest FTI, it can be concluded that evidence in Chapter 3 and 

Chapter 4 show that Mg may not have the most influence over FTI. Late generations had a 

lower Mg concentration than intermediate generations.  

There was an 0.009% difference between intermediate and late population average Mg 

concentration over generations (late average: 0.0839%, intermediate average: 0.0931%). The 

FTI was highest in the intermediate populations (As seen in Figure 4.13C – E), with the 

average increasing by 0.02 each generation. If this trend continues then FTIs will be reaching 

a tetany prone figure by generation F30. It would therefore be necessary to monitor this factor 

before generations have the opportunity to reach the threshold of 2.2. Late populations had a 

60% lower FTI than the intermediate populations.  

Due to the lack of correlation between Mg concentration and FTI, interactions between the 

other minerals that contribute to the FTI were analysed to determine which mineral had the 

most influence.  

Within F5, there was a strong negative correlation between FTI and Ca concentration (Figure 

4.6A), this was not found in 19MG (Chapter 3). As seen in Figure 4.9, generation F14 shared 

this same correlation between Ca and FTI, both scatter charts show that as Ca % increases, 

FTI decreases. This relationship can be supported by the fact that a deficiency in Ca leads to 

higher FTI and therefore increase likelihood of not only hypocalcaemia but 

hypomagnesaemia (McDowell and Valle, 2000). A relationship such as this would suggest 
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that Ca has a stronger influence on FTI than Mg does (Penrose et al., 2020). Late population 

F6 had only one positive correlation, this was between Mg and Ca concentrations (Figure 

4.7). This correlation has previously been observed in Chapter 3, and where species of alfalfa, 

clover, field mustard and common oat showed a strong correlation between Mg and Ca 

concentration (Khan et al., 2010). The same trend was noted in intermediate populations F13 

(Figure 4.8) and F15 (Figure 4.10 B). Ca and Mg can be increased with one another to lower 

the FTI.  

Within F5 there was a strong positive correlation between K and FTI, shown in Figure 4.6B 

where FTI increases with K. A reason for this, also stated in Chapter 3, is that K has a 

suppressing effect on Mg, with higher K and lower Mg, FTI increases. It has also been noted 

that K has a larger effect on FTI which would explain why K had an effect and Mg did not in 

this experiment (Penrose et al., 2020).  

In contrast, Figure 4.10B represents the positive relationship between K and Mg in the F15. 

This is an unexpected outcome considering K is well known to hinder the concentration of 

Mg. Although most evidence in agriculture shows an antagonistic relationship between K and 

Mg there is evidence of a synergistic relationship like that seen in F15. A possible reason that 

may have given rise to this relationship in F15, is a balanced availability of both K and Mg in 

the soil which is therefore able to support a high plant availability of Mg (Xie et al., 2021). 

With a higher Mg availability there is a reduction in K induced Mg deficiency. Further 

investigation into F15 would be needed to understand why this unusual relationship occurred, 

and if this apparent uncoupling of these mineral traits might be exploited.  

The relationship between P and K in the intermediate population, F15, reflects the positive 

correlation findings discovered in Chapter 3.   
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Additionally, there were two generations (F13 and F15) that also had analysis results for P. 

Literature has stated that P has the potential to increase both Ca and Mg and decrease 

concentration of K, this however was not strongly evidenced in the scatter charts (Table 4.3) 

(Reinbott and Blevins, 1991). The relationship between P and Mg in F15 showed a cluster 

that appeared to have a slight positive correlation, but this was not distinct enough to be 

classed as a trend, the results in Chapter 4 do not support the findings of the investigation into 

winter wheat by Reinbott and Blevins (1991). Further work in Sainfoin (Onobrychis sativa 

L.) also supported the idea that with increasing P, Mg concentration would increase with it 

(Türk, Albayrak and Yüksel, 2007). No trend was observed between P and Mg or P and Ca in 

F13 either. P did however have a positive correlation with K in both F13 and F15, whilst this 

is not a trend that is supported by previous work in Winter wheat, it does support the findings 

in Chapter 3. This chapter identified previous work by Pirhofer-Walzl et al., (2011), which 

corroborated the positive correlation between K and P which can also be used to support the 

relationship in F13 and F15.  

Table 4.2 showed the significance of the variation between breeding lines for the mineral 

concentrations, FTI and yield to three different levels of significance. As both Ca and FTI 

were significantly different to a high degree in all generations it could support the previously 

documented relationship between Ca and FTI in F5 and F14. Generally, late and intermediate 

populations investigated in Chapter 4 support the same conclusions made in Chapter 3 

regarding the relationships between minerals. 

In summary, differences found were significant both in populations and across generations. 

This variation has not been under selection pressure (S. Palmer, P. Com 2021) and suggests 

that genetic gain for mineral accumulation would be possible.   
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5  GENERAL DISCUSSION  

 Across the experiments presented in Chapter 3 and 4, concentrations of Mg in the forage 

were lower than those reported in the literature. One possible explanation for this is the 

condition of the soil. Soil pH has the ability to influence nutritional availability within the soil 

which in turn influences what is available to the forage crop itself. Table 5.1 shows the 

availability of the four micronutrients analysed in soils of different pH levels. Acidic soils 

appear to be the least optimal conditions for mineral availability. In 19MG, both K and P 

were above readings previously recorded and Ca and Mg were below results recorded in the 

literature. It is therefore unlikely that the soil here had an optimal or basic soil pH as both Ca 

and Mg did not have a high availability in the forage. As K was much higher than data in the 

literature and P was only slightly higher it is reasonable to assume that the pH of 19MG could 

have been between 5.0-5.5 and therefore had an impact on the mineral concentration of the 

forage material. It is best to manage breeding land by best farm practice, and in the case of 

selecting for mineral composition even more so. 

 

 

Table 5.1 – Soil pH in relation to availability of nutrients where NA = Not 

Available, SA = Slightly available, MA = Moderately Available and HA = Highly 

Available (The Nutritional Value of Grass Guide - Germinal GB, 2021).  

 Soil pH 

Nutrient 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 

P NA NA SA MA HA HA HA MA MA SA MA 

K NA SA MA MA HA HA HA HA MA MA MA 

Ca NA NA SA HA HA HA HA HA HA HA MA 

Mg NA SA SA HA HA HA HA HA MA MA MA 

 Acidic Optimum pH Zone for Soil Basic 



Page | 92  

 

A key finding of this work was that there is a clear positive relationship between Ca and Mg 

in L. perenne, multiflorum and boucheanum. The importance of this is that both Ca and Mg 

deficiencies are known to lead to both hypocalcaemia (milk fever) and hypomagnesaemia 

(staggers). Results suggesting that these two nutrients are related to one another is an 

important discovery as deficiency in one could lead to a deficiency in the other leading to 

critical conditions in livestock. The benefit that the two are related is that by improving the 

concentration of one mineral then, naturally, the other will also increase and lessen the 

likelihood of both hypocalcaemia and hypomagnesaemia in UK livestock. A similar positive 

correlation was also found in the results, where K and P both increased with one another in 

19MG and a weak correlation in generation F15 of Chapter 4. The identification of this 

relationship is important because it could prove significant in reducing the K induced Mg 

deficiency in the forage. By avoiding fertilising with P or breeding grasses for lower P 

qualities in the varieties as well as making attempts to reduce the presence of K itself it may 

be possible to allow for higher concentrations of Mg to arise without being supressed by K. 

