
 

 

The Role of Gibberellin in Wheat 

Grain Development 

 

Aakriti Wanchoo-Kohli, MSc. 

 

 

Thesis submitted to the University of Nottingham 

for the degree of Doctor of Philosophy 

 

 

 

December 2016 

  



ii 
 

Abstract 

 

The plant hormone gibberellin (GA) is known to influence grain size and flour 

quality, flowering, development and germination in wheat. GA also induces the 

production of α-amylase by the aleurone layer and premature production of 

this enzyme during development results in degraded starch in the mature 

grain. While GA is proposed to have a negative effect on flour quality, it is 

essential for early grain development and these effects are separated both 

temporarily and spatially in the grain. It was the aim of this project to further 

understand the role GA plays in wheat grain development and in order to 

achieve this constructs were designed to alter GA metabolism or signalling in 

the seed-coat, endosperm, embryo or aleurone of developing wheat grains.  

In plants where GA content was manipulated in the developing endosperm it 

was shown that GA produced by this tissue is involved in regulating grain size 

and morphology. This was demonstrated by the differences observed between 

the transgenics and their nulls in grain size, hardness index and moisture 

content. Additionally, in these lines no differences were observed in the α-

amylase levels, implying that GA produced by the endosperm might not be 

influencing the production of this enzyme. However, GA insensitivity 

introduced in the embryo and aleurone layers did not display the hypothesised 

phenotypes and was inconclusive in determining the role of GA signalling in 

grain development. 

During this project a reliable qPCR based method using TaqMan assays was also 

developed to determine zygosity of transgenic plants in the T1 generation. This 

method was successful in reducing the number of generations required to 

select homozygous material compared to more conventional methods.  
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Chapter 1. Introduction 

 

1.1 Wheat 

 
 

Wheat (Figure 1.1), a monocotyledonous plant along with other cereals 

belongs to the grass family Poaceae, which with about 10,000 species is one of 

the largest families of flowering plants (Peterson, 1965, Kellogg, 2001). Being 

one of the main food grains consumed throughout the world, wheat has the 

broadest geographic range of cultivation of all cereal crops (Briggle and Curtis, 

1987) and is grown on more land area than any other crop, on every continent 

except Antarctica and grows from 67o N in Scandinavia and Russia to 45o S in 

Argentina. It also grows at a range of elevations from 260 m below sea level in 

the Jordan valley to 4,000 m on the Tibetan plateau (Feldman, 1995, FAOSTAT, 

2016). The earliest cultivated forms of wheat were the diploid Einkorn (genome 

AA) and the tetraploid Emmer (genome AABB), known to be in cultivation 

about 10,000 years ago in south eastern Turkey (Heun et al., 1997, Nesbitt, 

1998, Dubcovsky and Dvorak, 2007). Modern-day hexaploid, bread wheat 

(Triticum aestivum) (genome AABBDD) arose through hybridisation of Emmer 

and a wild grass Triticum tauschii (genome DD) (Shewry, 2009) and spread to 

the east around 9,000 years ago. As hexaploid wheat arose relatively recently 

little divergence is observed between the D genomes of the hexaploid and 

ancestral diploid species Triticum tauschii (Feldman, 2001). Of all the wheat 

grown worldwide 95% is hexaploid bread wheat and the other 5% is tetraploid 

(Triticum durum) wheat grown mainly for making pasta (Shewry, 2009). 

Currently there are approximately 5,000 varieties of bread wheat in cultivation 

around the world and throughout history there have been about 35,000 

varieties – more than any other cereal crop – most of which are no longer 

commercially grown (Kew, 2016). 
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Figure 1.1: Structure of a wheat plant 

 

 

1.1.1 Food Security and Wheat 

 

Food security is achieved when every person, at all times has physical and 

economic access to sufficient, safe and nutritious food. According to the Food 

and Agricultural Organisation of the United Nations (FAO), globally around 795 

million people are undernourished, which is a reduction from around 1 billion 

in 1990-1992. However, this reduction has slowed down in recent years due to 

a gap in the socio-economic growth and political instability in many developing 

regions (FAO, 2015). Of the world’s chronically poor and hungry, 75% live in 

rural areas and 50% of all undernourished people in the world are small-scale 

farmers in developing countries (World Bank, 2007). Apart from this about two 

billion people in parts of southern Asia and sub-Saharan Africa also suffer from 

“hidden hunger”, a form of malnutrition due to the lack of or inadequate 

consumption of micronutrients (Grebmer et al., 2014, FAO, 2015). 

Micronutrient deficiency can occur even where food supply is adequate to 

meet energy requirements, but the diet lacks variety. Fruits, vegetable and 
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animal-sourced foods contain large amounts of micronutrients and are 

unaffordable in large parts of the developing world. Along with that a minimum 

amount of fat is required in the diet for the absorption of vitamins A, D, E and 

K (Kennedy et al., 2002). This malnutrition limits the growth, development, 

health and working capacity of the sufferers, who are mainly women and 

children as they have a greater requirement of micronutrients (Grebmer et al., 

2014). Micronutrient deficiency can also cut the gross domestic product of 

developing countries by 0.7-2% pushing countries into a cycle of poor nutrition 

and lost productivity leading to further poverty (UNICEF and Micronutrient 

Initiative, 2004). 

To increase further the already immense pressures on food security exerted by 

the current mal- and undernourished people, median estimates predict that 

the world population will increase to nine billion by 2050, with the majority of 

the increase in low income countries (Department of Economic and Social 

Affairs, 2015, Foresight, 2011). It is also predicted that global temperatures will 

increase and the climate will continually change at a rapid rate in this century, 

mainly due to greenhouse gas emissions including CO2. This will result in altered 

rainfall and increased drought having a direct impact on crop production, 

posing a further threat to food security (McKersie, 2015). Rising mean 

temperatures will also result in the shortening of the time to maturity for crops 

and reduced grain set (Moriondo et al., 2011). Though the relationship 

between weather and yields is specific for each crop and region and depends 

on the baseline climate, soil management systems, duration and timing of the 

exposure of the crop to different conditions, it has been shown that yields of 

wheat begin to decline with every 1oC to 2oC increase in local temperature in 

the tropics (Porter et al., 2014). However, adaptation of wheat to 2-3oC rise in 

local temperature could help avoid this yield loss in tropical regions (Challinor 

et al., 2014) 

It is critical that the global production of wheat is increased to match future 

demands. However, agriculture already has major environmental impacts 
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where land clearing to increase crop production threatens biodiversity, a 

quarter of global greenhouse gas emissions are a result of land clearing, crop 

production and fertilisation and in addition the use of fertilisers can also be 

harmful to marine and terrestrial ecosystems (Dirzo and Raven, 2003, Burney 

et al., 2010, Tilman et al., 2011). Thus, it is crucial that any increase in yield is 

adaptable to climate change, and is generated without an increase in the 

amount of land used or additional inputs into agricultural systems, and does 

not come at the expense of nutritional quality. 

Wheat provides a high amount of vegetable protein compared to other major 

cereals like maize and rice (USDA, 2016), and provides about 20% of humanity’s 

protein and 21% of the food calories consumed globally. In 2014 the production 

of wheat was at its highest with almost 729 million tonnes produced globally 

with an increase from 711.4 million tonnes in 2013 (FAOSTAT, 2016). Figure 1.2 

also shows that the yield per hectare has greatly increased over the last 50 

years while the area harvested has remained almost the same. This increase in 

yield has largely been due to higher yielding varieties, increased use of 

fertilisers and modernisation of agricultural practices (Evans, 1998).  
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Figure 1.2: Annual global wheat production, area harvested and yield 
Ha: hectare, Hg/Ha: Hectogram per hectare (FAOSTAT, 2016) 

 

The “Green Revolution” of the 1960s was responsible for greatly increasing 

wheat and rice yields due to use of high yielding varieties along with the 

application of fertilisers and pesticides (Evenson and Gollin, 2003). The 

introduction of dwarfing genes in cereal crops played a significant role in this 

improvement (Hedden, 2003), producing plants with a shorter stem (Figure 

1.3) which were more resistant to lodging and where resources were diverted 

to grain production rather than stem elongation (Flintham et al., 1997). This 

resulted in the doubling of wheat yields between the years of 1965 and 1970 

preventing large scale famines in Asia and Latin America (Evans, 1998).  
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  Figure 1.3: Semi- and extreme dwarf varieties of wheat 

 

The Reduced Height (Rht1) genes governing the dwarf phenotypes of wheat 

were identified and shown to interfere with the signalling pathway of the 

growth hormone gibberellin (GA) (Peng et al., 1999). There are multiple forms 

of GAs which are diterpenoid compounds forming a large family of compounds 

endogenous to higher plants as well as some lower plants, fungi and bacteria. 

GAs are involved in multiple growth and development processes, including: 

stem and root elongation, flower and fruit development, seed germination and 

development, and leaf expansion (Hedden and Kamiya, 1997). GA is also known 

to play an important role in seed development affecting germination, grain size 

and flour quality (Vaughan, unpublished data) (Jacobsen and Chandler, 1987, 

Swain et al., 1997). GA is central to the approaches adopted in this thesis and 

is discussed in more detail in section 1.3. 

Despite advances made through the green revolution and modern agronomic 

practice, the demand for wheat is predicted to increase at a faster rate than 

the genetic gains currently being realised (Rosegrant and Cline, 2003, Fischer, 

2007). Wheat yield is a complex trait controlled by multiple genes contributing 

to a yield potential which, in turn, is affected by multiple biotic and abiotic 

stresses. In simplest terms, yield potential is the amount of yield achievable in 

the absence of water, nutrient, disease and weed limitation (Evans and Fischer, 
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1999). It is expressed as a function of the light intercepted (LI) and radiation 

use efficiency (RUE), the product of which gives biomass. Harvest index (HI) is 

the partitioning of biomass to the grains. The efficiency of plants to harvest 

photosynthetic energy by mature leaves and then its use by non-

photosynthetic organs also effects yield potential (Reynolds et al., 2009, Curtis 

and Halford, 2014).   

However, the steady increase in yields since the green revolution has also been 

due to improved agronomic practices, genetic improvements in yield potential, 

improved disease resistance and better adaptation to various abiotic stresses 

(Evenson and Gollin, 2003). In the UK the yield increase from the 1970s to 

1980s was due to an increase in HI coinciding with the introduction of semi-

dwarfing genes, whereas the increase from the 1980s to 1990s was a result of 

the introduction of alien chromatin, such as the 1BL.1RS translocation in the 

Great Plains and the 7DL.7Ag wheat-Agropyron elongatum translocation in 

Mexico which resulted in an increase in biomass (Foulkes et al., 2007). Light 

interception, which is related to establishment, and delayed senescence is not 

believed to be a bottle neck for improving yield potential. Theoretically there 

is a limit of 62% to HI, but it has not increased since the mid-1980s from 

approximately 50%. RUE which is the utilisation of solar radiation per unit of 

dry matter production has not changed much recently, although it is believed 

that the theoretical limit of RUE has not been reached  (Sayre et al., 1997, 

Donmez et al., 2001, Evenson and Gollin, 2003, Reynolds and Borlaug, 2006, 

Reynolds et al., 2009).   

It is believed that RUE can be further increased by increasing the sink-strength 

in wheat (Reynolds et al., 2005). There is a negative relationship between 

average grain weight and number of grains, indicating that an increase in grain 

number results in a reduction in grain weight (Miralles and Slafer, 1995). This 

reduction in grain weight may not be due to limitation in source availability, 

but due to an increased proportion of grains in the distal positions of the 

spikelets (Acreche and Slafer, 2006). According to Borras et al. (2004), sucrose 
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limitation is not a factor in grain growth and yield potential needs to be 

improved by increasing the sink strength during grain filling (Miralles and 

Slafer, 2007). It is believed that sink strength is a critical yield limiting factor in 

wheat and improving the balance between source and sink is important for 

increasing RUE, biomass and yield (Calderini et al., 1997, Reynolds et al., 2005). 

The source-sink relationship is also affected by water deficiency as it results in 

in a modification of growth priorities by reducing photosynthetic rate and grain 

size and number (Roitsch, 1999, Jamieson et al., 1995). In addition the 

availability of nitrogen also improves yields by increasing the relative growth 

rate, leaf area, net assimilation rate and the rate and duration of grain filling 

(Warraich et al., 2002). To achieve grain yields it is important to understand the 

genetic and molecular mechanisms that control the partitioning of assimilates 

during grain development and those that determine grain size and use this 

information to improve grain yield.  

 

1.1.2 Genetically modified (GM) plants and food security 

 

Biotechnology offers a capability to accelerate crop improvement for traits that 

might be not be possible through conventional breeding methods. Traits that 

improve resistance to biotic and abiotic stresses, nitrogen and water use 

efficiency and improved yield and quality can also reduce the dependence on 

agricultural inputs (Huesing et al., 2016). According to Qaim and Kouser (2013) 

GM crops could impact food security in three ways: first they could increase 

food production and improve availability of food, second they could improve 

food safety and quality and third they could influence the economic and social 

situation of small scale farmers.  

Agricultural biotechnology emerged in the 1980s and GM crops were 

commercially first introduced in 1996 in the USA (Kok and Kuiper, 2003). Since 

then their use by farmers has increased by a significant rate and within the first 

decade of their introduction the area under GM crops went up by more than 
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50-fold (Bhalla, 2006). In 2010 the direct global farm income benefit from GM 

crops was estimated at 14 billion US dollars, adding an extra 4.3% to the global 

production of four crops – soybean, maize, oilseed rape and cotton. From 1996 

till 2010 the cumulative increase in farm income from GM technologies has 

reached approximately 78.4 billion US dollars and in 2014, 18 million farmers 

in 28 countries were growing GM crops on a total of 181.5 million hectares 

(Yongjun and Lin, 2013, Huesing et al., 2016). The first generation of GM crops 

introduced insect-resistance and herbicide tolerance in four crops and these 

plants account for 99% of commercialised GM crops grown around the world. 

No GM crops with complex traits such as abiotic stress tolerance, nutritional 

use efficiency or yield potential have been commercialised (Yongjun and Lin, 

2013).  

Genetically Modified crops have been one of the fastest adopted agricultural 

technologies in history, though this has been geographically very uneven. 

While countries in North and South America and some parts of Asia have 

accepted the use of GM crops, this has not occurred in Europe and Africa 

(Qaim, 2016a). Despite the potential benefits of GM crops they have faced 

significant opposition from the public. One of the concerns with glyphosate 

resistant GM crops is that they increase the presence of herbicide-resistant 

‘superweeds’ due to the liberal use of glyphosate. Since the introduction of 

herbicide tolerant plants, weeds resistant to glyphosate have been identified, 

but resistance to other herbicides has also been seen (Gilbert, 2013). Another 

concern with GM crops is that they are responsible for the high number of 

farmer suicides in developing countries due to the high cost of seeds and the 

misinformation on how to use them leading to financial losses. Gruere and 

Sengupta (2011) conducted a comprehensive study of available data on the use 

of Bt cotton and farmer suicides in India and concluded that the number of 

farmer suicides from 1997 to 2007 remained around 20,000 per year, whereas 

farmer profits have risen. Even though Bt cotton wasn’t very successful in the 

beginning it has resulted in increased yields due to reduced losses from insect 

pests. Between 2002 and 2008 farmer profits rose by over 50% mainly due to 
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these yield gains and now 90% of the cotton grown in India is genetically 

modified  (Kathage and Qaim, 2012). 

One of the earliest environmental concerns with GM crops was the possibility 

of their out-crossing with other indigenous crops. Opponents of the technology 

also consider the use of genes across species boundaries as unethical and 

unnatural (Qaim, 2016a). In field trials in Europe it was shown that the pollen 

mediated gene flow between GM and non-GM rice plants was between <0.2% 

for neighbouring plants and <0.0125% for those at 10 m. Other studies have 

also shown similar results with gene flow always being less than 1%, even when 

GM and non-GM plants are grown together in the same plot (Messeguer et al., 

2004, Rong et al., 2007, Jia et al., 2007). Several solutions have been proposed 

to avoid any cross pollination between GM and non-GM plants such as using 

different crop species as natural barriers, maintaining a minimum distance 

between crops, and planting to ensure differences in flowering time (Devos et 

al., 2009, Serrat et al., 2013). Several molecular strategies are also used, such 

as maternal inheritance of the transgene, male sterility of the GM crops and 

seed sterility (Daniell, 2002). 

There are also believed to be health risks associated with GM crops due to the 

introduction of foreign genes that might produce substances toxic to humans 

and other organisms. Several long-term studies have been carried out to 

confirm the safety record of GM crops (Snell et al., 2012, Qaim, 2016b). 

Another concern regarding health risks is the use of antibiotic resistant genes, 

which are used as selection markers in the production of GM plants. It is 

believed that they could through horizontal gene transfer be transferred to the 

bacteria in gastrointestinal tract of humans, making antibiotic treatments less 

effective. Even under highly artificial conditions it was shown that the 

likelihood of horizontal transfer of antibiotic resistance genes is less than one 

in one-trillion. Though Netherwood et al. (2004) did show gene flow from 

transgenic plants to the small bowel of people with ileostomies. They also 

propose that the gene transfer events are unlikely to alter gastrointestinal 
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function or endanger human health. However, to ensure that this does not 

pose as a risk to human health new GM technologies have been developed 

which either use different selection markers or antibiotic resistance that has 

no use in human medicine, or are completely marker-free (Qiu et al., 2010, 

Qaim, 2016b). 

There are many risks that might be associated with the use of GM crops and 

they need to be addressed on a case by case basis before they are 

commercialised for human use. There are also many potential advantages that 

GM crops provide and the development of ‘Golden Rice’ (Ye et al., 2000) is an 

example of this. Vitamin A deficiency effects 250 million preschool children and 

more than seven million pregnant women in more than half the countries of 

the world, particularly in Africa and south-east Asia. It is estimated that 250,000 

to 500,000 of these children will become blind every year, half of them dying 

within 12 months of losing their sight (World Health Organisation, 2016). 

Golden Rice produces provitamin A (β-carotene) in the endosperm of the grain, 

something that doesn’t happen naturally. In developing countries where rice is 

a staple food this biofortification of rice offers a solution towards dealing with 

this form of malnutrition (The Golden Rice Project, 2016).  

  



12 
 

1.2 Wheat Grain  

 

The wheat grain, a single seeded fruit is surrounded by a closely connected 

pericarp derived maternally from the ovary wall and is botanically known as a 

caryopsis. The different tissues of the grain are described in terms of their 

structure and embryonic origin and there are six main components; the 

embryo, starchy endosperm, aleurone layer, nucellar epidermis, testa and 

pericarp (Figure 1.4). The seed coat and other pericarp tissues which are made 

up of the outer pericarp, inner pericarp (comprising cross cell and tube cells), 

seed coat (testa), nucellar epidermis (hyaline layer) and the aleurone layer 

(Figure 1.5) enclose the starchy endosperm and the embryo, which consists of 

the scutellum and embryonic axis (Figure 1.4). The scutellum forms the back of 

the embryo and is present as a shield shaped structure and is considered the 

first leaf (cotyledon) of the embryo  (Bradbury et al., 1956, Peterson, 1965, 

Bennett et al., 1975, Evers and Millar, 2002). During germination, the scutellum 

acts not only as a source of food for the embryo, but also digests and absorbs 

the reserves stored in the endosperm to support development. The endosperm 

consists of a mass of thin walled cells, the starchy endosperm which is 

surrounded by a single layer of thick walled aleurone cells (Peterson, 1965). 

The seed coat and other pericarp tissues, making up the bran, amount to 2-13% 

of the grain, the embryo makes up 2.8-3.5% and the aleurone layer 6.5%. The 

major part of a mature grain is comprised of the endosperm (56-74%) 

comprising the sub-aleurone layer and the starchy endosperm which is 

primarily made up of carbohydrates and gluten proteins. The protein content 

in the grain has an average range of 8-11% while lipids (2-4%) and minerals (1-

3%) form a minor constituent. Moisture content of a grain at the time of 

harvest is between 11 and 14%. (Briggle and Curtis, 1987, Barron et al., 2007, 

Koehler and Wieser, 2013). In a mature grain, each of the outer layers are of 

different thickness and are closely associated with each other. The thickest is 

the aleurone layer (up to 65 µm), followed by the outer pericarp (15-30 µm) 

and the seed coat being the thinnest (5-8 µm) (Barron et al., 2007). 
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 Figure 1.4: Anatomy of a wheat grain 
 (Saulnier et al., 2012) 

 

 
Figure 1.5: Cell layers in a developing wheat grain 
Theoretical changes in the constituent layers of the grain from flowering 
until dry down. 1A: Cuticle of outer epidermis, 1: outer epidermis, 2: 
Hypodermis, 3: Parenchyma, 4: Intermediate cells, 5: Cross cells, 6 & 7: 
Inner epidermis/tube cells, 8A & 8B: outer integument, 9A & 9B: inner 
integument, 10: nucellar epidermis, 11: nucellus, 12: aleurone, 13: starchy 
endosperm (WheatBP, 2016). 
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Wheat grains are borne on an ear (Figure 1.1) where the major axis is known 

as the rachis and bears two rows of spikelets in alternating order (Figure 1.6). 

The axis of the spikelet is also branched alternately and bears a pair of empty 

or nonflowering glumes at the base and up to six florets in the spikelet. Each 

floret consists of a pair of flowering glumes comprising the outer lemma and 

an inner palea which enclose the ovary and later the grain (Bonnett, 1966). The 

growth of a grain is determined by many different factors such as the 

availability of resources and environmental conditions along with the plants 

genotype which determines its capacity to accumulate dry matter (growth 

potential) and the resistance of the phloem to the movement of resources. The 

growth potential of a grain is believed to exert the most pressure on grain 

weight and size. Individual grain size is also dependant on its position in the 

inflorescence and within the floret with grains in the central spikelets, being 

larger than those in the upper and lower spikelets, and grains in floret one and 

two bigger than those in the middle; this is due to both the rate and duration 

of grain filling (Bremner and Rawson, 1978). 

 

 
Figure 1.6: Mature wheat spikelet and ears 
[modified from (WheatBP, 2016)] 
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1.2.1 Morphology and Composition  

 

The members of the Triticeae family are distinguished from other cereals by 

the presence of a crease on the ventral side, extending along the grain’s length 

and being deepest in the middle. It is most prominent in wheat and causes 

difficulty in separating the starchy endosperm from other tissues during milling 

to produce white flour (Evers and Millar, 2002). On the other side of the grain 

the outline of the embryo can be seen at the base of the grain (Peterson, 1965).  

Bread wheat can be classified based on various characteristics: hard or soft, 

based on protein content, winter or spring depending on when its sown and 

red or white, based on the colour of the grain (Percival, 1921). For milling 

purposes a well-filled kernel is preferred as this ensures maximum endosperm 

to bran ratio (Morris and Rose, 1996). For processing, uniformity in grain shape 

and size is important, as more uniform samples have a more predictable milling 

performance (Edney, 1996). 

The texture of the endosperm and kernel mass determines grain hardness, a 

trait that affects the baking, milling and end-use quality of flour. Different 

wheats are classified as hard or soft depending on their particle size index (PSI). 

Soft wheat kernels fracture more easily and release more intact starch granules 

and produce finer flour upon grinding with reduced starch damage (Giroux and 

Morris, 1997, Morris and Rose, 1996). During milling hard wheat produces large 

well-defined particles which form coarse textured flours with a higher level of 

starch damage (Maghirang and Dowell, 2003).  

Wheat is classified as red or white according to the presence or absence of red 

pigment in the seed coat layer, accumulating in the inner integument during 

development (Peterson, 1965). Pigmentation in the aleurone layer can also 

give them a blue, red or a black appearance (Evers and Millar, 2002).  
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1.2.1.1 Starch 

Starch is an important part of human diet and it is the major storage 

carbohydrate in cereals, present in the endosperm in granular form. The two 

forms of starch in cereal grain are amylose (25-28%) and amylopectin (72-75%) 

with amylose/amylopectin ratios affecting the quality of flour (Hung et al., 

2006). Amylopectin is responsible for the granular nature of starch due to its 

higher molecular weight than amylose (Buleon et al., 1998). In the endosperm 

of wheat, rye and barley grains, two sizes of starch granules are present which 

is in contrast to most other plant species. They contain large ellipsoid A-

granules with diameters around 20 µm and small spherical B-granules with an 

average size of 5 µm (Karlsson et al., 1983). Within a cell the size of the starch 

granules is relatively uniform but this gradually declines in cells from the centre 

to the periphery (Evers and Millar, 2002). 

Grains also contain other minor constituents such as arabinoxylans (AX) (1.5-

8%), β-glucan (0.5-7%), sugars (~2.5%) and glucofructans (~1%) (Koehler and 

Wieser, 2013). Due to its high starch content, the major monosaccharide 

present in the endosperm as a component of starch is glucose (96% of the 

neutral sugars). Polysaccharides other than starch are the main constituents of 

cell walls and are much more abundant in the outer than the inner layers of the 

grain. These non-starch polysaccharides provide dietary fibre which has many 

positive health benefits (Blackwood et al., 2000, Garcia et al., 2007, Babio et 

al., 2010). The major cell wall polysaccharide in the endosperm, AX gives rise 

to arabinose and xylose which account for 2% of the neutral sugars. Small 

amounts of arabinogalactan can contribute as much as 20% of the total 

arabinose present (Loosveld et al., 1998). Based on their solubility AX can be 

subdivided into water-extractable (WEAX) and a water-unextractable (WUAX) 

fraction. In wheat WEAX accounts for 12-30% of total AX and has considerable 

functionality in bread making (Izydorczyk and Biliaderis, 1995, Koehler and 

Wieser, 2013).  
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AX is able to absorb 15-20 times its weight in water, forming a highly viscous 

solution which may be able to increase the gas holding capacity of wheat 

doughs by stabilising the gas bubbles. WEAX binds up to 25% of the water 

added to doughs (Gan et al., 1995). WUAX fractions do not dissolve water and 

even though they have a high water holding capacity and assist in water binding 

during dough mixing they are considered to have a negative impact on bread 

making. This is because they form physical barriers against the gluten network, 

destabilising the gas bubbles (Koehler and Wieser, 2013). WEAX consists of two 

populations of alternating open and highly branched regions that are 

distinguished by their characteristic arabinose/xylose ratio, which is different 

for each layer if the grain (Dervilly et al., 2000). 

In the embryo, the amounts and composition of the neutral sugars is different 

from those in the endosperm. The scutellum and the embryonic axis contain 

12% and 25% of carbohydrate, respectively (Barron et al., 2007). In these 

tissues, arabinose and xylose make up 65% of the total neutral carbohydrates 

with a high arabinose/xylose ratio, similar to that in the seed coat (Antoine et 

al., 2004). The nucellar epidermis is made up of neutral carbohydrates 

comprised of xylose, arabinose and glucose and account for 72% of this layer. 

This tissue is mainly cell wall polysaccharides composed of 93.7% AX and has a 

much lower arabinose/xylose ratio than the starchy endosperm (Izydorczyk 

and Biliaderis, 1993, Dervilly et al., 2000). It is not possible to isolate pure seed 

coat from a mature grain and thus it is only possible to deduce the composition 

of carbohydrates in this layer. It appears to be poor in neutral carbohydrates 

with arabinose and xylose as the main components and a low arabinose/xylose 

ratio (Barron et al., 2007). Cellulose is an abundant cell wall polysaccharide in 

the outer pericarp (25%) and intermediate layer (12.2%) whereas the aleurone 

is the main source of β-glucans (23%) (Pomeranz, 1988, Antoine et al., 2004, 

Parker et al., 2005). In wheat, β-glucans account for only 2% of the grain and 

possess a higher water solubility than AX (Koehler and Wieser, 2013). 
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1.2.1.2 Protein 

The protein content in a wheat grain can vary from 6-20% dependent on the 

genotype, growing conditions and the amount of nitrogen (N) supplied. The 

majority of the protein, up to 30%, is present in the embryo and aleurone layers 

whereas the bran layers (~7%) and starchy endosperm (~13%) contain much 

lower levels (Belitz et al., 2009). Grain Protein Content (GPC) is an important 

quality trait in bread wheat for which there is a positive relationship between 

protein content and loaf volume, while in Durum wheat high GPC and strong 

gluten are important for good quality flour (Finney and Barmore, 1948, Degidio 

et al., 1990). The amino acid composition of all flours is typical in the fact that 

glutamine forms the major part of grain protein (15-31%). In wheat, this is 

followed by proline (12-14%), leucine (7-14%) and alanine (4-11%). Tryptophan 

(0.2–1.0%), methionine (1.3–2.9%), histidine (1.8–2.2%) and lysine (1.4–3.3%) 

which are nutritionally important are present only at very low levels (Koehler 

and Wieser, 2013).  

Seed storage proteins are classified into different groups based on their 

extraction and their solubility in water (albumins), dilute saline (globulins), 

alcohol/water mixtures (prolamins) and dilute acid or alkali (glutelins), 

(Osborne, 1924). Albumins and globulins are metabolic proteins, mainly 

enzymes and enzyme inhibitors. These proteins are concentrated in the 

aleurone layer, bran and embryo, with very low concentrations in the 

endosperm (Koehler and Wieser, 2013). The main storage proteins in cereal 

grains are prolamins and glutelins and are located only in white flour. Their only 

biological function is to provide a developing seedling with nitrogen and amino 

acids during germination (Shewry and Tatham, 1990). Prolamins (gluten 

proteins) comprise of monomeric gliadins and polymeric glutenins which 

include both low (LMW-GS) and high (HMW-GS) molecular-weight glutenin 

subunits (Shewry and Tatham, 1990).  

The ability of wheat flour to form a cohesive, viscoelastic dough when mixed 

with water makes it unique among cereals. It is the ability of wheat dough to 
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retain the gas produced during fermentation that results in a leavened loaf of 

bread after baking. It is known that gluten proteins account for the physical 

properties of wheat dough and both fractions of the protein are important 

contributors to this. Gliadins contribute mainly to the viscosity and elasticity of 

the dough whereas glutenins are responsible for dough strength and elasticity 

(Wrigley et al., 2006). Even though high protein content has been a target for 

breeders there has been a decline in protein content in modern cultivars 

compared to historical ones. This is probably because any increase in protein 

content has been outstripped by increases in yield (Shewry et al., 2016). 

Metabolic proteins have better nutritional amino acid composition than 

storage proteins mainly due to their higher lysine content. The enzymes that 

hydrolyse carbohydrates and proteins to provide the developing seedling with 

nutrients during germination are of significant importance (Koehler and 

Wieser, 2013). The main carbohydrate hydrolysing enzymes are α-amylase, β-

amylases, debranching enzymes, cellulases, β-glucanases and glucosidases. 

Amylases can be classified as endohydrolases as they hydrolyse 

polysaccharides in starch granules by attacking their glucosidic bonds at or near 

the end of the chains (Corder and Henry, 1989). α-amylase is the most 

important enzyme of the endohydrolase type and it hydrolyses the α-1,4-

glucosidic bonds of amylose and amylopectin to produce a mixture of dextrins 

along with smaller amounts of maltose and oligosaccharides (Koehler and 

Wieser, 2013). Proteinases, proteases and peptidases are proteolytic enzymes 

that hydrolyse proteins and their biological function is to provide nutrients to 

a germinating embryo and thus their activity is highest during germination 

(Wang and Grant, 1969). Another class of metabolic proteins are lipases that 

attack triacylglycerides resulting in mono- and diacylglycerides and free fatty 

acids which are more susceptible to oxidative rancidity than fatty acids bound 

in triacylglycerides. Whereas, phytases hydrolyse phytic acid to inositol and 

free phosphoric acid, which is nutritionally beneficial because a complexation 

of cations such as zinc, calcium and magnesium ions by phytic acid is reduced 

(Singer and Hofstee, 1948, Lim and Tate, 1973). 
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1.2.1.3 Lipids 

The embryo is the main source of lipids in grains with a small amount being 

present in the aleurone layer and much smaller amount in the endosperm. 

Lipids in most cereal species have similar fatty acid composition where linoleic 

acid content is the highest (39-69%) and the rest is made up by oleic acid (11-

36%) and palmitic acid (18-28%). Even though lipids only form a small portion 

of wheat flour they greatly impact its baking performance (Delcour and 

Hoseney, 2010). Polar lipids have a positive effect on bread making with 

glycolipids contributing to the high baking performance of wheat flour and 

phospholipids being less important (Morrison et al., 1975). Polar lipids affect 

the dough properties by improving their gas holding capacity, which is 

increased during proofing and enables a prolonged oven spring, increased loaf 

volume and better crumb resilience (Daftary et al., 1968, Macritchie, 1981). 

 

1.2.1.4 Minor components 

The major proportion of minerals are present in the bran, the aleurone layer 

and the embryo of the grain. Compared to other foods, cereals have an 

intermediate concentration of minerals such as magnesium, zinc, and copper. 

Cereals are a good source of the B-group vitamins, thiamine, riboflavin, niacin, 

pantothenic acid, pyridoxine, biotin and folates and these are present in the 

same layers as the minerals. They also provide vitamin E and carotenoids 

(Oakenfull and Topping, 1987, Stevenson et al., 2012). 

 

1.2.2 Wheat Grain Development 

 

The ovule comprising the embryo sac is embedded in the nucellus tissue and is 

delineated by the nucellar epidermis. Two integument layers surround the 

nucellus, one of which forms the micropyle. Preferential growth of the dorsal 
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side of the ovule causes it to bend from its initial upward position and this 

process completes before fertilisation, causing the position of the micropyle to 

move by about 180o (Aziz, 1972). The embryo sac contains an egg nucleus and 

two polar nuclei at the micropylar end and several antipodal nuclei at the other 

end. In the final anatropous position of the ovule the antipodal cells are at the 

ventral side of the embryo sac close to the carpel wall and the extended chalaza 

(Bechtel et al., 2009).  

At the time of fertilisation pollen grains fall on a receptive stigma, a pollen tube 

develops and two male nuclei in the grain migrate down the style through the 

micropyle into the embryo sac (Evers and Millar, 2002). The first event post 

anthesis is the double fertilisation where one pollen reproductive nucleus fuses 

with two female polar nuclei within the embryo sac and give rise to the triploid 

endosperm nucleus, and the second pollen nucleus fuses with the egg nucleus 

to form the diploid zygote (Shewry et al., 2012). The endosperm nuclei undergo 

several rounds of mitosis in the absence of cytokinesis for one to two days 

before cellularisation begins resulting in a single multinucleate cell with a 

peripheral zone of cytoplasm (syncytium) and a large central vacuole (Drea et 

al., 2005, Shewry et al., 2012). At this stage these tissues are surrounded by 

several layers of maternally originated cells – nucellus, nucellar epidermis, 

inner integument, outer integument, tube cells, cross cells and maternal 

pericarp (Figure 1.5) (Shewry et al., 2012). Cellularisation begins nearest to the 

nucellus which is on the outside and then proceeds inwards (Evers, 1970, 

Mares et al., 1975, Morrison and Obrien, 1976). Anticlinal cell walls separate 

the nuclei in the endosperm syncytium and form ‘open cylinders’ or alveoli and 

first appear in the crease region and then spread laterally along the endosperm 

lobes to the dorsal side. Periclinal walls also first appear on the innermost cells 

in the crease region, with walls of several adjacent cells occurring 

simultaneously (Fineran et al., 1982).  

After fertilisation, along with the embryo sac, the nucellus, integuments and 

carpel wall all undergo new development.  The fertilised egg cell divides to form 
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a club-shaped embryo which begins differentiation after about seven days post 

anthesis (dpa) resulting in the embryonic axis comprising the plumule 

surrounded by the coleoptile, the mesocotyl and the radicle, and the scutellum 

(cotyledon) (Shewry et al., 2012). When the embryo contains 10-15 cells, a 

single continuous layer of endosperm cells line the central vacuole (Evers and 

Millar, 2002). Several layers are then formed due to periclinal and anticlinal cell 

wall formation between the dividing nuclei and this process is completed by 

about four dpa when the walls growing from the ventral and dorsal sides of the 

grain meet (Shewry et al., 2012). In the most rapid stage of embryo sac 

extension in early development the distal parts of the enclosing cell layers 

elongate by cell growth, and later less rapid elongation is accompanied by the 

development of all the coverings of the grain by the meristematic zones in their 

basal halves. The cells of the carpel wall at all stages are larger than those of 

the integuments, and carpel growth is more by cell elongation than cell division 

(Bhatnagar and Chandra, 1975). The ovule is a solid block of placento-chalazal 

tissue connecting its ventral side to the pericarp between the emerging points 

of the endosperm resulting in a fused zone that extends along the ventral side 

of the grain which leads to the formation of the crease of the wheat grain (Aziz, 

1972, Bechtel et al., 2009). 

During early stages of development, the pericarp is made up of about 25 layers 

of parenchymatous cells attached to the outside by an outer epidermis and 

hypodermis and on the inside by a layer of chloroplast-containing cells and an 

inner epidermis. All pericarp cells have a large central vacuole and little 

cytoplasm (Evers and Millar, 2002, Bechtel et al., 2009). The pericarp is 

important during development as it performs various useful functions: the 

cuticle on the outer epidermis limits water movement, the turgid 

parenchymatous cells are a fleshy tissue layer that provide protection and 

support for the growing grain and the chloroplast-containing cells may conduct 

photosynthesis along with storing starch (Evers and Millar, 2002). In the 

chalazal region, the pericarp and the nucellus are in direct contact with each 

other, whereas in other parts the nucellar surface is surrounded by two 
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integument layers, each composed of two layers of cells. As the grain develops 

the outer layers undergo progressive differentiation and degradation. By about 

27 dpa the pericarp has reduced to a layer four or five cells thick, and is devoid 

of starch, while the inner integument changes and compresses to form a 

coloured layer. Together with the cuticle, they form the seed coat and in a 

mature grain all that remains of a nucellus, except in the crease region, are the 

epidermis and its cuticle (Bradbury et al., 1956, Campbell et al., 1981).  

The endosperm starts differentiating at the beginning of the cellularisation 

stage with the cells derived from the first periclinal division of the alveolar 

nuclei becoming the aleurone layer and the inner layer of cells becoming highly 

vacuolated thin-walled cells which will form the starchy endosperm (Olsen, 

2001). The aleurone cells behave like a cambium and divide periclinally till 

about 19 dpa. This results in the formation of a sub-aleurone layer due to the 

division and re-differentiation of aleurone cells. This layer is distinct from both 

the aleurone and the starchy endosperm cells (Jennings and Morton, 1963). In 

the inner part of the grain constituting the starchy endosperm the cell divisions 

are orientated randomly resulting in the loss of a pattern in the cell file 

(Sandstedt, 1946). The basic structure of the endosperm is established by 10 

dpa and the synthesis and deposition of starch and storage proteins begins. 

Starch granules are first deposited in the peripheral cytoplasm, adjacent to the 

cell walls and as development proceeds these become enlarged and new 

granules are initiated. Deposition of protein bodies begins in the subaleurone 

layer and, as development proceeds, the number and size of these remains 

larger than those present in the central cheek cells of the endosperm. The 

synthesis of starch and proteins is most active between 14 and 28 dpa and 

continues till about 35-40 dpa followed by maturation and desiccation 

(Campbell et al., 1981, Shewry et al., 2012).  