Throughout this investigation there has been a keen focus on which minerals to focus on to 

reduce the FTI in the forage. Ca has shown to be a key mineral to focus future breeding 

towards increasing. Within Chapter 4, Figure 4.6A and Figure 4.9 both depict a negative 

correlation, where as Ca concentration increases, FTI decreases. From the data produced in 

this experiment it can be concluded that rather than a focus on Mg to reduce the likelihood of 

hypomagnesaemia in livestock, it would be more prudent to instead focus the breeding on Ca 

in tandem with Mg concentration. This is because of the positive relationship with Mg and its 

negative relationship with FTI, by increasing Ca in the forage it is likely that Mg 

concentrations would increase, and the FTI would decrease. Overall lessening the incidence 

of clinical hypomagnesaemia in UK livestock.  
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Further work in selecting lines with higher Ca and Mg concentration and breeding those for a 

lower FTI would be a logical next step to investigate if this trend is significant enough to 

influence overall forage nutrition  

As presented in Chapter 3, the genetics developed from the historical Mg accumulating L. 

boucheanum during the MAG-NET project showed an up-lift in Mg content. These 

preliminary differences will be followed during the subsequent seasons which will add 

weight to the commercial potential of these candidate varieties. 

The Intermediate heading diploid breeding at IBERS has just been through its 16th 

generation of selection (experiment B702G&H), and late heading breeding is in its 7th 

generation (experiment B710D). IBERS is renown for its translation of science into the 

grassland sector and the success of the AberHSG™ (High Sugar Grass) range marketed 

worldwide by Germinal Holdings Ltd is testament to this. In 2014, when the REF report was 

published, around 28% of the UK perennial ryegrass seed sales is comprised of the 

AberHSG™ varieties. As presented in Chapter 4, the generations preceding these showed 

significant variation for mineral composition exists in these populations and has the potential 

to be exploited with minor adjustments to the breeding protocols.  
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6 CONCLUSION 

As outlined in Chapters 1 and 2, there is a strong drive towards more nutritious feed for 

livestock in the UK. This is something that has previously been attempted using intervention 

methods (such as supplements and pasture dressing) rather than preventative measures such 

as those that can be achieved through breeding. With very little historical research in this 

area, both Chapters 3 and 4 aimed to determine if there was a means of breeding forages for 

increased nutrition. It was found that both hybrid ryegrasses (Chapter 3) and late heading 

diploid perennial ryegrasses (Chapter 4) could offer a means of reducing FTI. In particular, 

hybrids derived from the Italian ryegrass variety Bb2589 had an increased leaf Mg 

concentration. A positive relationship between Mg and Ca was found in both Chapter 3 and 

4. Within Chapter 4, a negative relationship was discovered between Ca and FTI. This clear 

relationship between Ca, Mg and FTI can inspire breeding to focus more on increasing levels 

of Ca within forage grasses to both increase Mg and decrease FTI. Future breeding 

programmes should direct investigative efforts into the potential of Ca as a driver to reduce 

the incidence of hypomagnesaemia. Additionally, a positive relationship was also noted 

between K and P. As K is known to suppress the bioavailability of Mg, it may be worthwhile 

to focus on reducing levels of P through breeding to allow for the lowest attainable FTI. 

Selecting L. perenne and L. multiflorum with a higher Ca and a lower P to create hybrid 

ryegrasses may be a starting point to reach this goal. 

This research has proven that it could be possible to prevent the incidence of clinical 

hypomagnesaemia in UK livestock. A starting point would be to trial improved ryegrass 

species for sheep grazing as the Mg mineral concentrations found in this experiment meet and 

exceed their nutritional requirement (Kumssa et al., 2019a). Further optimisation of Mg 

would be necessary to meet the 0.13 – 0.22% DM concentration required by cattle in the 

forage. With the possibility of increasing the nutrition of the forage there would be less 
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environmental pollution and degradation as a result of excessive pasture dressing and less 

economical waste from livestock deaths by hypomagnesaemia. It may also be possible to 

reduce UK cases of hypocalcaemia in tandem with hypomagnesaemia due to breeding for 

increased Mg concentration via Ca. 
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8. APPENDICES  

 

 

Appendix 1 – Gantt chart depicting the distribution of time dedicated to each section 

of the investigation. 
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Appendix 2 - Number of Cattle (millions) in December 2019 by EU Member State 

(DEFRA, 2019). 
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Appendix 3 - Number of Sheep (millions) in December 2019 by EU Member State 

(DEFRA, 2019). 
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Generation  Source  Sum of 

Squares 

Degrees 

of 

Freedom  

Mean 

Square  

Variance-

Ratio 

Significance  

F5 Between treatments 0.018 109 0.000 3.073 0.000 

 Within Treatments 0.018 330 0.000   

 Total 0.036 439    

F6 Between treatments 0.010 103 0.000 1.514 0.004 

 Within Treatments 0.020 312 0.000   

 Total 0.030 415    

F13 Between treatments 0.015 59 0.000 2.693 0.000 

 Within Treatments 0.017 180 0.000   

 Total 0.032 239    

F14 Between treatments 0.012 103 0.000 1.196 0.124 

 Within Treatments 0.030 312 0.000   

 Total 0.042 415    

F15 Between treatments 0.034 243 0.000 2.652 0.000 

 Within Treatments 0.016 298 0.000   

 Total 0.050 541    

Appendix 4 - ANOVA table of significance for Mg (%) content differences between 

and within lines/varieties of each generation. 
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Generation  Source  Sum of 

Squares 

Degrees 

of 

Freedom  

Mean 

Square  

Variance-

Ratio 

Significance  

F5 Between treatments 3.351 109 0.031 1.662 0.000 

 Within Treatments 6.105 330 0.019     

 Total 9.456 439       

F6 Between treatments 2.464 103 0.024 2.861 0.000 

 Within Treatments 2.609 312 0.008     

 Total 5.073 415       

F13 Between treatments 3.088 59 0.052 2.761 0.000 

 Within Treatments 3.412 180 0.019     

 Total 6.500 239       

F14 Between treatments 3.063 103 0.030 1.818 0.000 

 Within Treatments 5.104 312 0.016     

 Total 8.166 415       

F15 Between treatments 12.265 243 0.050 1.960 0.000 

 Within Treatments 7.676 298 0.026     

 Total 19.941 541       

Appendix 5 - ANOVA table of significance for FTI differences between and within 

lines/varieties of each generation. 
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Appendix 6 - A table to represent the variation in yield, micronutrient concentration, 

and FTI in the lade diploid generation F5. 

Name Yield (T/Ha) Mean Ca % DM Mean K % DM Mean Mg % DM FTI 

Late_F5_2 2.408 0.500 1.265 0.080 1.03 

Late_F5_5 2.853 0.520 1.218 0.075 0.99 

Late_F5_7 2.403 0.525 1.205 0.075 0.95 

Late_F5_22 2.280 0.493 1.308 0.085 1.07 

Late_F5_23 2.680 0.520 1.345 0.085 1.06 

Late_F5_24 2.985 0.558 1.220 0.080 0.92 

Late_F5_27 2.288 0.470 1.253 0.085 1.06 

Late_F5_29 2.575 0.485 1.228 0.070 1.05 

Late_F5_32 2.320 0.508 1.243 0.075 1.01 

Late_F5_36 3.088 0.540 1.163 0.073 0.91 

Late_F5_39 2.723 0.528 1.263 0.083 0.99 

Late_F5_41 2.370 0.538 1.268 0.080 0.97 

Late_F5_43 2.533 0.525 1.170 0.075 0.93 

Late_F5_44 2.713 0.518 1.285 0.075 1.04 

Late_F5_53 2.233 0.538 1.268 0.090 0.96 

Late_F5_58 2.485 0.513 1.133 0.075 0.92 

Late_F5_59 2.920 0.565 1.230 0.078 0.91 

Late_F5_60 2.293 0.505 1.345 0.088 1.06 

Late_F5_63 2.468 0.615 1.148 0.093 0.78 

Late_F5_64 2.405 0.523 1.338 0.078 1.06 

Late_F5_71 2.685 0.600 1.213 0.078 0.87 

Late_F5_72 2.425 0.528 1.325 0.083 1.03 

Late_F5_73 2.428 0.560 1.108 0.083 0.82 

Late_F5_75 2.913 0.538 1.300 0.085 0.99 

Late_F5_76 2.225 0.518 1.193 0.080 0.95 

Late_F5_78 2.888 0.575 1.150 0.093 0.83 

Late_F5_79 2.588 0.493 1.178 0.075 0.99 

Late_F5_80 2.598 0.528 1.178 0.075 0.94 

Late_F5_104 2.913 0.550 1.253 0.083 0.94 

Late_F5_107 2.608 0.623 1.370 0.090 0.92 

Late_F5_113 2.425 0.468 1.285 0.078 1.12 

Late_F5_117 3.040 0.510 1.308 0.080 1.05 

Late_F5_126 1.930 0.505 1.283 0.088 1.02 

Late_F5_129 2.710 0.505 1.243 0.080 1.00 

Late_F5_131 2.458 0.435 1.290 0.085 1.16 

Late_F5_133 2.773 0.573 1.288 0.083 0.94 

Late_F5_136 2.123 0.475 1.290 0.085 1.09 

Late_F5_138 2.663 0.518 1.250 0.083 0.98 

Late_F5_140 2.383 0.530 1.300 0.093 0.99 

Late_F5_146 2.388 0.540 1.255 0.088 0.94 

Late_F5_151 2.348 0.540 1.195 0.080 0.92 

Late_F5_155 2.783 0.570 1.130 0.085 0.82 

Late_F5_159 2.560 0.510 1.088 0.083 0.88 

Late_F5_162 2.750 0.490 1.158 0.083 0.96 

Late_F5_163 2.953 0.603 1.265 0.100 0.85 

Late_F5_165 3.145 0.583 1.303 0.073 0.96 

Late_F5_166 2.343 0.503 1.190 0.095 0.94 

Late_F5_172 2.820 0.518 1.350 0.078 1.08 

Late_F5_173 3.095 0.548 1.298 0.093 0.95 

Late_F5_175 2.470 0.518 1.190 0.093 0.92 

Late_F5_179 3.535 0.553 1.245 0.080 0.93 

Late_F5_205 2.598 0.485 1.210 0.083 1.01 

Late_F5_210 2.965 0.543 1.305 0.085 0.98 

Late_F5_212 2.910 0.570 1.285 0.090 0.93 

Late_F5_213 2.420 0.613 1.203 0.093 0.82 

Late_F5_217 2.958 0.563 1.173 0.098 0.84 

Late_F5_219 2.793 0.515 1.128 0.070 0.92 

Late_F5_220 2.403 0.523 1.263 0.085 0.98 

Late_F5_223 2.478 0.483 1.308 0.078 1.10 

Late_F5_224 2.965 0.560 1.288 0.083 0.95 

Late_F5_227 2.638 0.545 1.270 0.080 0.97 

Late_F5_229 2.305 0.540 1.288 0.088 0.97 

Late_F5_237 3.050 0.580 1.198 0.090 0.85 

Late_F5_239 2.975 0.573 1.158 0.088 0.83 

Late_F5_240 2.473 0.558 1.310 0.080 0.99 

Late_F5_246 2.578 0.480 1.238 0.078 1.05 

Late_F5_247 2.555 0.523 1.185 0.078 0.95 

Late_F5_248 3.385 0.573 1.185 0.080 0.87 

Late_F5_251 3.140 0.498 1.063 0.073 0.88 

Late_F5_253 2.440 0.488 1.348 0.083 1.11 

Late_F5_254 2.480 0.528 1.270 0.085 0.99 

Late_F5_255 2.575 0.543 1.220 0.083 0.93 

Late_F5_258 3.258 0.500 1.210 0.070 1.01 

Late_F5_261 2.798 0.518 1.180 0.093 0.91 

Late_F5_262 2.215 0.568 1.248 0.078 0.92 

Late_F5_263 2.360 0.513 1.288 0.075 1.05 

Late_F5_269 2.750 0.503 1.188 0.085 0.95 

Late_F5_271 2.343 0.538 1.195 0.085 0.91 

Late_F5_279 2.125 0.530 1.180 0.088 0.90 

Late_F5_304 2.640 0.500 1.368 0.088 1.12 

Late_F5_306 2.348 0.515 1.263 0.083 1.00 

Late_F5_308 3.015 0.500 1.153 0.078 0.94 

Late_F5_310 2.285 0.478 1.333 0.083 1.12 

Late_F5_311 2.748 0.498 1.283 0.080 1.07 

Late_F5_315 2.778 0.448 1.295 0.085 1.14 

Late_F5_321 2.545 0.475 1.150 0.080 0.99 

Late_F5_322 2.518 0.563 1.083 0.090 0.79 

Late_F5_324 2.555 0.465 1.273 0.093 1.06 

Late_F5_325 3.065 0.470 1.285 0.085 1.08 

Late_F5_327 2.760 0.498 1.225 0.090 0.98 

Late_F5_334 2.625 0.470 1.333 0.083 1.13 

Late_F5_335 3.035 0.505 1.290 0.083 1.04 

Late_F5_336 2.763 0.518 1.263 0.088 0.98 

Late_F5_339 2.515 0.450 1.273 0.078 1.13 

Late_F5_343 2.823 0.498 1.278 0.085 1.04 

Late_F5_345 2.708 0.473 1.228 0.085 1.03 

Late_F5_360 2.730 0.495 1.245 0.078 1.03 

Late_F5_362 2.710 0.515 1.130 0.088 0.88 

Late_F5_363 2.570 0.475 1.175 0.088 0.99 

Late_F5_366 3.105 0.513 1.210 0.080 0.96 

Late_F5_368 2.595 0.498 1.338 0.078 1.10 

Late_F5_370 2.260 0.465 1.255 0.088 1.06 

Late_F5_371 2.485 0.525 1.278 0.090 0.98 

Late_F5_375 2.318 0.478 1.160 0.090 0.96 

Late_F5_378 2.723 0.538 1.270 0.075 0.99 

AberAvon 3.305 0.550 1.498 0.075 1.15 

AberChoice 2.663 0.543 1.275 0.078 0.98 

Ba14088 2.598 0.465 1.443 0.078 1.25 

Ba14089 2.938 0.510 1.335 0.095 1.03 

Toddington 2.820 0.575 1.333 0.098 0.94 

F-Statistic 2.327 2.781 1.739 3.073 1.66 

Significance  0.000 0.000 0.000 0.000 0.000  
*** *** *** *** *** 
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Appendix 7 - A table to represent the variation in yield, micronutrient concentration, 

and FTI in the lade diploid generation F6. 
Name Yield (T/Ha) Mean Ca % DM Mean K % DM Mean Mg % DM FTI 

Late_F6_002 4.223 0.526 1.605 0.084 1.24 

Late_F6_005 3.573 0.541 1.568 0.091 1.17 

Late_F6_007 4.108 0.587 1.629 0.093 1.13 

Late_F6_012 3.670 0.565 1.551 0.084 1.14 

Late_F6_017 3.715 0.554 1.583 0.082 1.18 

Late_F6_018 3.800 0.496 1.653 0.081 1.35 

Late_F6_020 4.050 0.525 1.745 0.087 1.34 

Late_F6_022 3.763 0.522 1.618 0.083 1.26 
Late_F6_027 3.618 0.534 1.595 0.089 1.20 

Late_F6_030 3.758 0.547 1.603 0.086 1.20 

Late_F6_031 4.208 0.542 1.578 0.086 1.19 

Late_F6_033 4.165 0.549 1.652 0.089 1.23 

Late_F6_035 3.998 0.546 1.685 0.087 1.26 

Late_F6_036 4.033 0.514 1.608 0.089 1.25 

Late_F6_037 3.943 0.469 1.529 0.080 1.31 

Late_F6_039 3.748 0.594 1.610 0.094 1.10 

Late_F6_046 3.928 0.499 1.491 0.084 1.20 

Late_F6_055 3.970 0.539 1.601 0.082 1.22 

Late_F6_068 3.815 0.513 1.522 0.081 1.21 
Late_F6_069 4.018 0.553 1.676 0.090 1.23 