The endosperm cells located adjacent to the nucellar projection are 

morphologically distinct from the rest of the endosperm cells and are known 

as the modified aleurone (Morrison et al., 1978), which develops transfer cell 
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morphology characteristic of cells active in apoplastic/symplastic solute 

transport (Thompson et al., 2001, Offler et al., 2003). The nucellar cells 

adjacent to the aleurone transfer cells also show transfer-cell morphology 

(Wang et al., 1994a). A symplastic transport system connecting the phloem to 

the endosperm is formed by the nucellar and aleurone transfer cells which 

facilitates the transport of sucrose from the vascular system to the endosperm, 

where it is converted to starch (Wang et al., 1994b, Wang et al., 1995a, Wang 

et al., 1995b). The pericarp layer also contains simple vascular bundles during 

development and those in the chalazal region deliver nutrients to the 

endosperm and other vascular tissues. These cell layers are isolated from 

maternal tissues and have no plasmodesmatal connections (Evers and Millar, 

2002). As the grain is developing, symplasmic continuity exists between the 

vascular tissue and the nucellus only through the chalazal zone and as the grain 

matures this layer becomes the pigment strand. The pigmentation in this layer 

is due to the accumulation of adcrusting substances that become coloured in 

red wheats (Zee and Obrien, 1970). Before differentiation of the aleurone layer 

is completed nutrients enter the grain via the nucellar epidermis and after that 

they are restricted to passage through the nucellar projection (Evers and Millar, 

2002). 

As the grain develops, the embryo and endosperm increase in mass and volume 

and the parenchymatous pericarp tissue next to the chlorophyll-containing 

cells starts to degenerate and this continues progressively outward. The 

degeneration of the pericarp is at a faster rate than the enlargement of the 

endosperm and this results in a space between the remaining outer and inner 

pericarp. During rapid accumulation of starch, the endosperm stretches and 

crushes the surrounding tissues. In the crease region, the tissue is not crushed 

and the nucellar cells remain as a pillar of tissue running along the inner margin 

of the crease. The vascular tissues and the associated parenchyma in the crease 

region do not degenerate as they do in other parts of the grain. During 

development, a cylindrical shaft of these cells between the vascular tissue and 

nucellar projection accumulate hydrophobic compounds of a corky and waxy 
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nature. The margins of the nucellar and integumental cuticle insert into this 

pigment strand and complete a water resistant barrier around the endosperm 

and embryo (Bechtel et al., 2009). 

 

1.2.2.1 Classification of Grain Development 

The development of a wheat grain is most commonly classified by the Zadoks 

decimal code of growth stages of cereals based on the six stages of endosperm 

development – watery, milky, soft dough, hard dough, ripe and dead ripe 

(Zadoks et al., 1974). This scale has 10 main stages of plant development which 

are sub divided further into each individual growth stage (GS). It starts at GS0 

with germination and ends at GS9 with grain ripening (Figure 1.7). Anthesis 

begins at GS6.0 with the emergence of the anthers just above the middle of the 

ear, reaches half way when the anthers have emerged half way up the ear 

(GS6.5) and completes at GS6.9. At GS7.0 milk development of the grain begins 

and the caryopsis is water ripe at GS7.1 (Figure 1.8). From stage GS7.3 (early 

milk) to GS7.7 (late milk) there is an increase in the solids of the liquid 

endosperm which is notable when the grain is crushed between fingers and 

milky solution appears. Dough development begins at GS8.0 and at GS8.3 the 

grain is a soft dough and when squeezed the finger nail does not make an 

impression and liquid no longer appears. By GS8.7 the grain is a hard dough 

and when squeezed the finger nail leaves an impression and the ear is starting 

to lose chlorophyll. Grain ripening begins at GS9.0 and at GS9.1 the grain is hard 

and difficult to divide by thumb nail. At GS9.2 the grain is ripe and is no longer 

dented by thumbnail and at GS9.3 the kernel starts loosening at daytime. The 

grain is over-ripe and the straw is dead and starts collapsing by GS9.4. at GS9.5 

the seed is in a dormant state and only reaches 50% viability at GS9.6. At GS9.7 

the seeds are no longer dormant but secondary dormancy sets in at GS9.8 

which is then lost at GS9.9 (Zadoks et al., 1974). 
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Figure 1.7: Zadoks growth scale for wheat 
(Poole, 2005) 

 

 
Figure 1.8: Zadoks growth scale detailing grain development 
[Modified from (Stapper and Murray, 1986)] 
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An alternative method of classification based on the development of both the 

endosperm and the embryo and the appearance of the seeds was proposed by 

Noda et al. (1994). Based on their classification at stage 1, from fertilisation to 

five dpa, the embryo is globular and has not yet differentiated and the 

endosperm is growing rapidly (Figure 1.9). From five to 10 dpa, stage 2, the 

embryo has differentiated into the embryonic axis and the scutellum and the 

endosperm continues to expand rapidly. Starch and proteins start to 

accumulate at an early stage in endosperm development with starch granules 

observed at five dpa and protein bodies seen at six to seven dpa (Hoshikawa, 

1961, Bechtel et al., 1982). Just before anthesis the ovary is about 2 mm in 

length and white in colour but by five dpa the seeds are 4 mm in length and 

about 6 mm at 10 dpa and their colour is white-green (Figure 1.10). The green 

colour is due to the presence of chlorophyll in the inner pericarp cells and is 

partly obscured by small starch granules that are present in the 

parenchymatous cells between the inner and outer epidermis (Evers and 

Millar, 2002). 
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Figure 1.9: Embryogenesis in a monocot grain 

Schematic of embryogenesis in corn (Zea mays) as a representative of a 

monocot grain. a: proembryo stage, b: globular stage, c: scutellar stage, d: 

coleoptile stage and e: a mature seed. [Modified from (College of Agriculture 

Food and Environment, 2016)]. 
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Figure 1.10: Developmental stages of a wheat grain 
A: carpel 1 day before anthesis, B: 1 dpa, C: 2 dpa, D: 4 dpa, 

E: 7 dpa, F: 14 dpa, G: 21 dpa. a – anther; c – carpel; e – 

endosperm. Scale bars = 1 mm. [Modified from (Song et 

al., 2012)] 

 

At stage 3, 10 to 15 dpa, the scutellum elongates and the dry weight of the seed 

increases rapidly and the endosperm becomes milky. The outermost 

endosperm cell layer differentiates into the aleurone layer by 12 dpa whereas 

the cells on the inside develop into starch and protein storing cells and continue 

to differentiate till about 15 dpa when the seed reaches its maximum length 

(Evers, 1970, Huber and Grabe, 1987, Drea et al., 2005) (Figure 1.11). From 15 
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to 20 dpa, stage 4, the primary leaf, radicle and coleoptile differentiate in the 

embryonic axis and the size of the endosperm and the seed reaches its 

maximum and it is fresh green in colour. The epithelium and vascular system 

also develop in the scutellum and the embryo now appears as a bump at the 

end of the seed.  
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Figure 1.11: Development of different tissues of a wheat grain 

Toluidine blue-stained cross-sections and enlargements of specific areas of the 

wheat grain at A: 8, B: 12, C: 16, D: 20, and E: 22 dpa. Bars in cross-sections 

correspond to 1 mm; bars in enlargements correspond to 100 µm. Al, aleurone 

layer; Pb, protein bodies; S, starch granules; Nu, nucleus. (Tosi et al., 2009). 
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At stage 5, from 20 to 30 dpa, the embryo differentiates further and the 

endosperm reserve accumulation shows a second peak with both fresh and dry 

weight reaching their maximum. By 30 dpa the embryo differentiation is 

complete (Rogers and Quatrano, 1983). At this stage the endosperm is a soft 

dough and the seeds are starting to yellow and have reached physiological 

maturity (Hanft and Wych, 1982). At the last stage of development, stage 6, 

from 30 to 50 dpa, the seeds desiccate and turn brown. After 30 dpa the 

endosperm becomes harder and the fresh weight of the seed decreases. At this 

stage, there is no further differentiation of the embryo or accumulation of 

reserves but some authors have observed an increase in fresh weight till as late 

as 50 dpa (Hanft and Wych, 1982, Rogers and Quatrano, 1983, Lingle and 

Chevalier, 1985). This stage includes hard dough, ripe and dead ripe stages of 

development (Noda et al., 1994). 

 

1.2.3 Source-sink Relationship in Grains 

 

The genetically programmed process of senescence of vegetative organs 

results in the remobilisation of degradation products, mainly sucrose to the 

reproductive organs supporting the development of cereal grains. The 

concentration gradient of assimilates between source and sink is the primary 

determinant of the rate of transport and pattern of partitioning (Brenner and 

Cheikh, 1995). It is believed that the grain filling rate in cereals is closely 

associated with the sink strength and that grains do not behave as a passive 

transient storage place, but develop a temporary sink activity (Venkateswarlu 

and Visperas, 1987, Kong et al., 2015). Sink strength is described as the product 

of sink size, which is a physical restraint that includes cell number and cell size 

and sink activity, which is the physiological constraint upon a sink organ’s 

assimilate import (Ho, 1988).  

The central feature of a source-sink relationship that determines grain yield is 

the path of sucrose transfer from its source to its utilisation in sink organs 
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(Bihmidine et al., 2013). In developing seeds sucrose import differs from that 

in other parts of the plant: in seeds phloem transport terminates in the 

maternal tissue and photo-assimilates must move apoplastically to the 

developing embryo where they are utilised (Brenner and Cheikh, 1995). In 

wheat, unloading from phloem for development occurs in the pericarp of the 

grain. Along with sugars, nitrogen uptake, transport and recycling also impact 

on source-sink relationships and general plant growth (Masclaux-Daubresse et 

al., 2010). In wheat, the nitrogen stored in vegetative organs prior to anthesis 

is remobilised to the grain and contributes 60-95% of the grain nitrogen, with 

only a minor portion being derived from nitrogen uptake post flowering (Kichey 

et al., 2007).  

An integrated signalling network of hormones, sugars and environmental cues 

coordinate the balance of source production and sink utilisation of carbon to 

regulate plant development and stress-adaptive processes (Ruan, 2014). The 

direction of nutrient flow and metabolic pathways is determined by these 

signalling pathways (Yu et al., 2015). It is known that hormones are involved in 

the development of seeds which have a higher concentration of hormones than 

all other plant parts and are important in determining sink strength (Brenner 

and Cheikh, 1995). Hormones might function to increase the sink strength by 

increasing cell number or by modifying the duration or rate of dry matter 

accumulation of developing grains (Davies, 1995). Immediately post anthesis 

the levels of cytokinin (CKs) are at their maximum followed by peaks in GA and 

auxin during the linear phase of grain development, and then ethylene and ABA 

as the grain matures (Kong et al., 2015).  

In pea during rapid pod elongation gibberellin-like material (analysis of 

hormones based on bioassay rather than on physico-chemical determinations) 

is highest in the liquid endosperm, whereas in whole pea seeds GAs occur 

maximally during rapid seed growth and very low quantities during early seed 

development or maturation (Eeuwens and Schwabe, 1975, Sponsel, 1983). In 

barley the increase in levels of GA-like material corresponds to dry weight 
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increase of the grain, with the highest levels in the endosperm (Mounla, 1978). 

In peas, it was observed that GA biosynthesis inhibitors have no effect on seed 

growth indicating that GA may not be acting within the seed for growth and 

thus not involved with sucrose uptake by seeds (Baldev et al., 1965, Brenner 

and Cheikh, 1995).  Yang et al., (2003b) observed that during early grain filling 

in rice the levels of GA are high reaching a maximum at 8-10 dpa which is 

associated with enlargement of the embryo. They also observed that GA levels 

were not correlated with cell division rate, suggesting that in rice GAs may not 

regulate endosperm cell division during grain filling but play an important role 

in embryogenesis.  

 

1.2.4 Seed Dormancy and Germination 

 

All seeds are believed to be dispersed from the parent in a dormant state and 

it is during late embryo maturation, with the accumulation of nutrients and 

desiccation tolerance (Galau et al., 1991, Hilhorst, 1995), that dormancy is 

established. Dormancy allows the seed time for dispersal and prevents 

germination out of season. Seed dormancy is believed to be a condition with 

many contributing causes and not a single phenomenon and can be described 

as either primary or secondary. Primary dormancy is present in freshly 

harvested mature seeds and is induced by abscisic acid (ABA) accumulation 

during seed maturation, while secondary dormancy is induced in seeds after 

dispersal when favourable conditions required for germination are not present 

(Finch-Savage and Leubner-Metzger, 2006). Both temporal and spatial 

distribution of seed germination is essential for the survival of seed plants. The 

seed and fruit morphology which enhances the dispersal of seeds from its 

maternal habitat determines the spatial distribution of germination. The 

temporal distribution is controlled by a variation in the physiological status of 

each seed within a population. This variation exists to allow each seed to 
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germinate at a different time to avoid competition with its siblings or extinction 

of all individuals due to unfavourable conditions (Nonogaki, 2014). 

A common method of releasing dormancy is after-ripening where a freshly 

harvested mature seed is stored in dry conditions at room temperature for 

several months (Bewley, 1997). After-ripening increases the temperature 

range for germination, decreasing the ABA concentration and sensitivity and 

increases GA sensitivity of the seeds. It can also remove the requirement for 

light for germination in seeds that do not germinate normally in the dark. After-

ripening also increases the germination velocity and removes the requirement 

for nitrates to germinate (Finch-Savage and Leubner-Metzger, 2006). The 

moisture and oil content, seed coat, ABA and temperature all contribute to the 

after-ripening of a seed (Koornneef et al., 2002). In very dry seeds after-

ripening is prevented as it requires moisture above a threshold value. This value 

is species-specific and is lower in oilseeds compared to starchy cereal seeds 

(Leubner-Metzger, 2005). Dormancy can also be broken by cold stratification 

which involves imbibing seeds in the cold, or by exposure to light (Bewley, 

1997).  

Germination starts with imbibition and ends with the emergence of the 

embryonic root from the seed, and is followed by seedling growth and 

establishment. This start of germination depends on the balance between the 

weakening of the micropylar endosperm (CAP) surrounding the radicle and an 

increase in the embryo growth potential required for the elongation of the 

lower hypocotyl radicle axis (RAD) [(Urbanova and Leubner-Metzger, 2016), 

and references therein]. The influence of the endosperm on testa rupture is 

not clear and could involve either the release of hydrolytic enzymes to weaken 

the testa or a physical rupture of this layer caused by the expansion of the 

endosperm in imbibed seeds (Holdsworth et al., 2008a). The progress of 

germination can be split into three phases of water uptake: in phase I the seed 

rapidly takes up water and reinitiates metabolic processes, in phase II it enters 

a lag phase of water uptake and finally in phase III further water uptake results 
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in the emergence of the radicle (Bewley, 1997). Phase II is an important 

developmental stage where a prolonged non-germinating dormant state must 

be relieved before radicle emergence can occur (Holdsworth et al., 2008b). A 

completely non-dormant seed is able to germinate over the widest range to 

normal environmental conditions possible for that species (Bewley and Black, 

1994, Baskin and Baskin, 2003). On taking up water a dry seed rapidly resumes 

metabolic activity and the enzymes required for this process are believed to be 

present in the dry seed having survived the desiccation phase (Bewley, 1997). 

Along with the requirement for water, oxygen and optimal temperature for 

germination, a seed may also need appropriate light conditions and nitrates for 

germination with nitric oxide (NO) shown to increase the germination potential 

of seeds (Finch-Savage and Leubner-Metzger, 2006, Holdsworth et al., 2008a).  

The ratio of ABA/GA present influences germination and this balance must be 

strictly regulated. There are two aspects of this balance: the balance of ABA to 

GA signalling and the balance of the hormone levels (Finch-Savage and 

Leubner-Metzger, 2006, Shu et al., 2016). ABA supresses GA biosynthesis and 

GA negatively regulates ABA biosynthesis during germination. These two 

hormones interact and both act as a cause and effect to maintain the ABA/GA 

ratio during germination (Seo et al., 2006, Shu et al., 2013). AP2 domain 

containing transcription factors (TFs) are believed to play an important role in 

the dual regulation of the ABA/GA signalling pathways and hormone levels. 

These genes positively regulate endogenous ABA and decrease GA levels and a 

DNA motif present in these TFs may be involved in regulating the ABA/GA 

signalling levels (Shu et al., 2016). A protein phosphatase 2C (PP2C) protein 

called HONSU acts as a negative regulator of seed dormancy by inhibiting ABA 

and activating GA signalling pathways, indicating that this protein might be 

another key component in the ABA and GA crosstalk during seed dormancy 

(Kim et al., 2013).  

The temporal- and tissue-specific regulation of hormone content and 

regulation is also believed to play an important role during germination. In 
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Arabidopsis, bioactive GAs accumulate prior to radicle emergence and GA 

biosynthesis is known to occur in two locations in the embryo. The early 

biosynthetic steps in the pathway occur in the provasculature whereas the late 

biosynthetic steps take place in the cortex and endodermis. The expression of 

genes encoding for the AtKO (ent-kaurene oxidase) enzyme is higher in the RAD 

compared to other compartments in the grain, indicating this to be the main 

site of GA12 production during germination (Yamaguchi et al., 2001, Ogawa et 

al., 2003, Kucera et al., 2005). GA is known to play two roles during 

germination, first by cell expansion it increases the growth potential of the 

embryo to enable radicle emergence. This is aided by the weakening of the 

tissues surrounding the radicle by hydrolytic enzymes, which also requires GA 

and is necessary to overcome the physical restraints applied by the layers 

covering the embryo (Penfield et al., 2006, Yamaguchi et al., 2007, Linkies and 

Leubner-Metzger, 2012). 

The crucial role of ABA in dormancy was identified by studying GA- and ABA-

deficient mutants in Arabidopsis and tomato (Hilhorst, 1995, Debeaujon and 

Koornneef, 2000). ABA-deficient mutants have an absence of primary 

dormancy in the mature seeds and those with increased levels of ABA have 

enhanced seed dormancy (Finkelstein, 2004). The exogenous application of 

ABA inhibits seed germination, but is unable to induce seed dormancy. It is only 

the ABA synthesised by the seeds that can establish dormancy (Kucera et al., 

2005). Sensitivity to both GA and light increases as after ripening progresses in 

Arabidopsis and light is known to promote GA biosynthesis (Kamiya and Garcia-

Martinez, 1999). In Arabidopsis, hyperaccumulating mutants show decreased 

dormancy and GA biosynthesis mutants are non-germinating and this can be 

rescued by the external application of GA showing that GA is required to break 

dormancy and initiate germination (Helliwell et al., 1998, Yamauchi et al., 

2007). DELLA proteins, the negative regulators of the GA signalling pathway, 

maintain the embryo in a quiescent state by restricting cell-cycle progression 

by repressing the activity of TCP14 (TEOSINTE 

BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR) and TCP15 (Resentini 
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et al., 2015). In Arabidopsis, the RGL2 DELLA gene is a negative regulator of 

germination and mutations in this gene are able to rescue the non-germinating 

phenotype of GA biosynthetic mutants (Lee et al., 2002). The enzyme GA3ox 

has been identified as having a major role in germination completion with 

AtGA3ox1 and AtGA3ox2 being expressed in the embryo during imbibition 

before germination (Mitchum et al., 2006). GAs may also stimulate germination 

by initiating the transition from embryonic to vegetative development 

mediated by the chromatin remodelling factor PICKLE (PKL) (Henderson et al., 

2004). 

Apart from the central role played by ABA and GA in seed dormancy and 

germination other compounds are also involved in this process. 

Brassinosteroids (BRs) that are involved in stem elongation and leaf unfurling 

also promote germination by enhancing the embryo growth potential in a GA-

independent manner (Leubner-Metzger, 2001). Ethylene promotes dormancy 

breaking by antagonism of the ABA signalling pathway (Shu et al., 2016). Auxins 

may play a role in regulating dormancy and germination as it has been shown 

that they supress germination under stress conditions (Park et al., 2011). It is 

believed that auxins regulate seed dormancy alongside ABA (Liu et al., 2013). 

Salicylic acid (SA) under normal conditions suppresses germination by 

inhibiting the expression of α-amylase genes, whereas under high salt 

conditions it reduces oxidative damage and promotes germination (Xie et al., 

2007, Lee et al., 2010). CKs promote germination by antagonising ABA 

signalling by inducing the degradation of the ABI5 protein (Guan et al., 2014). 

Jasmonic acid (JA) has also been shown to delay seed germination and is known 

to repress ABA biosynthetic gene expression (Nambara et al., 2010, Jacobsen 

et al., 2013).  Strigolactones (SL) stimulate germination in parasitic weeds and 

other species by reducing the ABA/GA ratio and the SMAX1 (SUPPRESSOR OF 

MORE AXILLARY GROWTH 1) gene in the SL pathway controls seed germination 

(Toh et al., 2012, Stanga et al., 2013). Nitrogen containing compounds such as 

NO gas, nitrite, nitrate, nitrogen dioxide, ammonium, azide and cyanide 

promote germination in different species (Bethke et al., 2007). This may be due 
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to their effects on metabolism, oxidation state or signalling. They induce the 

expression of genes that encode enzymes in the pentose phosphate pathway 

which may provide nutrients during germination (Finch-Savage et al., 2007). 

Germination is also known to be enhanced by smoke in about 1200 species that 

grow globally. The active compounds in smoke that stimulate germination are 

a family of butenolide molecules known as karrikins which require light and GA 

biosynthesis for their action (Dixon et al., 2009, Nelson et al., 2009). Most 

dormant seeds are considered “orthodox” where ABA induces desiccation 

tolerance during grain maturation which allows the grain to survive long 

periods in a dry state. Seeds that do not have desiccation tolerance are 

“recalcitrant” and produce reactive oxygen species (ROS) during desiccation, 

germination and ageing which results in oxidative stress and cellular damage 

causing seed deterioration. Seeds that possess desiccation tolerance have 

detoxifying enzymes and antioxidant compounds that are able to scavenge ROS 

and enable seed survival (Bailly, 2004, Berjak, 2006).  

In higher plants dormancy and germination are controlled by many genes and 

different environmental factors. A dormant seed is equipped to survive long 

periods under unfavourable conditions and this is an adaptive trait that allows 

optimal germination time in a population of seeds (Bentsink and Koornneef, 

2008). During grain maturation the embryo remains in a quiescent state where 

the stored nutrients are not mobilised and there is no cell division or 

elongation. In this state germination-promoted genes are not actively 

expressed. It is known that chromatin structure determines gene expression 

and genes associated with chromatin remodelling are known to regulate seed 

dormancy and germination (Liu et al., 2007, Cho et al., 2012). It has been shown 

that ABA is also involved in chromatin remodelling and epigenetic regulators 

are up-regulated during the induction of seed dormancy. This indicates that 

these genes play important roles during seed maturation and affect the 

dormancy establishment process (Liu et al., 2007, Chinnusamy et al., 2008). At 

the release of dormancy and the start of germination the chromatin structure 

is modified making the germination-promoted genes available for 
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transcription. This results in cell division and elongation and the rupture of the 

seed coat and endosperm ending with the emergence of the radicle (Shu et al., 

2016). The DELAY OF GERMINATION 1 (DOG1) gene expressed during seed 

maturation is known to play a key role in the induction and maintenance of 

dormancy and it is not regulated through changes in hormone levels. The levels 

of DOG1 protein in seeds acts as a timer for seed dormancy release and works 

independently of ABA (Bentsink et al., 2006, Nakabayashi et al., 2012). DOG1 

also provides dormancy adaptation to distinct environments. It mediates a 

conserved coat-dormancy and inhibits the expression of GA-regulated genes 

encoding cell-wall remodelling proteins in a temperature dependant manner. 

It causes the alterations in the expression of GA-biosynthetic genes also in a 

temperature dependant manner. This results in a highly adaptable 

temperature sensing mechanism to control the timing of germination through 

the expression of DOG1 and its control of GA levels (Graeber et al., 2014). DOG1 

is believed to be epigenetically regulated and chromatin remodelling of DOG1 

is involved in dormancy cycling (Footitt et al., 2015, Shu et al., 2016).  

 

1.2.4.1 Pre-harvest sprouting (PHS) and Premature α-amylase (PMA) 

In agricultural crops, there is often a requirement for rapid cycling of 

generations. However, a degree of dormancy can be advantageous, particularly 

in preventing the phenomenon of PHS where the grain germinates while still 

on the parent plant, the endosperm is hydrolysed and the subsequent flour 

quality significantly impaired (Bewley, 1997, Koornneef et al., 2002). PHS is one 

of the most important factors that affect the yield and quality of wheat 

especially in cool, wet conditions and it is determined by both environmental 

and genetic factors. Temperature and moisture, especially during late stages of 

development, are mainly responsible for PHS in wheat (Gao et al., 2013). 

Wheat varieties that have enhanced dormancy are more resistant to PHS and 

have increased sensitivity to applied ABA (Walker-Simmons, 1987). In wheat, 

there is also a relationship between grain colour and PHS where white varieties 
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are more susceptible to PHS compared to red varieties (Torada and Amano, 

2002). This is since red grain varieties show a higher dormancy which indicates 

that genes that control dormancy may also regulate grain colour (Shu et al., 

2015). Another factor that affects the quality of wheat flour is PMA which is a 

genetic defect that causes accumulation of unacceptably high levels of α-

amylase in the grain. This can occur due to adverse weather conditions during 

the middle stages of grain ripening and in lodged crops (Mrva et al., 2006, 

Gooding et al., 2012). The production of PMA was believed not to be associated 

with the stimulation of the aleurone by embryo-derived GA as is the case for 

germinating α-amylase (Mrva and Mares, 1996). However, recent work has 

shown the involvement of GA in the production of PMA (Kondhare et al., 2013). 

In addition, work in our laboratory has also shown that reduction in GA 

production in the embryo and scutellum during development does lead to a 

decrease in α-amylase levels in mature grains (Vaughan, S. unpublished data). 

A difference between germination α-amylase and PMA is its distribution in the 

grain. α-Amylase is distributed evenly throughout the length of the grain under 

PMA and not concentrated in the tissues next to the embryo as seen during 

germination (Mares and Gale, 1990). In developing wheat grains two main 

families of α-amylase isozymes are produced, α-amy-1 and α-amy-2 and these 

can both persist till maturity. The α-amy-1 or malt or high pI amylase is the 

primary product of germination and PHS, and is encoded by the TaAmy1 genes 

located on the long arms of chromosome 6A, 6B and 6D. The production and 

subsequent deposition of this isozyme into the endosperm without sprouting 

damage is one of the main contributors to PMA. The α-amy-2 or green or low 

pI amylase occurs in high concentration in the pericarp of immature grains and 

its concentration decreases as the grain matures. This enzyme also occurs 

during germination, but at a later stage than α-amy-1 and is encoded by the 

TaAmy2 genes on the long arms of group 7 chromosomes. If α-amy-2 activity 

is present in later stages of grain development it results in an increase in α-

amylase levels in mature grains (Gale et al., 1983, Lunn et al., 2001a, Lunn et 

al., 2001b). A third group of α-amylase genes - TaAmy3 – present on the group 
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5 chromosomes have also been described. These genes are expressed only in 

developing grains in the outer layer of the pericarp (Baulcombe et al., 1987).  

The promoters of these α-amylase genes have been shown to possess a 21 base 

pair (bp) GA responsive element (GARE) which contains a conserved sequence, 

TAACAA/GA also found in the promoters of all known GA-responsive genes 

(Skriver et al., 1991). This GARE has been shown to play an important role in 

mediating the GA and ABA regulation of these genes and mutations in this 

sequence results in these promoters no longer being responsive to GA (Gubler 

and Jacobsen, 1992). A trans-acting factor that binds with these GARE 

sequences of the α-amylase genes was identified from the aleurone cells of 

barley. This GA-regulated Myb transcription factor called HvGAMYB binds 

specifically to the TAACAA/GA sequence of the GARE and acts as a 

transcriptional activator of α-amylase genes. The overexpression of this gene 

in aleurone cells is enough to trigger α-amylase promoter activity indicating 

that it can replace the requirement for GA (Gubler et al., 1995, Woodger et al., 

2003). It has also been shown that GA induces a rapid increase in the expression 

of this gene prior to the expression of α-amylase genes in barley aleurone 

layers and its expression remains high for up to 12 hrs (Gubler et al., 2002). 

GAMYB homoeologues have also been isolated from other plant species such 

as rice and wheat which contain a single copy of this gene, and Arabidopsis 

which has three copies (Gubler et al., 1997, Chen et al., 2001, Stracke et al., 

2001). The nucleotide sequence of the functional MYB domain is almost 

completely conserved between barley and the three wheat genomes, with only 

a few amino acid differences (Haseneyer et al., 2008). The TaGAMYB gene has 

been shown to colocalise with a QTL influencing PHS and grain colour indicating 

that it may regulate this trait (Groos et al., 2002).  

The mechanism through which GA regulates the expression of these genes is 

not entirely clear. It has been demonstrated in barley and rice that it may be 

controlled via the signalling pathway by the action of the DELLA proteins, which 

negatively regulate their expression. In the aleurone layer these DELLA proteins 
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are rapidly degraded upon GA application and the HvGAMYB gene is expressed 

an hour after this degradation, indicating that this gene acts downstream of 

DELLAs and is not directly targeted by them. It has been suggested that DELLAs 

act on GAMYBs through an intermediary such as cGMP (Gomez-Cadenas et al., 

2001, Gubler et al., 2002). However, it has also been shown that GA signalling 

causes changes in the sub-cellular localisation of GAMYB (Hong et al., 2012). 

The aleurone layer of Sln1d DELLA gain-of-function mutant requires 100-fold 

more GA than the wild type to induce expression of both HvGAMYB and α-

amylase genes showing their involvement in the regulation of these genes 

(Chandler et al., 2002). In the aleurone layer ABA induces PKABA1 (ABA-

inducible protein kinase) which inhibits the expression of GAMYB and is known 

to act downstream of DELLAs as well (Gomez-Cadenas et al., 2001). GAMYBs 

have also been shown to be involved in GA-mediated processes in other tissues 

apart from the aleurone layer. Work with mutants in rice and barley has 

illustrated their role in anther and seed development (Diaz et al., 2002, Aya et 

al., 2009). In addition in anthers GAMYBs have been shown to be negatively 

regulated by miRNA159, but no such regulation was seen in the aleurone layer 

indicating that the regulation of the expression and function of GAMYBs is 

different in the aleurone and anthers (Tsuji et al., 2006).  
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1.3 Gibberellins (GAs) 

 

GAs are diterpenoid compounds forming a large family of compounds 

endogenous to higher plants as well as some lower plants, fungi and bacteria. 

They comprise a group of 136 structurally related compounds only a few of 

which are biologically active. Many of the other GAs are either biosynthetic 

precursors, inactivation products of bioactive GAs or have no known function 

and could be classified as secondary metabolites. They are involved in multiple 

growth and development processes, including: stem and root elongation, 

flower and fruit development, seed germination and development, and leaf 

expansion (Hedden and Kamiya, 1997, Hedden and Phillips, 2000). GAs are also 

involved in the response to various environmental stimuli, such as light and 

temperature, which have an effect on both GA biosynthesis and sensitivity that 

subsequently produces changes (Phillips, 1998). The main function of GA in 

plants is to promote growth by stimulating cell elongation and in some cases 

cell division. They also promote other developmental processes such as the 

transition from dormancy to germination, and from vegetative to reproductive 

development, although in some species they may have the opposite effect 

(Hedden and Thomas, 2012). 

GA was first described in 1935 as a substance produced by the fungus 

Gibberella fujikuroi that caused the bakanae disease in rice seedlings and 

produced an overgrowth phenotype. GAs are named GA1 to GA136 in order of 

their discovery, the first GA to be structurally classified being GA3 (plant-

hormones.info, 2016). The substance produced by the fungus Gibberella 

fujikuroi was shown to be a mixture of different GAs, of which the major 

component was GA3 (Hedden and Proebsting, 1999). Most GA structures have 

been identified from immature seeds as these contain very high concentrations 

of GAs and a broad range of different GA structural forms (Hedden and Thomas, 

2012). GA1 has been identified as the main bioactive hormone in many different 

species, though GA4 is also ubiquitous and is the major bioactive GA present in 
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some plant species, including Arabidopsis and the Cucurbitaceae (MacMillan, 

2002). The role of GA1 compared to GA4 and other bioactive forms is still not 

clear (Yamaguchi, 2008).  

In 1917 it was discovered that the stem length character of pea seedlings 

observed by Gregor Mendal in 1866 was due to the presence or absence of a 

factor for tallness (Orland, 1917). This factor was later identified as GA when 

the application of GA3 on dwarf pea plants caused them to elongate to normal 

length (Brian and Hemming, 1955). Subsequent application of purified extracts 

from tall pea seedlings also caused the elongation of dwarf peas and confirmed 

that GA was endogenous in higher plants (Radley, 1956). Genetic mutations 

have played a major role in understanding the role of GAs in plant growth and 

other developmental processes (Ross et al., 1997). The complex GA 

metabolism pathway was first explained in G. fujikuroi and then in higher plants 

(Hedden and Phillips, 2000). In monocots, rice and barley have been used to 

characterise GA pathway genes (Spielmeyer et al., 2004, Chandler et al., 2002, 

Ueguchi-Tanaka et al., 2005). 

 

1.3.1 GA Biosynthesis 

 

GA biosynthesis occurs from geranylgeranyl diphosphate (GGDP), which is a C20 

precursor for all diterpenoids, and involves initially membrane localised 

cytochrome P450 mono-oxygenases (P450s) and then soluble 2-oxoglutarate-

dependant dioxygenases (2-ODDs) (Yamaguchi, 2008). The early steps in the 

pathway from GGDP to GA12-aldehyde are common in all systems studied 

(Hedden and Phillips, 2000). The biosynthesis pathway can be divided into 

three parts: 

1.2.1.1 GGDP converted to ent-kaurene via ent-copalyl diphosphate (CPP)  

1.2.1.2 ent-kaurene converted to GA12 

1.2.1.3 Conversion of GA12 to bioactive GAs 
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1.3.1.1 GGDP to ent-kaurene 

In plants, GGDP, formed mainly via the 2-C-methyl-D-erythritol-4-phosphate 

(MEP) pathway is converted in plastids to ent-kaurene by two diterpene 

cyclases, CPP synthase (CPS) and ent-kaurene synthase (KS). However, in fungi 

both activities are catalysed by a single enzyme (Duncan and West, 1981, 

Tudzynski et al., 1998). When the MEP pathway is limited plants utilise the 

mevalonic acid (MVA) pathway for the production of ent-kaurene. In green 

tissues the MEP pathway is the major source of precursors for ent-kaurene 

biosynthesis (Kasahara et al., 2002) whereas in non-photosynthetic leucoplasts 

where ent-kaurene is synthesised in the endosperm the precursors may be 

obtained through the MVA pathway [(Hedden, 2016) and references therein].  

GGDP in the first step is converted to ent-copalyl diphosphate (ent-CDP) by CPS, 

while in the second step CPD is converted by KS to ent-kaurene (Figure 1.12) 

(Hedden and Phillips, 2000). Both CPS and KS contain N-terminal sequences 

that target them to the plastids (Sun and Kamiya, 1994, Yamaguchi et al., 1996). 

Evidence to support the function of the two enzymes is provided by the 

Arabidopsis loss of function ga1 and ga2 mutants which are GA responsive 

male sterile dwarfs that fail to germinate. They contain deletions in the single 

genes which encode the CPS and KS enzymes, respectively, producing only very 

low levels of GA (Sun and Kamiya, 1994, Koornneef and Vanderveen, 1980). 

Multiple CPS- and KS-like genes have been cloned from rice and wheat though 

only a few of these are involved in ent-kaurene synthesis (Hedden, 2016). 
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Figure 1.12: Early stages of GA biosynthesis.  
GGDP is converted to ent-kaurene by CPS and KS, with ent-CDP produced as 

an intermediate. ent-Kaurene is then oxidised to produce GA12 via reactions 

catalysed by KO and KAO (Yamaguchi, 2008). 

 

1.3.1.2 ent-kaurene to GA12 

This conversion occurs by the action of two P450s on the membranes outside 

the plastid which need ent-kaurene to move from the organelle. This process 

occurs by an unknown mechanism (Hedden and Phillips, 2000). The oxidation 

on C-19 by ent-kaurene oxidase (KO) which belongs to the CYP701A family 

produces ent-kaurenoic acid in three steps via the alcohol and aldehyde. This 

is then converted to GA12 by ent-kaurenoic acid oxidase (KAO; CYP88A) also in 

three steps via 7β-hydroxy-ent-kaurenoic acid and GA12-aldehyde (Figure 1.12) 

(Yamaguchi, 2008, Helliwell et al., 2001a). After the production of GA12 the 

pathway is divided into two parallel parts due to the 13-hydroxylation of GA12 

to give GA53. These are the substrates for the final stages of GA biosynthesis 

(Hedden and Phillips, 2000). 

The intermediates in the steps oxidised by KO and KAO do not normally 

accumulate except in tissues where GA biosynthesis levels are very high 

(Graebe et al., 1972, Morrone et al., 2010). Using a fusion with green 

fluorescent protein (GFP) it was shown that KO is present in the outer plastid 
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membrane and KAO in the endoplasmic reticulum (ER). The location of both 

these enzymes may facilitate the movement of the plastid-produced ent-

kaurene to the endomembrane system (Helliwell et al., 2001b). It has also been 

shown that ent-kaurene is able to exchange with the external environment 

through the membrane system or via a protein carrier. It is also possible that 

ent-kaurene synthesis and metabolism may be located in different tissues 

(Otsuka et al., 2004, Yamaguchi et al., 2001). In pumpkin and cucumber there 

is present a 2-ODD, GA7ox which converts GA12-aldehyde to GA12 (Lange, 1997, 

Lange et al., 2013) and the over expression of this gene in Arabidopsis results 

in increased growth implying that KAO may be growth limiting in this species 

(Radi et al., 2006). The only other species where this 2-ODD has been detected 

is potato (Fixen et al., 2012). 

The role of the enzyme KO is demonstrated by the Arabidopsis ga3 mutant 

which is a non-germinating GA-responsive dwarf and is known to be deficient 

in KO. Point mutations in the single GA3 gene in Arabidopsis which encodes the 

KO enzyme results in plants that do not respond to ent-kaurene but application 

of ent-kaurenoic acid restores growth (Koornneef and Vanderveen, 1980, 

Helliwell et al., 1998). In rice, there are five KO-like genes but only one of them 

is involved in GA biosynthesis. Mutations in this OsKO2 gene were responsible 

for the d35 semi-dwarf phenotype of modern rice varieties (Itoh et al., 2004, 

Sakamoto et al., 2004). Cereals contain only one KAO gene, mutations in which 

results in dwarf phenotypes, whereas Arabidopsis has two fully redundant 

genes  (Helliwell et al., 2001a, Sakamoto et al., 2004). GA13ox catalyses the 13-

hydroxylation of GA12 to GA53 which is controlled by two genes, TaGA13ox1 and 

TaGA13ox2 which in wheat are expressed in all tissues except mature spikes 

with TaGA13ox1 expression being higher. These genes have the highest levels 

of expression in the most mature developmental stage that was sampled 

(Pearce et al., 2015). In rice, two cytochrome P450s are known to encode GA 

13-oxidase, and their overexpression in Arabidopsis results in semidwarfism. In 

addition the exogenous application of bioactive GA upregulates their 

expression indicating they may regulate plant growth by reducing GA 
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bioactivity and may also be involved in GA feedback regulation  (Magome et 

al., 2013).  