Late_F6_072 3.990 0.516 1.617 0.093 1.24 

Late_F6_077 4.218 0.513 1.473 0.078 1.18 

Late_F6_078 3.603 0.533 1.708 0.084 1.30 

Late_F6_116 3.930 0.521 1.639 0.087 1.27 

Late_F6_117 3.935 0.469 1.567 0.068 1.39 

Late_F6_119 4.040 0.499 1.648 0.079 1.34 

Late_F6_124 3.900 0.555 1.716 0.095 1.24 

Late_F6_130 3.748 0.501 1.684 0.082 1.36 

Late_F6_133 4.178 0.526 1.589 0.082 1.23 

Late_F6_135 4.078 0.526 1.556 0.080 1.21 

Late_F6_136 3.885 0.496 1.674 0.088 1.35 
Late_F6_144 3.743 0.504 1.600 0.077 1.30 

Late_F6_145 3.923 0.526 1.605 0.092 1.21 

Late_F6_151 3.938 0.542 1.584 0.084 1.19 

Late_F6_157 4.080 0.519 1.707 0.085 1.33 

Late_F6_161 3.935 0.603 1.536 0.083 1.07 

Late_F6_164 3.965 0.565 1.593 0.087 1.15 

Late_F6_165 4.333 0.519 1.650 0.087 1.28 

Late_F6_170 3.658 0.567 1.661 0.093 1.19 

Late_F6_172 4.335 0.515 1.553 0.089 1.21 

Late_F6_203 4.318 0.552 1.591 0.093 1.16 

Late_F6_209 3.868 0.558 1.623 0.086 1.19 
Late_F6_217 3.893 0.514 1.576 0.088 1.23 

Late_F6_218 3.740 0.529 1.668 0.079 1.30 

Late_F6_219 3.813 0.561 1.686 0.089 1.22 

Late_F6_221 4.003 0.570 1.629 0.099 1.14 

Late_F6_222 3.685 0.519 1.552 0.089 1.20 

Late_F6_225 3.623 0.534 1.631 0.085 1.25 

Late_F6_230 3.813 0.522 1.727 0.086 1.34 

Late_F6_231 3.833 0.535 1.570 0.088 1.19 

Late_F6_235 3.818 0.559 1.712 0.089 1.25 

Late_F6_238 3.410 0.606 1.585 0.088 1.09 

Late_F6_244 3.965 0.481 1.560 0.084 1.29 

Late_F6_250 3.765 0.462 1.569 0.072 1.38 
Late_F6_254 4.145 0.540 1.630 0.087 1.23 

Late_F6_265 3.805 0.485 1.710 0.091 1.38 

Late_F6_267 4.290 0.521 1.626 0.086 1.26 

Late_F6_275 3.663 0.576 1.515 0.086 1.08 

Late_F6_277 4.098 0.537 1.635 0.089 1.23 

Late_F6_278 3.800 0.521 1.618 0.086 1.26 

Late_F6_279 3.798 0.492 1.518 0.087 1.23 

Late_F6_301 3.675 0.548 1.560 0.086 1.17 

Late_F6_303 3.890 0.443 1.532 0.082 1.36 

Late_F6_306 3.613 0.542 1.588 0.084 1.20 

Late_F6_308 3.810 0.505 1.590 0.080 1.28 
Late_F6_309 4.368 0.506 1.604 0.083 1.28 

Late_F6_311 3.930 0.518 1.543 0.076 1.23 

Late_F6_312 3.780 0.537 1.555 0.082 1.19 

Late_F6_315 3.310 0.523 1.561 0.077 1.24 

Late_F6_319 4.263 0.503 1.707 0.080 1.38 

Late_F6_320 3.863 0.509 1.569 0.083 1.25 

Late_F6_321 3.903 0.522 1.580 0.078 1.25 

Late_F6_322 4.263 0.524 1.596 0.085 1.24 

Late_F6_326 3.753 0.521 1.532 0.084 1.19 

Late_F6_328 4.000 0.494 1.623 0.087 1.31 

Late_F6_331 3.648 0.493 1.632 0.085 1.32 
Late_F6_332 3.975 0.529 1.581 0.085 1.21 

Late_F6_333 3.745 0.503 1.610 0.087 1.28 

Late_F6_334 3.743 0.512 1.558 0.078 1.25 

Late_F6_335 3.578 0.505 1.586 0.089 1.25 

Late_F6_336 3.493 0.539 1.604 0.087 1.21 

Late_F6_337 3.868 0.504 1.497 0.086 1.19 

Late_F6_343 3.660 0.505 1.580 0.085 1.26 

Late_F6_345 3.818 0.505 1.752 0.082 1.41 

Late_F6_346 3.420 0.481 1.592 0.079 1.34 

Late_F6_349 3.775 0.494 1.580 0.076 1.32 

Late_F6_358 3.823 0.511 1.604 0.082 1.28 

Late_F6_360 3.995 0.496 1.599 0.083 1.30 
Late_F6_363 4.078 0.509 1.627 0.083 1.30 

Late_F6_366 3.940 0.510 1.664 0.082 1.32 

Late_F6_367 3.515 0.552 1.542 0.089 1.13 

Late_F6_369 3.830 0.537 1.556 0.087 1.18 

Late_F6_375 3.895 0.527 1.667 0.083 1.29 

Late_F6_376 3.765 0.501 1.538 0.081 1.24 

Late_F6_378 3.800 0.498 1.564 0.085 1.26 

Late_F6_379 3.733 0.549 1.631 0.088 1.22 

Late_F6_380 3.838 0.525 1.628 0.087 1.25 

Late_F6_413 3.595 0.480 1.557 0.085 1.29 

Late_F6_444 4.163 0.492 1.639 0.080 1.35 
Late_F6_448 3.860 0.449 1.494 0.079 1.32 

AberAvon 3.678 0.520 1.916 0.079 1.52 

AberChoice 4.300 0.517 1.509 0.080 1.19 

Ba14088 3.683 0.467 1.663 0.084 1.41 

Toddington 4.303 0.582 1.726 0.097 1.19 

F-Statistic 1.222 3.261 1.554 1.514 2.86 

Significance 0.098 0.000 0.002 0.004 0.000 

  *** ** ** *** 
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Appendix 8 - A table to represent the variation in yield, micronutrient concentration, 

and FTI in the intermediate diploid generation F13. 

Name Yield (T/Ha) Mean Ca % DM Mean K % DM 
Mean Mg % 

DM 
Mean P % DM FTI 

5 4.465 0.390 1.970 0.083 0.295 1.92 

12 4.120 0.398 1.975 0.098 0.313 1.82 

23 3.580 0.390 1.943 0.088 0.310 1.88 
27 4.375 0.375 1.938 0.090 0.295 1.91 

33 4.060 0.395 1.890 0.095 0.333 1.76 

39 4.005 0.363 1.830 0.085 0.325 1.88 
42 3.825 0.385 2.020 0.093 0.300 1.94 

43 4.608 0.378 1.913 0.098 0.293 1.82 

45 4.060 0.365 1.860 0.090 0.293 1.86 
46 4.003 0.398 2.090 0.093 0.318 1.95 

47 4.278 0.340 1.798 0.090 0.323 1.89 

115 4.220 0.413 1.943 0.088 0.290 1.79 
123 4.088 0.375 1.950 0.088 0.275 1.93 

131 4.155 0.460 1.980 0.100 0.305 1.63 

132 4.435 0.443 2.070 0.100 0.305 1.75 
133 4.020 0.438 1.938 0.093 0.300 1.69 

134 4.245 0.398 1.933 0.093 0.303 1.80 

136 4.198 0.390 2.010 0.095 0.303 1.90 
138 4.175 0.353 1.668 0.080 0.335 1.79 

143 4.270 0.400 1.938 0.105 0.308 1.79 
145 4.570 0.400 1.923 0.100 0.283 1.75 

146 4.203 0.465 2.070 0.093 0.325 1.72 

147 4.205 0.418 2.053 0.093 0.318 1.85 
148 4.340 0.433 1.998 0.098 0.303 1.73 

204 3.968 0.415 1.920 0.100 0.310 1.70 

209 3.978 0.400 2.085 0.093 0.308 1.95 
213 4.215 0.400 1.923 0.098 0.313 1.76 

216 4.445 0.430 2.008 0.088 0.305 1.80 

218 4.090 0.398 2.025 0.093 0.293 1.91 
222 4.200 0.433 1.968 0.093 0.315 1.73 

223 4.243 0.450 1.940 0.100 0.315 1.62 

228 4.005 0.428 2.015 0.093 0.310 1.78 
231 4.523 0.383 2.090 0.100 0.305 1.96 

233 3.955 0.403 1.940 0.093 0.303 1.79 

235 4.458 0.420 1.958 0.095 0.300 1.74 

238 4.395 0.378 1.925 0.098 0.313 1.84 

292 4.315 0.385 1.913 0.090 0.293 1.85 

294 3.955 0.425 2.110 0.100 0.310 1.84 
295 4.235 0.415 1.993 0.103 0.325 1.75 

298 4.265 0.418 1.848 0.090 0.298 1.68 

301 4.123 0.378 1.910 0.080 0.285 1.93 
307 4.163 0.373 1.975 0.085 0.295 1.98 

314 4.493 0.370 1.965 0.085 0.300 1.98 

318 4.080 0.363 1.945 0.088 0.290 1.98 
320 4.253 0.383 2.020 0.095 0.305 1.93 

323 4.508 0.410 1.905 0.085 0.278 1.77 

329 4.420 0.415 1.965 0.088 0.300 1.80 
331 4.008 0.438 2.010 0.100 0.315 1.72 

332 4.370 0.448 1.965 0.088 0.313 1.71 

334 3.795 0.410 1.963 0.100 0.300 1.76 
337 4.130 0.428 1.960 0.093 0.315 1.74 

342 3.673 0.363 2.035 0.083 0.310 2.10 

345 4.080 0.385 1.973 0.093 0.298 1.88 
347 4.415 0.413 1.958 0.095 0.285 1.77 

348 3.598 0.385 1.955 0.100 0.303 1.83 

AberDart 4.015 0.418 2.023 0.093 0.298 1.82 
AberMagic 4.153 0.388 1.845 0.090 0.295 1.77 

Premium 4.848 0.493 1.933 0.135 0.313 1.39 

Ba14074 S1 4.650 0.468 2.025 0.100 0.303 1.65 
Ba14074 S2 4.208 0.438 1.953 0.100 0.323 1.67 

F-Statistic 1.504 3.010 1.580 2.693 1.127 2.761 

Significance 0.022 0.000 0.012 0.000 0.273 0.000 

 * *** * ***  *** 
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Appendix 9 - A table to represent the variation in yield, micronutrient concentration, 

and FTI in the intermediate diploid generation F14. 
Name Yield (T/Ha) Mean Ca % DM Mean K % DM Mean Mg % DM FTI 

Int_F14_005 3.570 0.455 2.138 0.090 1.82 

Int_F14_009 3.940 0.495 2.268 0.100 1.77 

Int_F14_017 4.213 0.470 2.215 0.098 1.80 

Int_F14_026 3.390 0.483 2.378 0.105 1.86 

Int_F14_029 3.398 0.475 2.388 0.098 1.93 

Int_F14_044 3.588 0.470 2.378 0.098 1.93 

Int_F14_054 3.590 0.508 2.335 0.100 1.79 

Int_F14_058 3.810 0.468 2.165 0.098 1.77 
Int_F14_060 3.530 0.493 2.348 0.090 1.89 

Int_F14_106 3.793 0.483 2.293 0.095 1.85 

Int_F14_109 3.903 0.498 2.350 0.098 1.83 

Int_F14_113 3.710 0.480 2.150 0.105 1.69 

Int_F14_114 3.500 0.568 2.300 0.103 1.60 

Int_F14_116 3.775 0.495 2.210 0.100 1.72 

Int_F14_117 4.190 0.505 2.330 0.108 1.76 

Int_F14_119 3.633 0.505 2.305 0.093 1.80 

Int_F14_124 3.625 0.510 2.493 0.100 1.90 

Int_F14_126 4.130 0.515 2.278 0.103 1.71 

Int_F14_127 3.903 0.483 2.325 0.095 1.87 
Int_F14_132 4.043 0.485 2.420 0.098 1.92 

Int_F14_134 3.778 0.518 2.450 0.095 1.86 

Int_F14_137 3.645 0.510 2.325 0.098 1.79 

Int_F14_138 3.978 0.423 2.243 0.090 2.01 

Int_F14_140 3.748 0.508 2.203 0.100 1.68 

Int_F14_146 3.773 0.508 2.463 0.110 1.83 

Int_F14_147 3.615 0.495 2.315 0.088 1.87 

Int_F14_152 4.110 0.505 2.233 0.093 1.74 

Int_F14_157 3.830 0.485 2.260 0.095 1.81 

Int_F14_160 3.780 0.503 2.195 0.098 1.70 

Int_F14_170 3.825 0.478 2.315 0.093 1.88 

Int_F14_175 4.098 0.525 2.305 0.105 1.69 
Int_F14_212 3.233 0.543 2.350 0.108 1.69 

Int_F14_216 4.423 0.500 2.273 0.103 1.74 

Int_F14_217 3.715 0.495 2.255 0.103 1.75 

Int_F14_222 4.045 0.460 2.300 0.098 1.90 

Int_F14_224 3.708 0.518 2.315 0.103 1.73 

Int_F14_226 3.940 0.460 2.203 0.100 1.81 

Int_F14_227 3.430 0.498 2.398 0.100 1.86 

Int_F14_234 3.818 0.480 2.358 0.108 1.84 

Int_F14_235 3.833 0.455 2.330 0.108 1.89 

Int_F14_238 3.523 0.495 2.330 0.093 1.85 

Int_F14_240 3.573 0.510 2.400 0.100 1.82 
Int_F14_243 3.333 0.508 2.303 0.100 1.76 

Int_F14_245 4.093 0.475 2.308 0.103 1.84 

Int_F14_246 3.845 0.468 2.278 0.098 1.86 

Int_F14_251 3.548 0.510 2.398 0.100 1.84 

Int_F14_252 3.625 0.535 2.383 0.103 1.74 

Int_F14_253 3.923 0.500 2.278 0.098 1.77 

Int_F14_254 3.968 0.498 2.393 0.093 1.89 

Int_F14_255 3.688 0.428 2.438 0.093 2.16 

Int_F14_261 4.190 0.500 2.158 0.093 1.69 

Int_F14_262 3.155 0.508 2.233 0.100 1.70 

Int_F14_267 3.458 0.500 2.148 0.093 1.69 

Int_F14_268 3.805 0.503 2.275 0.098 1.77 
Int_F14_269 3.948 0.485 2.395 0.103 1.88 

Int_F14_301 3.288 0.495 2.198 0.105 1.69 

Int_F14_303 4.168 0.473 2.218 0.093 1.82 

Int_F14_311 3.855 0.448 2.140 0.100 1.80 

Int_F14_312 3.760 0.488 2.233 0.090 1.80 

Int_F14_313 3.595 0.495 2.258 0.103 1.76 

Int_F14_316 4.308 0.490 2.350 0.105 1.82 

Int_F14_323 3.340 0.480 2.268 0.098 1.82 

Int_F14_326 3.675 0.495 2.240 0.103 1.73 

Int_F14_329 3.453 0.450 2.275 0.095 1.92 

Int_F14_335 3.605 0.545 2.298 0.093 1.69 
Int_F14_336 3.663 0.478 2.135 0.095 1.73 