 

1.3.1.3 GA12/GA53 to bioactive GAs 

The two parallel 13-hydroxylation and non-13-hydroxylation pathways 

produce bioactive GAs that differ only in the presence or absence of a 13-OH 

group (Figure 1.13). In the 13-hydroxylation pathway GA53 is converted through 

several steps to GA1 and in the non-13-hydroxylation pathway GA12 is 

converted through the same steps to GA4. In most species of plants both 

pathways occur in the vegetative tissues and the strength of the 13-

hydroxylase activity decides the predominance of one over the other (Hedden 

and Phillips, 2000). The final stages of the biosynthesis pathway are catalysed 

by two soluble 2-ODDs present in the cytosol (Helliwell et al., 2001b), GA 20-

oxidase (GA20ox) which removes C-20 to form a C-4-C-10 lactone, and GA 3-

oxidase (GA3ox) which inserts a 3β-hydroxyl group (Figure 1.13). GA20ox 

catalyses the sequential oxidation of C-20 from a methyl to the alcohol and 

then to the aldehyde, which is then removed with the formation of C19 γ-

lactone GAs. The last step of the biosynthesis pathway involves the conversion 

of GA9 and GA20 to bioactive GA4 and GA1 respectively by 3 β-hydroxylation by 

GA3ox ODDs [(Hedden, 2016), and references therein].  
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Figure 1.13: Late stages of GA biosynthesis and GA inactivation 
GA12 is converted to GA53 by GA13ox and these two intermediates act as 

substrates for two parallel pathways. GA12/GA53 is then oxidised by GA20ox 

(blue) to GA9/GA20, respectively. The final GA activation step involves 3β-

hydroxylation by GA3ox (red) that converts GA9/GA20 to the bioactive 

products GA4/GA1, respectively. The inactivation of bioactive forms involves 

GA2ox (green) that hydroxylates the C-2 of GA4 and GA1 or their precursors, 

GA9 and GA20, respectively. GA2ox also acts on the C20-GAs (GA12 and GA53) 

forming inactive GA110 and GA97, respectively (Yamaguchi, 2008). 

 

The 2-ODDs are encoded by multigene families in most plant species unlike the 

early stages of the pathway where the enzymes are generally encoded by single 

genes. The 2-ODD genes have distinct expression patterns in different organs 

and display a level of functional redundancy (Hedden and Phillips, 2000). It is 
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due to this functional redundancy that mutation in a single gene does not cause 

a complete GA deficient dwarf phenotype. In rice four GA20ox genes have been 

characterised and are expressed in different organs of the plant with 

OsGA20ox2 being the main gene involved in stem elongation. OsGA20ox1 and 

OsGA20ox4 expressed in vegetative organs and OsGA20ox3 expressed in the 

developing seed (Sakamoto et al., 2004). In Arabidopsis there are five GA20ox 

genes though AtGA20ox5 is able to carry out only the first two steps in the 

pathway to the aldehyde intermediate (Rieu et al., 2008b, Plackett et al., 2012). 

In wheat there are four GA20ox genes and TaGA20ox1 and TaGA20ox2 are the 

most highly expressed GA20ox genes in vegetative tissues. TaGA20ox1 is 

expressed in nodes and ears of elongating stems and is the highest expressed 

GA20ox in roots. TaGA20ox2 shows a contrasting pattern to TaGA20ox1 and is 

expressed late in plant developed being highest towards tissue maturity. The 

TaGA20ox1 and TaGA20ox3 genes are also expressed in developing and 

germinating embryos, where TaGA20ox3 is very high and exclusively 

expressed. TaGA20ox4 has been shown to be expressed in the inner pericarp 

of developing grain and is the highest in the spike at anthesis (Appleford et al., 

2006, Pearce et al., 2015).  

In contrast to GA20ox there are only two GA3ox genes in rice whereas in 

Arabidopsis four have been reported. The two rice genes have different 

expression patterns with OsGA3ox2 being expressed in all vegetative organs of 

the plant and OsGA3ox1 is only in the tapetum and scutellum epithelium, 

where both genes are expressed. This allows for high levels of GA biosynthesis 

for GA to be exported to other tissues (Kaneko et al., 2003, Sakamoto et al., 

2004, Yamaguchi, 2008). In Arabidopsis the AtGA3ox1 and AtGA3ox2 are 

expressed in vegetative tissues whereas all four genes are present in 

reproductive organs (Mitchum et al., 2006, Hu et al., 2008). In wheat there is 

no true orthologue of the rice OsGA3ox1 but it does possess likely orthologues 

of OsGA3ox2 with three homoeologues located on the group 3 chromosomes. 

TaGA3ox2 was shown to be expressed in the elongating stem with expression 

found in nodes, internodes and the ear and it also has high expression in the 
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germinating and developing embryo. The TaGA3ox2 protein also shows some 

13-oxidase activity in vitro (Appleford et al., 2006) suggesting that it might also 

be involved in GA inactivation. Recently, four further potential GA3ox genes all 

located on the long arms of group 2 chromosomes were identified: TaGA3ox-

A3, TaGA3ox-B3, TaGA3ox-D3 and TaGA3ox-B4, which was subsequently 

identified as a GA 1β-hydroxylase (GA 1-oxidase, GA1ox). This gene in wheat 

was renamed TaGA1ox-B1 and shows some expression in roots. TaGA1ox-B1 

and TaGA3ox-B3 are both expressed at high levels mid-way through 

development of the grain, where TaGA1ox-B1 converts GA9 to GA61 and 

TaGA3ox-B3 converts GA61 to GA54. The TaGA20ox1 and TaGA3ox2 are 

considered important for stem architecture and grain development due to 

their high expression in stems and in germinating and developing seeds, 

making them important for grain yield and quality (Appleford et al., 2006, 

Pearce et al., 2015). 

 

1.3.2 GA Inactivation 

 

To balance bioactive GA levels in the plant there is a continual process of 

inactivation. This is important for the effective adjustment of hormone 

concentration, such as in response to environmental stimuli. GAs can be 

deactivated in different ways and the best characterised reaction is by another 

2-ODD, GA 2-oxidase (GA2ox) which by introduction of a hydroxyl group at the 

2β position of the C19 GAs, including bioactive GA1 and GA4 and their immediate 

precursors GA20 and GA9, leads to inactivation (Figure 1.13). GA2ox was the first 

recognised inactivating enzyme and belong to either class I or II based on 

phylogenetic relationships. Another type of GA2ox acts on C20-GAs and belongs 

to class III (Lee and Zeevaart, 2005). These are believed to act on precursors 

such as GA12 and GA53 which would otherwise be converted to bioactive forms 

(Schomburg et al., 2003). This inactivation is believed to be the most common 
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in flowering plants due to the presence of orthologous GA2ox genes in various 

plant species  (Martin et al., 1999, Thomas et al., 1999, Sakamoto et al., 2001b) 

In most species the GA2ox enzyme is encoded by multigene families leading to 

high levels of functional redundancy and not all the genes have been 

functionally characterised. Thus, mutations in single genes only give a subtle 

phenotype, whereas overexpression results in a dwarf phenotype (Hedden and 

Phillips, 2000, Schomburg et al., 2003). The pea slender mutant is an exception 

where a mutation in the single PsGA2ox1/SLENDER (SLN) gene results in a GA 

overdose phenotype (Martin et al., 1999). There are ten GA2ox genes in rice, 

encoding enzymes that act either on C19- or C20-GAs and they have different 

patterns of expression during development, with OsGA2ox1 being expressed in 

roots, panicles and vegetative shoot apices. OsGA2ox3 and OsGA2ox4 are 

expressed in all organs whereas OsGA2ox2 transcript was not detected in any 

organ (Sakamoto et al., 2004). In wheat the orthologues of all of the rice GA2ox 

are found except OsGA2ox5. There is also present another group of GA2ox 

genes on the homoeologous group 4 chromosomes called TaGA2ox-A11, 

TaGA2ox-B11 and TaGA2ox-D11. Another two potential paralogues are present 

only on chromosome 4BL, TaGA2ox-B12 and TaGA2ox-B13. Many of these 

genes have very low or undetectable expression in most tissues. TaGA2ox3, 

TaGA2ox4 and TaGA2ox9 are overall the most highly expressed GA2ox genes 

in roots, leaves and stems. In developing grains TaGA2ox7 is most highly 

expressed with low levels of expression of TaGA2ox9 in the early stages. In 

developing spikes, it is TaGA2ox9 which has the highest expression with low 

levels of expression of TaGA2ox3, TaGA2ox6, TaGA2ox7 and TaGA2ox8 at 

anthesis (Pearce et al., 2015). In Arabidopsis there are five GA2ox genes which 

act on C19-GAs, and another two genes, AtGA2ox7 and AtGA2ox8 which act on 

C20-GAs (Thomas et al., 1999, Rieu et al., 2008a, Schomburg et al., 2003).  

In rice another mechanism of inactivation has been identified. Here the 

ELONGATED UPPERMOST INTERNODE (EUI) gene which encodes a P450 mono-

oxygenase deactivates non-13-hydroxy C19- and C20-GAs by the epoxidation of 
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the C-16, 17 double bond. Over-expression of this gene gives dwarf plants and 

the recessive eui mutants accumulate large amounts of bioactive GAs in the 

uppermost internode (Zhu et al., 2006). GA 16, 17-hydrodiols, formed by 

hydrolysis of the epoxide, have been found in many different species indicating 

that this inactivation mechanism is present in a number of different plants 

(Magome and Kamiya, 2016). A third inactivation method, which was found in 

Arabidopsis is thought to be more specific to developing and germinating 

seeds. It involves the methylation of GA by two members of the SABATH 

methyl-transferases family GAMT1 and GAMT2, causing the irreversible 

inactivation of GAs. Both these enzymes act on a range of GAs including both 

precursors and bioactive forms. The gamt1 gamt2 double mutant has 

increased levels of bioactive GAs in siliques and is resistant to GA inhibitors 

during germination (Varbanova et al., 2007, Xing et al., 2007). 

 

1.3.3 GA Signalling 

 

The main components of the GA signalling pathway are the DELLA proteins, 

members of the GRAS (GAI, RGA and SCARECROW) family of proteins and are 

known to be negative regulators of growth. They are believed to be nuclear 

localised and contain an N-terminal DELLA regulatory domain and a C-terminal 

functional GRAS domain. They interact with TFs to control GA responsive genes 

and repress growth (Dill et al., 2001). GA signalling begins with the interaction 

of bioactive GAs with the soluble nuclear localised GIBBERELLIN INSENSITIVE 

DWARF 1 (GID1) receptor which was first identified in rice (Ueguchi-Tanaka et 

al., 2005). In Arabidopsis three paralogues of the GID1 receptor are present, 

GID1a, GID1b and GID1c. This results in high level of functional redundancy 

where single mutants only show small differences in vegetative growth 

compared to the wild type, whereas the triple mutant has a more severe dwarf 

phenotype than the biosynthesis mutants (Griffiths et al., 2006). The rice gid1 

and barley gse1 loss of function mutants both also show severely dwarfed 
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phenotypes suggesting that GID1 is the main GA receptor (Ueguchi-Tanaka et 

al., 2005, Chandler et al., 2008). 

The GID1 protein upon binding with GA undergoes a conformational change 

providing a binding domain for DELLA proteins on the outer surface of its N-

terminal binding domain. The GA-GID1 binding activity is stronger in the 

presence of DELLA proteins (Griffiths et al., 2006, Ueguchi-Tanaka et al., 2007). 

This GA-GID1 complex interacts with the DELLA proteins and binds to the highly 

conserved DELLA and VHYNP and poly S/T/V domains (Figure 1.14) (Murase et 

al., 2008, Hirano et al., 2008). This interaction promotes the recognition of the 

DELLA proteins by the F-box protein SLEEPY1 (SLY1) in Arabidopsis and GID2 in 

rice, which then interacts with the 3’ GRAS domain of the DELLA protein. 

SLY1/GID2 are the F-box components of the SCFSLY1/GID2 (Skp1, Cullin, F-box) E3 

ligase which polyubiquitinates DELLAs, targeting them for degradation via the 

26S proteasome and this releases the DELLA repression on GA responsive 

genes, allowing growth (Silverstone et al., 2001, Sun and Gubler, 2004, Thomas 

and Sun, 2004, Griffiths et al., 2006).  

 

 
Figure 1.14: GA signalling in plants  
GID1 receptor binds with GA and this complex interacts with the DELLA and 

TVHYNP motifs of the DELLA proteins causing their polyubiquitination by the 

SCFGID2/SLY1complex. This leads to the degradation of the DELLA proteins by 

the 26S proteasome pathway, resulting in release of repression on growth 

(Hirano et al., 2008). 
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In Arabidopsis there are five genes that encode DELLA proteins, RGA 

(REPRESSOR OF GA), GAI (GA insensitive), RGL1 (RGA-like), RGL2 and RGL3 (Dill 

et al., 2001). The main repressors of stem elongation in Arabidopsis are RGA 

and GAI with RGL1 playing a minor role. Seed germination is known to be 

repressed by RGL2 since the ga1-3 rgl-2 is the only ga1-3 della double mutant 

that can germinate without GA application in light but not in the dark (Cao et 

al., 2005). Additional mutations in the RGA and GAI genes (ga1-3 rgl2-1 gai-t6 

rga-t2) allows the seeds to germinate in the dark as well indicating the ability 

of these genes to supress germination. The RGL3 gene is known to supress the 

rupture of the testa and endosperm during germination (Dill and Sun, 2001, 

King et al., 2001, Lee et al., 2002, Wen and Chang, 2002, Piskurewicz and Lopez-

Molina, 2009). Across plant species the DELLA proteins are highly conserved, 

such as in wheat (Rht-1), rice (Slender Rice 1, SLR1), barley (Slender 1, SLN1) 

and brassica (BnRGA) (Fu et al., 2002, Sun and Gubler, 2004, Gao et al., 2008). 

As previously mentioned in section 1.1.1 the semi-dwarf varieties of wheat 

that, in part, underpinned the green revolution had mutations in Rht genes. 

Due to the reduction in stem height these plants are more resistant to lodging 

and are able to remobilize resources to grain filling rather than stem 

elongation, thus increasing yield (Hedden, 2003). Mutations in the DELLA 

domain results in the inability of the GA-GID1 complex to recognise the DELLA 

proteins and they can no longer be degraded. The Arabidopsis gai gain-of-

function DELLA protein has a 17 amino acid deletion in the DELLA region and 

can no longer be degraded in response to bioactive GAs. This was the first 

DELLA mutant to be characterised. Plants containing this mutation are 

extremely dwarfed and this phenotype cannot be rescued by the external 

application of GA (Koornneef et al., 1985, Peng et al., 1997). Mutations in the 

GRAS functional domain of the DELLA proteins results in the loss of DELLA 

repression leading to a tall, ‘slender’ plant phenotype which has been observed 

in the barley sln1 and rice slr1 mutants (Ikeda et al., 2001, Chandler et al., 

2002). 
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It has been suggested that DELLA proteins can function as TFs but the lack of a 

DNA binding domain within these proteins suggests they primarily function 

trough transactivation and interaction with other regulatory proteins (Daviere 

and Achard, 2013). Three modes of action for DELLA proteins to supress GA 

mediated growth have been suggested: 1) they block the ability of TFs to bind 

the promoters of GA-regulated transcriptional activators, 2) they act as 

coactivators of genes that negatively regulate GA signalling and 3) they recruit 

chromatin remodelling complexes to promoter elements (Nelson and Steber, 

2016). DELLA proteins are known to interact with several different TFs and the 

first example of this was shown in the Arabidopsis hypocotyl where they 

repress growth by interacting with the bHLH TFs PHYTOCHROME INTERACTING 

FACTOR (PIFs), PIF3 and PIF4. It was shown that the binding of these TFs to the 

promoters of their target genes was inhibited upon their interaction with 

DELLA proteins. This ability of DELLAs to sequester TFs away from their target 

genes has been shown for several different developmental processes involving 

different TFs (Alabadi et al., 2008, de Lucas et al., 2008, Feng et al., 2008, 

Thomas et al., 2016). DELLAs have also been shown to associate with specific 

gene promoters (Zentella et al., 2007). Marin-de la Rosa et al., (2015), through 

ChIP analysis and sequencing, demonstrated that RGA binds to the regulatory 

regions of 421 genes showing a preference for cis elements recognised by 

specific TF families involved in biotic and abiotic responses, response to red and 

far-red light and GA signalling. They found cis elements bound by the GARP-

ARABIDOPSIS RESPONSE REGULATOR (ARR) family which are positive 

regulators in the CK signalling pathway and interact with both GAI and RGA. 

These two DELLAs enhance the ability of ARR1 to activate several target genes 

and control at least two responses known to be controlled antagonistically by 

GA and CK – root meristem size and de-etiolation. DELLAs have also been 

shown to interact with several other TFs to activate their expression (Lim et al., 

2013, Fukazawa et al., 2014, Yamaguchi et al., 2014). DELLAs are also known to 

interact with transcriptional regulators such as the JAZ proteins where they 

mediate the antagonistic role of GA and JA in controlling root growth in 

Arabidopsis (Hou et al., 2010). A chromatin remodelling protein of the CHD3 
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type, PICKLE (PKL) has been shown to be physically associated with DELLAs 

which results in reducing its binding ability to target promoters of genes 

involved in cell elongation. This demonstrated the ability of DELLAs to directly 

regulate epigenetic mark deposition through their interaction with PKL. It has 

also been reported that RGL2 and RGL3 interact with the catalytic sub-unit 

SWI3C of the SWITCH/SUCROSE NONFERMENTING (SWI/SNF) chromatin 

remodeller suggesting another mechanism for epigenetic regulation by DELLAs 

(Sarnowska et al., 2013, Zhang et al., 2014) 

 

1.3.4 GA Regulation 

 

The concentration of bioactive GAs in a plant is maintained at an optimal level 

in response to environmental cues by a feedback mechanism. The expression 

of CPS is very low and it activity limits the influx of metabolites into the GA 

pathway and thus it was believed to be rate limiting. However, the over 

expression of this gene in Arabidopsis only caused an increase in the levels of 

C20-GAs and not C19-GAs indicating that the 2-ODD genes might be the 

regulatory step in GA production (Silverstone et al., 1997, Fleet et al., 2003). 

These genes have also been shown to underlie major growth QTLs (Abe et al., 

2012, Teng et al., 2013). The spatial and temporal segregation of GA 

biosynthetic and inactivating genes is also believed to be an important 

regulator of GA production. It was shown that the pea lele (psga3ox1) dwarf 

mutant phenotype is rescued less successfully by the constitutive 

overexpression of PsGA3ox1 compared to re-introduction of the native gene 

by crossing (Reinecke et al., 2013). It has been shown in several species that 

expression of the GA2ox genes is localised to the base of the meristem to 

protect it from an influx of GA (Sakamoto et al., 2001b, King et al., 2008). 

Several TFs are also known to regulate the pattern of GA biosynthetic gene 

expression. The expression of GA20ox genes is supressed in the shoot apical 

meristem by the homeodomain Class-I KNOX (KNOTTED-like homeobox) TFs to 
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maintain a pool of undifferentiated stem cells (Sakamoto et al., 2001a, Hay et 

al., 2002). In Arabidopsis during embryogenesis GA biosynthesis is controlled 

by two TFs LEC2 and FUS3 which down regulate AtGA3ox2 expression to allow 

correct tissue specification (Curaba et al., 2004). The expression of AtGA2ox6 

is up-regulated in developing embryos by the MADS domain transcription 

factor AGAMOUS-LIKE 15 also indicating the need to restrict GA production 

during embryogenesis (Wang et al., 2004). Whereas in developing flowers to 

promote floral organ development the expression of AtGA3ox1 is upregulated 

by another MADS box protein AGAMOUS (Gomez-Mena et al., 2005).  

In most species, including wheat, GA20ox activity is known to limit the 

production of bioactive GAs and the over-expression of this gene increases GA 

content and growth (Huang et al., 1998, Coles et al., 1999, Radi et al., 2006). 

This was first indicated from work with the Norin-10 dwarf lines which contain 

gain-of-function mutations in the Rht-1 gene and are insensitive to applied GA 

application and have elevated levels of this hormone (Radley, 1970). The maize 

d1 dwarf mutant which is defective in the GA3ox gene has high levels of GA20 

but reduced levels of its C20-GA precursors, indicating that there may be a 

negative feedback regulation of the GA20ox genes (Hedden and Croker, 1992). 

The effects of this mechanism have been demonstrated by showing that the 

GA biosynthetic genes, GA20ox and GA3ox are down-regulated by bioactive 

GAs (Xu et al., 1999, Phillips et al., 1995) and GA2ox expression is up-regulated 

(Thomas et al., 1999). It was also shown that the regulation of GA20ox 

transcription plays a significant role in maintaining the levels of endogenous 

GAs (Middleton et al., 2012). The early and middle GA biosynthetic genes are 

not regulated by this feedback mechanism (Hedden and Phillips, 2000, 

Yamaguchi, 2008).  

Transcript analysis has shown that this feedback mechanism involves 

regulation of the expression of specific 2-ODD genes. In Arabidopsis three of 

the five GA20ox and the GA3ox1 genes are down regulated by GA treatment 

whereas genes earlier in the pathway and other ODD paralogues are not 



60 
 

influenced (Phillips et al., 1995, Olszewski et al., 2002, Mitchum et al., 2006, 

Rieu et al., 2008b). This feedback regulation also involves GA-induced up-

regulation of some members of both C19 and C20 GA2ox genes which encode 

GA inactivating enzymes, and down-regulation of the GA-receptor GID1 

(Thomas et al., 1999, Griffiths et al., 2006). Based on these studies it is likely 

that transcriptional changes mediated by GA result in changes in the expression 

of 2-ODD genes which in turn alters the levels of the enzymes they encode. This 

leads to changes in the availability of GAs through the biosynthetic pathway 

which is essential in controlling the levels of bioactive GAs. The confirmation of 

this hypothesis has been difficult due to the low abundance and unstable 

nature of GA enzymes. Studies in photoperiod regulation of GA20ox in spinach 

did show an increase in SoGA20ox1 protein levels upon application of GA 

inhibitors. No changes in transcript levels were observed indicating that GA 

homeostasis may also have potential post-transcriptional regulatory 

mechanisms (Lee and Zeevaart, 2007, Hedden and Thomas, 2012).  

The levels of DELLA proteins and the GA signalling pathway control the 

transcriptional feedback and feedforward regulation of GA metabolism. In 

mutants deficient in GA signalling components including GID1 and GID2/SLY1 

the expression levels of feedback regulated GA20ox genes are very high and 

are not down regulated upon GA application. The levels of bioactive GAs are 

also very high in these mutants. This has also been observed in loss- and gain-

of-function DELLA mutants in various species including wheat (Fujioka et al., 

1988, Appleford and Lenton, 1991, Ueguchi-Tanaka et al., 2005, Griffiths et al., 

2006, Willige et al., 2007, Chandler et al., 2008). The transcript levels of 

feedback regulated genes in loss-of function DELLA mutants are low whereas 

in gain-of-function mutants they are very high (Dill and Sun, 2001, Silverstone 

et al., 2001). The role of DELLAs has also been shown in the feedforward 

regulation of GA2ox genes in pea loss-of-function mutant (la cry-s) where along 

with the reduction in biosynthetic genes there is also an increase in the 

expression of the two inactivating genes, PsGA2ox1 and PsGA2ox2 (Weston et 

al., 2008). GA regulation is very rapid with DELLA degradation in GA deficient 
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tissues occurring within 5-10 min of GA treatment and the expression levels of 

GA3ox1 and GA20ox2 decreasing after 15 min (Gubler et al., 2002). The 

feedback regulation of the GA20ox genes is also very important in determining 

the endogenous levels of DELLA proteins (Middleton et al., 2012). 

Several TFs have been identified that underlie GA feedback regulation through 

specific genes. In tobacco GA supresses the nuclear localisation of the bZIP 

transcription factor REPRESSION OF SHOOT GROWTH (RSG) which is an 

activator of NtGA20ox1 expression (Fukazawa et al., 2010). GA also enhances 

the expression of OsYABBY1 (OsYAB1) which down-regulates OsGA3ox2. The 

expression of OsYAB1 increases upon GA treatment and reduces with the 

application of GA inhibitors indicating the changes in this gene expression are 

brought about by GA signalling  (Dai et al., 2007). In Arabidopsis AGF1 (AT hook 

protein of GA feedback 1) is involved in down regulating AtGA3ox1 (Matsushita 

et al., 2007). Another GA signalling component, SCARECROW LIKE-3 (SCL3) has 

been recognised to play a role in GA feedback regulation. In SCL3 loss-of 

function mutant the expression of feedback regulated GA biosynthetic genes 

are up-regulated indicating that the expression of SCL3 represses the 

biosynthetic genes (Zhang et al., 2011). It is believed that several mechanisms 

may exist for the feedback regulation of different genes which might also allow 

interaction with different environmental and developmental stimuli (Hedden, 

2016). Recently it was shown that the DELLA protein GAI interacts with GAF1 

(GAI-ASSOCIATED FACTOR1) to promote expression of AtGA20ox2, AtGA3ox1 

and GID1B. Whilst GAF1 in association with GAI promoted the expression of 

these genes, a WD-repeat protein TOPLESS-RELATED (TPR) suppressed 

expression by binding to GAF1, implying that expression of AtGA20ox2 and 

possibly other feedback-regulated genes is regulated by a balance between 

DELLA and TPR (Fukazawa et al., 2014). 

 

  



62 
 

1.3.5 GA Transport 

 

The transport of GA from its site of production to other locations in the plants 

is not completely understood, although evidence of its importance is emerging. 

The highest levels of bioactive GAs are found in actively growing tissues which 

also show the highest levels of GA biosynthetic gene expression, indicating that 

GA is synthesised at its site of action (Kaneko et al., 2003, Teale et al., 2006, 

Kuromori et al., 2014). However, early intermediaries of the GA biosynthetic 

pathway have been proposed to be transportable. In germinating Arabidopsis 

seeds AtCPS1 is expressed in the provasculature whereas AtKO1 and AtGA3ox1 

and AtGA3ox2 are all expressed in the cortex and endodermis indicating the 

transport of intermediaries between these tissues (Yamaguchi et al., 2001). In 

developing wheat grains while TaCPS and TaKS are expressed in all tissues, 

TaKO and TaKAO are expressed only in the endosperm and inner pericarp but 

not the outer pericarp. It was also shown that the late biosynthetic genes 

(Ta20ox3 and Ta3ox3) and the novel TaGA1ox are all expressed highly in the 

endosperm but not the seed coat layer, where the signalling genes are 

expressed exclusively. This indicates that GA is not produced in the seed coat 

but moves into and is perceived in this tissue (Pearce et al., 2015). The GA 

precursor ent-kaurene has been shown to be volatile and when produced by a 

plant is released into the atmosphere. This ent-kaurene released by 

overproducing lines was able rescue the dwarf phenotype of ent-kaurene 

synthesis mutants (ga1-3 and ga2-1) suggesting a mechanism for GA-mediated 

interaction between plants or between organs of the same plant (Otsuka et al., 

2004).  

The physical properties of GA also make them likely to be transported as they 

are weak acids, similar to ABA and IAA making them subject to an ion-trapping 

mechanism that would concentrate them to the neutral cytoplasm. This 

indicates it would require an efflux carrier to transport the negatively charged 

GA molecule from the cytosol (Vieten et al., 2007, Kuromori et al., 2010). It is 

believed that cells would use specific carriers for GA transport as is the case 



63 
 

with ABA and IAA. It is also possible that since the hormones become 

uncharged due to protonation once in the acidic apoplast they could diffuse 

across membranes [(Vieten et al., 2007, Dayan, 2016), and references therein]. 

However, Pauls et al., (1982) showed that GA only disturbs the phospholipid 

membranes of liposomes rather than penetrating into them restricting the 

diffusion of GA into cells. Therefore, it is believed that both influx and efflux 

carriers must exist for GA transport.  

The first studies on GA transport involved grafting experiments which showed 

that GA signals are transportable between graft fusions (Katsumi et al., 1983, 

Reid et al., 1983, Proebsting et al., 1992). More recent grafting experiments 

have shown that GA produced by the shoot is necessary for hypocotyl xylem 

expansion (Ragni et al., 2011). Regnault et al., (2015) showed GA12 to be 

transportable in both an acro- and basipetal direction over long distances 

through the plant vasculature. Wild type root stocks were able to rescue the 

phenotypes of plants unable to produce precursors of GA12 but not of those 

deficient at later stages in the pathway. They also showed that this GA12 is able 

to initiate the rest of the GA biosynthetic mechanism and activate the signalling 

cascade in the grafted plants. In another experiment the same authors showed 

that endogenous bioactive GAs are not transmitted to the offspring and are 

unable to rescue the non-germinating phenotype of biosynthetic mutants 

(Regnault et al., 2016).  

A well-known example of GA transport in a plant comes from germinating 

cereal seeds where GA produced by the scutellum moves to the aleurone layer 

which does not produce its own GA or express GA-biosynthetic genes (section 

1.2.5.1) (Kaneko et al., 2003). GA produced by the scutellum is impermeable 

through the membranes of aleurone layer cells and a GA receptor different 

from the nuclear localised GID1 must exist on the plasma membrane but it 

hasn’t yet been identified (Hooley et al., 1991, Lovegrove and Hooley, 2000).  

However, Yano et al. (2015) demonstrated in rice that GA perception through 

the GID1 receptor was sufficient for all GA responses. These experiments 
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however used GA3 as the source of GA leaving the possibility of an intermediary 

being perceived by the plasma membrane or the existence of a transporter able 

to move GA into the nucleus (Dayan, 2016). Recently several non-specific 

transporters have been shown to actively transport GA – AIT3 (ABA-

IMPORTING TRANSPORTER), GTR1 (glucosinolate transporter) and NPF3 

(nitrate transporter) (Kanno et al., 2012, Saito et al., 2015, Tal et al., 2016) and 

one of these or a yet unidentified GA transporter could be involved in the 

transport of GA from the scutellum to the aleurone layer during germination.   
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1.4 Tissue Specific Promoters 

 

A promoter is a specific genetic region located at the 5’ end of the transcription 

start site and is involved in the binding of a RNA polymerase to initiate 

transcription. They are a set of transcriptional control modules clustered 

around the initiation site of RNA polymerase II and are involved both 

quantitatively and qualitatively in gene expression (Mitsuhara et al., 1996, 

Russell, 1996, Zheng and Baum, 2008). In the nucleus of eukaryotic cells there 

are present three RNA polymerases, RNA polymerase I, II and III. Plant cells in 

addition also contain RNA polymerase IV and V. RNA polymerase I synthesises 

the precursors of rRNA, RNA polymerase II produces the precursors of mRNA 

and RNA polymerase III synthesises the precursors of tRNAs, 5S-rRNAs and 

other miRNAs. RNA polymerases IV and V are both involved in the synthesis of 

miRNAs involved in gene silencing (Lodish et al., 2000, Haag and Pikaard, 2011). 

Most cellular genes are transcribed by RNA polymerase II which binds with 

elements in the genomic DNA but it cannot initiate transcription on a DNA 

template. This requires nuclear proteins such as TFs called transcription factor 

for polymerase II (TFII) which assemble with RNA polymerase II at the promoter 

region and initiate transcription. RNA Polymerase II also requires activator, 

mediator and chromatin-modifying proteins to correctly transcribe DNA 

(Alberts et al., 2002). The basal or core promoter is located about 25 to 40 

nucleotides upstream of the transcription start site and the promoter can 

extend up to 200 base pairs upstream. The initiation of transcription depends 

on sequences found in this core promoter, and along with this region other 

DNA motifs occurring in the surrounding DNA are involved in the regulation of 

gene expression (Potenza et al., 2004).   

Highly conserved sequence motifs known as cis-elements are regions of non-

coding DNA that regulate the transcription of nearby genes. These sequences 

bind with sequence targeted TFs within the promoter of a gene (Alberts et al., 
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2002). Located about 25 base pairs upstream from the transcription start site 

in the promoter region of most genes exists a DNA sequence known as the 

TATA box which signals the start of transcription. This was the first element 

recognised in eukaryotes and is the only element with a relatively fixed location 

in relation to the transcription start site (Breathnach and Chambon, 1981). The 

sequence composed entirely of A and T is approximately 8 base pairs long, 

often surrounded by GC rich sequences and is highly conserved in both plants 

and animals (Yamamoto et al., 2007, Porto et al., 2014). The TFII recognises and 

binds to the TATA box which causes other TFs to assemble at the promoter 

leading to gene expression (Alberts et al., 2002). In promoters that lack a TATA 

box a downstream promoter element located about 30 base pairs downstream 

of the transcription start site is recognised by the TFII which binds to it (Burke 

and Kadonaga, 1996).  

Depending on their activity, promoters are classified as either constitutive, 

those that promote gene expression uniformly throughout the plant, or tissue 

specific, those that determine gene expression only in certain tissues or 

induced by certain physiological conditions, age and biotic and abiotic factors 

(Hochheimer and Tjian, 2003). Diverse, semi-conserved sequences of DNA 

present around the RNA polymerase binding site lead to variability in gene 

expression. Protein factors involved in controlling the level and pattern of gene 

expression bind to these DNA sequences. These sequences known as 

enhancers have the ability to spatially and temporally control the pattern of 

gene expression and are considered as part of the core promoter (Potenza et 

al., 2004). Enhancers are usually discovered through promoter deletion 

studies, DNA foot-printing and site specific sequence mutation (Cal et al., 

2007). They can be located hundreds or thousands of base pairs away or either 

upstream or downstream of, within the coding region or in the intron or in 

regions adjacent to the promoter of the gene they control. They are also 

orientation independent. The proteins acting on enhancers are combined for 

expression to occur only at required sites and at specific times giving them 

temporal and spatial specificity. While most cis-elements are involved in 
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enhancing gene expression, some known as silencers repress this (Alberts et 

al., 2002, Fessele et al., 2002, Kolovos et al., 2012). Gene expression or 

repression occurs when regulatory proteins bind to their specific enhancers. 

This results in the formation of DNA loops which allows the regulatory proteins 

to interact with TFs bound to promoter elements (Alberts et al., 2002, Potenza 

et al., 2004).  

Constitutive promoters control genes that are active in almost all cells and 

throughout development, though their expression levels can be varied 

depending on the cell type. In plant biotechnology cauliflower mosaic virus 

promoter (CaMV35S) is the most commonly used constitutive promoter and 

most commercial varieties of genetically modified plants contain it (Odell et al., 

1985, Park et al., 2010, Ranjan et al., 2011). The domains present in this 

promoter have been characterised and can be manipulated to give this 

promoter spatial or temporal roles (Kay et al., 1987, Benfey and Chua, 1990). 

Even though this promoter is widely used its expression is relatively low in 

reproductive tissues particularly in pollen. To overcome this problem several 

other constitutive promoters have been identified in various species  (Park et 

al., 2012, Porto et al., 2014).  

To understand the molecular mechanisms that are involved in gene expression 

and tissue differentiation it is important to understand the functions of 

promoters that act in different organs. This helps in developing constructs that 

allow for the expression of target genes in specific tissues where these 

promoters are active (Ortiz, 1998). There is also a higher chance of silencing in 

constitutive promoters than in tissue-specific ones. Transgene silencing in the 

T1 and T2 generations has been shown in wheat when using a number of 

different constitutive promoters (Demeke et al., 1999, Anand et al., 2003), 

whereas seed specific promoters have been shown to be stable up to the T5 

generation in barley (Horvath et al., 2001). Choi et al., (2003) showed that the 

expression of GUS and GFP was stable in 93% of barley lines when driven by an 

endosperm specific promoter compared to the bar gene driven by ZmUbi I 
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constitutive promoter being stable in only 60% of the lines. Using constitutive 

promoters also results in unnecessary gene expression in non-target tissues 

that may interfere with normal plant development. Pino et al., (2007) 

compared the activity of a constitutive and a stress inducible promoter to drive 

the expression of freezing tolerance genes in potato. They showed that 

constitutive expression resulted in the same level of freezing tolerance as the 

stress induced promoter but was associated with negative phenotypes such as 

smaller leaves, stunted plants, delayed flowering and reduced tuber formation.  

Similar results have also been shown in other plant species (Li et al., 2013, 

Estrada-Melo et al., 2015). The constitutive over-expression of GA-inactivating 

genes resulting in reduced levels of GA also causes extreme dwarf and semi-

dwarf phenotypes in many plant species including wheat (Hedden and Phillips, 

2000). Using tissue-specific promoters allows for the control of gene expression 

when and where needed and eliminates the problems posed by using 

constitutive promoters.   
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1.5 Aims of the project 

 

 Determine whether insensitivity to GA in the embryo and aleurone layers 

can be used to reduce α-amylase levels in the mature grain and improve 

flour quality. Insensitivity to GA in the embryo will also potentially promote 

understanding of the role of GA in dormancy, germination and PHS. 

 Determine if the seed coat restricts grain size and if increasing the levels of 

GA in these tissues will allow production of larger grain, without adverse 

effects on flour quality.  

 Determine whether GA signalling in the endosperm transfer layer has a 

role in grain development by attempting to introduce GA insensitivity and 

increase GA biosynthesis in this tissue.  

 Decrease the amount of GA in the endosperm late in grain development 

to determine if this has the potential to improve grain quality without 

impacting grain size. 

 Study the effects of crossing lines previously generated in our laboratory 

to combine their phenotypes of increased grain size and improved flour 

quality. 

 

For this purpose a range of transgenic lines were generated where GA 

biosynthesis, inactivation or signalling was modified and each line was co-

transformed with nuclear-targeted green fluorescent protein (H2B::GFP) 

(Figure 1.15) expressed from the same promoter to monitor promoter activity.  

 

 

Figure 1.15: Basic schematic of promoter::GFP expression cassettes 

Promoter 35S T H2B GFP 
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Chapter 2. Materials and Methods 

 

2.1 Plant Material and Growth Conditions 

 

Wheat plants (cv. Cadenza) were previously co-transformed by particle 

bombardment (Pastori et al., 2001, Sparks and Jones, 2014) with the 

constructs listed in Table 3.1. The pBRACT vector containing the selectable 

marker for BASTA under control of a Maize ubiquitin promoter 

(ZmUbi::BAR::NosT) was used as the donor vector for creating these 

constructs. The vector was modified to contain an additional expression 

cassette containing each promoter linked to the H2B nuclear targeting signal 

(Kanda et al., 1998): green fluorescent protein and a CaMv35S terminator 

(Figure 1.13).  

Segregating T1 transgenic wheat lines harbouring constructs one to seven 

(Table 3.1) were available at the start of the project, along with homozygous 

seed (T4) for constructs eight and nine. T1 transgenic seeds were sown in 

standard seed trays of 24 cells in Rothamsted standard compost with one grain 

sown per cell. Plants were grown in the GM glasshouse under controlled 

conditions of 16-hour photoperiod with day/night temperatures of 23/18oC 

under 400 W sodium lamps (Philips SON-T Agro 400). Leaf material was 

harvested for genotyping from 2-week-old seedlings and during this time the 

plants were moved to a cold room. After genotyping (sections 2.2.1, 2.2.2 and 

2.2.3 and Chapter 3) PCR-positive transgenic plants were potted on to 15 cm 

pots with one plant per pot. Plants were allowed to self-pollinate and in order 

to avoid any cross pollination each ear was covered with a crossing bag once it 

reached the booting stage.  
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2.1.1 Yield and Development Experiments 

Homozygous plants were used for either yield and/ or development 

experiments depending on the constructs involved. These experiments were 

all set up in randomised complete block designs (RCBD) in consultation with a 

statistician with either three or four replicates in each experiment set-up as 

separate blocks. Experiments varied in that plots consisted of either one plant 

per pot in 15 cm pots or two plants in 20 cm pots. All plants were cut down to 

five tillers and automated flood bench irrigation was used to ensure uniformity 

of treatment across each experiment. During the experiment the timing of 

anthesis was scored and each ear considered to have anthesed when floret 

one and two (Figure 1.6) on every spikelet on the ear had anthesed. Grains 

were harvested for transcript analysis at given time points post-anthesis by 

collecting the grains from floret one and two of every spikelet along the ear, 

except the top and bottom most spikelets. These grains were then counted, 

weighed, flash frozen and stored at -80oC to be analysed at a later date. Grain 

development was also studied at different time points by microscopy, using 

four grains per time point, two grains harvested from the middle of the ear, 

one from towards the top and one towards the bottom. Two of the grains were 

examined in a transverse section and two in a longitudinal section. Mature 

grains were harvested to determine yield and grain quality for each line. 
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2.2 Molecular Methods 

 

2.2.1 Genomic DNA (gDNA) Extractions 

One 8-cm long leaf from each individual plant was harvested and collected in 

2-ml 96 deep-well plates (Thermo Scientific, UK) containing two 2-mm ball-

bearings (Atlas laboratories, UK) per well. The samples were then lyophilised 

and ground to a fine powder using a tissue lyser (Qiagen, UK). 