Int_F14_337 3.053 0.518 2.275 0.095 1.73 

Int_F14_339 3.283 0.438 2.163 0.088 1.91 

Int_F14_341 4.475 0.530 2.285 0.098 1.70 

Int_F14_349 3.585 0.468 2.303 0.098 1.88 

Int_F14_350 3.628 0.503 2.283 0.098 1.76 

Int_F14_354 3.883 0.488 2.350 0.095 1.88 

Int_F14_359 3.425 0.480 2.280 0.098 1.83 

Int_F14_360 3.818 0.528 2.468 0.103 1.82 

Int_F14_361 3.773 0.470 2.263 0.093 1.86 

Int_F14_362 3.980 0.465 2.265 0.103 1.84 
Int_F14_365 4.108 0.518 2.453 0.110 1.80 

Int_F14_369 3.628 0.450 2.210 0.098 1.86 

Int_F14_373 3.550 0.465 2.198 0.088 1.85 

Int_F14_402 3.713 0.493 2.230 0.093 1.77 

Int_F14_403 4.138 0.483 2.422 0.097 1.93 

Int_F14_404 3.778 0.465 2.123 0.093 1.77 

Int_F14_405 3.595 0.465 2.150 0.098 1.76 

Int_F14_408 3.183 0.468 2.170 0.093 1.81 

Int_F14_409 3.948 0.468 2.115 0.098 1.73 

Int_F14_410 3.905 0.443 2.285 0.090 1.98 

Int_F14_412 3.220 0.468 2.195 0.090 1.83 

Int_F14_415 3.720 0.493 2.238 0.093 1.78 
Int_F14_422 3.263 0.503 2.253 0.098 1.74 

Int_F14_426 3.760 0.458 2.373 0.103 1.95 

Int_F14_430 3.710 0.483 2.185 0.093 1.78 

Int_F14_431 3.503 0.485 2.243 0.090 1.82 

Int_F14_432 4.015 0.488 2.220 0.090 1.79 

Int_F14_438 3.970 0.448 2.298 0.098 1.94 

Int_F14_449 3.928 0.480 2.163 0.100 1.72 

Int_F14_451 3.885 0.463 2.143 0.090 1.80 

Int_F14_453 3.785 0.470 2.250 0.095 1.85 

Int_F14_457 3.298 0.485 2.240 0.098 1.78 

Int_F14_466 3.873 0.525 2.453 0.105 1.80 
Int_F14_469 3.580 0.483 2.153 0.090 1.75 

Ba14074 3.590 0.523 2.180 0.100 1.63 

Ba14151 3.668 0.420 2.218 0.093 1.99 

Ba13926 3.595 0.503 2.285 0.100 1.75 

Premium 3.535 0.455 2.223 0.110 1.79 

F-Statistic  0.927 2.358 1.086 1.196 1.82 

Significance  0.670 0.000 0.294 0.124 0.000 

  ***   *** 
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Appendix 10 - A table to represent the variation in yield, 

micronutrient concentration, and FTI in the intermediate 

diploid generation F15. 
Name Yield (T/Ha) Mean Ca % DM Mean K % DM Mean Mg % DM Mean P % DM FTI 