For the extraction process 600 μl buffer [Tris base (100 mM), KCl (1 M), EDTA 

(10 mM), pH 9.5 with 0.75% PVP-40 and 0.36% sodium bisulphite added on 

day of use] was added to the lyophilised leaf powder and incubated at 65°C for 

60 minutes (min). At the same time 330 μl of 100% isopropanol was dispensed 

into each well of a fresh 96-well plate and stored at -20oC. After the 60-min 

incubation, 200 μl of 5 M potassium acetate (pH 5.8) was added to the 

extraction buffer and the mixture shaken to form a homogenous suspension.  

Samples were then centrifuged at 2500 revolutions per minute (rpm) for ten 

min and 300 μl of the supernatant transferred to the cold isopropanol blocks. 

This was incubated at room temperature (RT) for ten min and then centrifuged 

at 2500 rpm for ten min. The supernatant was carefully poured off making sure 

none of the pellet was lost. To this pellet 800 μl of 70% ethanol (v/v) was added 

and the blocks centrifuged at 2500 rpm for five min, after which the 

supernatant was poured off carefully. The DNA pellets were dried at 50 °C for 

60 min making sure all the liquid had evaporated. The pellet was then re-

suspended in 200 μl of TER [TE Buffer - Tris-HCl (10 mM) and EDTA (1 mM), 

pH7.5 with 0.05 mg/ml Pancreatic RNase]. This was incubated at 50°C for 60 

min and then at 4°C overnight. The gDNA was stored at -20 °C for future use.  
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2.2.2 Polymerase Chain Reaction (PCR) 

Standard 25 µl PCR reactions were carried out to amplify wheat gDNA extracted 

in section 2.2.1 using GoTaq Flexi DNA polymerase (Promega Corporation, 

USA). In the PCR, 10 ng of DNA served as template in a reaction containing 1X 

GoTaq green flexi buffer, 1.5 mM MgCl2, 0.2 mM each dNTPs 

(Invitrogen/Thermo Fisher Scientific, USA), 0.2 µM each of upstream and 

downstream primers (Appendix 1) and 1 unit of GoTaq DNA polymerase 

enzyme. 

The reactions were placed in a thermal cycler with a preheated lid and the 

cycling started with an initial denaturation of two min at 95oC. The samples 

were then cycled for 25-30 times through standard PCR conditions of 

denaturation at 95oC for 30 seconds (sec), annealing for 30 sec at temperatures 

ranging from 56oC to 68oC (depending on the melting temperature of the 

primers) and extension for a time of one min/kb (depending on the anticipated 

size of the PCR product) at 72oC. The reaction had a final extension of seven 

min at 72oC and was then stored at 4oC. 

To visualise the PCR product, 20 µl of each reaction was run on a 1X TBE-

buffered (45 mM Tris-borate, 1 mM EDTA pH 8.3) 1% agarose gel containing 

0.5 µg/ml ethidium bromide. Alongside the PCR products 0.5 μg of a 1-KB DNA 

ladder (Thermo Fisher Scientific, USA) was run as a size standard. The products 

were run for 90 min at 100 V and visualised on a UV transilluminator (Syngene, 

UK).  

 

2.2.3 TaqMan Assay 

The TaqMan assay is a real-time quantitative PCR (QRT-PCR)-based assay which 

was used to determine the zygosity status of transgenic plants in order to 

identify homozygous lines. Reactions containing 50 ng of gDNA were set up in 

white semi-skirted 96-well PCR plates (Starlab International GmbH, Germany) 
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to simultaneously amplify the transgene and an endogenous gene. The 

reaction mixture contained 1X Absolute qPCR low Rox mix (Thermo Fisher 

Scientific, USA), 0.5 μM of each forward and reverse primers and hybridisation 

probe to amplify the transgene and 0.75 μM of forward and reverse primers 

and hybridisation probe (Appendix 1) to amplify the endogenous reference 

gene - TaHd1.  

Primers and probes were designed using the Primer3Plus software 

(Untergasser et al., 2007) to amplify products of 50-200 base pairs (bp) in 

length. Each primer measured between 15-30 bp in length with a Tm of 58-

60oC. The Tm of the probes was 10oC higher than the primers and measured 

20-30 bp in length and each contained a fluorescent dye at the 5’ end and a 

quenching dye at the 3’ end. 

The assay was performed in the 7500 Real Time PCR System (Applied 

Biosystems/Thermo Fisher Scientific, USA) with an initial step to activate the 

enzyme at 95oC for 15 min. The reaction was then continued for 40 cycles with 

denaturation at 95oC for 30 sec and annealing/extension at 60oC for one min. 

The data was collected at the 60oC step. 

 

2.2.4 RNA extraction with 1st DNase treatment 

RNA extractions were performed using a modified version of the sodium 

dodecyl sulphate (SDS)/TRIzol method (Wang et al., 2012) on wheat grain 

samples which had been ground using a liquid nitrogen mill (SpexSample Prep, 

UK). To 150-170 mg of ground tissue 500 µl of extraction buffer [Tris-HCl 

(100mM), pH 9.0 with 2% β-mercaptoethanol added on day of use] was added 

and mixed by vortex to homogenise the mixture and then incubated at RT for 

15 min. To this was added 25 µl of 20% SDS, the sample mixed by inverting 

four to five times and the solution incubated at RT for a further five min. 

Samples were then centrifuged at 4oC at 5000 rpm for ten min. The 
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supernatant was removed to a fresh 2 ml tube and 800 µl of Trizol 

(Ambion/Thermo Fisher Scientific, USA) was added and the solution mixed by 

vortex and incubated at RT for ten min. To this solution was added 240 µl of 

chloroform (Arcos organics/Thermo Fisher Scientific, USA), after which the 

sample was centrifuged at 4oC at 5000 rpm for ten min. Approximately 700 µl 

of the aqueous phase was removed to a fresh 2 ml tube and 700 µl of 

isopropanol was added and mixed by inverting four to five times. The samples 

were then incubated for 20 min at -20oC and centrifuged at 4oC at 5000 rpm 

for ten min. The supernatant was then discarded and the pellet re-suspended 

in 130 µl of DEPC-treated water (0.1% diethylpolycarbonate). 

For the DNase treatment, 15 µl of RNase-free DNase 10X Reaction buffer (RQ1, 

Promega Corporation, USA) and 5 µl of RNase-free DNase were added and 

samples incubated at 37oC for 30 min. To this was added 250 µl of DEPC-

treated water and samples mixed by inverting four to five times. To this 

solution 400 µl phenol:chloroform (1:1, low pH) was added and the sample 

mixed by inverting four to five times and then centrifuged at 4oC at 5000 rpm 

for ten min. Approximately 400 µl for the aqueous phase was removed to a 

fresh 2 ml tube and to this was added 400 µl of chloroform, the sample  mixed 

by inverting and centrifuged at 4oC at 5000 rpm for ten min. The aqueous 

phase was removed to a fresh 1.5 ml tube, to which 40 µl of sodium acetate (3 

M, pH 4.8) and 800 µl chilled 100% ethanol were added and the sample mixed 

by inverting. The samples were then incubated at -80oC for 30 min or -20oC for 

two hrs and then centrifuged at 4oC at 5000 rpm for 20 min. 

The supernatant was discarded using a pipette, the pellet re-suspended in 500 

µl of chilled 70% ethanol (v/v) and then centrifuged at 4oC at 5000 rpm for five 

min. The supernatant was discarded and pellet dried in a vacuum concentrator 

for ten min to ensure all liquid had evaporated and then re-suspended in 30-

50 µl DEPC-treated water. The RNA was stored at -80oC for future use. 
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2.2.5 Second DNase treatment 

The RNA extracted as described in section 2.2.4 was subjected to a 2nd DNase 

treatment to ensure complete removal of any remaining gDNA. The RNA was 

quantified using a NanodropTM ND-1000 spectrophotometer (LabTech 

International Ltd, UK) and prior to the DNase treatment a 500-ng aliquot of the 

RNA sample was run on a 1X TBE buffered gel to confirm the presence of the 

expected ribosomal RNA bands and validate the RNA quantification. For the 

DNase treatment, a 2.5 µg aliquot of RNA was made up to 10 µl with DEPC-

treated water. To this were added 1.25 µl RNase-free DNase 10X Reaction 

buffer (RQ1, Promega Corporation, USA) and 1.25 µl (0.5 unit/µg of RNA) 

RNase-free DNase enzyme and the reaction incubated at 37oC for 30 min. To 

terminate the reaction 1.25 µl of DNase stop solution was added to the samples 

and incubated at 65oC for ten min. The DNase treated RNA was stored at -80oC 

for future use. 

 

2.2.6 cDNA synthesis 

Superscript III reverse transcriptase (Thermo Fisher Scientific, USA) was used to 

generate cDNA from DNase-treated RNA. For each sample of RNA along with a 

positive RT reaction a non-RT – no enzyme – negative control was also 

prepared. Each RT reaction consisted of 10 μl RNA (2.0 μg), 0.5 μl oligo dTV 

(100 μM), 1 μl dNTP’s (10 mM) and 1.5 μl DEPC-treated water. For the NRT 

reactions, 0.5 μg of RNA was treated the same as for the RT reaction. These 

samples were heated to 65oC for five min in a thermo cycler and then 

immediately moved to ice. To each of the RT samples was added 4 μl of 5X 1st 

strand buffer, 1 μl DTT (0.1 M), 1 μl Superscript enzyme and 1 μl water. In the 

NRT reactions the Superscript enzyme was replaced by water. These samples 

were then heated to 25oC for five min, 50oC for 60 min and 70oC for 15 min and 

then held at 4oC. The cDNA samples were stored at -20oC for future use.  
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2.2.7 Real Time Quantitative PCR (qRT-PCR)  

For the purpose of qRT-PCR a 1/20 dilution was made of the cDNA samples 

generated in section 2.2.6. This was done by diluting an aliquot of 10 µl of cDNA 

in 190 µl of DEPC-treated water and then stored in strips of eight PCR tubes. 

Primer mix containing 2.4 µl (100 µm) of each forward and reverse primers 

(Appendix 1), 240 µl MgCl2 (25 mM), 2 µl reference dye (100X Rox) and 253.2 

µl DEPC-treated water was prepared for each of the primers used in the qRT-

PCR. This mix was dispensed equally into strips of eight PCR tubes (62.5 

µl/tube).  

The qRT-PCR was set-up in white 96-well semi-skirted plates (Starlab 

International GmbH, Germany) containing 10 µl SYBR (SYBR Green JumpStart 

Taq ReadyMix without MgCl2 in buffer, Sigma-Aldrich Co., USA), 5 µl primer mix 

and 5 µl of the 1/20 diluted cDNA. Each plate was set-up using Biomek NX S8 

laboratory automation workstation (Beckman Coulter Ltd., UK). For each RT 

sample its corresponding NRT sample was tested for at least one reference 

gene and the transgene being studied. The reactions were run on a 7500 Real 

Time PCR System (Applied Biosystems/Thermo Fisher Scientific, USA) with an 

initial denaturation step at 95oC for ten min. Each primer pair was optimised to 

run on standard cycling conditions of 95oC for 15 sec and then 60oC for one 

min, and this was continued for 40-45 cycles. This was followed by a default 

dissociation stage as a quality control measure to check for the presence of 

only one product for each primer pair used. The data were collected at the 60oC 

stage.  

The relative quantification (RQ) of each individual reaction was calculated 

based on their threshold cycle (Ct) values and the efficiency of the reaction 

which was obtained using the LinRegPCR software v12.3 [HFRC, Netherlands 

(Ramakers et al., 2003)]. For each sample two technical replicates were 

averaged to provide the RQ for that sample and if these were more than one 

Ct apart they were discarded.  
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Normalised relative quantification (NRQ) was calculated (Rieu et al., 2008b) for 

the genes of interest using the geometric mean of three endogenous genes – 

Ta2526, TaGapDH and TaSDH – that were chosen based on their consistent 

levels of expression throughout grain development. The qRT-PCR was 

performed on Ta2526 using forward primer qTa2526-Fext and reverse primer 

qTa2526-Rext, on TaGapDH using forward primer qGAPDH-ex3F and reverse 

primer qGAPDH-ex4R and on TaSDH using forward primer qSDH-01F and 

reverse primer qSDH-01R (Appendix 1).  

 

2.2.8 Southern Hybridisation 

Southern blot hybridisation was performed for wheat using the DIG detection 

system.  

 

2.2.8.1 Restriction endonuclease digestion and electrophoresis of gDNA 

restriction fragments 

Genomic DNA (15 µg) was digested overnight in 440 µl reactions containing 

three units of restriction enzyme per µg of DNA (1.5 unit enzyme/µg gDNA 

added in the evening and the rest added the next morning). To this reaction 

was also added 0.3 mg/ml Bovine Serum Albumen (BSA) and 4 mM spermidine. 

The digests were incubated at 37oC for a minimum of 16 hrs.   

After the digestion 20µl of 3M sodium acetate (pH 5.2) and 450µl 100% ethanol 

were added to the reaction and incubated at -20oC for one hr. The reaction was 

centrifuged at 13,000 rpm at 4oC for 30 min and the supernatant removed. To 

the pellet was added 70% (v/v) ethanol and centrifuged at 13,000 rpm for 15 

min at RT. The supernatant was discarded and the pellet air dried for one hr. 

The pellet was re-suspended in 30 µl TE buffer and stored at -20oC. Control 

plasmid digests representing 1 copy and 10 copies, estimated based on probe 

and plasmid size were also digested using the same restriction enzyme.  
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Before electrophoresis the reactions were incubated at 65oC for ten min and 

then transferred to ice and 5 µl of loading dye (15% w/v ficoll, 0.25% w/v 

bromophenol blue and 0.25% w/v xylene cyanol FF in sterile distilled water) 

added. The samples were loaded on to a 1X TBE buffered 0.7% agarose gel 

containing 0.5 µg/ml ethidium bromide and allowed to settle in the wells for 

10 min before starting electrophoresis. The gels were run slowly at ~1 V/cm 

until digested DNA had reached the bottom of the gels. The digested DNA was 

visualised and photographed under UV illumination against a ruler (to measure 

relative position of 1-KB ladder markers) and the dimensions of the gels 

recorded before transfer. 

 

2.2.8.2 Transfer of digested gDNA to nylon membranes 

After the completion of electrophoresis the gels were soaked in depurination 

solution (0.25 M HCl) for ten min and then rinsed in distilled water. The gels 

were then transferred to denaturation solution (1.5 M NaCl and 0.5 M NaOH) 

for 2 X 15 min washes and then to neutralisation solution (0.5 M Tris HCl, pH 

7.5 and 3 M NaCl) for 2 X 15 min washes. The final neutralisation step was 

performed for a longer duration in order to achieve a pH of 7 – 7.5. The gels 

were then washed three times in distilled water. All steps were performed on 

a shaker. After this the digested gDNA was transferred from the neutralised 

gels to positively charged nylon membranes (Roche Molecular Biochemicals, 

USA) as described by Sambrook et al. (1989). The transfer of DNA was 

continued for 36 hrs, after which the membranes were fixed in a UV 

Stratalinker (Stratgene, USA) at 12,000 J (auto settings) and stored at 4oC 

between two sheets of Whatman 3M filter paper prior to hybridisation. 

 

2.2.8.3 Synthesis of Digoxigenin-II-dUTP (DIG) labelled probe 

Plasmid DNA was used as a template and DIG label incorporated into double 

stranded DNA probes in a PCR reaction. This was done according to the 

protocol for PCR DIG probe synthesis (Roche Molecular Biochemicals, USA). 
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The PCR products were visualised on a 1X TBE buffered 1% agarose gel to 

confirm the incorporation of the DIG label against control reactions (higher 

mass DIG-UTP being incorporated instead of dTTP). 

 

2.2.8.4 Hybridisation of membranes 

The membranes were hybridised in rolling tubes in a hybridising oven 

(Hybaid/Thermo Fisher Scientific, USA) according to the DIG system User’s 

Guide for Filter Hybridisation (Roche Molecular Biochemicals, USA). The 

membranes were first prehybridised in filter sterile DIG Easy Hyb buffer which 

was added at 20 ml/100 m2 of membrane. The buffer was made up by adding 

64 ml distilled water to DIG easy hyb granules and incubated at 42oC to 

dissolve. Pre-hybridisation was carried out at 42oC for two hrs, after which the 

pre-hybridisation solution was replaced with 15 ml of the DIG Easy-Hyb 

containing DIG-labelled probe and hybridisation carried out overnight. The 

probe was previously denatured by boiling at 65oC for ten min and added to 

the DIG Easy Hyb at 1 µl/ml. After the completion of hybridisation, the probe 

solution was recovered and the membranes washed twice for five min in wash 

solution 1 [2X SSC (300 mM sodium chloride, 30 mM sodium citrate, pH 7.0), 

0.1% SDS] at RT. After this the membranes were washed twice in wash solution 

2 [0.5X SSC (75 mM sodium chloride, 30 mM sodium citrate, pH 7.0), 0.1% SDS] 

for 15 min, and then in wash solution 3 [0.1X SSC (15 mM sodium chloride, 1.5 

mM sodium citrate, pH 7.0), 0.1% SDS] also twice for 15 min. The washes in 

solution 2 and 3 were carried out at 68oC in a heated water bath.  

After completing the washes, the membranes were rinsed in washing buffer 

[0.3% tween 20 in maleic acid buffer (MAB – 100 mM maleic acid, 150 mM 

NaCl, pH 7.5)] for one min and incubated in blocking solution (1X blocking in 

MAB) for 30 min. The blocking solution was replaced by the antibody solution 

and the membranes incubated in this for a further 30 min. The antibody 

solution was prepared by adding Anti-DIG AP (1:10,000) in blocking solution (5 
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µl in 50 ml). This step was performed in a sealed plastic bag. The membranes 

were then rinsed in washing buffer twice for 15 min each.  

 

2.2.8.5 Detection of DIG labelled probes 

The detection of the DIG labelled probe was performed as described in the DIG 

system users guide for filter hybridisation (Roche Molecular Biochemicals, USA) 

using CSPD [Disodium 3-(4-methoxyspiro {1,2-dioxetane-3,2'-(5'-chloro) 

tricyclo [3.3.1.13,7] decan} -4-yl) phenyl phosphate]. Before the addition of the 

chemiluminescent substrate the membranes were equilibrated by washing in 

detection buffer (100 mM Tris-HCl, pH 9.5, 100 mN NaCl) for two min. To 15 ml 

of detection buffer was added 15 µl of CSPD and this was spread on the 

membranes by the single filter method. The membranes were placed between 

two sheets of acetate and the chemiluminescent substrate scattered over the 

surface (DNA side). The acetate sheet was then lowered and the substrate 

gently and evenly distributed by rubbing the acetate with a tissue. The acetate 

was then sealed ensuring there were no air bubbles inside.   

The sealed membranes were placed in an autoradiograph cassette (GRI) and 

exposed to X ray film (GRI). The cassette was initially incubated at 37oC for 15 

min and then incubated at RT. Multiple exposures were obtained from the 

membranes at different lengths of time. 
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2.3 Yield Measurements 

 

Yield was measured in terms of grain number, weight, size and shape 

characteristics using a MARVIN digital seed counter (GTA Sensorik GmbH, 

Germany). The machine takes a 2D image of the grains and uses this to count 

the number of grains and measures the length, width and area of each 

individual grain.  

The seed counter was set up to measure everything that falls within a specified 

range – 2-6.5 mm for width, 5-10 mm for length and 10-55 mm2 for area. These 

parameters were set-up to ensure that the machine only counts and measures 

wheat grains and not soil particles or pollen grains that might be present in the 

samples. To collect the data the seeds were placed in the MARVIN chamber 

ensuring that no two grains were touching each other. An image was then 

taken of the sample which was used to measure the various yield parameters. 

These grains were then weighed to calculate their thousand grain weight 

(TGW). 
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2.4 Quality Analysis 

 

2.4.1 Single Kernel Characterisation System (SKCS) 

Grain hardness and moisture were measured on samples of 100 randomly 

selected mature grains using the SKCS-4100 (Perten instruments, Sweden). The 

SKCS (Martin et al., 1993) is the most widely used method of measuring grain 

hardness and moisture and is one of the standards for measuring wheat kernel 

texture (Pearson et al., 2007). The SKCS-4100 automatically separates grains 

and determines individual weights, diameters, moisture and crushing profiles. 

The crushed samples were collected to be used for further analyses. The 

hardness index is calculated for each individual grain from these measurements 

using a hardness algorithm developed by the United States Department of 

Agriculture, Agricultural Research Service (USDA/ARS) US grains marketing 

research laboratory (USDA, 2016). 

 

2.4.2 Alpha amylase assay 

The α-amylase content of wheat flour was measured by a modified version of 

the Amylazyme protocol (Megazyme International Ireland Ltd., Ireland). The 

level of α-amylase in grains tends to be stochastic with some grains being 

unusually high compared to others. In order to avoid variation due to the 

presence of a few high expressing grains a large pool of grains was used for the 

measurement. For each sample 100 crushed grains that had been used for grain 

hardness measurements, as described in section 2.4.1, were milled using a 

liquid nitrogen mill (SpexSample Prep, UK) and from this 25 mg of flour used 

for the assay. Wheat flour was weighed into a 2-ml tube and to this was added 

500 µl buffer A (100 mM Sodium maleate, pH 6.0, 5 mM CaCl2 and 0.02% NaN3) 

and a magnetic micro stir bar. The tube was transferred to a 60oC water bath 

with a submersible magnetic stirrer set at ~850 rpm and the extraction 

continued for exactly five min. With the sample still stirring, 100 µl of 
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amylazyme solution (one amylazyme tablet dissolved in 1 ml buffer A – solution 

kept constantly vortexed to ensure it is uniformly mixed) was added using a cut 

tip and the reaction continued for a further five min. The sample was then 

removed from the water bath and 1.2 ml of stop solution (2% w/v tris base, pH 

9.5) added followed by thorough vortexing to stop the reaction. The samples 

were then kept at RT for a minimum of five min and then centrifuged at 3500 

rpm for five min and the supernatant removed to a fresh 1.5 ml tube. A flat 

bottom assay plate was used to measure absorbance of 150 µl of the 

supernatant at 590 nm. 

A standard curve was generated using α-amylase from barley malt (1.8 

units/mg) (Sigma-Aldrich Co., USA) and was used to calculate the amylase 

content of the samples using their ODs. A solution containing 2 units of amylase 

was made using the barley malt and from it aliquots of 1, 0.5 and 0.25 units 

were taken and the α-amylase assay performed on them. From each of these 

serial dilutions were generated and their ODs measured and used to create 

standard curves. The values obtained from the standard curves for each sample 

were converted to Ceralpha units using the following formula: 

 

Units/g = milliUnits/0.025 g (i.e. per assay) x 40 x 1/1000 

where: 

milliUnits (per assay) is obtained from the standard curves. 

40 = conversion from 0.025 g (as assayed) to 1 g of flour 

1/1000 = conversion from milliUnits to Units 
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2.4.3 Grain Nitrogen Measurements 

The percentage of nitrogen in wheat grains was measured on flour samples 

from the pool of grains used in section 2.4.2. Prior to analysis the samples were 

heated at 80oC for a minimum of four hours and then cooled for half an hour 

in a desiccator. For the analysis 150 mg (+/- 0.2 mg) was weighed out into foil 

parcels. The nitrogen measurements were performed by the Rothamsted 

Analytical Chemistry Unit using Leco CN628 (Leco corporation, USA). 
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2.5 Analysis of GA content 

 

Developing grains harvested at 28 dpa were lyophilised and milled to fine 

powder using a ball mill in order to measure GA concentrations. GA content 

was measured on approximately 500 mg of this material as described in 

Griffiths et al. (2006) with the modification that the GC-MS equipment used in 

the current study was a Thermo Finnigan MAT95 GC-MS. In brief, samples were 

extracted overnight at 4°C in 80% methanol-water (approximately 100 ml) after 

addition of approximately 1 kBq 3H-GA1 and –GA4, and 2H2-labelled GA internal 

standards (Appendix 3). An acidic fraction containing GAs was obtained by 

chromatography on QAE Sephadex anion-exchange columns and C18 HyperSep 

cartridges. Samples were then methylated in ethereal diazomethane and 

partitioned between ethyl acetate and water, the organic phase passed 

through a HyperSep NH2 cartridge and reduced to dryness. The samples were 

separated by reverse-phase HPLC. Grouped fractions (based on the retention 

times of the 3H-GA standards) were trimethylsilylated (by heating with MSTFA) 

and analysed by GC-MS with selected ion monitoring. Concentrations of 

endogenous GAs were determined by comparison to established calibration 

curves for unlabelled and deuterated analytes (where peak area ratios were 

plotted against a range of molar ratios of the two compounds). 
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2.6 Data Analysis  

 

Statistical analysis was performed using the GenStat statistical software 

package (2014, Seventeenth Edition, © VSN International Ltd., UK). The 

experiments with a balanced design were analysed with analysis of variance 

(ANOVA) to assess differences between various genotypes. The analysis was 

initially performed at the population level between the wild-type, average of 

all transgenics and average of all azygous lines (nulls) in any experiment. This 

analysis was then performed to study the differences between each transgenic 

line and its corresponding null. Least significant difference (LSD) with a 

significance threshold of 5% was used to assess differences between the three 

populations or the transgenics and their nulls. The method of Residual 

Maximum Likelihood (REML) (Patterson and Thompson, 1971) was used to fit 

linear mixed models in certain experiments in order to account for either their 

unbalanced nature or their complex design.  
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2.7 Bioimaging 

 

To examine GFP expression in developing grains, a Leica M205 FA stereo 

microscope (Leica Microsystems Ltd., UK) fitted with a 1.6X optic was used 

under bright field and through the GFP2 filter set (Excitation 460-500nm, 

Emission 510 long path). Grains from different constructs were examined at 

different stages of development depending on the timing of promoter activity. 

This was performed to confirm the tissue specificity of the promoter in 

question and its timing of activity during grain development. To visualise the 

grains on a flat surface, with minimal background, agar media supplemented 

with 5 g/l of activated charcoal in petri dishes was used to support the cut 

grains. Grains were cut in half using a double edged blade (TAAB Laboratories 

Equipment Ltd., UK) in either transverse or longitudinal sections and pushed 

onto the agar medium and examined under the microscope. 
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2.8 Controlled cross pollination of transgenic wheat lines 

Transgenic lines were crossed under controlled conditions to bring together 

different traits. 

 

2.8.1 Emasculation 

Before emasculation, the florets were checked by prying open the glumes and 

visually inspecting the anthers to ensure that anthesis had not yet occurred. 

The bottom pair and top three spikelets (Figure 1.6) were removed from each 

ear using forceps. For each remaining spikelet all florets except floret one and 

two were also removed. The anthers were then carefully removed from each 

floret making sure not to damage the stigma. The top of the glume was cut off 

to ensure that the applied pollen accessed the stigma. The emasculated ear 

was then covered with a crossing bag prior to pollination after the stigma had 

matured for a further two to four days.  

 

2.8.2 Pollination 

Individual ears from the desired male parent were selected at a stage where 

anthers were mature, but had not yet dehisced. The peduncle was then cut and 

the pollen donor ear inverted and placed in the crossing bag containing the 

emasculated ear. The donor ear was and moved around the emasculated ear 

twice a day for 2-3 days to ensure release of the pollen as the anthers dehisce 

and uniform pollination of the female parent.
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Chapter 3. Identifying Homozygous Plants using TaqMan   

Assays 

 

3.1 Introduction 

 

In order to answer several specific questions as to the role of GA in particular 

tissue types I employed a suite of promoters (Table 3.1) that allowed for the 

precise manipulation of GA levels or signalling in the different tissues of the 

wheat grain at different stages of development. A mutant version of a GA 

signalling gene from Arabidopsis (Atgai) was expressed to introduce GA 

insensitivity using the embryo- and aleurone layer-specific Barley embryo 

globulin 1 (HvBeg1) (Kriz, 1999) and aleurone layer specific barley chitinase 

(HvChi26) promoters (Leah et al., 1994), both these promoters being active 

from 26 dpa onwards. Additionally, to determine if the seed coat restricts grain 

size and if increasing the levels of GA in these tissues will allow production of 

larger grain, without adverse effects on flour quality a GA biosynthesis gene 

from Arabidopsis (AtGA20ox1) was expressed in the pericarp and the pigment 

strand using promoters that are switched on in the early stages of grain 

development. The two promoters selected for this study were from the inner 

integument- and pericarp-specific barley germin gene (HVGerF) (Wu et al., 

2000) and the inner integument-specific wheat dihydroflavanol-4-reductase 

gene (TaDFR-D) (Himi and Noda, 2004). In the grain the endosperm transfer 

layer is important as water and nutrients are transferred through this layer to 

the developing grain. In this layer the effects of both GA increase and 

insensitivity were investigated by expressing Atgai and AtGA20ox1 using the 

endosperm transfer layer-specific wheat Endosperm 1 (TaEND1) promoter 

(Doan et al., 1996), which is  active from seven to 40 dpa. Moreover, using a 

promoter which is switched on late in grain development to decrease the 

amount of GA in the endosperm by expressing a GA inactivating gene from 

bean (PcGA2ox1) has the potential to improve grain quality without impacting 
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grain size. For this purpose, the wheat Tritin (TaTri) (Habuka et al., 1993) 

promoter, which is active from 25-53 dpa, was used. Lastly, lines previously 

generated in our laboratory where AtGA20ox1 was expressed in the 

endosperm using the wheat high molecular weight glutenin subunit promoter 

(TaHMW-GS) (Lamacchia et al., 2001) and the PcGA2ox1 was expressed in the 

embryo and scutellum using the maize globulin 1 promoter (ZmGlb1) (Belanger 

and Kriz, 1989) were crossed to each other to combine the two genotypes.  

For each of the constructs studied in this project homozygous transgenic lines 

and azygous lines needed to be generated and identified prior to experimental 

analysis to ensure that all grain contributing to phenotypic and genotypic 

analysis of each independent line were of the same, and known, genotype. A 

selfed T1 generation of transgenic material is expected to have within its 

population plants which are homozygous, hemizygous or azygous (null) for the 

transgene. For the purpose of this thesis the azygous lines will hereafter be 

referred to as nulls. The process of identifying homozygous plants was carried 

out by PCR analysis and qPCR-based TaqMan assays of the various lines.  

The conventional method of selecting homozygous material in wheat 

comprises a process involving multiple generations where positive plants in 

each generation are identified and their progenies subsequently tested for 

their zygosity status. This method usually provides homozygous material by the 

T3 or T4 generation and involves growing a large number of plants. Apart from 

being an expensive process due to the large number of plants that are needed 

and the multiple rounds of PCR analysis, it can also take up to two years to 

identify homozygous material. Using TaqMan assays allows for the 

identification of homozygous material as early as the T1 generation cutting 

down on both the costs and time that conventional PCRs require. 

TaqMan assays involve the amplification of a target sequence in the presence 

of oligonucleotide probes designed to hybridise within this target sequence 

(Figure 3.1). These probes have a fluorescent label known as a reporter at the 

5’ end which does not fluoresce in free solution due to the presence of a 
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quencher at the 3’ end. The quencher is also a fluorescent dye but emits at a 

much lower wavelength than reporter dyes (Bubner and Baldwin, 2004) and is 

not detected by real-time PCR machines. During PCR amplification, the 5’ – 3’ 

exonuclease activity of the Taq polymerase degrades the probe annealed to its 

specific target sequence into smaller fragments releasing the reporter from the 

quencher. This results in a cumulative increase in fluorescence with each 

amplification cycle with the signal increasing in proportion to the amount of 

PCR product present in each reaction cycle. During the assay the first significant 

increase in the amount of PCR product during the exponential phase correlates 

to the initial amount of target DNA. The higher the amount of initial target DNA 

present, the sooner a significant increase in fluorescence is observed. Multiplex 

assays can be performed using probes with different reporters allowing for the 

amplification of a target and an endogenous control sequence in the same 

reaction (Holland et al., 1991, Lee et al., 1993, Livak et al., 1995, Hui et al., 

2008). 
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Figure 3.1: Schematic of TaqMan assays  

A target specific probe labelled with reporter (R) and quencher 

(Q) is added to a qPCR reaction. During the PCR process, bound 

probe is degraded by Taq releasing the fluorescent marker 

from the quencher resulting in increased fluorescence in the 

reaction [modified from (e-oligos, 2016)]. 

 

The results of a TaqMan assay are presented as a Ct value (threshold cycle) 

which is the cycle number at which the fluorescence reaches a threshold t. This 

threshold is above the background fluorescence value before exponential 

growth begins. A low Ct value indicates a high initial target template and high 

value the opposite. In a reaction with 100% efficiency there is doubling of PCR 

product with each cycle thus a sample with double the amount of initial DNA 

will have a Ct value one cycle lower than those with half the initial amount. 

Since a homozygous plant will contain double the amount of transgenic DNA 

compared to its hemizygous sister plants this method can be used to determine 

zygosity (Bubner and Baldwin, 2004, Dorak, 2012).  
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3.2 Results and Discussion 

 

The material available at the start of this project was the T1 generations of 

constructs one to seven and homozygous T4 generations of constructs eight 

and nine (Table 3.1). The zygosity analysis of constructs one to seven will be 

discussed here while the production and subsequent analysis of construct 10 

will be discussed in chapter 7. PCR analysis (section 2.2.2) was performed on 

24 T1 plants of each construct using primers in appendix 1 to confirm the 

presence or absence of the various transgenes. For each construct a large 

fragment [1-1.5 kilo bases (kb)] of DNA, spanning the junction of the promoter 

and effector sequences, was amplified in order to ensure the presence of an 

intact insertion. As expected, the T1 progeny segregated for lines that were 

either positive or negative for the presence of the transgene. The expected 

Mendelian segregation ratio of positive to negative plants is 3:1 but in the 

majority of cases ratios deviated from this value indicating that the transgene 

may be present in more than one copy and not integrated at a single locus. 

There were also occasional putative transformants for which no positive plants 

could be identified in the T1 generation and these were discarded. It is most 

likely these lines were ‘escapes’ in the selection process after transformation 

which were then falsely identified as PCR positive in the T0 generation.  
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 Table 3.1: List of available promoter: effector combinations 

No. Promoter Effector gene Target Tissue 
Available 

generations 

1 Tritin (TaTri) PcGA2ox1 Endosperm T1 

2 Endosperm1 (TaEND1) AtGA20ox1 
Endosperm transfer 

layer 
T1 

3 TaEND1 Atgai  
Endosperm transfer 

layer 
T1 

4 Germin F (HvGerF) AtGA20ox1 
Pericarp and inner 

integument 
T1 

5 
Dihydroflavanol-4-reductase 

(TaDFR-D) 
AtGA20ox1 Inner integument T1 

6 Chitinase (HvChi26) Atgai Aleurone T1 

7 Barley Embryo Globulin (HvBeg1) Atgai Embryo and Aleurone T1 

8 
High Molecular Weight Glutenin 

(TaHMWGlu) 
AtGA20ox1 Endosperm T4 

9 Maize globulin (ZmGlb) PcGA2ox1 Embryo/ Scutellum T4 

10 
TaHMWGlu::AtGA20ox1 

 X  
ZmGlb:: PcGA2ox1 

Endosperm  
+  

Embryo/ Scutellum 

Plants generated 
during this project 
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Transgene-positive progeny were then subject to further analysis by TaqMan 

assay (section 2.2.3) to distinguish homozygous from hemizygous plants using 

primers and probes (Appendix 1) designed to anneal to the transgene and an 

endogenous reference gene. The reference gene chosen for this analysis was 

TaHd1 which is an orthologue of the CONSTANS-like (CO2) gene from barley. 

This gene is known to be stably expressed throughout development and is 

present as a single copy. The comparative Ct method (ΔCt) for relative 

quantitation of transgene expression was used to analyse the data. This 

method compares the relative amount of the target sequence to the 

endogenous reference and requires the two reactions to have similar 

efficiencies. ΔCt is the difference between the Ct of the transgene and that of 

the endogenous control and is calculated for each sample and is used to 

determine zygosity. The ΔΔCt value is the difference between the ΔCt of a 

reaction with a single copy of the transgene, calculated using a standard curve, 

and the ΔCt of each reaction. This value can then be converted to absolute 

values using the formula 2-ΔΔCt to give the copy number of the transgene (Livak 

and Schmittgen, 2001, Dorak, 2012). 

For each construct the analysis was performed to compare the sister plants 

within each independent line. Mean ΔCt values were calculated for each 

positive progeny and those plants displaying a value approximately one ΔCt 

unit below that of the majority of the siblings were deemed to be homozygous 

as this is indicative of double the amount of initial DNA in these individuals 

compared to their hemizygous siblings. Along with the ΔCt values, normalised 

relative quantification (NRQ) of each reaction was also calculated based on Ct 

values that were normalised using the efficiency of each reaction. These values 

were log2 transformed to normally distribute the data. In certain lines the ΔCt 

and NRQ values did not correspond with each other. This may be due to the 

fact that the primers and probes used for this analysis perform at their 

threshold and any change in conditions does not result in accurate efficiency 

values. Therefore, the ΔCt values were judged to be more reliable and were 

used to select homozygous plants, which were grown to maturity. Null 
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segregants do not give a value in this assay due to the absence of the transgene 

and are thus not represented in the resultant graphs. However, for each line a 

null progeny was also grown on to maturity to provide seeds to use as a control 

for each line in subsequent experiments. The zygosity of the selected plants 

was determined by PCR in the T2 generation and those confirmed as being 

homozygous used for future experiments. 

 

3.2.1 Zygosity and copy number analysis of plants transformed with 

TaTri::PcGA2ox1 

 

3.2.1.1 PCR analysis to confirm presence of transgene 

In order to select homozygous material, 24 T1 seeds were sown and the 

resultant seedlings that germinated were analysed and plants from each of the 

six transformants harbouring construct TaTri::PcGA2ox1 were grown as 

described in section 2.1. These plants, generated as described in section 2.1, 

were analysed by PCR (section 2.2.2) using forward primer Tri-F and reverse 

primer 2ox-R (Appendix 1). This revealed that all progeny of line 6.4 were null, 

indicating that this was a false positive line and therefore this line was 

discarded from all further analysis. The other five lines contained a mix of 

positive and negative progeny. However, as previously mentioned a simple 3:1 

segregation ratio was never observed, indicating the presence of multiple 

copies of the transgene (Table 3.2).   
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Table 3.2: T1 zygosity PCR results for 
TaTri::PcGA2ox1 transgenic lines 

Results of PCR on T1 plants to check for the 

presence of the transgene in six lines harbouring 

TaTri::PcGA2ox1 construct. 

Line 
No. of +ve 

plants 
No. of -ve 

plants 
+ : - 
ratio 

6.2 20 2 10:1 

6.4 0 21 na 

6.6 16 4 4:1 

6.7 9 6 3:2 

6.8 15 9 5:3 

6.9 14 2 7:1 

 

 

3.2.1.2 TaqMan assay to select homozygous material 

The progenies of the five positive transformants were further analysed by 

TaqMan assay (Figure 3.2) using forward primer Q_ Pc2ox-F, reverse primer 

Q_Pc2ox-R and hybridization probe Q_Pc2ox-probe to amplify the transgene 

and primers HvCon2-F and HvCon2-R and probe HvCon2-probe (Appendix 1) to 

amplify the endogenous reference gene as described in section 2.2.3. For each 

of the five lines analysed the ΔCt and NRQ values correlated with each other 

and the three plants which displayed both low ΔCt and high NRQ (log2 

transformed) values were selected as potential homozygous material and 

grown to maturity. In this instance both sets of parameters (ΔCt and NRQ) were 

considered as there were plants available that displayed approximately one ΔCt 

unit below that of the majority of the siblings whilst also having the similar 

results for their NRQs. For other constructs when the two values did not 

correlate only the ΔCt values were considered while selecting potential 

homozygotes to take through to the next generation for further testing. For 

lines 6.2, 6.6, 6.8 and 6.9 the three plants with the low ΔCt values (Figure 3.2, 

A), which also displayed high NRQ (Figure 3.2, B). were chosen as potential 

homozygotes. In line 6.7 only 15 of the 24 seeds sown germinated and it 

contained a smaller proportion of positive plants compared to the rest of the 
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lines with a 3:2 segregation ratio. The ΔCt values for this line did not display a 

wide enough distribution to enable the clear separation of plants into the two 

classes of homozygous and hemizygous and due to this potential homozygotes 

were selected based only on their NRQs.  