AberGreen 5.190 0.461 2.097 0.091 0.290 1.76 

AberWolf 5.336 0.506 2.159 0.094 0.306 1.68 

AberZeus 5.277 0.486 2.201 0.096 0.315 1.76 

Moira 5.110 0.509 2.327 0.122 0.298 1.69 

Premium 5.793 0.571 2.293 0.115 0.337 1.55 

Trojan 4.703 0.575 2.368 0.120 0.347 1.59 

Ba14155 4.430 0.504 2.419 0.103 0.316 1.85 

Ba14382 5.547 0.500 2.132 0.093 0.327 1.67 

Ba14689 4.473 0.594 2.175 0.118 0.306 1.44 

Ba14690 4.857 0.515 2.316 0.116 0.321 1.69 

Ba14691 4.957 0.650 2.213 0.141 0.336 1.29 

Ba14692 5.213 0.611 2.312 0.121 0.324 1.47 

F15_INT_001 5.380 0.463 2.265 0.085 0.354 1.92 

F15_INT_002 5.328 0.410 2.225 0.091 0.315 2.04 

F15_INT_003 5.825 0.453 2.307 0.090 0.337 1.97 

F15_INT_004 5.360 0.511 2.172 0.095 0.351 1.67 

F15_INT_005 6.160 0.490 2.228 0.090 0.264 1.79 

F15_INT_006 5.450 0.399 2.182 0.085 0.317 2.07 

F15_INT_007 6.870 0.445 2.213 0.092 0.368 1.90 

F15_INT_008 5.233 0.453 2.248 0.088 0.315 1.93 

F15_INT_009 5.743 0.503 2.122 0.091 0.321 1.67 

F15_INT_010 5.468 0.466 2.182 0.095 0.304 1.80 

F15_INT_011 5.413 0.460 2.154 0.092 0.323 1.81 

F15_INT_012 4.920 0.461 2.167 0.087 0.304 1.84 

F15_INT_013 5.220 0.437 2.226 0.092 0.333 1.94 

F15_INT_014 5.210 0.478 2.128 0.092 0.335 1.73 

F15_INT_015 5.943 0.489 2.278 0.089 0.319 1.85 

F15_INT_016 4.430 0.454 2.045 0.086 0.275 1.76 

F15_INT_017 5.180 0.445 2.066 0.082 0.285 1.82 

F15_INT_018 5.987 0.495 2.110 0.092 0.297 1.68 

F15_INT_019 4.560 0.505 1.973 0.085 0.281 1.57 

F15_INT_020 3.400 0.450 2.040 0.079 0.334 1.80 

F15_INT_021 4.780 0.464 2.269 0.093 0.273 1.88 

F15_INT_022 5.940 0.433 2.252 0.087 0.321 2.00 

F15_INT_023 5.703 0.448 2.300 0.095 0.323 1.95 

F15_INT_024 5.080 0.461 2.267 0.090 0.362 1.91 

F15_INT_025 5.920 0.453 2.434 0.094 0.311 2.05 

F15_INT_026 5.100 0.459 1.875 0.084 0.269 1.61 

F15_INT_027 5.510 0.407 2.370 0.087 0.315 2.21 

F15_INT_029 5.498 0.450 2.350 0.093 0.333 2.00 

F15_INT_030 4.710 0.448 2.266 0.084 0.270 1.98 

F15_INT_031 5.378 0.480 2.297 0.099 0.335 1.84 

F15_INT_032 5.150 0.428 2.285 0.095 0.296 2.00 

F15_INT_033 5.447 0.441 2.429 0.091 0.336 2.11 

F15_INT_034 6.400 0.482 2.364 0.096 0.302 1.89 

F15_INT_035 5.073 0.435 2.339 0.092 0.331 2.05 

F15_INT_036 4.780 0.404 2.253 0.092 0.312 2.08 

F15_INT_037 6.550 0.481 2.197 0.088 0.302 1.80 

F15_INT_038 5.560 0.506 2.362 0.101 0.346 1.80 

F15_INT_039 4.860 0.442 2.024 0.083 0.267 1.79 

F15_INT_040 5.550 0.454 2.275 0.086 0.281 1.96 

F15_INT_041 5.190 0.427 2.259 0.094 0.317 1.99 

F15_INT_042 4.890 0.504 2.340 0.095 0.309 1.82 

F15_INT_043 5.160 0.412 2.133 0.083 0.315 1.99 

F15_INT_044 5.835 0.458 2.137 0.085 0.317 1.84 

F15_INT_045 5.170 0.537 2.269 0.099 0.336 1.66 

F15_INT_046 5.410 0.500 2.031 0.086 0.292 1.62 

F15_INT_047 5.180 0.461 2.084 0.087 0.314 1.78 

F15_INT_048 5.170 0.424 2.075 0.085 0.342 1.89 

F15_INT_049 5.327 0.527 2.304 0.092 0.336 1.74 

F15_INT_050 5.040 0.425 2.230 0.080 0.347 2.05 

F15_INT_051 5.960 0.462 2.220 0.091 0.313 1.87 

F15_INT_059 4.663 0.475 2.367 0.093 0.346 1.94 

F15_INT_061 5.040 0.394 2.190 0.080 0.306 2.13 

F15_INT_063 4.780 0.480 2.311 0.089 0.371 1.89 

F15_INT_064 5.700 0.426 1.879 0.075 0.272 1.75 

F15_INT_065 4.893 0.470 2.283 0.093 0.334 1.88 

F15_INT_067 5.540 0.464 2.029 0.081 0.255 1.74 

F15_INT_068 5.320 0.396 2.246 0.092 0.290 2.10 

F15_INT_069 5.240 0.440 2.192 0.085 0.294 1.94 

F15_INT_070 4.930 0.409 2.036 0.077 0.262 1.95 

F15_INT_072 5.710 0.408 2.152 0.079 0.300 2.05 

F15_INT_073 5.520 0.430 2.148 0.087 0.309 1.92 

F15_INT_074 5.660 0.454 2.333 0.087 0.284 2.00 

F15_INT_075 5.390 0.451 2.362 0.093 0.338 2.01 

F15_INT_076 5.240 0.424 2.174 0.081 0.322 2.00 

F15_INT_077 5.540 0.443 2.156 0.084 0.303 1.90 

F15_INT_078 4.873 0.471 2.288 0.095 0.330 1.87 

F15_INT_079 5.630 0.505 2.277 0.097 0.333 1.75 

F15_INT_081 4.880 0.421 2.109 0.085 0.316 1.93 

F15_INT_082 4.870 0.433 2.029 0.091 0.283 1.79 

F15_INT_083 5.250 0.495 2.213 0.098 0.336 1.74 

F15_INT_102 5.248 0.481 2.284 0.095 0.318 1.85 

F15_INT_103 5.410 0.416 2.555 0.093 0.340 2.30 

F15_INT_104 5.800 0.407 2.009 0.077 0.329 1.93 

F15_INT_105 6.500 0.563 2.202 0.104 0.319 1.53 

F15_INT_106 5.380 0.432 2.427 0.090 0.314 2.14 

F15_INT_107 6.000 0.480 2.054 0.085 0.332 1.70 

F15_INT_108 4.980 0.373 2.309 0.081 0.284 2.34 

F15_INT_109 5.040 0.507 2.077 0.086 0.305 1.64 

F15_INT_110 4.700 0.471 2.200 0.084 0.288 1.85 

F15_INT_111 5.470 0.400 1.988 0.074 0.313 1.95 

F15_INT_112 5.930 0.491 2.314 0.094 0.351 1.83 

F15_INT_113 5.473 0.436 2.331 0.089 0.347 2.05 

F15_INT_114 5.340 0.444 2.180 0.085 0.288 1.92 

F15_INT_115 5.003 0.436 2.372 0.094 0.356 2.06 

F15_INT_116 5.218 0.461 2.465 0.092 0.347 2.06 

F15_INT_117 5.500 0.428 2.343 0.087 0.325 2.10 

F15_INT_118 5.220 0.445 2.252 0.084 0.302 1.97 

F15_INT_119 5.340 0.477 2.345 0.093 0.337 1.91 

F15_INT_120 5.880 0.460 2.058 0.088 0.313 1.74 

F15_INT_121 5.540 0.439 1.936 0.078 0.285 1.75 

F15_INT_122 4.363 0.453 2.356 0.100 0.347 1.96 

F15_INT_123 5.353 0.478 2.370 0.095 0.338 1.91 

F15_INT_124 5.420 0.433 2.186 0.078 0.283 1.99 

F15_INT_125 3.800 0.440 2.343 0.083 0.315 2.08 

F15_INT_126 6.230 0.410 2.399 0.084 0.325 2.24 

F15_INT_127 5.510 0.489 2.330 0.090 0.350 1.87 

F15_INT_129 5.330 0.417 2.319 0.091 0.332 2.11 

F15_INT_131 5.070 0.435 2.249 0.086 0.333 2.00 

F15_INT_132 5.150 0.470 2.058 0.092 0.275 1.70 

F15_INT_133 5.940 0.451 2.258 0.093 0.332 1.93 

F15_INT_134 4.377 0.499 2.220 0.101 0.313 1.75 

F15_INT_136 5.250 0.434 2.542 0.085 0.344 2.27 

F15_INT_138 4.890 0.409 2.472 0.097 0.327 2.23 

F15_INT_139 4.800 0.412 2.468 0.091 0.352 2.25 

F15_INT_139 5.223 0.443 2.236 0.089 0.324 1.95 

F15_INT_140 5.017 0.431 2.325 0.087 0.331 2.08 

F15_INT_141 5.820 0.548 2.400 0.100 0.324 1.72 

F15_INT_142 4.913 0.473 2.412 0.093 0.335 1.98 

F15_INT_144 5.245 0.443 2.192 0.087 0.333 1.92 

F15_INT_145 4.850 0.475 2.337 0.090 0.333 1.93 

F15_INT_146 6.290 0.433 2.050 0.082 0.312 1.85 

F15_INT_147 5.690 0.400 2.383 0.090 0.339 2.23 

F15_INT_148 4.700 0.459 2.412 0.092 0.358 2.02 

F15_INT_150 4.827 0.463 2.356 0.094 0.348 1.96 

F15_INT_151 6.990 0.446 2.110 0.081 0.339 1.87 

F15_INT_152 5.170 0.511 2.267 0.086 0.281 1.78 

F15_INT_153 5.193 0.460 2.160 0.096 0.332 1.80 

F15_INT_154 5.710 0.486 2.221 0.092 0.338 1.79 

F15_INT_155 4.903 0.478 2.267 0.095 0.363 1.84 

F15_INT_158 5.390 0.489 2.034 0.081 0.322 1.68 

F15_INT_159 4.960 0.457 2.230 0.084 0.343 1.92 

F15_INT_160 5.250 0.440 2.241 0.091 0.312 1.95 

F15_INT_161 5.630 0.426 2.224 0.084 0.286 2.02 

F15_INT_162 6.110 0.523 2.310 0.098 0.325 1.73 

F15_INT_163 5.417 0.471 2.140 0.099 0.335 1.74 

F15_INT_164 5.260 0.438 2.224 0.088 0.341 1.96 

F15_INT_165 5.330 0.395 2.009 0.081 0.293 1.95 

F15_INT_166 5.280 0.467 2.235 0.097 0.322 1.83 

F15_INT_168 5.543 0.479 2.227 0.094 0.345 1.81 
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F15_INT_171 4.860 0.426 1.917 0.083 0.280 1.74 

F15_INT_172 6.010 0.456 1.985 0.087 0.327 1.69 

F15_INT_173 5.233 0.440 2.241 0.090 0.341 1.96 

F15_INT_201 5.530 0.543 2.191 0.093 0.325 1.61 

F15_INT_203 5.910 0.495 2.041 0.085 0.287 1.65 

F15_INT_204 5.845 0.427 2.249 0.089 0.311 2.01 

F15_INT_206 5.863 0.431 2.311 0.092 0.326 2.03 

F15_INT_208 5.550 0.495 2.327 0.098 0.328 1.83 

F15_INT_209 4.968 0.445 2.202 0.090 0.321 1.91 

F15_INT_210 5.190 0.473 2.266 0.086 0.301 1.89 

F15_INT_211 5.750 0.430 2.241 0.082 0.327 2.03 

F15_INT_212 5.380 0.465 1.853 0.080 0.311 1.59 

F15_INT_213 4.690 0.417 2.316 0.088 0.342 2.11 

F15_INT_214 5.098 0.483 2.228 0.091 0.345 1.81 

F15_INT_215 5.400 0.489 1.885 0.079 0.312 1.56 

F15_INT_216 5.410 0.491 2.609 0.096 0.336 2.06 

F15_INT_217 5.758 0.454 2.276 0.092 0.340 1.93 

F15_INT_218 6.090 0.487 2.233 0.096 0.316 1.77 

F15_INT_219 6.010 0.464 2.120 0.086 0.310 1.79 

F15_INT_220 4.950 0.488 2.235 0.087 0.339 1.81 

F15_INT_221 5.730 0.446 2.132 0.092 0.309 1.83 

F15_INT_222 5.180 0.456 2.008 0.090 0.296 1.70 

F15_INT_223 4.880 0.479 2.121 0.091 0.308 1.73 

F15_INT_224 6.660 0.448 2.051 0.084 0.333 1.79 

F15_INT_225 5.140 0.463 2.023 0.083 0.322 1.73 

F15_INT_226 5.007 0.437 2.337 0.096 0.330 2.01 

F15_INT_227 4.580 0.410 2.296 0.085 0.311 2.14 

F15_INT_228 4.990 0.505 2.305 0.092 0.334 1.80 

F15_INT_229 4.760 0.415 2.233 0.088 0.286 2.05 

F15_INT_231 5.240 0.449 2.123 0.087 0.282 1.84 

F15_INT_232 5.463 0.404 2.235 0.087 0.316 2.10 

F15_INT_233 5.830 0.472 2.202 0.089 0.329 1.83 

F15_INT_234 5.900 0.457 2.269 0.086 0.320 1.95 

F15_INT_301 5.310 0.448 2.355 0.095 0.332 2.00 

F15_INT_302 5.670 0.463 2.141 0.094 0.319 1.79 

F15_INT_303 5.150 0.447 2.248 0.096 0.331 1.91 

F15_INT_304 5.350 0.450 2.053 0.085 0.295 1.78 

F15_INT_305 5.214 0.457 2.340 0.098 0.321 1.94 

F15_INT_307 5.850 0.440 2.236 0.088 0.312 1.97 

F15_INT_308 6.080 0.511 2.296 0.098 0.314 1.77 

F15_INT_309 5.510 0.525 2.343 0.101 0.346 1.74 

F15_INT_310 5.500 0.450 2.302 0.086 0.324 1.99 

F15_INT_311 5.570 0.478 2.134 0.085 0.297 1.77 

F15_INT_312 4.770 0.526 2.214 0.096 0.326 1.66 

F15_INT_313 6.080 0.432 2.098 0.085 0.265 1.88 

F15_INT_314 5.100 0.472 2.117 0.098 0.304 1.71 

F15_INT_315 6.180 0.440 2.381 0.084 0.285 2.11 

F15_INT_316 5.630 0.457 2.222 0.092 0.316 1.87 

F15_INT_317 4.850 0.478 2.318 0.098 0.357 1.86 

F15_INT_318 5.330 0.493 2.245 0.090 0.287 1.80 

F15_INT_320 5.680 0.479 2.246 0.090 0.288 1.83 

F15_INT_321 5.488 0.464 2.295 0.100 0.328 1.88 

F15_INT_323 5.230 0.457 1.938 0.079 0.324 1.69 

F15_INT_324 5.098 0.484 2.419 0.106 0.344 1.89 

F15_INT_326 5.330 0.495 2.213 0.092 0.350 1.75 

F15_INT_327 5.460 0.491 2.354 0.098 0.347 1.85 

F15_INT_328 5.620 0.468 2.410 0.093 0.343 1.99 

F15_INT_329 5.413 0.502 2.250 0.098 0.328 1.75 

F15_INT_330 6.120 0.416 2.369 0.089 0.306 2.15 

F15_INT_331 5.128 0.475 2.271 0.099 0.325 1.83 

F15_INT_332 5.203 0.478 2.331 0.091 0.339 1.90 

F15_INT_333 4.877 0.460 2.193 0.096 0.316 1.82 

F15_INT_334 5.990 0.505 2.435 0.091 0.326 1.91 

F15_INT_335 5.603 0.422 2.300 0.086 0.313 2.09 

F15_INT_336 5.300 0.527 2.523 0.095 0.336 1.89 

F15_INT_338 4.940 0.471 2.119 0.089 0.300 1.76 

F15_INT_339 5.090 0.474 2.371 0.090 0.276 1.95 

F15_INT_340 5.148 0.482 2.172 0.094 0.303 1.76 

F15_INT_401 6.210 0.478 2.170 0.087 0.318 1.79 

F15_INT_402 4.440 0.512 1.983 0.090 0.283 1.54 

F15_INT_403 5.890 0.517 2.473 0.098 0.342 1.87 

F15_INT_405 4.913 0.504 2.508 0.109 0.361 1.88 

F15_INT_406 4.567 0.418 2.367 0.094 0.323 2.12 

F15_INT_407 4.600 0.484 2.319 0.097 0.335 1.85 

F15_INT_408 4.490 0.504 2.403 0.099 0.299 1.84 

F15_INT_411 4.790 0.470 2.257 0.092 0.333 1.86 

F15_INT_412 5.547 0.490 2.124 0.092 0.336 1.70 

F15_INT_501 5.710 0.475 1.861 0.085 0.330 1.55 

F15_INT_503 5.077 0.464 2.207 0.090 0.315 1.86 

F15_INT_504 4.824 0.460 2.171 0.092 0.320 1.82 

F15_INT_505 5.308 0.470 2.214 0.094 0.316 1.82 

F15_INT_506 4.910 0.402 2.214 0.091 0.317 2.06 

F15_INT_507 5.430 0.475 2.202 0.100 0.324 1.77 

F15_INT_508 6.110 0.464 1.824 0.084 0.299 1.55 

F15_INT_509 6.130 0.414 2.186 0.085 0.319 2.02 

F15_INT_511 4.900 0.422 1.974 0.082 0.314 1.82 

F15_INT_512 4.650 0.463 2.275 0.094 0.298 1.89 

F15_INT_513 5.960 0.443 2.290 0.096 0.281 1.95 

F15_INT_514 5.450 0.488 2.129 0.093 0.320 1.70 

F15_INT_515 5.200 0.374 2.228 0.081 0.287 2.25 

F15_INT_516 5.808 0.509 2.320 0.093 0.316 1.79 

F15_INT_517 5.053 0.480 2.269 0.098 0.348 1.81 

F15_INT_518 4.710 0.412 2.307 0.091 0.325 2.12 

F15_INT_519 4.910 0.490 2.256 0.102 0.336 1.77 

F15_INT_519B 5.253 0.462 2.194 0.092 0.333 1.83 

F15_INT_520 5.200 0.444 2.213 0.081 0.276 1.97 

F15_INT_520B 5.783 0.425 2.131 0.087 0.319 1.93 

F15_INT_521 5.160 0.443 2.249 0.093 0.355 1.94 

F15_INT_522 4.130 0.443 2.260 0.088 0.302 1.97 

F15_INT_524 5.210 0.417 2.225 0.085 0.277 2.05 

F15_INT_524B 6.180 0.415 2.191 0.085 0.275 2.03 

F15_INT_526 5.240 0.505 2.076 0.093 0.347 1.62 

F15_INT_527 4.190 0.434 2.193 0.093 0.283 1.91 

F-Statistic 1.538 2.642 1.519 2.652 1.260 1.9600 

Significance 0.000 0.000 0.000 0.000 0.000 0.0000 

 *** *** *** *** *** *** 

 

 