 

 
Figure 3.2: TaqMan assay results for TaTri::PcGA2ox1 transgenic lines 

ΔCt (A) and log2 transformed NRQ (B) values for five different lines. Each box 

contains values for positive progeny within an independent transgenic line. 

Coloured plots represent those plants selected as potential homozygotes for 

further analysis, with the three matching colours representing the same 

plants in both graphs.  

 

B.

A.
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3.2.1.3 PCR analysis to confirm zygosity of T2 plants 

For each of the five lines, 24 T2 progenies of the three potential homozygous 

plants were grown as previously described in section 3.2.1.1. These plants were 

examined by PCR analysis (section 2.2.2) using primers Tri-F and 2ox-R 

(Appendix 1) as described above for the plants from the T1 generation (section 

3.2.1.1). This analysis was performed to confirm the zygosity results from the 

TaqMan assays (Figure 3.2). As table 3.3 shows not all of the plants that were 

selected through the TaqMan assay were confirmed as homozygous but for 

four of the five lines at least one homozygous progeny was identified. In lines 

6.2 and 6.9 all three progenies selected were confirmed to be homozygous, 

lines 6.6 and 6.8 contained two homozygous progenies each but in line 6.7 all 

progeny were found to be hemizygous. Whilst in the T1 generation this line 

displayed a low germination percentage, all T2 plants germinated. However, 

the segregation ratio in these lines in the T2 generation was 1:1 or 1:2, still not 

displaying normal segregation indicating towards other factors in this line 

leading to the failure of the TaqMan assay to identify any homozygous material.  
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Table 3.3: Confirmation PCR results for T2 TaTri::PcGA2ox1 transgenic 
lines 

Results of PCR on T2 generation plants of TaTri::PcGA2ox1 to confirm 

TaqMan assay results. Rows in bold show homozygous lines.  

Line No. of +ve plants No. of -ve plants Zygosity 

6.2.14 24 0 Homozygous 

6.2.1 24 0 Homozygous 

6.2.3 24 0 Homozygous 

6.6.15 23 0 Homozygous 

6.6.2 24 0 Homozygous 

6.6.16 16 8 Hemizygous 

6.7.11 11 13 Hemizygous 

6.7.6 12 12 Hemizygous 

6.7.14 8 16 Hemizygous 

6.8.9 21 0 Homozygous 

6.8.15 18 6 Hemizygous 

6.8.1 24 0 Homozygous 

6.9.17 24 0 Homozygous 

6.9.10 24 0 Homozygous 

6.9.11 24 0 Homozygous 
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3.2.1.4 Copy number analysis of TaTri::PcGA2ox1 transgenic lines 

Southern hybridisation was performed (section 2.2.8) on three positive T1 

plants for each of the five lines of this construct as it was believed that two lines 

– 6.8 and 6.9 – might be clonal as they originated from the same explant. The 

enzyme Xmn1 (NEB, USA) which cuts once just before where the probe anneals 

in the PcGA2ox1 gene was used for the restriction digests giving a minimum 

fragment size of 1200 bp for an intact cassette. Whilst there is some indication 

of segregation of some loci between sister progeny in lines 6.8 and 6.9 in 

general these lines display a highly similar digest pattern (Figure 3.3) indicating 

that these lines are clonal with an estimated 10 to 20 copies of the transgene 

present. Line 6.2 contains between eight to 18 estimated copies whereas 6.6 

and 6.7 both had lower numbers with estimates of four and two copies, 

respectively. All copies are preseumed intact as they were above the minimum 

expected resitrction fragment size of 1200bp. Copy number of transgenic lines 

can also be obtained from TaqMan assay results using the ΔΔCt method. If 

accurate, this method could provide a useful alternative to southern 

hybridisations. Unfortunately, due to time constraints the ΔΔCt analysis could 

not be completed on these lines and at present no comment can be made 

about its validity in comparison to southern hybridisations.   
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Figure 3.3: Southern hybridisation of TaTri::PcGA2ox1 transgenic lines 

Copy number analysis of three biological replicates of each independent 

line. a: 81.35pg plasmid  10 copies , b: 8.135pg plasmid  1 copy, c: WT 

CAD control and d: null control. 

6.2 6.86.6 6.7 6.9a b c d

8 kb-

4 kb-

3 kb-

1.5 kb-

1 kb-
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3.2.2 Zygosity analysis of plants transformed with the other constructs 

 

Due to the success of the TaqMan assays in identifying the homozygous 

progeny in T1 lines harbouring TaTri::PcGA2ox1 construct, this method was 

used for plants transformed with the remaining six constructs (Table 3.1). For 

each of these constructs the analyses described in sections 3.2.1.1, 3.2.1.2 and 

3.2.1.3 were performed using primers and probes in appendix 1. The detailed 

zygosity analysis of each of these constructs will be discussed in their respective 

results chapters. In the T1 generation none of the plants tested for any of the 

constructs displayed a 3:1 segregation ratio (data not shown) indicating that all 

contain multiple copies of their respective transgenes. The TaqMan assay 

results and subsequent PCR analysis of the T2 generation plants from the 

selected putative homozygous lines for each construct are represented in 

appendix 2. The TaqMan assays were between 75-100% successful in 

identifying a homozygous progeny for each line (Table 3.4). At least one 

homozygous progeny was identified in 39 of the 43 lines tested by the T2 

generation, representing a significant improvement over the traditional pot-

luck approach.  

  

Table 3.4: Success rate of TaqMan assays of transgenic lines harbouring 
various constructs 

Results of TaqMan assays on plants transformed with different constructs. For 

each line in a construct, T2 progenies of three plants were tested for zygosity.  

Construct 
No. of lines 

tested 

No. in which 
homozygous 

progeny 
identified 

Success rate 
(%) 

TaTri::PcGA2ox1 5 4 80 

TaEND1::AtGA20ox1 6 5 83.30 

HvGer::2 AtGA20ox1 7 7 100 

TaDFR-D:: AtGA20ox1 6 6 100 

HvChi26:: Atgai 7 7 100 

HvBeg1::Atgai 8 7 87.50 

TaEND1:: Atgai 4 3 75 
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The four lines in the four separate constructs where no homozygous plants 

were identified all displayed atypical segregation ratios in either the T1 or T2 

generations. Line 2.4 whilst having a normal 3:1 segregation in the T1 

generation and displaying consistent results for TaqMan Assay did not result in 

producing any homozygous material. The three lines chosen as potential 

homozygotes displayed a 5:3 or 1:1 segregation. Whereas, line 11.7 displayed 

an atypical 1:3 segregation in the T1 generation, however the three plants 

chosen as potential homozygotes all had a 3:1 T2 segregation. Line 10.10 did 

not display a typical segregation in either the T1 (1:1) or T2 (1:2, 7:1 and 3:5) 

generations. As discussed in sections 3.2.1.2 and 3.2.1.3, line 6.7 displayed 

atypical segregation in both T1 and T2 generations. Taken together these 

results indicate that for the majority of lines homozygous material wasn’t 

identified when the T1 generation had a smaller proportion of positive plants. 

However, in line 2.4 this was not the case implying that there might be other 

issues with this line that is likely to prevent the identification of homozygous 

material for several generations. 

In the majority of lines where hemizygous sisters where present along with 

homozygous lines, the hemizygous plants had a segregation ration close to 3:1 

or around 22:2 indicating that either the segregation was normal in the T2 

generation or effectively homozygous material was selected, but one copy of 

the transgene might still be segregating independently.  
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3.3 Conclusions 

 

A qPCR based method – TaqMan assays – was developed to determine zygosity 

of transgenic wheat plants from various constructs and homozygous material 

identified for each of the seven constructs studied in this thesis. The 

development of this method using TaqMan assays allowed the identification of 

homozygous material as early as the T1 generation cutting down on both the 

costs and time that conventional PCRs require.  However, this method did not 

have a 100% success rate which could potentially be due to the presence of 

multiple copies of the transgenes and, as previously mentioned, which may not 

all be co-segregating. The presence of higher amounts of transgene DNA in 

some plants compared to their siblings within a line could be an indication of 

the presence of higher number of copies of the construct and not 

homozygosity. Hence those plants chosen as homozygous due to their low ΔCt 

values may be unevenly segregating hemizygous plants containing additional 

copies of the transgene compared to some of their sisters. In spite of this, of 

the 43 independent transgenic lines tested from the seven constructs, at least 

one homozygous T1 plant was identified in 39 of these giving an overall success 

rate of 90%. This is much higher than the 33% chance (assuming simple 

Mendilan segregation) of randomly selecting a T1 homozygous plant from the 

positive progenies available. 
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Chapter 4. Effects of GA insensitivity in developing embryo 

and aleurone layer of wheat grains 

 

4.1 Introduction 

 

During germination, the aleurone layer of the grain produces the hydrolytic 

enzyme α-amylase, which is secreted to the endosperm where it breaks down 

starch to simple sugars to support the growing embryo (section 1.2.5). When 

α-amylase is present in small quantities in refined flours it is beneficial in bread 

making. However, when present in higher amounts in flour it makes the dough 

unusable due to starch degradation (Edney, 1996). Hagberg Falling Number 

(HFN) is a quality measure of flour and is inversely related to α-amylase activity 

(Gooding et al., 2012). Flour with a low HFN, due to excessive α-amylase, 

produces bread with a sticky crumb while a high HFN produces a dry crumb 

(Perten, 1964). Whilst the presence of GA in the aleurone layer is necessary to 

produce α-amylase, GA is not produced in this tissue and GA biosynthesis genes 

are not expressed here. However, GA signalling genes are expressed in the 

aleurone, indicating that GA can be perceived in this tissue (Kaneko et al., 

2003). It is believed that α-amylase is produced in response to GA produced by 

the grain as application of GA biosynthesis inhibitors to the developing grain 

reduces the production of α-amylase (Delrot and Bonnemain, 1985). 

Furthermore, it is known that during germination GA synthesised by the 

embryo moves to the aleurone layer where it induces the production of α-

amylase (Fincher, 1989). The expression of the GA biosynthesis genes 

OsGA20ox1 and Os3ox2 in the scutellum of rice grains, and TaGA20ox1 and 

TaGA3ox2 in the germinating embryo of wheat further confirm that this organ 

is an important site of GA biosynthesis in the grain (Kaneko et al., 2003, 

Appleford et al., 2006).  
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This study aimed to determine whether insensitivity to GA in the developing 

wheat embryo and aleurone (the sites of GA and α-amylase production, 

respectively) can be used to reduce α-amylase levels in the mature grain and 

therefore improve flour quality, by expressing the mutant Arabidopsis GA 

signalling gene Atgai, which confers insensitivity to GA (section 1.3.3), in these 

organs. It was also hoped that conferring GA insensitivity in the embryo, which 

is a site of GA production in the developing grain, would inform further 

understanding of the role of GA in dormancy, germination and PHS. The 

promoters selected for this study were the aleurone-specific barley Chitinase 

26 (HvChi26) promoter and the barley embryo globulin (HvBeg1) promoter 

which confers activity in the embryo and aleurone layer (Table 3.1) (Figure 4.1).  

 

 
Figure 4.1: Basic structure of HvChi26::Atgai and HvBeg1::Atgai 

Basic structure of constructs HvChi26::Atgai (A) and HvBeg1::Atgai (B). The 

position of junctions between elements is given in base pairs (bp). The 

cauliflower mosaic virus (CaMV)35S terminator is labelled 35S T.  

 

Chitinases are known to play a role in defence against chitin-containing 

pathogens and are expressed in various plant tissues. They hydrolyse chitin 

which is a structural polysaccharide in fungal cell walls and thus act in plant 

resistance against fungal pathogens (Dahiya et al., 2006). The aleurone layer 

specific Type II chitinase (Chi26) gene was first isolated from barley seeds and 

encodes a 26-kDa protein. This protein accumulates to high levels specifically 

in the aleurone layer during germination and late in grain development and is 

unaffected by GA  (Leah et al., 1991). The 5’ upstream sequence (1514 bp) of 

HvChi26 Promoter 35S TAtgai

bp 1 2535 4131 4364

HvBeg1 Promoter 35S TAtgai

bp 1 1453 3049 3282

A.

B.
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this gene was shown to drive the expression of the GUS reporter in 26-28 dpa 

and germinating aleurone tissues, and to a lesser degree in 16-18 dpa aleurone. 

No expression was observed in leaves, embryo, endosperm or developing 

pericarp tissues (Leah et al., 1994). Hwang et al. (2001) further confirmed the 

aleurone-specific nature of the Chi26 promoter through studies in rice. They 

used an 882-bp fragment from barley which showed a number of 

deletion/insertions compared to the sequence reported by Leah et al. (1994) 

and believe this could be due to the allelic difference between varieties. 

Further promoter deletion analysis carried out by Leah et al. (1994) indicated 

that the cis-acting elements controlling gene expression are situated between 

-200 and -140. These authors also showed that point mutations in two direct 

6-bp repeats (GCCAAG and TTGATC) located between -179 and -147 resulted 

in reduced promoter activity. This 33 bp fragment was also shown to confer 

aleurone-specific expression, further indicating that this region contains tissue-

specific regulatory elements (Leah et al., 1994). For the present study the 

HvChi26 promoter was isolated using genome walking as attempts to amplify 

it from barley using multiple primer pairs based on Genbank sequence L34210 

were unsuccessful. Genome walking generated a single 3079 bp fragment from 

barley cv. Morex (Vaughan, S., unpublished data). This represented 545 bp of 

HvChi26 coding sequence (CDS), which displayed 96.7% identity to the 

previously identified HvChi26 CDS by Leah et al. (1994) (L34210), and 2534 bp 

of upstream promoter sequence. However, only the first 608 bp distal to the 

start codon displayed any significant homology (94.4% identity) to the 

previously reported 1697 bp promoter sequence described by Leah et al. 

(1994) with the remaining 1089 bp sequence only displaying 44.2% identity. 

Such a drastic change in the level of identity between the two sequences 

probably indicates a mistake in-silico and goes a long way to explain why 

attempts to amplify this fragment by PCR based on the published sequence 

failed. The extended and verified sequence, based on a single fragment and 

sequenced in both directions, was submitted to Genbank under the accession 

HM564396 and is the source of the HvChi26 promoter used in this study. 

Promoter activity was studied during grain development in our laboratory using 
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seven independent lines expressing the HvChi26 promoter directing nuclear-

targeted GFP expression (Figure 1.15). This promoter was found to be highly 

active in the aleurone layer of the grain of all lines examined from 26 dpa 

onwards through to maturity. Expression was not observed in any other grain 

tissues. However, in two lines significant amounts of GFP were observed in the 

leaves although expression was not detected in any other non-target tissues 

(Vaughan, S., unpublished data). 

The second promoter utilised in this chapter is associated with a cereal 7S 

Globulin gene. Globulins are salt-soluble seed storage proteins which primarily 

consist of 3S and 7S units present in different proportions in different species, 

with the 10-11S present as a minor component (Shewry et al., 1995). The 3S 

and 7S globulins are orthologues of the vicilins of the Leguminoseae which are 

known to accumulate during seed development (Robert et al., 1985). In cereal 

seeds the 7S globulins have highly regulated expression pattern and have  been 

shown to accumulate in the embryo and aleurone layer (Yupsanis et al., 1990) 

and are positively regulated by ABA (Heck et al., 1993). Their distribution in the 

grain is in contrast with other storage proteins which accumulate in the starchy 

endosperm (Kriz, 1999). In maize and barley each globulin component is 

encoded by a single gene – Glb1 and Beg1, respectively. However, in wheat 

three genes have been identified – Glo-3A, Glo-3B and Glo-3C (Loit et al., 2009). 

The promoter used in this study was isolated from a vector supplied by Ralph 

Quatrano (Oregon State University, USA) under an MTA. This genomic clone 

previously reported to be a wheat 7S globulin (GenBank, M81719) has since 

been re-annotated as the barley Beg1 gene (Kriz, 1999). To re-confirm the 

identity of the promoter sequence used in this study, the 1452 bp sequence 

used was BLAST searched against both the wheat and barley genomic 

databases. The sequence showed a 99.8% (1430 bp) identity to barley cv. 

Morex contig 136631 (Kersey et al., 2016), whereas only small fragments 

aligned within the wheat genome confirming this to be the promoter of the 

HvBeg1 gene. Promoter activity was further studied during grain development 

in our laboratory using 13 independent lines expressing nuclear-targeted GFP 
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under control of the HvBeg1 promoter (Figure 1.15). GFP activity was observed 

in all lines in both the embryo and aleurone of the developing grains from 26 

dpa through to maturity. Promoter activity was not observed in any of the non-

target tissues except for low-level expression of GFP in the glumes of one line 

(Vaughan, S., unpublished data).  
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4.2 Results and discussion 

 

4.2.1 Production of homozygous material 

To select homozygous material for this study 24 T1 plants from six independent 

lines of HvChi26::Atgai and seven lines of HvBeg1::Atgai were genotyped as 

described in Chapter 3. TaqMan assays (section 2.2.3 and appendix 2) were 

performed on T1 plants of both constructs using forward primer Q_GAI-F, 

reverse primer Q_GAI-R and hybridization probe Q_GAI-probe (Appendix 1). 

For both constructs, three plants were chosen from each independent line as 

potential homozygotes. The T2 progenies of the plants harbouring construct 

HvChi26::Atgai were analysed by PCR (section 2.2.2) using forward primer 

Chi26-F and reverse primer Gai-R (Appendix 1). The same analysis was also 

performed on T2 HvBeg1::Atgai transgenic lines using forward primer 7Sg-F 

and reverse primer Gai-R (Appendix 1). Homozygous T2 plants were 

subsequently selected and an experiment performed with three biological 

replicates for each line. 

 

4.2.2 Experimental design 

Grain yield and quality studies were performed to examine the effects of 

ectopic expression of the Atgai gene in the embryo and aleurone layers of the 

grain using transgenic wheat lines harbouring the HvChi26::Atgai and 

HvBeg1::Atgai constructs generated as described in section 2.1. A single RCBD 

experiment was setup as described in section 2.1.1 with three replicates of 

each line. In this experiment for each line one plant was grown in a 15-cm pot, 

which was cut back to five tillers each. From ears one, three and four; grains 

were harvested at maturity to measure yield and analyse various quality 

parameters. Grains from ear two were harvested at 35 dpa to measure various 

transcript levels and grains from ear five were harvested at two time points (21 
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and 35 dpa – four grains each) to visualise GFP (section 2.7) to confirm 

promoter activity.  

 

4.2.3 Analysis of transgenic lines expressing the Atgai gene under 

control of the aleurone-specific HvChi26 promoter  

 

4.2.3.1 GFP visualisation of HvChi26 activity 

GFP fluorescence was examined in grains at 21 and 35 dpa as described in 

section 2.7. These two time points were chosen to confirm the earlier studies 

in our laboratory which showed promoter activity beginning at 26 dpa. 

However, whilst restricted to the expected target tissues in the grain, in this 

experiment GFP expression was observed at 21 dpa (Figure 4.2). Due to this 

younger grains were also studied and GFP was observed as early as 16 dpa. 

Whilst growing conditions were consistent between experiments, the 

difference observed in the timing of promoter activity may be due to external 

environmental variables affecting the quality of growing conditions between 

experiments. It is also possible there may have been some differences in how 

the plants were staged by different researchers. However, due to time and 

resource constraints it wasn’t possible to further characterise the temporal 

activity of this promoter across the multiple experiments. Promoter activity 

was also studied at germination and GFP was visible from 24 hours after 

imbibition (Figure 4.3) up to four days post germination. In these lines GFP was 

visible in the aleurone layer surrounding the germinating grain. 

 



114 
 

 
Figure 4.2: Activity of aleurone specific promoter in wheat grain 

Transverse and longitudinal sections highlighting the aleurone layer are 

presented in bright field (top panel) and under a GFP filter set (excitation/ 

emission) (bottom panel) at 21 dpa (A) and 35 dpa (B) for typical transgenic 

lines harbouring GFP under control of the barley HvChi26 promoter. Scale bars 

represent 500µm for each image. 

 

B.

A.
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Figure 4.3: Activity of embryo specific promoter in germinating grains 

Transverse and longitudinal sections highlighting the aleurone layer are 

presented in bright field (top panels) and under a GFP filter set (excitation/ 

emission) (bottom panels) at 24 hrs post imbibition for typical transgenic lines 

harbouring GFP under control of the barley HvChi26 promoter. Scale bars 

represent 500µm for each image. 

 

 

4.2.3.2 HvChi26::Atgai transgene expression 

To confirm expression of the introduced transgene, transcript levels of the 

Atgai gene were measured in cDNA synthesised (section 2.2.6) from RNA 

extracted as described in sections 2.2.4 and 2.2.5 from 35 dpa grains. These 

grains were harvested from ear two of three biological replicates from each of 

the six independent lines in the experiment and their respective nulls and the 

wild-type control. qRT-PCR was performed on this material according to section 

2.2.7 using forward primer gai_qPCR-F and reverse primer gai_qPCR-R 

(Appendix 1). The expression of the transgene (Figure 4.4, A) was normalised 

against the expression of two endogenous genes – Ta2526 and TaSDH (section 

2.2.7 and appendix 1). The data presented in Figure 4.4 is an average of the 
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normalised relative quantifications (NRQs) of three biological replicates, except 

for line 9.7 where cDNA synthesis of one replicate failed. The qRT-PCR was 

performed on all plants in the experiment, including the null and wild-type 

plants as controls. No expression of the transgene was observed in any of the 

control material (including the NRT controls) and as such these are excluded 

from the figures as presented.  

 

 
Figure 4.4: NRQs of Atgai and GFP in HvChi26::Atgai transgenic lines 
Average of normalised expression levels of the Atgai (A) and GFP (B) genes 

in 35 dpa grains as measured in three biological replicates for each 

transgenic line. Vertical error bars denote standard errors of the mean 

(SEM).  

 

It should be noted that, whilst detectable, Atgai NRQs ranged from 0.0012 to 

0.015 (Fig. 4.4, A) which is very low compared with the other transgenes 

examined within this project. GFP transcript levels were also measured on the 

same material using forward primer GFP_qPCR_F and reverse primer 

GFP_qPCR_R (Appendix 1) and are presented in figure 4.4 B. GFP expression 

levels were between 500 to 6000 times higher than those observed for Atgai 

in these lines. This high expression of GFP is comparable to the expression of 

the Pc2ox transgene (chapter 6) though it is much higher than all other 

transgenes studied in this project. The high expression levels of GFP in these 
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lines indicates that the promoter used is functional, but suggests that 

potentially position effects, sequence conformation or cis-acting factors may 

be affecting expression of the Atgai gene. It should also be noted that it is 

possible that Atgai expression is so low in these lines as to be non-functional. 

 

4.2.3.3 HvChi26::Atgai effects on yield 

To study effects of expressing HvChi26::Atgai on grain yield, mature grains 

harvested from three ears (taken as a standardised proxy for total yield) of each 

plant in the experiment were assessed according to the methods described in 

sections 2.3 and 2.4.1. The MARVIN digital seed counter was used to count the 

number of grains and measure their surface area, length and width. These 

grains were then weighed to calculate thousand grain weights (TGW). The 

measurements for diameter were obtained from SKCS as described in section 

2.4.1. The data presented in figure 4.5, A-E shows the average values for three 

biological replicates of each line. Whilst for the majority of lines the 

measurements for diameter (Figure 4.5, F) are also based on three biological 

replicates each, for the transgenic plants of lines 9.7 and 9.8 this is an average 

of two replicates only. In each of these lines one replicate did not produce 

enough grains to enable robust data analysis and thus was excluded.  For all of 

the yield variables measured the difference between the transgenic, null and 

wild type was assessed at the population level using ANOVA. Using LSD at 5% 

no significant differences were observed between the three genotypes for any 

of the variables studied. This result agrees with the hypothesis that insensitivity 

to GA in the aleurone layer would not have any effect on grain yield.  
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Figure 4.5: Analysis of yield componenets on HvChi26::Atgai transgenic lines  
Averages are presented for several variables: grain number (A), grain surface 

area (B), TGW (C), grain length (D), grain width (E) and grain diameter (F) for 

measurements on mature grains. Grey bars – transgenic lines, black bars – null 

segregants and hatched bars – wild type (WT). * denotes significant difference 

between a transgenic and its null using LSD at 5%: p value at – *: ≤ 0.05. 

Vertical error bars denote standard error of the difference (SED) on 1, 24 

degrees of freedom (df) in A-E and 1, 22 df in F. 

 

The differences between the transgenic lines and their respective nulls were 

also analysed using ANOVA. Grain number, averaged from three ears, showed 

a broad range from a low of 121 (transgenic, line 9.7) to a high of 182 (null, line 

9.10), but no significant differences between transgenics and nulls were 
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observed in any of the lines (Figure 4.5, A), indicating that, as expected, 

expression of this construct does not affect grain number. The average TGW 

also showed a wide range from a low of 41.1 g (null, line 9.10) to a high of 54.22 

g (transgenic, line 9.5). However, again no significant differences were 

observed between the transgenics and nulls in any of the lines (Figure 4.5, C). 

For area and length measurements, whilst the majority of lines did not show a 

significant difference, in line 9.7 the transgenic grains had a significantly larger 

area (p = 0.04, F-test = 4.73) and length (p = 0.037, F-test = 4.86) than its null 

(Figure 4.5, B and D).  Grain width in all lines showed no significant differences 

using LSD at 5% (Figure 4.5, E). However, using LSD at 10%, lines 9.7 and 9.10 

both showed significant differences (p = 0.081, F-test = 3.31 in both lines) in 

width. In each line the transgenic grains were larger than their respective nulls. 

Likewise, grain diameter (Figure 4.5, F) also did not show any significant 

differences in any of the lines studied and ranged from 3.73 mm (transgenic, 

line 9.8) to 4.1 mm (transgenic, line 9.5). Taken as a whole there was no 

evidence that the HvChi26::Atgai construct affected grain yield or morphology. 

 

4.2.3.4 HvChi26::Atgai effects on quality 

To study the effect of expressing HvChi26::Atgai on grain quality, grain 

hardness, grain moisture content and the α-amylase content of flour were 

assessed. Grain hardness and moisture were measured using the SKCS system 

as described in section 2.4.1 and differences between the transgenic lines and 

their respective nulls analysed using ANOVA at 5% LSD. The data presented in 

Figure 4.6, A and B represents the average of three biological replicates for 

each line with the exception of transgenic lines 9.7 and 9.8 where only two 

replicates were available. Grain hardness did not show any significant 

differences in the majority of the lines except line 9.7 (Figure 4.6, A). In this line 

the transgenic plants had a significantly lower hardness index than the null 

plants (p < 0.001, F-test = 28.44). Whilst the moisture content of all lines in this 

experiment was in the normal range (11 -14%), only lines 9.4 and 9.7 displayed 
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significant differences between the transgenics and the nulls, with transgenic 

grains in line 9.4 having a higher moisture content than their null (p = 0.005, F-

test = 9.86) and line 9.7 transgenics having a lower moisture content than their 

nulls (p = 0.003, F-test = 11.37).   
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Figure 4.6: Analysis of quality components on 

HvChi26::Atgai transgenic lines  
Averages are presented for several variables: grain hardness 

(A), moisture content (B) and α-amylase (C) for measurements 

on mature grains. Grey bars – transgenic lines, black bars – null 

segregants and hatched bars – WT. * denotes significant 

difference between a transgenic and its null using LSD at 5%: p 

value at – *: ≤ 0.05, **: ≤ 0.005 and ***: ≤ 0.001. Vertical error 

bars denote SED on 1, 22 df in A and B, and 1, 24 df in C. 
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Grains crushed during SKCS analysis were collected and milled to a fine flour 

and α-amylase measured on 25 mg of this material according to section 2.4.2. 

The data presented in figure 4.6, C shows ceralpha units (CU) for each line and 

is an average of three biological replicates. It should be noted that the level of 

α-amylase enzyme in the wild-type control was much lower (0.24 CU/g) in this 

experiment compared to the rest of the studies in this project. This could be 

due to the different times of year the experiments were conducted. Even 

though all plants were grown in a glasshouse under controlled environmental 

conditions external environmental variables affecting the quality of growing 

conditions has been observed between experiments. The α-amylase content in 

the rest of the lines showed a broad range with the highest value being 0.67 

CU/g (transgenic, line 9.7) and the lowest 0.09 CU/g (null, line 9.4). We 

hypothesised that insensitivity to GA in the aleurone layer would result in a 

reduction in the α-amylase content and in order to test this the differences 

between the transgenics and their respective nulls were analysed using 

ANOVA. As shown in section 4.2.3.2 (Figure 4.4, A) line 9.10 has the highest 

expression of the Atgai transgene. However, this did not result in a 

corresponding, statistically significant reduction in the α-amylase content in 

this line compared to its null (Figure 4.6, C). Indeed, whilst there was large 

variation in the α-amylase content in the rest of the lines the only significant 

differences in the transgenics were observed in lines 9.4 (p = 0.031, F-test = 

5.26) and 9.7 (p = 0.001, F-test = 13.98) where α-amylase levels were 

significantly higher. These results indicate that either GA insensitivity in the 

aleurone layer does not have an effect on α-amylase production or that the low 

levels of Atgai transgene expression are insufficient to confer the desired 

phenotype.  

 

4.2.3.5 HvChi26::Atgai effects on endogenous gene expression 

To further understand the variation observed in α-amylase levels in these lines 

the expression levels of two of the three endogenous α-amylase genes – 
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TaAmy1 and TaAmy2 – were measured. As discussed in section 1.2.5.1, the 

third α-amylase gene, TaAmy3 is expressed only in maternal tissues during the 

early stages of grain development and was thus not measured on this material. 

These measurements were performed according to section 2.2.7 and on the 

same cDNA from 35 dpa grain used in section 4.2.3.2. The expression of the 

two genes (Figure 4.7, A and B) was normalised against the expression of two 

endogenous genes – Ta2526 and TaSDH (section 2.2.7 and appendix 1). The 

data presented in figure 4.7 (A and B) is an average of the NRQs of three 

biological replicates, expect for line 9.7 where cDNA synthesis of one replicate 

failed. 

 

 
Figure 4.7: NRQs of TaAmy1 and TaAmy2 on HvChi26::Atgai transgenic 

lines 
Endogenous levels of the TaAmy1 (A) and TaAmy2 (B) genes at 35 dpa. Grey 

bars – transgenic lines, black bars – null segregants and hatched bars – WT.  

Vertical error bars denote SEM.  

 

The qRT-PCR for TaAmy1 was performed using forward primer TaAmy1_F2 and 

reverse primer TaAmy_R2 (Appendix 1). The expression of this gene showed a 

large degree of variation within biological replicates and across and within 

lines. In the transgenics of line 9.7, whilst there was a high level of variation 

between replicated, TaAmy1 was highly up-regulated (Figure 4.7, A) compared 
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to its null which could explain the extremely high levels of α-amylase in this line 

(Figure 4.6, C). Whilst there was an overall weak trend towards up-regulation 

of TaAmy1 in the transgenics, in line 9.4 the opposite was observed. However, 

this line also had higher α-amylase content than its null. Line 9.10 was notable 

in that the expression of TaAmy1 was extremely low in both the transgenics 

and the nulls. This lines also had the highest expression of the Atgai transgene 

(Figure 4.4, A), but no corresponding reduction in α-amylase content was 

observed.  

The expression of TaAmy2 was also analysed in these lines, using forward 

primer Amy2_F_ext and reverse primer Amy2_R_ext (Appendix 1). However, 

there was no consistency of TaAmy2 expression between lines, no correlation 

of expression patterns between transgenics and nulls (Figure 4.7, B) and no 

overall correlation between TaAmy2 expression and α-amylase levels in these 

lines. 
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4.2.4 Analysis of transgenic lines expressing the Atgai gene under 

control of the embryo- and aleurone-specific HvBeg1 promoter  

 

4.2.4.1 GFP visualisation of HvBeg1 activity 

GFP was examined in grains at 21 and 35 dpa (according to section 2.7) from 

plants expressing HvBeg1:Atgai to confirm earlier studies in our laboratory 

which showed promoter activity beginning at 26 dpa. Whilst restricted to the 

expected target tissues in the grain, faint GFP expression was observed at 21 

dpa in the aleurone layer and scutellum (Figure 4.8) and when younger grains 

were studied GFP was observed as early as 16 dpa. As mentioned in section 

4.2.3.1 whilst growing conditions were consistent between experiments, the 

difference observed in the timing of promoter activity may be due to external 

environmental factors affecting the quality of growing conditions between 

experiments. However, due to time and resource constraints it also wasn’t 

possible to further characterise the temporal activity of this promoter across 

multiple experiments. Promoter activity was also studied at germination and 

GFP was visible from 24 hours after imbibition (Figure 4.9) up to four days post 

germination. In these lines GFP was visible in the aleurone and the scutellum 

of the germinating grain, but not in the embryonic axis. 
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Figure 4.8: Activity of embryo and aleurone specific promoter in wheat grain  

Transverse sections highlighting the aleurone layer and longitudinal sections 

highlighting the embryo are presented in bright field (top panel) and under a 

GFP filter set (excitation/ emission) (bottom panel) at 21 dpa (A) and 35 dpa (B) 

for typical transgenic lines harbouring GFP under control of the barley HvBeg1 

promoter. Scale bars represent 500µm for each image. 

 

 

B.

A.
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Figure 4.9: Activity of embryo and aleurone specific promoter in germinating 

grain  

Transverse and longitudinal sections highlighting the aleurone layer and 

scutellum are presented in bright field (top panels) and under a GFP filter set 

(excitation/ emission) (bottom panels) at 24 hrs post imbibition for typical 

transgenic lines harbouring GFP under control of the barley HvBeg1 promoter. 

Scale bars represent 500µm for each image. 

 

 

4.2.4.2 HvBeg1::Atgai transgene expression 

As described in section 4.2.3.2, to confirm expression of the introduced 

transgene, transcript levels of the Atgai gene were measured in cDNA 

synthesised (section 2.2.6) from RNA extracted as described in sections 2.2.4 

and 2.2.5 from 35-dpa grains. These grains were harvested from ear two from 

three biological replicates from each of the seven independent lines in the 

experiment and their respective nulls and the wild-type control. The qRT-PCR 

was performed on this material according to section 2.2.7 using primers 

gai_qPCR-F and gai_qPCR-R. The expression of the transgene (Figure 4.10, A) 

was normalised against the expression of three endogenous genes – Ta2526, 
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TaGapDH and TaSDH (section 2.2.7 and appendix 1). The data presented in 

figure 4.10 is an average of the NRQs of three biological replicates, except for 

lines 10.8 and 10.11 where cDNA synthesis of one replicate failed. The qRT-PCR 

was performed on all plants in the experiment, including the null and wild-type 

plants as controls. However as mentioned in section 4.2.3.2, no expression of 

the transgene was observed in any of the control material (including the NRT 

controls) and as such these are excluded from the figures as presented. 

 

 
Figure 4.10: NRQs of Atgai and GFP in HvBeg1:Atgai transgenic lines  
Average of normalised expression levels of the Atgai (A) and GFP (B) genes 

in 35 dpa grain as measured in three biological replicates for each 

transgenic line. Vertical error bars denote SEM. 

 

It should be noted that in these lines as well, whilst detectable, Atgai NRQs 

were very low compared with the other transgenes examined within this 

project and ranged from 0.0034 to 0.027. It should also be noted that in line 

10.7, Atgai expression was not detected in all three biological replicates (Figure 

4.10, A), although all were PCR positive for the gene. GFP transcript levels were 

also measured on the same material using forward primer GFP_qPCR_F and 

reverse primer GFP_qPCR_R and are presented in figure 4.10, B. GFP 

expression levels in these lines were between 13 to 300 times higher than those 

observed for Atgai. Whilst the expression of GFP in these lines is not as high as 
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that seen for plants with the HvChi26 promoter (Figure 4.4, B), these expression 

levels of GFP indicate that the promoter used is functional. This again suggests 

that potentially sequence conformation or cis-acting factors may be affecting 

expression of the Atgai gene. It is possible that Atgai expression in these lines 

is so low as to be non-functional, as for the HvChi26::Atgai lines. It should also 

be noted that qRT-PCR did not detect GFP expression in line 10.7, even though 

weak GFP expression was observed by UV examination (section 2.7). These 

results imply that in this line there might be other factors affecting the 

expression of the two transgenes and subsequent data for this line should be 

viewed with this in mind. 

 

4.2.4.3 Analysis of HvBeg1::Atgai effect on yield 

To study effects of expressing HvBeg1::Atgai on grain yield, mature grains 

harvested from three ears of each plant in the experiment was assessed as 

described in section 4.2.3.3. The data presented in Figure 4.11, A-E shows the 

average values for three biological replicates of each line. Whilst for the 

majority of lines the measurements for diameter (Figure 4.11, F) are also based 

on three biological replicates each, for the null plants of line 10.3 and the 

transgenic plants of 10.6 this is an average of two replicates only. In both lines 

one replicate did not produce enough grains to enable robust data analysis and 

thus were excluded. For all of the yield variables measured the differences 

between the transgenic, null and wild-type plants were assessed at the 

population level using ANOVA. Using LSD at 5% no significant differences were 

observed between the three genotypes for any of the variables studied (data 

not shown). This result agrees with the hypothesis that insensitivity to GA in 

the embryo and aleurone layer should not affect grain yield.  
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Figure 4.11: Analysis of yield components of HvBeg1::Atgai transgenic lines  
Averages are presented for several variables: grain number (A), grain surface 

area (B), TGW (C), grain length (D), grain width (E) and grain diameter (F) for 

measurements on mature grains. Grey bars – transgenic lines, black bars – 

null segregants and hatched bars – WT. * denotes significant difference 

between a transgenic and its null using least significant difference (LSD) at 

5%: p value at – *: ≤ 0.05. Vertical error bars denote SED on 1, 28 df in A-E 

and 1, 26 df in F. 

 

The differences between the transgenic lines and their respective nulls were 

also analysed using ANOVA. Grain numbers, averaged from three ears, showed 

a broad range from a low of 109.7 (null, line 10.3) to a high of 170.7 (transgenic, 

line 10.7), but no significant differences were observed between the 

transgenics and nulls in any of the lines (Figure 4.11, A), indicating that, as 

expected, expression of this construct does not affect grain number. The 

average TGW also showed a wide range with a low of 38.93 g (null, line 10.5) 
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and a high of 53.79 g (transgenic, line 10.6). However, again no significant 

differences were observed between the transgenics and nulls in any of the lines 

(Figure 4.11, C). For grain surface area, width and diameter measurements, 

whilst the majority of lines did not show a significant difference, in line 10.6 the 

transgenic grains had a significantly larger area (p = 0.024 F-test = 5.69), width 

(p = 0.038, F-test = 4.76) and diameter (p = 0.047, F-test = 4.36) than its null 

(Figure 4.11, B, E and F). Whilst, in line 10.11 the transgenic grains had 

significantly lower length (Figure 4.11, D) than its null (p = 0.037, F-test = 4.81), 

grain length measurements did not show a significant difference in any other 

line. Taken as a whole for this construct, as for the HvChi26::Atgai lines, there 

was no evidence that the HvBeg1::Atgai affected either grain yield or grain 

morphology. 

 

4.2.4.4 Analysis of HvBeg1::Atgai effect on quality 

To study the effects of expressing HvBeg1::Atgai on grain quality; hardness, 

moisture content and α-amylase content were assessed. Grain hardness and 

moisture were measured using the SKCS system as described in section 2.4.1 

and differences between transgenics and their respective nulls analysed using 

ANOVA at 5% LSD. The data presented in figure 4.12, A and B represents the 

average of three biological replicates of each line, with the exception of the null 

line 10.3 and transgenic line 10.6 where only two replicates were available. 

Grain hardness did not show any significant differences in the majority of the 

lines except line 10.6 (Figure 4.12, A). In this line the transgenic plants had a 

significantly lower hardness index than the null plants (p = 0.008, F-test = 8.37). 

Whilst the moisture content of all lines in this experiment was in the normal 

range (11 -14%), only lines 10.5 and 10.11 displayed significant differences 

(Figure 4.12, B), with transgenic grains in line 10.5 having a lower moisture 

content than their null (p = 0.007, F-test = 8.43), and in line 10.11 transgenics 

having higher moisture content than the nulls (p < 0.001, F-test = 26.05).  
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Figure 4.12: Analysis of quality components of HvBeg1::Atgai 

transgenic lines  
Averages are presented for several variables: grain hardness (A), 

moisture content (B) and α-amylase (C) for measurements on 

mature grains. Grey bars – transgenic lines, black bars – null 

segregants and hatched bars – WT. * denotes significant 

difference between a transgenic and its null using LSD at 5%: p 

value at – *: ≤ 0.05, **: ≤ 0.005 and ***: ≤ 0.001. Vertical error 

bars denote SED on 1, 26 df in A and B, and 1, 28 df in C. 
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Grains crushed during the SKCS analysis were collected and milled to a fine 

flour and α-amylase activity measured on 25 mg of this material according to 

section 2.4.2. The data presented in figure 4.12, C shows CU for each line and 

is an average of three biological replicates. It should be noted that as described 

in section 4.2.3.4, the level of α-amylase enzyme in the wild-type control was 

much lower (0.21 CU/g) in this experiment compared with the rest of the 

studies in this project. The α-amylase content in the rest of the lines showed a 

broad range with the highest value being 0.72 CU/g (null, line 10.7) and the 

lowest 0.13 CU/g (transgenic, line 10.12) (Figure 4.12, C). We hypothesised that 

insensitivity to GA in the embryo and aleurone layer would result in a reduction 

in the α-amylase content and in order to test this the differences between the 

transgenics and their respective nulls were analysed using ANOVA. As shown in 

section 4.2.4.2 (Figure 4.10, A) line 10.3 has the highest expression of the Atgai 

transgene. However, this did not result in a corresponding reduction in the α-

amylase content in this line compared to its null. Whilst there was large 

variation in the α-amylase content in the different lines studied, only line 10.5 

(p = 0.046, F-test = 4.36) showed a significant difference. In this line the 

transgenic plants had lower α-amylase levels than its null, although this line 

had a relatively low level of expression of the Atgai transgene (Figure 4.10, A). 

These results also indicate that either GA insensitivity in the embryo and 

aleurone layer does not have any effect on α-amylase production or as with 

HvCHI26::Atgai the low level of Atgai transgene expression is making this 

construct ineffective. In the latter case the variation in α-amylase content in 

these lines could again be a result of the stochastic nature of this enzyme 

activity in grain.  

 

4.2.4.5 HvBeg1::Atgai effect on endogenous gene expression 

As the α-amylase levels in these plants were highly variable, as in plants 

expressing HvChi26::Atgai, the expression levels of the two endogenous α-

amylase genes – TaAmy1 and TaAmy2 – were measured. These measurements 



134 
 

were performed according to section 2.2.7 and on the same 35 dpa cDNA used 

to measure transgene expression (section 4.2.4.2). The expression of the two 

genes (Figure 4.13, A and B) was normalised against the expression of three 

endogenous genes – Ta2526, TaGapDH and TaSDH (section 2.2.7 and appendix 

1). The data presented in figure 4.13 (A and B) is an average of the NRQs of 

three biological replicates, except for lines 10.8 and 10.11 where cDNA 

synthesis of one replicate failed. 

 

 
Figure 4.13: NRQs of TaAmy1 and TaAmy2 in HvBeg1::Atgai transgenic 

lines 
Endogenous levels of the TaAmy1 (A) and TaAmy2 (B) genes at 35 dpa. Grey 

bars – transgenic lines, black bars – null segregants and hatched bars – WT.  

Vertical error bars denote SEM. 

 

The qRT-PCR for TaAmy1 was performed using primers TaAmy1_F2 and 

TaAmy_R2 (section 4.2.3.5) and revealed significant variation within biological 

replicates and across and within lines (Figure 4.13). Line 10.7 which did not 

express either of the two transgenes (Figure 4.10) showed the highest levels of 

endogenous TaAmy1 in both the transgenics and nulls (Figure 4.13, A). This line 

also had the highest α-amylase content (Figure 4.12, C) and the high levels of 

TaAmy1 could explain this result. Whilst the expression of TaAmy1 overall 

showed no trend and there was no consistency between lines, in the majority 
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of the lines the expression of TaAmy1 was comparable between the 

transgenics and their nulls. However, in lines 10.6 and 10.11 there was an 

increase in TaAmy1 levels in the transgenics, and in line 10.8 transgenics there 

was a reduction compared to the nulls. As shown in section 4.2.4.2, line 10.8 

also had a relatively high expression of the Atgai transgene (Figure 4.10, A), but 

no corresponding reduction in α-amylase content was observed.  

The expression of TaAmy2 was analysed using primers Amy2_F_ext and 

Amy2_R_ext (section 4.2.3.5) and was found to be comparable between the 

transgenics, nulls and the wild-type control, except in line 10.7 (Figure 4.13, B). 

In this line the expression was elevated in the transgenics, but this did not 

correspond with the α-amylase results for this line (Figure 4.12, C). As 

mentioned in section 4.2.4.2 and shown in Figure 4.10, this line does not 

express either of the two transgenes and thus the increase in TaAmy2 

expression is unlikely to be due to over expression of HvBeg1::Atgai. 
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4.3 Conclusions 

 

The aim of the work described in this chapter was to introduce GA insensitivity 

in the embryo and aleurone layer of developing wheat grain in order to study 

the effect on grain yield and quality. This was performed using two expression 

constructs – HvChi26::gai and HvBeg1::gai. We hypothesised that insensitivity 

to GA in these two tissues, the sites of GA and α-amylase production would 

reduce the amount of α-amylase in the grain without affecting yield. However, 

as was demonstrated this was not the case. In plants expressing HvChi26::gai, 

whilst no substantial effects were observed on any yield parameters measured, 

and grain morphology was unaffected, none of the transgenic lines showed a 

statistically significant reduction in α-amylase levels compared to their nulls. 

Indeed, in two of the lines α-amylase levels were higher in the transgenic plants 

than in the null controls, but this did not correspond with the expression of the 

endogenous TaAmy genes. In all lines the expression of the Atgai transgene 

was very low compared to other transgenes studied in this project. This low 

expression of the transgene could mean that the construct is non-functional in 

these plants, which could explain the lack of a phenotype. In plants expressing 

HvBeg1::gai, whilst again there were no effects on yield or grain morphology, 

α-amylase levels were reduced in only one line. In the rest of the lines there 

was a large variation in α-amylase, but none of the differences between the 

transgenics and their nulls were statistically significant. The expression of the 

TaAmy endogenous genes again did not match the α-amylase levels. In these 

plants as well the expression of the Atgai transgene was extremely low, 

indicating that the transgene may also be non-functional, explaining the lack of 

a phenotype. 

This low level of expression of the Atgai transgene in both constructs indicates 

two possibilities: the first being that the wrong tissues was analysed for this 

study. The material used for transcript analysis was 35 days old whole grains of 

which the embryo and aleurone layer are a small part and the major portion is 
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the endosperm. It is possible that the levels of the transgene appear low only 

due to the fact that it is expressed in a small proportion of the grain. However, 

if this was true we should have seen a similar pattern in the expression of the 

GFP gene but this was not the case. The levels of expression of GFP were 

extremely high in both constructs compared to Atgai. The other possibility is 

that the Atgai gene is unable to be transcribed in wheat. However, the 

expression of this gene was also studied in another construct (see chapter 6) 

where the level of expression is higher than the lines studied here. This 

indicates that there might be other factors such as transcriptional silencing or 

post-transcriptional gene silencing for the low levels of expression seen in 

these lines and not the functionality of the gene. Methylation in promoter 

regions, histones or coding sequences can influence gene expression at both 

the transcriptional and post transcriptional level (Rajeevkumar et al., 2015). 

Multicopy integration of the transgene at random locations has also been 

suggested to lead to silencing (Mishiba et al., 2005). It is also possible that the 

de novo methylation of one transgene by a second transgene under control of 

the same promoter leading to silencing (Fagard and Vaucheret, 2000). Another 

possibility for the low levels of expression of the transgene in these plants is 

post transcriptional gene silencing due to cis-inactivation where transcripts do 

not accumulate in spite of continuous transcription (Rajeevkumar et al., 2015).  

If either of the possible gene silencing mechanisms are acting in these plants 

and the AtGAI protein is not being produced the aleurone layer would still able 

to perceive GA and produce the α-amylase enzyme. This also explains why we 

don’t see any impact on the expression of the endogenous TaAmy genes which 

should have been downregulated by the presence of the gai DELLA protein. In 

addition, the variation in α-amylase activity seen in these lines may be a result 

of the stochastic nature of this enzyme. 
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Chapter 5. Effects of manipulating GA in the pericarp and seed 

coat layers of developing wheat grain 

 

5.1 Introduction 

 

In a grain the endosperm and embryo are surrounded by the maternal pericarp 

and seed coat tissues which are derived from the ovary wall. In cereals the testa 

is the true seed coat and in wheat its cuticle is made up of two layers which are 

believed to develop from the inner integument (Morrison, 1975). In a 

developing grain the integument layers are two cells thick and whilst the outer 

integument degenerates by five to six dpa, the inner integument persists. By 

11 dpa the cell contents of the outer layer of the inner integument collapse and 

a semi-permeable cuticle is formed over most of the surface of the grain, 

except in the region of the crease where this layer is discontinuous. Condensed 

tannins accumulate in this layer late in grain development giving red wheat its 

characteristic colour and there is a strong correlation between increased 

pigmentation and reduced levels of preharvest sprouting (PHS) (Evers and 

Millar, 2002, WheatBP, 2016). In a developing grain the inner integument may 

be a site for GA biosynthesis as it has been shown in pea to contain 13-

hydroxylase and 20-oxidase activity and it accumulates bioactive GAs (Rodrigo 

et al., 1997).  

The tissue of the caryopsis that lies outside the seed coat is the pericarp which 

originates as a component of the carpel wall and thus is also maternal in origin 

(Section 1.2 - Figures 1.4 & 1.5). During the early stages of development this 

tissue comprises of several layers of parenchymatic cells, a two layer 

chlorenchyma and the inner epidermis. However, by around 15 dpa it gets 

reduced to several layers of cuticle and at maturity the pericarp consists mainly 

of dry empty cells, some of which are distorted, with many intercellular spaces. 



139 
 

The inner epidermis of the pericarp comprises an incomplete layer of tube cells 

and a layer of cross cells which are unique to grasses. In wheat, these cells form 

a complete layer over most of the surface of the wheat grain by attaching to 

the cuticle of the testa (Winton and Winton, 1932, Evers and Millar, 2002). 

During early development, there are small starch granules in the 

parenchymatous cells between the inner and outer epidermal layers, however 

in a mature grain this layer has undergone autolysis and its products used by 

the developing endosperm. This loss of the parenchyma breaks the attachment 

of the testa with the cross cells over the surface of the grain and they remain 

attached only in the region of the crease (Evers and Millar, 2002). As discussed 

in section 1.3.5, GA signalling and inactivating genes are expressed highly in the 

pericarp layers of developing grains, whilst the biosynthesis genes only show 

low levels of expression (Pearce et al., 2015). 

Expressing the GA biosynthesis gene (AtGA20ox1) in the pericarp and the inner 

integument layer using promoters that are switched on in the early stages of 

grain development may help to determine whether GA biosynthesis occurs in 

these tissues and if their expansion is regulated by this hormone. These plants 

could also help to determine if the seed coat potentially restricts grain size, and 

does increasing GA biosynthesis in these tissues allow the production of larger 

grain, without adverse effects on flour quality. The two promoters selected for 

this study were the barley Germin F (HvGerF) which is active in the pericarp 

from 5-35 dpa and the wheat Dihydroflavanol-4-reductase (TaDFR-D) promoter 

which is active in the inner integument from 7-25 dpa (Table 3.1) (Figure 5.1).  

 



140 
 

 
Figure 5.1: Basic structure of HvGerF::AtGA20ox1 and TaDFRd::AtGA20ox1 

Basic structure of constructs HvGerF::AtGA20ox1 (A) and TaDFR-

D::AtGA20ox1 (B). The position of junctions between elements is given in bp. 

The CaMV 35S terminator is labelled 35S T.  

 

Germins are known to occur only in cereals and have been characterised as 

oxalate-oxidases (OxOs) (Lane et al., 1993, Lane, 2002). Wu et al. (2000) 

isolated five germin genes (GerA, -B, -D, -E and -F) from barley and showed four 

of these to be expressed in the testa/pericarp tissues. These genes are closely 

related to the rice germin 1 but are different from the wheat embryo OxO and 

other barley OxOs (Wu et al., 2000). These authors also isolated the 5’ 

upstream sequence of the GerB and GerF genes which showed a 93.3% (1352 

bp) identity including a 225-bp long intron in both genes at the same site. They 

also transiently expressed the beta-glucuronidase gene using the GerB (847 bp) 

and GerF (899 bp) promoters in the epicarp, pericarp + testa and endosperm of 

1-20 dpa barley grains. In spite of having highly conserved promoter sequences 

the two genes show a difference in both their temporal and tissue-specific 

expression. The GerF promoter was highly active in the testa, and to a lower 

level in the epicarp tissue, whereas the GerB promoter displayed weak activity 

only in the testa and was absent from the epicarp; neither promoter was active 

in the endosperm (Wu et al., 2000). In another study both genes were also 

shown to be expressed in seedlings and spikes, but to different extents, and 

whilst GerB had high expression in coleoptiles and primary leaves, GerF was 

expressed in seedling roots, developing spikes and pericarp/testa (Federico et 

al., 2006). Deletion studies performed on both promoters by these authors 

showed that only 97 bp of the conserved proximal promoter sequence was 

HvGerF Promoter

bp 1 1481

TaDFRd Promoter 35S TAtGA20ox1

bp 1 2642 3776 4018

A.

B.

35S TAtGA20ox1

2615 2857
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enough to drive GFP expression in epicarp, coleoptile and spikes, but to a 

reduced extent (Federico et al., 2006). For the present study 1480 bp of 5’UTR 

of the HvGerF gene was isolated by PCR based on the sequence published by 

Wu et al., (2000) (GenBank, AF250935) and promoter activity studied in three 

independent lines expressing nuclear-targeted GFP under control of this 

promoter (Figure 1.15). GFP activity was observed in the inner integument and 

pericarp tissues from five to 35 dpa in all lines. Promoter activity was not 

observed in any of the non-target tissues except for low-level expression of GFP 

in the glumes of two line (Vaughan, S., unpublished data). 

The second promoter described in this chapter is associated with the wheat 

DFR gene,  the product of which is involved in flavonoid biosynthesis, where it 

catalyses the reduction of dihydroflavonols to leucoanthocyanidins (Holton 

and Cornish, 1995). The wheat DFR gene was first isolated from developing 

grains of blue-grained wheat and consisted of 1062 bp ORF, predicting a 

protein of 354 amino acids and 38.3 kDa. This sequence displayed significant 

identity with the DFRs of barley (94%), rice (83%) and maize (84%)  (Yang et al., 

2003a). Three DFR homoeologous genes located on the long arm of wheat 

chromosomes 3A, 3B and 3D were isolated from Chinese Spring by Himi and 

Noda (2004). These authors also studied the expression of these three genes 

and found that whilst in the grain TaDFR-B and -D showed higher expression 

than TaDFR-A, in leaves and roots TaDFR-B showed the highest expression. In 

whole grains the maximum expression was seen at five dpa and in the seed 

coat at 10 dpa. They also showed that the 5’ upstream region of these genes 

included two (TaDFR-A and -D) or three (TaDRD-B) combinations of a G-box 

core element and a binding site for a Myb-type transcription factor P. All three 

promoters also contained two core elements (AAAG) for Dof (DNA binding one 

zinc finger) transcription factors known to be involved in tissue specificity and 

a TACpyAT element. In addition, the promoter of TaDFR-A also contained a core 

element for SBF-1 factor (GGTTAA), which has been implicated in organ-

specificity. These differences seen in the promoter sequences of these genes 

may account for the different patterns of gene expression (Himi and Noda, 
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2004). For this study the TaDFR-D promoter was isolated using genome walking 

from wheat cv. Cadenza generating a 2750 bp fragment (Vaughan, S. 

unpublished data). This represented 109 bp of TaDFR CDS which displayed 

96.3%, 95.4% and 96.3% identity to the previously published (Himi and Noda, 

2004) homoeologous TaDFR-A (GenBank, AB162138), -B (GenBank, AB162139) 

and -D (GenBank, AB162140) CDS, respectively. Furthermore, 550 bp of 5’ 

upstream sequences also displayed 75.6%, 75.3% and 97.7% identity with the 

three homologues TaDFR-A, -B and -D confirming that the isolation of the 

TaDFR-D promoter. A further 2091 bp of associated 5’ upstream sequence was 

also isolated and this extended and verified sequence, based on a single 

fragment and sequenced in both directions was submitted to Genbank under 

the accession HM564398. This is the source of the TaDFR-D promoter used in 

this study. Promoter activity was studied during grain development using three 

independent lines expressing nuclear-targeted GFP under control of the 

TaDFR-D promoter (Figure 1.15). The promoter was found to be highly active 

in only the inner integument layer of the grains from seven to 25 dpa. However, 

in one line low levels of GFP were also observed in some of the glumes 

(Vaughan, S., unpublished data). 
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5.2 Results and Discussion 

 

5.2.1 Production of homozygous material 

To select homozygous material for this study, 24 T1 plants from seven 

independent lines of HvGerF::AtGA20ox1 and six lines of TaDFR-D::AtGA20ox1 

were genotyped as described in Chapter 3. TaqMan assays (section 2.2.3) were 

performed on T1 plants of both constructs using forward primer Q_At20ox1-F, 

reverse primer Q_At20ox1-R and hybridization probe Q_At20ox1-probe 

(Appendix 1). For both constructs, three plants were chosen from each 

independent line as potential homozygotes. The T2 progenies of the plants 

harbouring construct HvGerF::AtGA20ox1 were analysed by PCR (section 2.2.2) 

using forward primer GerF-F and reverse primer 20ox-R (Appendix 1). The same 

analysis was also performed on T2 TaDFR-D::AtGA20ox1 transgenic lines using 

forward primer DFRd-F and reverse primer 20ox-R (Appendix 1). Homozygous 

T2 plants were subsequently selected and an experiment performed with three 

biological replicates on four independent lines for each construct. 

 

5.2.2 Experimental design 

Studies on developing grains were performed to examine the effects of 

expressing the AtGA20ox1 gene in the pericarp and seed coat layers of the grain 

using transgenic wheat lines harbouring the HvGerF::AtGA20ox1 and TaDFR-

D::AtGA20ox1 constructs generated as described in section 2.1. A single RCBD 

experiment was setup as described in section 2.1.1 with three replicates of four 

independent lines of each construct. In this experiment for each line two plants 

were grown in 20-cm pots and each plant cut back to five tillers. From ears two, 

three and four, of both plants in each replicate block, grains were harvested at 

10, 20, 30, 40, 50 and 60 dpa from the six ears which were each assigned a time 

point in a randomised manner. These were harvested to study grain 

development. Grains harvested at 10 dpa were also utilised to measure 
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transcript levels of the transgene. From ear five, grains were harvested at two 

time points (10 and 20 dpa – four grains each) to visualise GFP (section 2.7) to 

study promoter activity. Grains from ear one of each plant in a pot in each 

replicate were harvested and pooled at maturity to measure final yield and 

analyse various quality parameters.  

 

 

5.2.3 Analysis of transgenic lines expressing the AtGA20ox1 gene under 

control of the pericarp-specific HvGerF promoter  

 

5.2.3.1 GFP visualisation of HvGerF activity 

GFP was examined in grains at 10 and 20 dpa as described in section 2.7. These 

two time points were chosen to confirm the earlier studies in our laboratory 

which showed promoter activity from five to 35 dpa. In these studies at 10 dpa 

(Figure 5.2, A) GFP activity was observed in the inner integument and not the 

pericarp layer. However, at 20 dpa (Figure 5.2, B) GFP activity was now 

observed in both the inner integument and pericarp layers. Unfortunately, due 

to time constraints it wasn’t possible to further characterise the spatial activity 

of this promoter across multiple experiments. Promoter activity was also 

studied at germination, but no GFP was visible in any tissues of the grain or 

emerging seedling from 24 hours after imbibition to up to four days post 

germination.  
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Figure 5.2: Activity of inner integument and pericarp-specific promoter in 

wheat grain 

Transverse and longitudinal sections highlighting the inner integument and 

pericarp layers are presented in bright field (top panel) and under a GFP filter 

set (excitation/ emission) (bottom panel) at 10 dpa (A) and 20 dpa (B) for typical 

transgenic lines harbouring GFP under control of the barley HvGerF promoter. 

Scale bars represent 500µm for each image. 

 

 

B.

A.
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5.2.3.2 HvGerF::AtGA20ox1 transgene expression 

To confirm expression of the introduced transgene, transcript levels of the 

AtGA20ox1 gene were measured in cDNA synthesised (section 2.2.6) from RNA 

extracted as described in sections 2.2.4 and 2.2.5 from 10 dpa grains. These 

grains were harvested from either ear two, three or four from three biological 

replicates from each of the four independent lines in the experiment and their 

respective nulls and the wild type control. qRT-PCR was performed on this 

material according to section 2.2.7 using forward primer q_At20ox1_F1 and 

reverse primer q_At20ox1_R1 (Appendix 1). The expression of the transgene 

(Figure 5.3) was normalised against the expression of two endogenous genes – 

Ta2526 and TaGapDH (section 2.2.7 and appendix 1). The data presented in 

Figure 5.3 is an average of the normalised relative quantifications (NRQs) of 

three biological replicates, except for line 3.8. In this line both plants in one 

replicate block died and due to this reason all further measurement for this line 

are based on two biological replicates only. The qRT-PCR was performed on all 

plants in the experiment, including the null and wild-type plants as controls. No 

expression of the transgene was observed in any of the control material 

(including the NRT controls) and as such these are excluded from the figures as 

presented.  
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Figure 5.3: NRQs of AtGA20ox1 in 

HvGerF::AtGA20ox1 transgenic 
lines 

Average of normalised expression levels of the 

AtGA20ox1 at 10 dpa grains as measured in three 

biological replicates for each transgenic line. 

Vertical error bars denote SEM. 

 

The expression of the AtGA20ox1 transgene did not show a large degree of 

variation between the four independent lines studied (Figure 5.3) with the 

difference between the highest and lowest NRQs being only 0.037. Whilst the 

highest level of transgene expression at 0.052 was observed in line 3.5, the 

lowest was seen in line 3.9 at 0.015. The expression levels of this gene were 

comparable to other transgenes studied in this project.  

 

5.2.3.3 Analysis of HvGerF::AtGA20ox1 effects on yield 

To study effects of expressing AtGA20ox1 in the pericarp on grain yield, mature 

grains harvested from one ear (taken as a standardised proxy for total yield) of 

two plants per replicate block were assessed according to the methods 

described in sections 2.3 and 2.4.1. The MARVIN digital seed counter was used 

to count the number of grains and measure their surface area, length and 
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width. These grains were then weighed to calculate TGW. The measurements 

for diameter were obtained from SKCS as described in section 2.4.1. The data 

presented in figure 5.4 show the average values for three biological replicates 

for each line, except the transgenic plants of line 3.8 for which the data are 

based on two replicates only. For all of the yield variables measured the 

difference between the transgenic, null and wild type was assessed at the 

population level using ANOVA. Using LSD at 5% significant differences were 

observed between the three genotypes for all of the yield parameters 

measured except grain width and diameter (data not shown). For number of 

grains, TGW and area significant differences were observed between all three 

genotypes with the transgenics displaying the lowest values, followed by the 

nulls and the wild-type. The grain length of the transgenic lines was also 

significantly shorter than both the nulls and the wild-type with these two 

genotypes not showing a significant difference. These results indicate that 

increasing GA in the pericarp layer of the grain could be having a negative effect 

on grain yield.  
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Figure 5.4: Analysis of yield components in HvGerF::AtGA20ox1 transgenic 

lines 
Averages are presented for several variables: grain number (A), grain surface 

area (B), TGW (C), grain length (D), grain width (E) and grain diameter (F) for 

measurements on mature grains. Grey bars – transgenic lines, black bars – 

null segregants and hatched bars – WT. * denotes significant difference 

between a transgenic and its null using LSD at 5%: p value at – *: ≤ 0.05, **: 

≤ 0.005 ***: ≤ 0.001. Vertical error bars denote SED on 1, 16 df. 

 

The differences between the transgenic lines and their respective nulls were 

also analysed using ANOVA. Grain number showed a broad range from a low of 

101 (transgenic, line 3.8) to a high of 204.33 (wild-type), where significant 

differences were observed in two lines (Figure 5.4, A). The transgenics plants 

of line 3.2 (p = 0.047, F-test = 4.65) and line 3.8 (p = 0.002, F-test = 13.56) had 

fewer grains than their nulls. There was also a wide range in average TGW for 
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these lines, from a low of 47.40 g (transgenic, line 3.9) to a high of 73.52 g 

(transgenic, line 3.5). Significant differences were observed in TGW for three of 

the four lines (Figure 5.4, C), with line 3.5 (p <0.001, F-test =21.57) being 

heavier than its null and lines 3.8 (p <0.001, F-test = 29.89) and 3.9 (p <0.001, 

F-test = 40.91) being lighter. As discussed in section 5.2.3.2 (Figure 5.3) line 3.5 

had the highest expression of the AtGA20ox1 transgene. In terms of grain 

surface area and diameter (Figure 5.4, B and F) the same pattern as TGW was 

seen with the transgenics of line 3.5 [area (p = 0.001, F-test = 15.39), diameter 

(p = 0.004, F-test = 10.99)] having larger grains than its null and lines 3.8 [area 

(p <0.001, F-test = 26.06), diameter (p = 0.009, F-test = 8.76)] and 3.9 [area (p 

= 0.002, F-test = 13.49), diameter (p <0.001, F-test = 20.02)] smaller. However, 

for grain length (Figure 5.4, D), whilst transgenic line 3.5 (p = 0.009, F-test = 

8.76) was longer than its nulls and 3.8 (p <0.001, F-test = 31.94) smaller, line 

3.9 showed no significant difference. Whereas for grain width whilst again 

transgenic line 3.5 (p = 0.008, F-test = 9.06) was wider than its null, line 3.8 

showed no difference and transgenic line 3.9 was smaller (p <0.001, F-test = 

20.39). Taken together, these results show an inconsistency in grain yields 

between the different transgenic lines. Whilst two of the four lines display a 

reduction in yield, it should be noted that one of these lines also had the fewest 

number of grains, and two plants in this line in one replicate block died 

indicating that there might be other issues contributing to the health of these 

plants thus impacting the yield. The contrasting results of the other two line 

(3.5 and 3.8) with one showing an increase in yield and the other a reduction 

compared to their nulls leads to a difficulty in making any definite conclusions 

about the effects of the expression of AtGA20ox1 gene in the pericarp and 

inner integument on grain yield. 

 

5.2.3.4 Analysis of HvGerF::AtGA20ox1 effects on quality 

To study the effect of expressing AtGA20ox1 gene in the pericarp on grain 

quality, grain hardness and grain moisture content were assessed using the 
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SKCS system as described in section 2.4.1. The data presented in figure 5.5 

represents the average of three biological replicates of each line except the 

transgenic of line 3.8. For both grain hardness and moisture content the 

differences between the transgenic, null and wild type were assessed at the 

population level by ANOVA using LSD at 5%. For grain hardness no differences 

were observed between any of the three genotypes. However, differences 

were observed in grain moisture content at the genotype level with the 

transgenic grains showing the lowest moisture content followed by the nulls 

and the wild type having the highest value.  

 

 
Figure 5.5: Analysis of quality components on HvGerF::AtGA20ox1 

transgenic lines 

Averages are presented for: grain hardness (A) and moisture content (B) 

for measurements on mature grains. Grey bars – transgenic lines, black 

bars – null segregants and hatched bars – WT. * denotes significant 

difference between a transgenic and its null using LSD at 5%: p value at – 

*: ≤ 0.05 and ***: ≤ 0.001. Vertical error bars denote SED on 1, 16 df. 

 

The differences between the individual transgenic lines and their respective 

nulls were also analysed by ANOVA and grain hardness (Figure 5.5, A) showed 

significant differences in two lines. In both line 3.2 (p = 0.016, F-test = 7.22) and 

3.5 (p = 0.040, F-test = 5.00) the transgenics had lower hardness index than the 

nulls. The moisture content (Figure 5.5, B) in these lines, whilst being in the 

normal range (11 -14%), showed a significant difference in line 3.2 (p <0.001, 

F-test = 27.36) with the transgenics having lower moisture content. 
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5.2.4 Analysis of transgenic lines expression the AtGA20ox1 gene under 

control of the inner integument-specific TaDFR-D promoter  

 

5.2.4.1 GFP visualisation of TaDFR-D activity 

GFP was examined in grains at 10 and 20 dpa as described in section 2.7. These 

two time points were chosen to confirm the earlier studies in our laboratory 

which showed promoter activity from seven to 25 dpa. GFP activity was 

observed in only the inner integument layer of the grains at both 10 and 20 dpa 

(Figure 5.6). Promoter activity was also studied at germination, but no GFP was 

visible in any tissues of the grain or emerging seedling from 24 hours after 

imbibition to up to four days post germination.  

 



153 
 

 
Figure 5.6: Activity of inner integument-specific promoter in wheat grain 

Transverse and longitudinal sections highlighting the inner integument layer 

are presented in bright field (top panel) and under a GFP filter set (excitation/ 

emission) (bottom panel) at 10 dpa (A) and 20 dpa (B) for typical transgenic 

lines harbouring GFP under control of the wheat TaDFR-D promoter. Scale bars 

represent 500µm for each image. 
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5.2.4.2 TaDFR-D::AtGA20ox1 transgene expression 

To confirm expression of the introduced transgene, transcript levels of the 

AtGA20ox1 gene were measured in cDNA synthesised (section 2.2.6) from RNA 

extracted as described in sections 2.2.4 and 2.2.5 from 10 dpa grains. These 

grains were harvested from either ear two, three or four from three biological 

replicates from each of the four independent lines in the experiment and their 

respective nulls and the wild type control. qRT-PCR was performed on this 

material according to section 2.2.7 using forward primer q_At20ox1_F1 and 

reverse primer q_At20ox1_R1 (Appendix 1). The expression of the transgene 

(Figure 5.7) was normalised against the expression of three endogenous genes 

– Ta2526, TaSDH and TaGapDH (section 2.2.7 and appendix 1). The data 

presented in Figure 5.7 is an average of the normalised relative quantifications 

(NRQs) of three biological replicates, except for line 4.4 where cDNA synthesis 

of one replicate failed. The qRT-PCR was performed on all plants in the 

experiment, including the null and wild type plants as controls. No expression 

of the transgene was observed in any of the control material (including the NRT 

controls) and as such these are excluded from the figures as presented.  
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Figure 5.7: NRQs of AtGA20ox1 in TaDFR-

D::AtGA20ox1 transgenic lines 
Average of normalised expression levels of the 

AtGA20ox1 at 10 dpa grains as measured in three 

biological replicates for each transgenic line. 

Vertical error bars denote SEM. 

 

The expression of the AtGA20ox1 transgene showed a large degree of variation 

between the four independent lines studied (Figure 5.7) with the highest NRQ 

at 0.204 (line 4.2) and lowest at 0.001 (line 4.6) showing a 270-fold difference 

between these two lines. Line 4.2 also had significantly higher gene expression 

than the other two lines with it being six and 14-fold higher than lines 4.4 and 

4.12 respectively. The expression levels of this gene were broadly comparable 

to the rest of the transgenes studied in this project.  

 

5.2.4.3 Analysis of the effect TaDFR-D::AtGA20ox1 on yield 

To study effects of expressing AtGA20ox1 in the inner integument on grain 

yield, mature grains harvested from one ear (taken as a standardised proxy for 

total yield) of two plants per replicate block were assessed according to the 

methods described in sections 2.3 and 2.4.1. Yield measurements were 

performed as discussed in section 5.2.3.3 and the data presented in figure 5.8 

0

0.05

0.1

0.15

0.2

0.25



156 
 

shows the average values for three biological replicates of each line. For all of 

the yield variables measured, the difference between the transgenic, null and 

wild type was assessed at the population level using ANOVA. Using LSD at 5% 

significant differences were observed between the three genotypes for TGW, 

area and length with the transgenics displaying the lowest values, followed by 

the nulls and the wild-type. Grain diameter also showed a significant difference 

at the genotype level with the null grains being larger than those from the 

transgenics. These results indicate expressing the AtGA20ox1 in the inner 

integument could be having a negative effect on grain yield. 

  
  



157 
 

 
Figure 5.8: Analysis of yield components in TaDFR-D::AtGA20ox1 

transgenic lines 
Averages are presented for several variables: grain number (A), grain surface 

area (B), TGW (C), grain length (D), grain width (E) and grain diameter (F) for 

measurements on mature grains. Grey bars – transgenic lines, black bars – 

null segregants and hatched bars – WT. * denotes significant difference 

between a transgenic and its null using LSD at 5%: p value at – *: ≤ 0.05. 

Vertical error bars denote SED on 1, 16 df. 

 

The differences between the transgenic lines and their respective nulls were 

also analysed using ANOVA. Grain number between the different lines was 

fairly uniform with no significant differences observed in any lines (Figure 5.8, 

A). Whilst the TGW and diameter for these lines did not display a wide range, 

significant differences were observed in two lines (Figure 5.4, C and F), with the 

transgenics of both lines 4.2 [TGW (p = 0.028, F-test = 5.84), diameter (p = 

0.018, F-test = 6.96)] and 4.4 [TGW (p = 0.012, F-test = 7.96), diameter (p = 0.10, 
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F-test = 8.55)] being lighter and smaller than their nulls. The grain surface area 

and width (Figure 5.8, B and E) showed a significant difference in one line each 

with the transgenic lines 4.2 (p = 0.038, F-test = 5.12) and 4.4 (p = 0.032, F-test 

= 5.54) being smaller and thinner, respectively, than their nulls. However, for 

grain length (Figure 5.8, D) differences were observed in two lines, with both 

lines 4.2 (p = 0.030, F-test = 5.66) and 4.6 (p = 0.011, F-test = 8.15) being shorter 

than their nulls. Taken together, these results show a slight reduction in grain 

yields in the different transgenic lines as three of the four lines displayed a 

reduction in the different yield variables measured. However, it should be 

noted that only one line (4.2) displayed a reduction in both the weight and size 

of the grains. These results indicate, although not very strongly, that the 

expression of the AtGA20ox1 gene in the inner integument could be leading to 

a reduction in grain yields.  

 

5.2.4.4 Analysis of TaDFR-D::AtGA20ox1 effects on grain quality 

To study the effect of expressing AtGA20ox1 in the inner integument on grain 

quality, grain hardness and grain moisture content were assessed using the 

SKCS system, as described in section 2.4.1, and the data presented in figure 5.9 

represents the average of three biological replicates for each line. For both 

grain hardness and moisture content the differences between the transgenic, 

null and wild type were assessed at the population level by ANOVA using LSD 

at 5%. For grain hardness no differences were observed between any of the 

three genotypes; however, differences were observed in grain moisture 

content with null grains showing a significant reduction in moisture content 

compared to both the wild type and the transgenics, which did not show any 

variance between genotypes.  
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Figure 5.9: Analysis of quality components on TaDFR-D::AtGA20ox1 

transgenic lines 

Averages are presented for: grain hardness (A) and moisture content (B) 

for measurements on mature grains. Grey bars – transgenic lines, black 

bars – null segregants and hatched bars – WT. * denotes significant 

difference between a transgenic and its null using LSD at 5%: p value at – 

*: ≤ 0.05. Vertical error bars denote SED on 1, 16 df. 

 

The differences between the transgenics and their respective nulls for the 

individual lines were also analysed by ANOVA and grain hardness (Figure 5.9, 

A), showed no differences in any of the lines. However, the moisture content 

(Figure 5.9, B) in these lines whilst being in the normal range (11 -14%), showed 

a significant difference in line 4.2 (p = 0.017, F-test = 7.11) with the transgenics 

having higher moisture content than the null. 
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5.2.5 Analysis of HvGerF::AtGA20ox1 and TaDFR-D::AtGA20ox1 effects 

on grain development 

 

Any potential effect on grain expansion of modifying GA biosynthesis in the 

pericarp and inner integument layers might have been obscured by analysing 

grain at maturity if grain size is limited by other factors such as grain filling. This 

was addressed by analysing the grain throughout development. Grains were 

harvested at 10, 20, 30, 40, 50 and 60 dpa (from ears two, three and four of 

two plants per replicate block) and assessed according to the method described 

in section 2.3 using the MARVIN digital seed counter as described in section 

5.2.3.3. The data presented in this section is an average of three biological 

replicates for all lines except line 3.8 where only two replicates were available.  

In order to analyse grain development and to account for the complex design 

of this experiment, in collaboration with a statistician – Dr Stephen Powers, a 

linear mixed model was fitted to the data using the method of residual maximal 

likelihood (REML) (section 2.6). During the course of this experiment it was 

observed that the transgenic plants harbouring the HvGerF::AtGA20ox1 

construct (section 5.2.3.3, Figure 5.4, A) had an unusually high number of 

aborted grains and the effects of reduced grain number on the remaining yield 

variables were also tested in this model. For the total number of grains (p 

<0.001, F-test = 267.20) and weight (p <0.001, F-test = 104.90) highly significant 

results were observed, and as can be expected for these variables the linear 

effect of the number of aborted seeds was important. However, no interactions 

related to the number of aborted seeds were observed for any of the other 

yield variables measured. 

The linear mixed model fitted for average weight per grain (p = 0.003. F-test = 

2.02) and average area per grain (p = 0.005, F-test = 1.92) revealed a significant 

interaction between line and time factors and a nonlinear model was fitted in 

order to extract more information than may be afforded by linear modelling. 
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An ad hoc model (Figure 5.10) was developed, based on the observation that 

both the increasing and decreasing weight followed a logistic trend.  

 

𝑦 = (
𝐴

(1 + 𝑒−𝐵(𝑡−𝑀))
) (

1

(1 + 𝑒𝐶(𝑡−𝑁))
+ 𝐿) 

Figure 5.10: Formula to fit nonlinear model 

The formula for fitting nonlinear models of 

average weight and area per grain. y = average 

weight or area per grain; t = time in dpa; A = a 

shape parameter for growth; B = effective rate 

of growth; C = the effective rate of drying 

down; M = estimated time (dpa) to 50% of 

maxima; N = time to 50% of the decrease from 

maxima to final weight or area; L = a constant 

added to the second logistic. 

 
 

The model was fitted using nonlinear least squares, to estimate parameters 

along with standard errors. A “parallel curves” analysis was then used to 

consider which of the parameters (A, B, C, M, N and L) were required to be 

estimated separately for each of the 17 lines in the experiment, thus allowing 

them to be compared as regards these parameters. The F-test was used to 

assess competing models, and forward selection of more complex models was 

used to build a parsimonious final model. 

 

5.2.5.1 Average weight per grain 

The parallel curves analysis of average weight per grain revealed that separate 

L (constant added to the second logistic) parameters (F (16,278) = 27.03, p < 
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0.001), followed by separate N (time to 50% of the decrease from maxima to 

final weight) (F (16,262) = 2.58, p < 0.001) parameters were significant in 

improving the overall fit. Following these parametric expansions, the shape 

parameter for growth – A, the effective rate of growth – B, the corresponding 

effective rate of drying down – C and the time to 50% of maximal weight – M, 

were all found to be not significantly different (F (16,246) = 1.28, p = 0.210; F 

(16, 246) = 0.41, p = 0.979; F (16, 246) = 0.03, p = 0.989, F (16, 246) = 0.63, p = 

0.858, respectively) across the lines (Table 5.1). These results imply that there 

were differences in growth due to the differences seen in times to 50% of the 

decrease from maxima to final weight (N) and in the parameter (L) giving the 

final weight, whereas the rate of the growth up to the maximal average weight 

and then down from this were the same for all lines (Table 5.1). The estimated 

residual variance (s2) from fitting the model was 0.00004717 on 262 df, and the 

estimated variance accounted for (R2) by the model was 92.9%. 
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Table 5.1: Estimates of parameters of average weight per grain in 
HvGerF::AtGA20ox1 and TaDFR-D::AtGA20ox1 transgenic lines 

Estimates of the parameters obtained from the nonlinear model for average 
weight per grain. Standard errors are given in parenthesis. 3; 
HvGerF::AtGA20ox1 and 4; TaDFR-D::AtGA20ox1. T; transgenics and N; nulls.  

Parameter 
A B C M N 

N for 
T-N L AL† 

Line 

3.2 
 

T 
0.04772 

(0.00254) 
0.12153 

(0.00598) 
0.89 

(0.59) 
16.256 
(0.434) 

49.21 
(5.89) 

0.25 

1.2789 
(0.0942) 

0.06103 
(0.00242) 

N 
48.96 
(7.72) 

1.462 
(0.100) 

0.06979 
(0.00241) 

3.5 

T 
50.18 
(1.37) 

0.75 

1.823 
(0.118) 

0.08701 
(0.00245) 

N 
49.43 
(4.24) 

1.514 
(0.104) 

0.07227 
(0.00243) 

3.8 

T 
42.60 

(19.60) 
-5.2 

1.155 
(0.104) 

0.05511 
(0.00317) 

N 
47.80 

(16.40) 
1.463 

(0.094) 
0.06980 

(0.00244) 

3.9 

T 
48.00 

(14.90) 
-1.04 

0.982 
(0.078) 

0.04684 
(0.00241) 

N 
49.04 
(7.13) 

1.296 
(0.094) 

0.06183 
(0.00242) 

4.2 

T 
48.24 
(0.81) 

-0.92 

1.315 
(0.098) 

0.06274 
(0.00246) 

N 
49.16 
(6.20) 

1.315 
(0.095) 

0.06275 
(0.00242) 

4.4 

T 
49.37 
(4.69) 

0.14 

1.187 
(0.091) 

0.05665 
(0.00243) 

N 
49.23 
(5.73) 

1.503 
(0.103) 

0.07170 
(0.00242) 

4.6 

T 
49.54 
(3.44) 

1.34 

1.533 
(0.105) 

0.07315 
(0.00243) 

N 
48.20 

(13.30) 
1.647 

(0.104) 
0.07861 

(0.00242) 

4.12 

T 
49.88 
(0.99) 

0.31 

1.532 
(0.106) 

0.07313 
(0.00244) 

N 
49.57 
(3.19) 

1.483 
(0.103) 

0.07075 
(0.00243) 

WT 
50.79 
(5.79) 

 
1.585 

(0.111) 
0.07565 

(0.00249) 
†Final Average weight per grain;  
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The time taken to reach 50% of the decrease from maxima to final weight (N) 

showed a large variation among the lines with the wild-type taking the longest 

(50.79 dpa) and the transgenic line 3.8 the shortest (42.6 dpa) time. In plants 

harbouring the HvGerF::AtGA20ox1 construct differences were seen between 

the transgenics and their nulls in three of the four lines. Whilst the transgenic 

line 3.5 displayed the longest time amongst all lines from this construct (50.18 

dpa), this was only 0.75 days longer than its null. However, this did result in an 

increase in final grain weight (AL) in the transgenic line (0.08701 g) compared 

to its null (0.07565 g). In contrast to this the transgenics of lines 3.8 and 3.9 

both took a shorter time to reach 50% of the decrease from maxima to final 

weight compared to their respective nulls, resulting in lower final weight in 

both transgenic lines (Table 5.1). These results emulate those seen for total 

yield measurements in section 5.2.3.3 (Figure 5.4). 

However, in lines harbouring the TaDFR-D::AtGA20ox1 construct the 

differences between the transgenics and their nulls in the time taken to reach 

50% of the decrease from maxima to final weight did not display the same 

effects on final weight as those seen in the HvGerF::AtGA20ox1 lines. Here the 

transgenic line 4.6 in spite of taking 1.34 days longer than its null to reach 50% 

of the decrease from maxima to final weight had slightly lower final weight. 

Whereas in line 4.4, both genotypes took approximately the same time to reach 

this stage, however the transgenics weighed substantially lower than the null 

(Table 5.1).  

For each line, the time at which maximal weight is reached and its value were 

also obtained from the model (Table 5.2). The maximal weight per grain was 

compared to the final weight and as table 5.2 shows this difference was 

consistent for all the lines in the experiment. The differences between the time 

to maximal weight and time to reach 50% of the decrease from maxima to final 

weight were also consistent in these lines, implying that the rate of drying 

down was similar across all lines and the differences observed in final weight 

were possibly due to the differences in the time taken to reach maximal weight.  
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Table 5.2: Estimates of time to maximal weight per grain in 
HvGerF::AtGA20ox1 and TaDFR-D::AtGA20ox1 transgenic lines 

The estimated time (tmax) at which maximal average weight per grain (ymax) is 

reached. The difference between maximum and final weight (ymax - AL) and time 

taken from maximal to 50% of final weight (N - tmax) are also shown. Standard 

errors are given in parenthesis. 3; HvGerF::AtGA20ox1 and 4; TaDFR-

D::AtGA20ox1. T; transgenics and N; nulls. 

          Parameter 
Line 

tmax ymax ymax - AL N - tmax 

3.2 
 

T 44.1 
0.10470 

(0.01770) 
0.04367 5.11 

N 43.9 
0.11306 

(0.01900) 
0.04327 5.06 

3.5 
T 45.2 

0.13031 
(0.01625) 

0.0433 4.98 

N 44.4 
0.11568 

(0.01799) 
0.04341 5.03 

3.8 
T 38.2 

0.09531 
(0.01036) 

0.0402 4.4 

N 42.9 
0.11251 

(0.02528) 
0.04271 4.9 

3.9 
T 42.9 

0.09051 
(0.02109) 

0.04367 5.1 

N 43.9 
0.10540 

(0.01774) 
0.04357 5.14 

4.2 
T 43.2 

0.10592 
(0.01610) 

0.04318 5.04 

N 44.1 
0.10634 

(0.01837) 
0.04359 5.06 

4.4 
T 44.2 

0.10053 
(0.01647) 

0.04388 5.17 

N 44.2 
0.11504 

(0.01864) 
0.04334 5.03 

4.6 
T 44.5 

0.11658 
(0.01754) 

0.04343 5.04 

N 43.4 
0.12122 

(0.02540) 
0.04261 4.8 

4.12 
T 44.8 

0.11671 
(0.01604) 

0.04358 5.08 

N 44.5 
0.11426 

(0.01703) 
0.04351 5.07 

WT 45.6 
0.11953 

(0.01252) 
0.04388 5.19 
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The fitted curves for each construct are shown in figures 5.11 and 5.12 along 

with the plotted means (n = 3) for combinations of lines and time points. The 

strong growth in average weight per grain for transgenic line 3.5 can be seen in 

comparison to its null. The relatively quick growth of transgenic line 3.8 

compared to its null and the rest of the lines can also be seen, resulting in much 

lower final weight. The curves indicate that the strength of the interaction seen 

between lines and time was largely due to the distinct trends shown by 

transgenic lines 3.5 and 3.8 (Figure 5.11) and the slight differences observed in 

the growth rates of the lines harbouring the TaDFR-D::AtGA20ox1 construct 

compared to the wild-type (Figure 5.12). 
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Figure 5.11: Fitted curves for average weight per grain of 

HvGerF::AtGA20ox1 transgenic lines 

The fitted curves with the plotted means (n = 3) for combinations of lines 

and time points. Vertical error bar represents LSD at the 5% (0.010971 on 

193 df) for the comparison of the means between lines given the ANOVA. T; 

transgenics and N; nulls. 
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Figure 5.12: Fitted curves for average weight per grain of TaDFR-

D::AtGA20ox1 transgenic lines 

The fitted curves with the plotted means (n = 3) for combinations of lines 

and time points. Vertical error bar represents LSD at the 5% (0.010971 on 

193 df) for the comparison of the means between lines given the ANOVA. T; 

transgenics and N; nulls. 
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5.2.5.2 Average area per grain 

The parallel curve analysis of average area per grain revealed that separate A 

(a shape parameter for growth) parameters (F (16,278) = 21.19, p < 0.001), 

followed by separate B (effective rate of growth) parameters (F (16,262) = 3.62, 

p < 0.001) were significant in improving the overall fit. Following these 

parametric expansions, the rate of drying down – C, the time to 50% of maximal 

area – M, time to 50% of the decrease from maximal to final area – N and the 

constant added to the second logistic – L were all found to be not significantly 

different (F (16,246) = 1.64, p=0.057; F (16, 246) = 1.06, p = 0.385; F (16, 246) = 

0.47, p = 0.960, F (16, 246) = 0.38, p = 0.986, respectively) across the lines (Table 

5.3). These results imply that the lines differed more in the rate of increase in 

average area per seed, with both A and B parameters being estimated as 

separate for the lines, rather than in the decrease in area through drying down, 

with C, M, N and L parameters being retained as common over the lines. The 

estimated residual variance (s2) from fitting the model was 3.019 on 262 df, 

and the estimated variance accounted for (R2) by the model was 89.9%. 
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Table 5.3: Estimates of parameters of average area per grain in 
HvGerF::AtGA20ox1 and TaDFR-D::AtGA20ox1 transgenic lines 

Estimates of the parameters obtained from the nonlinear model for average 
area per grain. Standard errors are given in parenthesis. 3; 
HvGerF::AtGA20ox1 and 4; TaDFR-D::AtGA20ox1. T; transgenics and N; nulls.  

Parameter 
A B C M N L 

AL† 
 

AL† for 
T-N Line 

3.2 
 

T 
11.686 
(0.866) 

0.1031 
(0.0201) 

0.400 
(0.118) 

6.195 
(0.351) 

48.49 
(0.56) 

1.952 
(0.146) 

22.813 
(0.696) 

24.268 

(0.581) 

28.025 
(0.685) 

25.495 
(0.749) 

19.865 
(0.607) 

24.036 
(0.616) 

19.927 
(0.558) 

22.472 
(0.582) 

22.689 
(0.573) 

23.290 
(0.641) 

23.113 
(0.699) 

24.878 
(0.660) 

25.354 
(0.802) 

25.436 
(0.637) 

25.568 
(0.796) 

24.590 
(0.700) 

-1.455 

N 
12.431 
(0.826) 

0.1467 
(0.0251) 

24.268 
(0.581) 

3.5 

T 
14.360 
(1.020) 

0.1090 
(0.0177) 

28.025 
(0.685) 

2.53 

N 
13.059 
(0.976) 

0.0964 
(0.0178) 

25.495 
(0.749) 

3.8 

T 
10.176 
(0.680) 

0.1796 
(0.0437) 

19.865 
(0.607) 

-4.171 

N 
12.312 
(0.853) 

0.1245 
(0.0219) 

24.036 
(0.616) 

3.9 

T 
10.207 
(0.698) 

0.1426 
(0.0288) 

19.927 
(0.558) 

-2.545 

N 
11.511 
(0.783) 

0.1370 
(0.0251) 

22.472 
(0.582) 

4.2 

T 
11.622 
(0.780) 

0.1445 
(0.0261) 

22.689 
(0.573) 

-0.601 

N 
11.930 
(0.850) 

0.1150 
(0.0212) 

23.290 
(0.641) 

4.4 

T 
11.839 
(0.877) 

0.1027 
(0.0199) 

23.113 
(0.699) 

-1.765 

N 
12.743 
(0.909) 

0.1116 
(0.0197) 

24.878 
(0.660) 

4.6 

T 
12.987 
(0.997) 

0.0902 
(0.0173) 

25.354 
(0.802) 

-0.082 

N 
13.029 
(0.909) 

0.1191 
(0.0202) 

25.436 
(0.637) 

4.12 

T 
13.100 
(1.000) 

0.0910 
(0.0173) 

25.568 
(0.796) 

0.978 

N 
12.596 
(0.923) 

0.1034 
(0.0190) 

24.590 
(0.700) 

WT 
13.874 
(0.981) 

0.0826 
(0.0150) 

27.084 
(0.943) 

 

†Final Average area per grain;  
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The average final area per grain (Table 5.3) also showed a large degree of 

variation amongst all lines with the transgenic line 3.5 having the highest 

(28.025 mm2) and transgenic line 3.8 (19.865 mm2) having the lowest area. In 

plants harbouring the HvGerF::AtGA20ox1 construct differences were seen 

between the transgenics and their nulls in all four lines. Whilst the transgenic 

line 3.5 had a larger area than its null, corresponding with it being heavier 

(Table 5.1) the other three lines in this construct displayed the opposite result 

with all transgenics being smaller than their respective nulls. There were less 

substantial differences in average area per grain for the majority of lines 

harbouring the TaDFR-D::AtGA20ox1 construct, except in line 4.4 where the 

transgenic grains were smaller than the nulls. This corresponded with the 

differences seen in grain weight in this line.  

For each line, the time at which maximal area was reached and its value were 

also obtained from the model (Table 5.4). The maximal area per grain was 

compared to the final area per grain and as table 5.4 shows for the majority of 

lines this reduction in grain area was consistent. However, the transgenic lines 

3.8 and 3.9 which had smaller final areas compared to their nulls also showed 

a lower reduction in size during drying down. In addition to that, the transgenic 

line 3.5 which had a larger area than its null showed a bigger reduction in grain 

size implying that these grains possibly displayed the capacity to expand their 

size, although they were unable to maintain this increase. Whilst accepting that 

two lines (3.8 and 3.9) show opposing results to line 3.5 – which displayed the 

highest expression of the AtGA20x1 transgene amongst these lines (Figure 5.3), 

there is a possibility that the expression of this gene in the pericarp and inner 

integument layers could lead to an increase in the size of the grain. The lines 

harbouring the TaDFR-D::AtGA20ox1 construct did not display any substantial 

differences in grain size between the various transgenics and their nulls.  
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Table 5.4: Estimates of time to maximal size per grain in 
HvGerF::AtGA20ox1 and TaDFR-D::AtGA20ox1 transgenic 
lines 

The estimated time (tmax) at which maximal average area per grain (ymax) 

is reached. The difference between maximum and final area (ymax - AL) 

is also shown. Standard errors are given in parenthesis. 3; 

HvGerF::AtGA20ox1 and 4; TaDFR-D::AtGA20ox1. T; transgenics and N; 

nulls. 

                   Parameter 
Line 

tmax ymax ymax - AL 

3.2 
 

T 39.3 33.120 (0.550) 10.307 

N 37.3 36.181 (0.607) 11.913 

3.5 
T 39.0 40.919 (0.567) 12.894 

N 39.6 36.724 (0.551) 11.229 

3.8 
T 35.9 29.831 (0.728) 9.966 

N 38.3 35.489 (0.579) 11.453 

3.9 
T 37.5 29.667 (0.589) 9.74 

N 37.7 33.384 (0.591) 10.912 

4.2 
T 37.4 33.802 (0.600) 11.113 

N 38.7 34.172 (0.564) 10.882 

4.4 
T 39.3 33.538 (0.550) 10.425 

N 38.9 36.406 (0.564) 11.528 

4.6 
T 39.9 36.205 (0.551) 10.851 

N 38.5 37.430 (0.575) 11.994 

4.12 
T 39.6 36.552 (0.549) 10.984 

N 39.3 35.708 (0.554) 11.118 

WT 40.2 38.168 (0.644) 11.084 

 

 

The fitted curves for each construct are shown in figures 5.13 and 5.14 along 

with the plotted means (n = 3) for combinations of lines and time points. The 

differences seen in the rate of increase in area in the various lines harbouring 

the HvGerF::AtGA20ox1 construct compared to their nulls and the wild-type 
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can be seen in these curves (Figure 5.13). The curves also indicate that there 

were only slight differences in the growth rates of the lines harbouring the 

TaDFR-D::AtGA20ox1 construct compared to the wild-type (Figure 5.14). 

 

 
Figure 5.13: Fitted curves for average area per grain of HvGerF::AtGA20ox1 

transgenic lines 

The fitted curves with the plotted means (n = 3) for combinations of lines 

and time points. Vertical error bar represents LSD at the 5% (2.6889 on 180 

df) for the comparison of the means between lines given the ANOVA. T; 

transgenics and N; nulls. 
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Figure 5.14: Fitted curves for average area per grain of TaDFR-

D::AtGA20ox1 transgenic lines 

The fitted curves with the plotted means (n = 3) for combinations of lines 

and time points. Vertical error bar represents LSD at the 5% (2.6889 on 180 

df) for the comparison of the means between lines given the ANOVA. T; 

transgenics and N; nulls. 

 

The modelling also showed that the average time between reaching the peak 

in area per seed and the peak in weight per seed to be 4.6 - 6.6 days for the 

majority of lines studied except for line 3.8 which also displayed reduced yield 

and high number of aborted grains. This line displayed only 2.3 days between 

these two stages resulting in a shorter grain filling period again indicating other 

factors being involved in the reduction of yield in this line.  
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5.3 Conclusions 

 

The work described in this chapter examined the effects of expressing the 

AtGA20ox1 gene in the pericarp and inner integument layers of the grain using 

two promoters, HvGerF and TaDFR-D. This work was carried out to determine 

if the seed coat layers restrict grain size and if expressing a GA biosynthetic 

gene in these tissues results in the production of larger grain. However, no clear 

conclusions could be made regarding this. In plants harbouring the 

HvGerF::AtGA20ox1 construct whilst three of the four transgenic lines 

displayed a yield phenotype, they showed contrasting results. Two of these 

lines showed a reduction in both weight and grain size; however, one of these 

lines also had an unusually high number of aborted grains. We know from 

previous work that a reduction in grain number can lead to an increase in size 

due to the extra resources available to the remaining grains. Since the line in 

this experiment does not display this phenotype it implies that there might be 

other factors affecting the health of these plants, which also resulted in the 

death of two plants in a replicate block. In contrast the plants harbouring the 

TaDFR-D::AtGA20ox1 construct did not show any substantial differences in 

grain yield. Whilst reduction in some yield variables was observed in the 

transgenics of three of the lines, this was only weakly significant.  

The growth of these grains was also studied during development in order to 

test if any potential effect on grain expansion of modifying GA biosynthesis in 

these tissues might have been lost at maturity due to other factors such as 

unavailability of extra resources. For plants transformed with construct 

HvGerF::AtGA20ox1, the line showing increased yield compared to its null, took 

a longer time to reach 50% of its final weight, whereas the lines showing a 

reduction in weight took a shorter time compared to their respective nulls. 

These two lines also had the lower maximum weight during development and 

took fewer days to reach it, whereas the line with increased yield had higher 

maximum weight and took longer to reach it, when compared to each of their 
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nulls. The plants transformed with the TaDFR-D::AtGA20ox1 construct when 

studied during development did not display any substantial differences among 

the lines, except in one case where the transgenic took a longer time than its 

null to reach both its maximal and 50% of final weight, but this did not result in 

an increase in final or maximal weights.  

The measurements for grain size also displayed similar results with the plants 

in both constructs following the same pattern as for grain weight. The higher 

yielding HvGerF::AtGA20ox1 line also displayed the bigger grain area, and those 

lines with low yield had smaller grain areas. These lines also displayed a 

difference in the grain size reduction from maximum to final with the smaller 

grains showing a smaller reduction, and the grains in the line with increased 

yield showing a larger reduction in size between these two stages. For plants 

transformed with TaDFR-D::AtGA20ox1  there were less substantial differences 

in this parameter, with only one line showing a significantly smaller size 

compared to its null and showing a smaller reduction in size from maximum to 

final.  

The consistency in the grain filling period in the majority of the lines of both 

constructs indicates that the differences seen in the rate of increase in area and 

days taken to reach the 50% of the decrease from maxima to final weight could 

possibly be the main factors contributing to the differences seen in yields. 

These results indicate that the grains that took longer to reach their maximal 

weight displayed a different growth pattern and were able to expand for a 

longer time thus resulting in an increase in final size and weight. However, the 

line which showed the maximum yield whilst taking the longest to reach both 

maximal and final weights, also showed the biggest reduction in grain size from 

maximum to final implying that final yield may be limited by lack of source 

inputs. 

However, based on the results from these two constructs it is difficult to make 

definite conclusions about the role of GA in the seed coat layers and its effects 

on grain size and development. 
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Chapter 6. The effect of manipulating GA in the endosperm of 

developing wheat grain 

 

6.1 Introduction 

 

In grasses the endosperm is a persistent seed structure mainly comprising of 

starch and forms the majority of the mature seed, which is in contrast to many 

species including Arabidopsis (Sabelli and Larkins, 2009). In the mature 

endosperm starch granules are embedded in a matrix of storage proteins and 

these provide nutrition to the germinating embryo, and developing seedling, 

following hydrolysis by enzymes such as α-amylase (Olsen et al., 1999, Evers 

and Millar, 2002).  

An efficient system of assimilate transfer from vegetative tissues into seeds is 

an important determinant of yield and in grasses this system is facilitated by 

the Endosperm transfer cells (ETC) – a modified part of the aleurone layer that 

differentiates prior to endosperm cellularisation (Sabelli and Larkins, 2009, 

Thiel, 2014). The ETC are adapted for transport of solutes, mainly sucrose and 

amino acids to the developing seed and their main distinguishing feature is the 

presence of extensive cell wall ingrowths to increase the surface of plasma 

membrane available for transport (Pate and Gunning, 1972, Thompson et al., 

2001). In barley and wheat, ETCs are located along the crease and allow the 

rapid transport of solutes at symplastic/apoplastic bottlenecks such as the 

interface between maternal vascular tissue and the endosperm (Offler et al., 

2003).  

There is available evidence that GA is synthesised in the endosperm of several 

plant species and it was first reported that the endosperm of Marah 

macrocarpus contains high amounts of bioactive GA-like compounds (Corcoran 

and Phinney, 1962). The early GA biosynthetic enzymes CPS and KS were first 

identified in extracts from the endosperm and embryo of Marah macrocarpus 
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(MacMillan et al., 1997) and KS and GA 20-oxidase were extracted from the 

endosperm of pumpkin (Lange, 1994, Saito et al., 1995). The presence of 

bioactive GAs in the endosperm of young pea seeds (Rodrigo et al., 1997) and 

the expression of early GA biosynthesis genes and TaGA3ox1 in the endosperm 

of developing wheat grain (Pearce et al., 2015) also provide evidence that GA 

biosynthesis occurs in this tissue.  

Work in our laboratory has shown that decreasing the level of GA in the 

endosperm throughout grain development can decrease the α-amylase 

content of the grain, improving flour quality, but also that this can have 

negative impacts on grain size (Vaughan, S. unpublished data). Our hypothesis 

was that by using a promoter which is active only late in grain development to 

decrease the amount of GA we may be able to improve grain quality without 

impacting grain size. For this study the wheat Tritin promoter (TaTri) was 

chosen to test this hypothesis as it does not display activity until approximately 

25 dpa.  

Tritin belongs to the ribosome-inactivating protein (RIP) family, members of 

which are toxic proteins that catalytically inactivate prokaryotic or eukaryotic 

ribosomes (Bass et al., 1992, Dang and Van Damme, 2015). They mainly 

function as N-glycosidases to remove a specific adenine residue from a 

universally conserved sarcin/ricin loop in 23S/25S/28S rRNA (Endo et al., 1987, 

de Virgilio et al., 2010). Tritin is a Type I RIP present in wheat seeds and was 

first identified as a component of a wheat-germ protein-synthesising system 

that caused inhibition of protein synthesis in an ascites cell-free system 

(Stewart et al., 1977). The Tritin gene first isolated from wheat by Habuka et 

al., (1993) consisted of a 5’ UTR sequence (991 bp), an open reading frame (828 

bp) and 3’ UTR sequence (431 bp). This gene showed 88% homology (Habuka 

et al., 1993) to barley RIP gene which is known to accumulate in the starchy 

endosperm during late seed development (Leah et al., 1991). The 5’ UTR 

sequence along with several TATA boxes also contained three sequences that 

were homologous to the binding sequence of the maize transcriptional 
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activator protein, Opaque-2. This gene is thought to activate the expression of 

maize RIP, thus a similar DNA-binding protein may also control the expression 

of the Tritin gene (Habuka et al., 1993). These authors also confirmed a 

previous report by Reisbig and Bruland (1983) that wheat has three Tritin 

genes. Altenbach and Kothari (2004) studied transcripts of wheat endosperm 

genes under different temperature regimes and found differences in the 

expression pattern of Tritin. They found that under 24/17oC temperature 

regime this gene is expressed at 28 and 34 dpa, whereas under 37/28oC regime 

it is expressed as early as 8 dpa. Tritin has also been shown to be expressed 

during late stage of senescence of wheat coleoptiles and may be involved in 

programme cell death (Sawasaki et al., 2008). For this study the TaTri promoter 

was isolated using genome walking from wheat cv. Cadenza. This generated a 

single 1769 bp fragment which represented 401 bp of CDS and 1368 bp of 5’ 

UTR. The CDS matched the TaTri sequence previously identified by Habuka et 

al. (1993) (D13795), except for one base, which did not result in an amino acid 

substitution. In the 5’ UTR, the first 988 bp also displayed 99.3% identity to this 

previously published sequence. Along with this, an additional 380 bp was 

isolated, resulting in a 1368 bp promoter. This extended and verified sequence, 

based on a single fragment and sequenced in both directions, was submitted 

to Genbank under the accession HM564397 and is the source of the TaTri 

promoter used in this study. Promoter activity was studied during grain 

development in our laboratory using three independent lines harbouring the 

TaTri promoter directing nuclear-targeted GFP expression (Figure 1.15). This 

promoter was found to be highly active in the endosperm in all lines examined 

from 25 dpa onwards through to maturity. No promoter activity was observed 

in any non-target tissues examined.  

We also hypothesised that conferring GA increase and GA insensitivity 

specifically in the endosperm transfer layer would enable us to examine the 

role of this tissue in grain development and its role in determining grain yield 

and quality. For this study the wheat Endosperm 1 (TaEND1) promoter was 

selected for this purpose. The END1 gene encodes a non-specific lipid transfer 
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protein and was first identified in barley ETC (Doan et al., 1996, Lopato et al., 

2014). In situ hybridization studies performed by Doan et al. (1996) showed the 

expression of the barley END1 to be only in the coenocyte above the nucellar 

projection during the free-nuclear stage of endosperm development. Once 

cellularization is complete, END1 was shown to accumulate in the endosperm 

transfer cells and a few layers of ventral starchy endosperm. Using northern 

blot hybridization these authors also observed END1 transcripts from 5-30 dpa 

in the grain, with it increasing from 5 dpa to 8 dpa, remaining steady between 

8-25 dpa and decreasing from 25- to 30 dpa. Drea et al. (2005) performed 

similar studies on the END1 orthologue from wheat and showed that its 

expression matched that shown in barley. Li et al. (2008) cloned a homologue 

of the wheat END1, TaPR60 and showed it to accumulate in the developing 

grain from the end of cellularization till maturity. They also studied the 

promoter of a rice orthologue (OsPR602) and showed that in rice promoter 

activity was observed in the ETC, the starchy endosperm and in the maternal 

vascular tissue adjacent to the ETC and vascular tissue of the lemma and palea. 

However, in barley the activity of this promoter was restricted to the ETC and 

adjacent layers of the starchy endosperm, matching the expression of END1 

shown by Doan et al. (1996). An orthologue of TaPR60 from Triticum durum 

(TdPR60) was transformed into wheat, barley and rice with a gene 

promoter:GUS fusion. While in wheat and barley the expression of this 

construct was restricted to the endosperm transfer layer, in rice expression was 

seen in the starchy endosperm during early grain filling (Kovalchuk et al., 2009). 

These authors were unable to identify any identical or near identical cis-

elements in the TaPR60 and OsPR602 promoters. The TaEND1 promoter used 

in this study was isolated from a vector supplied by John Doan (James Hutton 

Institute, UK) under an MTA and its activity was further studied during grain 

development in our lab. This was done using nine independent lines harbouring 

2143 bp of the promoter directing nuclear targeted GFP expression (Figure 

1.15). GFP activity was observed only in the ETC from 7 dpa to 40 dpa. No GFP 

was observed in any non-target tissues examined.  
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For this study the expression of a GA inactivating gene from bean (PcGA2ox1) 

was driven by the TaTri promoter (Figure 6.1, A) to decrease the amount of GA 

in developing grains to improve grain quality without impacting grain size. In 

addition, in the endosperm transfer layer the Atgai gene was expressed to help 

understand the role of GA signalling in the developing grain, while the GA 

biosynthesis gene (AtGA20ox1) was expressed to increase the level of GA and 

determine if this increase enhances grain size, using the TaEND1 promoter 

(Figure 6.1, B and C). 

 

 
Figure 6.1: Basic structure of TaTri::PcGA2ox1, TaEND1::AtGA20ox1 and 

TaEND1::Atgai 

Basic structure of constructs TaTri::PcGA2ox1 (A), TaEND1::AtGA20ox1 (B) 

and TaEND1::Atgai (C). The position of junctions between elements is given 

in base pairs (bp). The CaMV35S terminator is labelled 35S T. 

  

TaTri Promoter 35S TPcGA2ox1

bp 1 1368 2367 2609

TaEND1 Promoter 35S TAtGA20ox1

bp 1 2144 3278 3520

A.

B.

35S TAtgai

bp 1 2144 3743 3985

C.

TaEND1 Promoter
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6.2 Results and discussion 

 

6.2.1 Production of homozygous material 

To select homozygous material for this study 24 T1 plants from five lines of 

TaTri::PcGA2ox1, six lines of TaEND1::AtGA20ox1 and four lines of 

TaEND1::Atgai were genotyped as described in Chapter 3. TaqMan assays 

(section 2.2.3) were performed on T1 plants of TaTri::PcGA2ox1 using forward 

primer Q_Pc2ox-F, reverse primer Q_Pc2ox-R and hybridization probe 

Q_Pc2ox-probe (Appendix 1). The same analysis was also performed on T1 

plants of TaEND1::AtGA20ox1 using forward primer Q_At20ox-F, reverse 

primer Q_At20ox-R and hybridization probe Q_At20ox-probe (Appendix 1) and 

on T1 plants of TaEND1::Atgai using forward primer Q_GAI-F, reverse primer 

Q_GAI-R and hybridization probe Q_GAI-probe (Appendix 1). For all constructs, 

three plants were chosen from each independent line as potential 

homozygotes. The T2 progenies of the plants harbouring construct 

TaTri::PcGA2ox1 were analysed by PCR (section 2.2.2) using forward primer Tri-

F and reverse primer 2ox-R (Appendix 1). As discussed in chapter 3, for this 

construct homozygous T2 plants were identified in four of the five lines tested, 

and two of these lines were confirmed by southern analysis (section 2.3.8) to 

be clonal. An experiment was performed on the remaining three independent 

lines with three biological replicates each.  

The T2 progenies of TaEND1::AtGA20ox1 were also analysed by PCR, using 

forward primer END1-F and reverse primer 20ox-R (Appendix 1), and 

homozygous plants identified in five of the six lines tested. Homozygous T2 

plants were selected from four of these lines and an experiment performed 

with three biological replicates for each line. The same analysis was also 

performed on T2 TaEND1::Atgai transgenic lines, using forward primer END1-F 

and reverse primer Gai-R (Appendix 1), and homozygous material identified in 

three of the four lines tested. For this construct the experiment was set-up 

using all four independent lines though one of them (line 11.7) was 
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hemizygous. Whilst for this line only positive plants were chosen for this study 

it is possible that they were still hemizygous and some of the grains harvested 

were negative for the transgene and subsequent data should be viewed with 

this in mind. 

 

6.2.2 Experimental design 

 

6.2.2.1 TaTri::PcGA2ox1 

Grain yield and quality studies were performed to examine the effects of 

expressing the PcGA2ox1 gene in the endosperm of the grain using transgenic 

wheat lines harbouring the TaTri::PcGA2ox1 construct generated as described 

in section 2.1. A single RCBD experiment was setup as described in section 2.1.1 

with three replicates of each line. In this experiment single plants were grown 

in 15-cm pots and cut back to five tillers per plant. From ears four and five; 

grains were harvested at maturity to measure yield and analyse various quality 

parameters. Grains from ears two and three were harvested at 35 and 49 dpa, 

respectively, to measure transcript levels and grains from ear one were 

harvested at three time points (14, 35 and 42 dpa – four grains each) to 

visualise GFP (section 2.7) to confirm promoter activity.  

 

6.2.2.2 TaEND1::AtGA20ox1 and TaEND1::Atgai 

The effects of GA increase and insensitivity in the endosperm transfer layer 

were examined through an extensive yield and development study using 

transgenic wheat lines harbouring the TaEND1::AtGA20ox1 and TaEND1::Atgai 

constructs generated as described in section 2.1. A single RCBD experiment was 

set-up as described in section 2.1.1 with three replicates of four independent 

lines of each construct. In this experiment six plants were grown per line in each 

replicate block with two plants in a 20-cm pot and each plant cut back to five 

tillers. Of the six plants in each replicate, plant one was used for development 
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studies, plants two and six for yield and quality analysis and plants three, four 

and five for GA hormone analysis. For the development studies from plant one, 

grains were harvest at two time points (14 and 28 dpa – four grains each) to 

visualise GFP (section 2.7) to study promoter activity. From ears two, three and 

four of plant one, grains were harvested at 14 and 28 dpa to measure various 

transcript levels. In each replicate the grains at the two time points were 

harvested from a different ear; replicate one: 14 dpa – ear two, 28 dpa – ear 

three; replicate two: 14 dpa – ear three, 28 dpa – ear four: replicate three: 14 

dpa – ear four, 28 dpa – ear two. From plants two and six all grains were 

harvested for yield and quality analysis. For hormone measurements, grains 

were harvested at 28 dpa from ears two and three of plants three, four and five 

and the samples pooled for each replicate.  

 

6.2.3 GFP visualisation of promoter activity 

 

6.2.3.1 TaTri activity 

GFP was examined in grains at 14, 35 and 42 dpa as described in section 2.7. 

These three time points were chosen to confirm the earlier studies in our 

laboratory which showed promoter activity beginning at 25 dpa. Whilst GFP 

was not visible in any tissues of the grain at 14 dpa, it was present in the starchy 

endosperm at both 35 (Figure 6.2) and 42 dpa. Promoter activity was further 

studied in germinating grain for all lines studied and no GFP was observed in 

any grain tissues from 24 hours after imbibition up to four days post 

germination.  
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Figure 6.2: Activity of endosperm specific promoter in wheat grain 

Transverse and longitudinal sections highlighting the endosperm are presented 

in bright field (top panel) and under a GFP filter set (excitation/ emission) 

(bottom panel) at 35 dpa for typical transgenic lines harbouring GFP under 

control of the wheat TaTri promoter. Scale bars represent 500µm for each 

image. 

 

 

6.2.3.2 TaEND1 activity 

GFP was examined in grains at 14 and 28 dpa as described in section 2.7. These 

two time points were chosen to confirm the earlier studies in our laboratory 

which showed promoter activity from seven to 40 dpa. Whilst GFP was visible 

in the ETC cells at both 14 and 28 dpa, no other obvious morphological effects 

were observed in this tissue for either construct (Figure 6.3). Promoter activity 

was further studied in germinating grain for all lines studied and no GFP was 

observed in any grain tissues from 24 hours after imbibition up to four days 

post germination.  
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Figure 6.3: Activity of endosperm transfer layer specific promoter in wheat 

grain 

Transverse and longitudinal sections highlighting the endosperm transfer layer 

are presented in bright field (top panel) and under a GFP filter set (excitation/ 

emission) (bottom panel) at 14 dpa (A) and 28 dpa (B) for typical transgenic 

lines harbouring GFP under control of the wheat TaEND1 promoter. Scale bars 

represent 500µm for each image. 

 

 

B.
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6.2.4 Analysis of transgenic lines expressing the PcGA2ox1 gene under 

control of the endosperm-specific TaTri promoter 

 

6.2.4.1 TaTri::PcGA2ox1 transgene expression 

To confirm expression of the introduced transgene, transcript levels of the 

PcGA2ox1 gene were measured in cDNA synthesised (section 2.2.6) from RNA 

extracted as described in sections 2.2.4 and 2.2.5 from 35 and 49 dpa grains. 

These grains were harvested from ears two and three, respectively, from three 

biological replicates from each of the three independent lines in the 

experiment and their respective nulls and the wild-type control. The qRT-PCR 

was performed on this material according to section 2.2.7 using forward primer 

Q_Pc2ox-F and reverse primer Q_Pc2ox-R (Appendix 1). The expression of the 

transgene (Figure 6.4, A and B) was normalised against the expression of two 

endogenous genes – Ta2526 and TaGapDH (section 2.2.7 and appendix 1). The 

data presented in figure 6.4 is an average of the NRQs of three biological 

replicates for each line at both time points. The qRT-PCR was performed on all 

plants in the experiment, including the null and wild type plants as controls. No 

expression of the transgene was observed in any of the controls (including the 

NRT controls) and, as such, these are excluded from the figures presented.  
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Figure 6.4: NRQs of PcGA2ox1 gene in TaTri::PcGA2ox1 transgenic lines 
Average of normalised expression levels of the PcGA2ox1 in 35 dpa (A) and 

49 dpa (B) grain as measured in three biological replicates for each 

transgenic line. Vertical error bars denote SEM.  

 

The expression of the PcGA2ox1 transgene showed a large degree of variation 

between the three independent lines at both time points studied (Figure 6.4, A 

and B). At 35 dpa, there were up to 10-fold differences between lines, with line 

6.2 displaying amongst the highest transgene expression observed in this 

project (Figure 6.4, A). At 49 dpa, whilst still detectable, the expression levels 

of the transgene saw a 15- to 124-fold reduction compared to 35 dpa (Figure 

6.4, B) with line 6.8 showing the biggest decrease. At both time points the 

highest level of transgene expression was seen in line 6.2 and the lowest in line 

6.6. 

 

6.2.4.2 Analysis of TaTri::PcGA2ox1 effects on yield 

To study effects of expressing PcGA2ox1 gene in the endosperm on grain yield, 

mature grains harvested from two ears (taken as a standardised proxy for total 

yield) of each plant was assessed according to the methods described in 

sections 2.3. The MARVIN digital seed counter was used to count the number 

of grains and measure their surface area, length and width. These grains were 

then weighed to calculate TGW. The data presented in figure 6.5 shows the 
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average values for three biological replicates of each line except the null plants 

of line 6.8. In this line one replicate did not produce enough grains to enable 

robust data analysis and was therefore excluded from further analysis. For all 

of the yield variables measured the difference between the transgenic, null and 

wild type was assessed at the population level using ANOVA. Using LSD at 5%, 

no significant differences were observed between the three genotypes for any 

of the yield parameters measured. This result agrees with the hypothesis that 

GA reduction in the endosperm late in grain development would not have a 

significant effect on grain yield.  
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Figure 6.5: Analysis of yield components in TaTri::PcGA2ox1 transgenic 

lines 
Averages are presented for several variables: grain number (A), grain surface 

area (B), TGW (C), grain length (D) and grain width (E) for measurements on 

mature grains. Grey bars – transgenic lines, black bars – null segregants and 

hatched bars – WT. * denotes significant difference between a transgenic 

and its null using LSD at 5%: p value at – *: ≤ 0.05 and ***: ≤ 0.001. Vertical 

error bars denote SED on 1, 11 df. 
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The differences between the transgenic lines and their respective nulls were 

also analysed using ANOVA. Grain number was highly variable in this 

experiment, from a low of 190.7 in nulls of line 6.8 to a high of 256.7 in 

transgenics also of line 6.8 (Figure 6.5, A). This difference in grain number in 

this line was statistically significant using LSD at 5% (p <0.001, F-test = 26.07). 

Whilst line 6.6 did not show any differences between the null and transgenic 

lines, in line 6.2 the pattern was reversed and the transgenic plants had fewer 

grains than their nulls (p = 0.02, F-test = 7.34). This contrasting result for grain 

number in two out of three lines, both of which strongly express the transgene, 

suggests that that the expression of TaTri::PcGA2ox1 may not be the primary  

cause of these results. The average TGW also showed a wide range from a low 

of 42.4 g (null, line 6.8) to a high of 53.26 g (wild type). However, no significant 

differences were observed between the transgenics and nulls in any of the lines 

(Figure 6.5, C). Likewise, measurements of grain surface area and width also 

showed no significant differences between or within any of the lines (Figure 

6.5, B and E). Grain length measurements showed a statistically significant 

difference in lines 6.2 (p = 0.036, F-test = 5.71) and 6.8 (p = 0.048, F-test = 4.94) 

where both sets of transgenic grains were significantly shorter than their null 

counterparts. As described in section 6.2.4.1 (Figure 6.4) these two lines also 

had the highest expression of the PcGA2ox1 gene out of the three lines. Taken 

as a whole these results indicate that while the variations seen in grain number 

were not a result of the expression of TaTri::PcGA2ox1, the reduction in grain 

length in two lines was. We hypothesised that reduction in GA levels late in 

grain development should not affect its size; however, the examination of 

these lines implies that this was not the case. As previously mentioned as a 

population the transgenic lines did not show a significant difference in grain 

size compared to the nulls. However, when within lines differences were 

analysed two of the three transgenic lines did show a reduction in grain length 

and the only line which did not show any change also had the lowest expression 

of the PcGA2ox1 gene. Indeed, these results do indicate that expression of the 

PcGA2ox1 gene even this late in grain development can affect its size, however 
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this result was based on only three independent lines and must be viewed with 

this in mind. 

 

6.2.4.3 Analysis of TaTri::PcGA2ox1 effects on quality 

To study the effect of expressing the PcGA2ox1 gene in the endosperm on grain 

quality, the α-amylase and nitrogen contents of the grains were assessed. 

Grains measured in the yield study were milled to a fine flour and the α-

amylase activity measured on 25 mg of this material according to section 2.4.2. 

The data presented in figure 6.6, A shows CU for each line and is an average of 

three biological replicates except the nulls of line 6.8. There was an overall 

trend towards increased α-amylase in the transgenics compared to their null. 

Taking the data at the population level when analysed by ANOVA using LSD at 

5% (section 2.6), significant correlations were observed on the basis of 

genotype with the nulls having significantly lower α-amylase than both the 

transgenics and the wild type suggesting that that the TaTri::PcGA2ox1 

construct was not having a positive effect on grain quality. However, within 

individual lines only a weakly significant difference (p = 0.074, F-test = 3.90) 

was observed for line 6.6. This could potentially be due to the high expression 

of the PcGA2ox1 transgene leading to an increase in the transcripts of 

endogenous genes resulting in overcompensation and increased GA levels. 
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Figure 6.6: Analysis of quality components in TaTri::PcGA2ox1 transgenic 

lines 
Averages are presented for: α-amylase (A) and grain nitrogen content (B) for 

measurements on mature grains. Grey bars – transgenic lines, black bars – 

null segregants and hatched bars – WT. Vertical error bars denote SED on 1, 

11 df. 

 

The percentage of nitrogen in the grains was also measured (as a proxy for 

protein content) according to section 2.4.3. When the nitrogen content 

between the transgenics, null and wild-type grains were assessed at the 

population level no differences were observed between the three genotypes. 

There were no statistically significant differences between the transgenics and 

their respective nulls for any of the lines after analysis by ANOVA using LSD at 

5%, indicating that the transgene was having no effect on grain protein 

accumulation in these lines.  

 

6.2.4.4 TaTri::PcGA2ox1 effect on endogenous gene expression 

To further understand the increase in the α-amylase levels in these plants the 

expression levels of the two endogenous α-amylase genes – TaAmy1 and 

TaAmy2 – were measured. As mentioned in section 6.2.4.3 the high expression 

of the PcGA2ox1 transgene (Figure 6.4) could lead to the up-regulation of GA-

biosynthetic genes. To explore this further the expression of the endogenous 
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developing-endosperm-specific gene, TaGA20ox3 was also measured. These 

measurements were performed according to section 2.2.7 and on the same 35 

and 49 dpa cDNA used for the analysis described in section 6.2.4.1. At both 

time points the expression of the three genes was normalised against the 

expression of two endogenous genes – Ta2526 and TaGapDH (section 2.2.7 and 

appendix 1) and the data presented in figure 6.7 is an average of the NRQs of 

three biological replicates for each line. 
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Figure 6.7: NRQs of TaAmy1, TaAmy2 and TaGA20ox3 genes in 

TaTri::PcGA2ox1 transgenic lines 
Endogenous levels of the TaAmy1 (A and B). TaAmy2 (C and D) and 

TaGA20ox3 (E and F) genes at 35 dpa (A, C and E) and 49 dpa (B, D and F). 

Grey bars – transgenic lines, black bars – null segregants and hatched bars 

– WT.  Vertical error bars denote SEM. 

 

The qRT-PCR for TaAmy1, performed using forward primer TaAmy1_F2 and 

reverse primer TaAmy1_R2 (Appendix 1), showed a large degree of variation 

within biological replicates and across and within lines. The expression of 
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low. At 35 dpa, whilst overall there were no changes in the expression of 

TaAmy1 between the transgenics and their null, in line 6.2 it was highly 

upregulated in both compared to the rest of the lines and the wild type control 

(Figure 6.7, A). At 49 dpa, whilst the expression of TaAmy1 was again very low 

it was upregulated in the transgenics of line 6.2 and 6.6 (Figure 6.7, B). The 

relatively high expression of this gene in the transgenics could explain the slight 

increase in the α-amylase content in these lines. 

The expression levels of TaAmy2, analysed using forward primer Amy2_F_ext 

and reverse primer Amy2_R_ext (Appendix 1), showed no overall trend with no 

consistency between lines at either 35 and 49 dpa (Figure 6.7, C and D). At 35 

dpa, whilst accepting considerable variation between replicates, in line 6.2 the 

expression of this gene was slightly upregulated compared to its null. However, 

in line 6.8 it was reduced and there was no change in line 6.6 (Figure 6.7, C). At 

49 dpa in lines 6.2 and 6.6 the expression of TaAmy2 was elevated in the 

transgenic lines, however in line 6.8 there was a slight reduction.  

The expression level of TaGA20ox3, measured using forward and reverse 

primers Ta20ox3-F and Ta20ox3-R respectively (Appendix 1), revealed that at 

both time points, and for the majority of lines, the expression of this gene 

showed no differences between the transgenics, nulls and the wild-type plants 

(Figure 6.7, E and F). However, again whilst accepting considerable variation 

between replicates, at 35 dpa TaGA20ox3 expression was elevated in the 

transgenics of line 6.2. As was shown in section 6.2.4.1 (Figure 6.4) this line had 

the highest expression of the PcGA2ox1 transgene and this could possibly be 

causing the feedback regulation of the TaGA20ox3 gene resulting in its 

increase.  However, no increase in the expression of TaGA20ox3 was seen in 

the other two transgenic lines at either time point. 

Whilst there were slight differences in the expression of the three endogenous 

genes studied in this section it should be noted that there were large variations 

observed in the biological replicates in the majority of the lines for all genes. 

Due to this it is difficult to make definite conclusions about the effects of the 
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expression of the PcGA2ox1 transgene on the expression of these genes or its 

role in the feedback regulation of GA biosynthetic genes.  

 

6.2.5 Analysis of transgenic lines expressing the AtGA20ox1 gene under 

control of the ETC-specific TaEND1 promoter 

 

6.2.5.1 TaEND1::AtGA20ox1 transgene expression 

To confirm expression of the introduced transgene, transcript levels of the 

AtGA20ox1 gene were measured in cDNA synthesised (section 2.2.6) from RNA 

extracted as described in sections 2.2.4 and 2.2.5 from 14 and 28 dpa grains. 

These grains were harvested from three biological replicates from each of the 

four independent lines in the experiment and their respective nulls and the wild 

type control. The qRT-PCR was performed on this material according to section 

2.2.7 using forward primer q_At20ox1_F1 and reverse primer q_At20ox1_R1 

(Appendix 1). The expression of the transgene at 14 dpa was normalised against 

the expression of three endogenous genes – Ta2526, TaGapDH and TaSDH 

(Figure 6.8, A) and against two endogenous genes - Ta2526 and TaSDH at 28 

dpa (Figure 6.8, B) (section 2.2.7 and appendix 1). The data presented in figure 

6.8 is an average of the NRQs of three biological replicates, except for line 2.12. 

In this line one plant flowered three weeks after the rest of the population and 

was thus discarded and the data presented is based on two replicates. The qRT-

PCR was performed on all plants in the experiment, including the null and wild-

type plants as controls. No expression of the transgene was observed in any of 

the control material (including the NRT controls) and as such these are 

excluded from the figures as presented.  
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Figure 6.8: NRQs of AtGA20ox1 in TaEND1::AtGA20ox1 transgenic lines 
Average of normalised expression levels of the AtGA20ox1 at 14 dpa (A) and 

28 dpa (B) grains as measured in three biological replicates for each 

transgenic line. Vertical error bars denote SEM. 

 

The expression of the AtGA20ox1 transgene showed a large degree of variation 

between the four independent lines at both time points studied (Figure 6.8, A 

and B). However, at both time points the highest level of transgene expression 

was observed in line 2.12. At 14 dpa, the highest expression at 0.16 was in line 

2.12 and the lowest at 0.05 was in line 2.5 (Figure 6.8, A). Whilst this level of 

expression was lower than that seen for PcGA2ox1 expressed from the TaTri 

promoter (Figure 6.4 in section 6.2.4.1), it was comparable to the rest of the 

transgenes studied in this project. At 28 dpa (Figure 6.8, B) the expression levels 

of this gene saw a huge reduction compare to 14 dpa with line 2.9 showing the 

biggest decrease, with a 1788-fold change.  

 

6.2.5.2 Analysis of TaEND1::AtGA20ox1 effects on yield 

To study effects of expressing AtGA20ox1 in the grain ETC on grain yield, 

mature grains harvested from five ears (taken as a standardised proxy for total 

yield) of two plants per replicate were assessed according to the methods 

described in sections 2.3 and 2.4.1. The MARVIN digital seed counter was used 
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to count grain number and measure their surface area, length and width. These 

grains were then weighed to calculate TGW. The measurements for diameter 

were obtained from SKCS as described in section 2.4.1. The data presented in 

figure 6.9 shows the average values for three biological replicates – the grains 

from plants two and six of each replicate block were pooled together to form 

one sample resulting in three biological replicates. For all of the yield variables 

measured the difference between the transgenic, null and wild type was 

assessed at the population level by ANOVA using LSD at 5%. Whilst no 

significant differences were observed between the three genotypes for TGW, 

area and length, the null lines did have significantly more grains than the 

transgenics, although neither line showed a difference to the wild type. The 

width and diameter of the transgenic grains was larger than both the nulls and 

the wild type, but they also had the least number of grains of the three 

genotypes which could, in part, explain the increase in grain width.  
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Figure 6.9: Analysis of yield components in TaEND1::AtGA20ox1 transgenic 

lines 
Averages are presented for several variables: grain number (A), grain surface 

area (B), TGW (C), grain length (D), grain width (E) and grain diameter (F) for 

measurements on mature grains. Grey bars – transgenic lines, black bars – 

null segregants and hatched bars – WT. * denotes significant difference 

between a transgenic and its null using LSD at 5%: p value at – *: ≤ 0.05 and 

**: ≤ 0.005. Vertical error bars denote SED on 1, 16 df. 

 

The differences between the transgenic lines and their respective nulls were 

also analysed using ANOVA. Grain number showed a broad range from a low of 

80 (transgenic, line 2.12) to a high of 210 (null, line 2.5) where significant 

differences were observed in both these lines (Figure 6.9, A) and the 

transgenics plants had fewer grains than their nulls (line 2.5: p = 0.004, F-test = 

11.45 and line 2.12: p = 0.047, F-test = 4.61). During the course of this 
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experiment it was observed that the transgenic plants had an unusually high 

number of aborted grains. There are no reports of, nor did we observe, the 

TaEND1 promoter being active in tissues other than the ETC and thus 

expression should have been restricted to the grain and therefore only after 

anthesis. We assume, therefore, that the transgene expression was not 

responsible for the reduced grain set. There was also a wide range in average 

TGW for these lines, from a low of 37.68 g (transgenic, line 2.9) to a high of 

46.93 g (transgenic, line 2.12). Significant differences were observed in TGW 

for three of the four lines (Figure 6.9, C), with lines 2.5 (p = 0.019, F-test = 6.83) 

and 2.12 (p = 0.001, F-test = 4.15) both being heavier than their nulls and line 

2.9 (p = 0.039, F-test = 5.05) being lighter. In terms of grain surface area, only 

line 2.5 was significantly different from its null, (Figure 6.9, B) with the 

transgenic grains having significantly larger area than the null (p = 0.015, F-test 

= 7.47). Grain width and diameter (Figure 6.9, E and F) also showed significant 

differences in lines 2.5 and 2.12 where grains from both transgenic lines were 

wider than those from the respective nulls (line 2.5: p = 0.002, F-test = 12.85 

and line 2.12: p = 0.005, F-test = 10.62) and had a bigger diameter (line 2.5: p = 

0.008, F-test = 9.24 and line 2.12: p = 0.003, F-test = 12.23). However, grain 

length in all lines showed no significant differences using LSD at 5% or 10% 

(Figure 6.9, E). Taken together, these results show an increase in size and 

weight of the transgenics grains of two lines, indicating that the 

TaEND1::AtGA20ox1 construct could be having a positive effect on grain yields. 

However, the transgenics in these two lines also showed a significant reduction 

in the number of grains produced potentially increasing the amount of 

resources available to the remaining grains and this may, in part, explain the 

increase in grain size and weight. Unfortunately, due to time and resource 

constraints it wasn’t possible to study these lines in detail in an experiment 

where the source and sink were manipulated to investigate the possible cause 

of the changes in grain yield. 

 



202 
 

6.2.5.3 Analysis of TaEND1::AtGA20ox1 effects on quality 

To study the effect of expressing AtGA20ox1 in the grain ETC on grain quality, 

grain hardness, grain moisture content and the α-amylase content of flour 

were assessed. Grain hardness and moisture were measured using the SKCS 

system as described in section 2.4.1 and the data presented in figure 6.10 A 

and B represents the average of three biological replicates for each line. For 

both grain hardness and moisture content the differences between the 

transgenic, null and wild type was assessed at the population level by ANOVA 

using LSD at 5%. For both these variables all three genotypes were significantly 

different from each other. The transgenic grains had the lowest hardness index 

and moisture content followed by the null, with the wild type having the 

highest averages for both. The differences between the transgenics and their 

respective nulls were also analysed by ANOVA and both grain hardness and 

moisture content showed significant differences in lines 2.5 and 2.12. In both 

these lines the transgenic grains had a significantly lower hardness index than 

the nulls (line 2.5: p < 0.001, F-test = 16.84 and line 2.12: p = 0.006, F-test = 

10.04). Whilst the moisture content of all lines in this experiment was in the 

normal range (11 -14%), again lines 2.5 and 2.12 showed significant differences 

with the transgenics having lower moisture content than their respective nulls 

(line 2.5: p = 0.002, F-test = 14.31 and line 2.12: p = 0.009, F-test = 8.70). These 

two lines also showed an increase in grain size (Figure 6.9) and these results 

match those seen in previous work in our laboratory where increase in grain 

size was accompanied with a reduction in hardness index and moisture 

content.  
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Figure 6.10: Analysis of quality components on 

TaEND1::AtGA20ox1 transgenic lines 

Averages are presented for several variables: grain 

hardness (A), moisture content (B) and α-amylase (C) 

for measurements on mature grains. Grey bars – 

transgenic lines, black bars – null segregants and 

hatched bars – WT. * denotes significant difference 

between a transgenic and its null using LSD at 5%: p 

value at – **: ≤ 0.005 and ***: ≤ 0.001. Vertical error 

bars denote SED on 1, 16 df. 
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Grains crushed during the SKCS analysis were collected and milled to a fine 

flour and α-amylase measured on 25 mg of this material according to section 

2.4.2. Figure 6.10 C shows CU for each line as the average of three biological 

replicates. The α-amylase content in these lines showed a large degree of 

variation with a low of 0.16 CU/g (transgenic, line 2.5) to a high of 0.44 CU/g 

(wild type). However, when the transgenics, nulls and the wild type were 

assessed at the population level with ANOVA, using LSD at 5%, no significant 

differences were observed between the three genotypes. The differences 

between the transgenics and their nulls were also analysed by ANOVA and no 

significant differences were observed in any of the lines. These results indicate 

that expressing the AtGA20ox1 gene in the endosperm transfer layer does not 

affect the α-amylase content of flour.  

 

6.2.5.4 Analysis of TaEND1::AtGA20ox1 effects on GA levels 

To examine the effects of the TaEND1::AtGA20ox1 construct on GA levels  28 

dpa grain were analysed for GA content. These grains were harvested from ears 

two and three of plants three, four and five from each replicate block. All grains 

harvested from a replicate block were pooled to form one sample. Lines 2.5 

and 2.12 which displayed increased grain weight (Figure 6.9) were chosen for 

this study, although due to time and resource constraints, only one replicate of 

the transgenic, its null and a wild type was analysed from each line. The data 

presented in table 6.1 shows the levels (ng/g of dry weight) of multiple GAs 

which were extracted and quantified as described in section 2.5. 
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Table 6.1: GA concentrations in grain from 
TaEND1::AtGA20ox1 transgenic lines 

Levels of different GAs (ng/gDW) measured in 28 dpa grains 

from one replicate each. Rows in bold represent bioactive 

GAs. T: transgenic and N: null. 

         Line 
 GA 

2.5 2.12 
WT 

T N T N 

GA12 0.09 0.10 0.11 0.09 0.24 

GA53 0.16 0.14 0.12 0.23 0.22 

GA44 0.61 1.05 0.88 1.14 2.73 

GA19 4.30 5.60 6.60 7.00 14.6 

GA20 0.06 0.11 0.09 0.10 0.28 

GA1 * 0.78 0.72 0.85 1.26 

GA8 0.33 0.48 0.26 0.25 0.67 

GA29 0.48 0.54 0.58 0.55 0.82 

GA3 0.57 0.49 0.48 0.51 0.59 

GA15 0.29 0.39 0.49 0.54 2.74 

GA24 0.25 0.15 0.53 0.57 1.98 

GA9 0 0.02 0.06 0.02 0.88 

GA4 0 0 0 0 0.08 

GA34 0.07 0.36 0.37 0.18 0.40 

GA54 5.80 22.10 12.10 26.50 143.0 

* Sample not measured 

 

Overall for all of the GAs measured the wild type grains contained higher 

amounts compared to the transgenics and the nulls of both lines 2.5 and 2.12. 

As discussed in section 1.3.1 plants contain two parallel pathways (13-

hydroxylation and non-13-hydroxylation) to produce bioactive GAs. Wheat 

predominantly contains 13-hydroxy GAs which produce GA1 as the main 

bioactive GA in this species. As table 6.1 shows the levels of GA1 and its 

precursor GAs (GA53, GA44, GA19 and GA20) were higher in the wild type 

compared to the rest of the lines. In the transgenic line 2.5 the HPLC fraction 

containing GA1 was lost and thus this GA could not be quantified for this 

sample; however, in the transgenic line 2.12 its level was lower compared to 

the null. Whilst the majority of precursor GAs (GA44, GA19 and GA20) also 

showed a reduction in the transgenic lines compared to the nulls, GA53 only 
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displayed this difference in line 2.12, where the levels of this GA in the null were 

comparable to the wild-type.  

As with the 13-hydroxy GAs, the non-13-hydroxy GA precursors (GA12, GA15, 

GA24 and GA9) were also present in a higher quantity in the wild type grains, 

with GA9 showing the biggest difference (35 times higher in wild type). Unlike 

the 13-hydroxy GA precursors, these GAs did not show the same reduction in 

the transgenic lines compared to their nulls. GA4, the bioactive product of the 

non-13-hydroxylation pathway, whilst present at very low levels in the wild 

type grains was not detected in the transgenics or nulls of both lines. However, 

the inactive GA34 was detected in all lines, though again at a higher level in the 

wild type grains, and showed no pattern between the transgenic and null lines. 

The other two inactive GAs (GA8 and GA29) were also higher in the wild type 

plants, and also did not display any differences between the transgenic lines 

and their nulls. The third bioactive GA – GA3 – however was present equally in 

all five samples, though at a lower level than GA1.  

GA54 (1-hydroxy-GA4) which has some biological activity, about 10% that of 

GA1, is present at very high concentrations in the endosperm of developing 

wheat grains. This was the only bioactive GA which showed a consistent 

difference in the transgenics and nulls of both lines 2.5 and 2.12. Whilst in both 

genotypes it was lower than the wild type grains, in the transgenics it showed 

a bigger reduction. When comparing the transgenics and their nulls, line 2.5 

showed a bigger difference with the transgenic having 3.8 times lower amount 

of this GA and transgenic line 2,12 showing a 2.1 times reduction.  

Whilst accepting that both the transgenics and nulls show a reduction in GA 

concentration compared to the wild-type, the transgenic lines also show a 

reduction compared to their nulls, although this was not always consistent 

between the two lines. These results, though based on only one sample of each 

line, indicate that the expression of the AtGA20ox1 transgene did not lead to 

an increase in GA levels, but in fact produced a slight reduction. 
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6.2.5.5 Analysis of TaEND1::AtGA20ox1 effects on endogenous gene 

expression 

To understand the changes in the GA levels in these lines the expression levels 

of the GA biosynthetic gene TaGA20ox3 were measured. These measurements 

were performed according to section 2.2.7 and on the same 14 and 28 dpa 

cDNA used for the analysis described in section 6.2.5.1 The expression of the 

transgene at 14 dpa was normalised against the expression of three 

endogenous genes - Ta2526, TaGapDH and TaSDH (Figure 6.11, A) and against 

two endogenous genes - Ta2526 and TaSDH at 28 dpa (Figure 6.11, B) (section 

2.2.7 and appendix 1). The data presented in figure 6.11 is an average of the 

NRQs of three biological replicates, except for transgenics of line 2.12 at both 

14 and 28 dpa which is based on two replicates only. 

 

 
Figure 6.11: NRQs of TaGA20ox3 in TaEND1::AtGA20ox1 transgenic lines 
Expression levels of the native TaGA20ox3 gene at 14 dpa (A) and 28 dpa (B). 

Grey bars – transgenic lines, black bars – null segregants and hatched bars – 

WT.  Vertical error bars denote SEM.  

 

The qRT-PCR for TaGA20ox3 was performed using primers Ta20ox3-F and 

Ta20ox3-R (Appendix 1) and overall there was a trend towards lower 

expression of this gene in all lines compared to the wild-type plants at both 

time points. At 14 dpa (Figure 6.11, A) in the majority of the lines the 

0

0.001

0.002

0.003

0.004

0.005

0.006

N
R

Q

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

A. B.



208 
 

transgenics showed higher expression of TaGA20ox3 compared to the nulls and 

only in line 2.2 did the null show an elevation in gene expression. However, at 

28 dpa (Figure 6.11, B) this was not consistent between the different lines.  At 

this time point the transgenics line 2.5 showed a reduction in the expression of 

TaGA20ox3 compared to the null, transgenic line 2.9 showed an increase and 

the other two line (2.2 and 2.12) showed no difference. Whilst there was a 

reduction in the expression of TaGA20ox3 at 28 dpa in all lines compared to 

the wild-type, it should be noted that there was large variation observed in the 

biological replicates of the wild-type at this time point. In addition to that, there 

was also inconsistency in TaGA20ox3 expression in the different lines and due 

to this it is difficult to make definite conclusions about the effects of the 

expression of the AtGA20ox1 transgene on the expression of TaGA20ox3 or its 

effects on the reduction in GA hormone content in the two lines studied in 

section 6.2.5.4 (Table 6.1).  

 

6.2.6 Analysis of transgenic lines expressing the Atgai gene under 

control of the ETC-specific TaEND1 promoter 

 

6.2.6.1 TaEND1::Atgai transgene expression 

To confirm expression of the introduced transgene, transcript levels of the 

Atgai gene were measured in cDNA synthesised (section 2.2.6) from RNA 

extracted as described in sections 2.2.4 and 2.2.5 from 14 and 28 dpa grains. 

These grains were harvested from three biological replicates from each of the 

four independent lines in the experiment and their respective nulls and the wild 

type control. The qRT-PCR was performed on this material according to section 

2.2.7 using forward and reverse primers gai_qPCR-F and gai_qPCR-R 

respectively (Appendix 1). The expression of the transgene at both 14 and 28 

dpa was normalised against the expression of three endogenous genes – 

Ta2526, TaGapDH and TaSDH (Figure 6.12, A and B) (section 2.2.7 and appendix 
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1). The qRT-PCR was performed on all plants in the experiment, including the 

null and wild-type plants as controls. No expression of the transgene was 

observed in any of the control material (including the NRT controls) and as such 

these are excluded from the figures as presented. The data presented in figure 

6.12 A for 14 dpa are an average of the NRQs of three biological replicates, 

except for line 11.7 where cDNA synthesis of one replicate failed. For 28 dpa 

data are presented only for lines 11.4 and 11.7 (Figure 6.12, B). Lines 11.5 and 

11.8 did not pass the qRT-PCR quality control checks as the Atgai gene was 

either not amplified or the amplification was very late in the qRT-PCR cycling. 

In the samples where Atgai was amplified there was a large degree of variation 

between each of the technical replicates and thus the data was deemed 

unreliable and not included.  

 

 
Figure 6.12: NRQs of Atgai in TaEND1::Atgai transgenic lines 

Average of normalised expression levels of the Atgai at 14 dpa (A) and 28 

dpa (B) grains as measured in three biological replicates for each transgenic 

line. Vertical error bars denote SEM. 

 

At 14 dpa the expression of the Atgai transgene showed a large degree of 

variation between the four independent lines with the highest expression at 

0.25 in line 11.4 and the lowest at 0.006 in line 11.5 (Figure 6.12, A). This level 

of expression was comparable to that of AtGA20ox1 at 14 dpa (Figure 6.8, A), 
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indicating that the TaEND1 promoter was equally functional at this time point 

in both the constructs. Likewise, at 28 dpa (Figure 6.12, B) the levels of 

expression in lines 11.4 and 11.7 were also comparable to those found for 

AtGA20ox1 in figure 6.8 B. However as previously mentioned Atgai expression 

at 28 dpa in lines 11.5 and 11.8 was very low, making the data generated 

unreliable. In lines 11.4 and 11.7 the expression of this gene from 14 to 28 dpa 

saw an 837 and 485-fold reduction, respectively.  

 

6.2.6.2 Analysis of TaEND1::Atgai effects on yield 

To study effects of expressing Atgai in the grain ETC on grain yield, mature 

grains harvested from five ears (taken as a standardised proxy for total yield) 

of two plants per line were assessed according to the methods described in 

sections 2.3 and 2.4.1. Yield measurements were performed as discussed in 

section 6.2.5.2. The data presented in figure 6.13 shows the average values of 

three biological replicates each variable – the grains from plants two and six of 

each replicate block were pooled together to form one sample resulting in 

three biological replicates. For all of the yield variables measured the difference 

between the transgenic, null and wild type was assessed at the population level 

by ANOVA using LSD at 5%. No significant differences were observed between 

the three genotypes for grain number; however, differences were observed for 

the remaining variables. The average TGW, width and diameter showed a 

statistically significant increase in the nulls compared to both the transgenics 

and the wild type, whereas no differences were observed between the other 

two genotypes for these variables. Whilst the transgenics had smaller average 

length compared to only the nulls, they also had smaller area than both the 

nulls and wild type. Taken together these results indicate that the 

TaEND1::Atgai construct may be having a negative effect on grain yield.  
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Figure 6.13: Analysis of yield components on TaEND1::Atgai transgenic 

lines 
Averages are presented for several variables: grain number (A), grain surface 
area (B), TGW (C), grain length (D), grain width (E) and grain diameter (F) for 
measurements on mature grains. Grey bars – transgenic lines, black bars – 
null segregants and hatched bars – WT. * denotes significant difference 
between a transgenic and its null using LSD at 5%: p value at – *: ≤ 0.05 and 
**: ≤ 0.005. Vertical error bars denote SED on 1, 16 df. 

 

The differences between the transgenic lines and their respective nulls were 

also analysed using ANOVA. Grain number, was fairly uniform for this construct 

and did not show large variation and no significant differences were observed 

in any of the lines (Figure 6.13, A). Whilst the average TGW showed a wide 

range from a low of 34.02 g (transgenic, line 11.8) to a high of 47.35 g (null, line 

11.4) significant differences were observed only in line 11.4 (Figure 6.13, C) 

where the nulls were heavier than the transgenics (p = 0.006, F-test = 9.92). For 
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average grain area the majority of lines did not show a significant difference 

(Figure 6.13, B), except for line 11.4 (in which transgene expression was the 

highest) where the transgenic grains were significantly smaller (p = 0.005, F-

test = 10.65) than their respective nulls. Grain width and diameter (Figure 6.13, 

E and F) also showed significant differences in line 11.4 where the transgenic 

grains were thinner (p = 0.022, F-test = 6.48) and had a smaller diameter (p = 

0.019, F-test = 6.83) than the null. Grain length showed significant differences 

in two lines, with the transgenics of both lines 11.4 and 11.8 (both lines: p = 

0.032, F-test = 5.49) being smaller than their respective nulls (Figure 6.13, D). 

These results show a reduction in the size and weight of transgenics of two lines 

indicating that expressing the Atgai in the endosperm transfer layer could be 

having a negative effect on grain yields.  

 

6.2.6.3 Analysis of TaEND1::Atgai effects on quality 

To study the effect of expressing the Atgai1 gene in the ETC on grain quality, 

grain hardness, grain moisture content and the α-amylase content of flour 

were assessed. Grain hardness and moisture were measured using the SKCS 

system as described in section 2.4.1 and the differences between the 

transgenic, null and wild type was assessed at the population level by ANOVA 

using LSD at 5%. Whilst for hardness index only the nulls and transgenics were 

significantly different from each other, the moisture content was different 

between all three genotypes. The null grains showed a statistically significant 

reduction in hardness index compared to the transgenics and they also had the 

lowest moisture content followed by the transgenics, with the wild type having 

the highest average. The differences between the transgenics and their 

respective nulls were also analysed by ANOVA and for the majority of lines no 

significant differences were observed for either grain hardness or moisture 

content (Figure 6.14, A and B). The exception to this was again line 11.4 where 

the transgenic grains had a significantly higher moisture content than the nulls 

(p = 0.004, F-test = 10.94).  
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Figure 6.14: Analysis of quality components on 

TaEND1::Atgai transgenic lines 

Averages are presented for several variables: grain 

hardness (A), moisture content (B) and α-amylase (C) for 

measurements on mature grains. Grey bars – transgenic 

lines, black bars – null segregants and hatched bars – WT. 

* denotes significant difference between a transgenic 

and its null using LSD at 5%: p value at – **: ≤ 0.005. 

Vertical error bars denote SED on 1, 16 df. 
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Grains crushed during the SKCS analysis were collected and milled to a fine 

flour and α-amylase measured on 25 mg of this material according to section 

2.4.2. The data presented in figure 6.14, C shows CU for each line and is an 

average of three biological replicates. The α-amylase content in these lines 

showed a large degree of variation with a low of 0.19 CU/g (null, line 11.8) to a 

high of 0.52 CU/g (transgenic, line 11.5). However, when the transgenics, nulls 

and the wild type were assessed at the population level with ANOVA, using LSD 

at 5%, no significant differences were observed between the three genotypes 

(data not shown). The differences between the transgenics and their nulls were 

also analysed by ANOVA and no significant differences were observed in any of 

the lines.  These results indicate that expressing the Atgai gene in the transfer 

layers of the endosperm does not affect the α-amylase content of flour. 

 

6.2.6.4 Analysis of TaEND1::Atgai effects on GA levels 

The effect of the TaEND1::Atgai construct on GA levels  was determined in 

whole grains at 28 dpa. The grains used for this analysis were harvested and 

pooled as described in section 6.2.5.4. Lines 11.4 and 11.8 which displayed 

changes in yield (Figure 6.13) were chosen for this study. However, due to time 

and resource constraints only one replicate per line of the transgenic, its null 

and a wild type was analysed. The data presented in table 6.2 shows the levels 

(ng/g of dry weight) of multiple GAs which were extracted and quantified as 

described in section 2.5. As table 6.2 shows, only negligible differences were 

observed in the GA levels between the wild type and the transgenics and nulls 

of both lines 11.4 and 11.8. GA1 was present as the main bioactive GA in all 

lines with its level being the highest amongst the bioactive GAs. Whilst in line 

11.4 the levels of this GA were comparable between the transgenic and its null, 

in line 11.8 it showed a reduction in the nulls. The 13-hydroxy precursor GAs 

(GA53, GA44, GA19 and GA20) also showed a reduction in the nulls of 11.8, 

however GA44 and GA19 showed an increase in the null of 11.4. This line also 

showed an increase in the levels of GA3 (bioactive) compared to its transgenic 
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and the rest of the lines, whereas the null of 11.8 showed an increase in the 

levels of GA4 (bioactive).  

 

Table 6.2: GA concentrations in grains of TaEND1::Atgai 
transgenic lines 

Levels of different GAs (ng/gDW) measured in 28 dpa grains 

from one replicate each. Rows in bold represent bioactive 

GAs. T: transgenic and N: null. 

          Line 
   GA 

11.4 11.8 
WT 

T N T N 

GA12 0.18 0.18 0.20 0.21 0.24 

GA53 0.19 0.21 0.22 0.16 0.22 

GA44 2.89 3.21 2.66 2.07 2.73 

GA19 11.20 15.20 11.60 8.30 14.6 

GA20 0.29 0.30 0.28 0.18 0.28 

GA1 1.15 1.17 1.13 0.99 1.26 

GA8 0.60 0.47 0.58 0.47 0.67 

GA29 0.64 0.65 0.63 0.60 0.82 

GA3 0.66 1.00 0.53 0.53 0.59 

GA15 2.61 2.32 2.30 2.01 2.74 

GA24 1.75 1.70 1.58 1.68 1.98 

GA9 0.09 0.17 0.09 0.12 0.88 

GA4 0.07 0.05 0.12 0.20 0.08 

GA34 0.53 0.44 0.51 0.32 0.40 

GA54 128.4 109.9 113.9 94.5 143.0 

 

 

The non-13-hydroxy GA precursors displayed inconsistent results between the 

lines with GA15 being lower in both the nulls and GA9 being higher compared to 

the transgenics and GA24 being lower only in the null of 11.8. Two of the three 

inactive GAs measured – GA8 and GA34 – showed an increase in the 

transgenics of both lines compared to the nulls, whilst the third, GA29 showed 

no differences, although it was lower than the wild-type. The levels of GA54 

were also higher in the wild type compared to the rest of the lines, although 
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this difference was not as substantial as that seen for the TaEND1::AtGA20ox1 

construct (Table 6.1). As previously mentioned, GA54 has some biological 

activity and the transgenics of both lines had higher levels of this GA compared 

to both their respective nulls. These results, though also only based on one 

sample of each line, whilst being inconsistent between the lines for the 

majority of GAs measured do show an increase in the endosperm specific 

bioactive GA54 in the transgenic lines compared to their nulls. This indicates that 

the expression of the Atgai transgene could be the reason for this increase, 

implying that GA insensitivity in the ETC of grains could result in an increase in 

GA content.  

 

6.2.6.5 Analysis of TaEND1::Atgai effects on endogenous gene expression 

To understand if GA insensitivity has any effects on the expression of GA 

biosynthetic genes, the expression levels of the TaGA20ox3 were measured. 

These measurements were performed according to section 2.2.7 and on the 

same 14 and 28 dpa cDNA used in section 6.2.6.1 The expression of the 

transgene at 14 and 28 dpa was normalised against the expression of three 

endogenous genes - Ta2526, TaGapDH and TaSDH (Figure 6.15, A and B) 

(section 2.2.7 and appendix 1). The data presented in figure 6.15 is an average 

of the NRQs of three biological replicates, except for the transgenics of line 11.7 

and nulls of line 11.8 at 14 dpa and the nulls of 11.5 and 11.8 at 28 dpa, where 

cDNA synthesis of one replicate failed.  
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Figure 6.15: NRQs of TaGA20ox3 in TaEND1::Atgai transgenic lines 
Endogenous levels of the TaGA20ox3 gene at 14 dpa (A) and 28 dpa (B). Grey 

bars – transgenic lines, black bars – null segregants and hatched bars – WT.  

Vertical error bars denote SEM.  

 

The expression levels of TaGA20ox3 were measured using primers Ta20ox3-F 

and Ta20ox3-R (Appendix 1) as in section 6.2.5.5. At 14 dpa (Figure 6.15, A) 

whilst the expression of TaGA20ox3 did not show any significant differences 

between the transgenics and nulls in any of the lines, it did show a slight overall 

reduction compared to the wild type. As shown in section 6.2.6.1 (Figure 6.12, 

A) line 11.4 had the highest expression of the Atgai transgene. However, this 

did not result in an increase in the level of TaGA20ox3 expression at this time 

point. At 28 dpa (Figure 6.15, B) the expression of this gene was more varied 

between the four lines, however for the majority of lines no substantial 

differences were observed between the transgenics and their nulls. However, 

the transgenics of line 11.4 did show a slight increase in the expression of 

TaGA20ox3 compared to its null. This line also had the highest expression of 

the Atgai transgene at 28 dpa (Figure 6.12, B), along with the increase in 

transcripts of TaGA20ox3 could be the reason for the increase in GA54 content 

in these lines (Table 6.2). However, with only one line showing a slight increase 

in TaGA20ox3 levels, and the fact that the Atgai gene is expressed only in the 

transfer cells of the grain and the analysis presented here was performed on 

whole grains, there is insufficient evidence to suggest that Atgai is regulating 

expression of this gene. 
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6.3 Conclusions 

 

The effects of manipulating GA content and GA insensitivity in the endosperm 

of developing grains as described in this chapter were investigated using three 

different constructs – TaTri::PcGA2ox1, TaEND1::AtGA20ox1 and 

TaEND1::Atgai. We hypothesised that decreasing the amount of GA late in 

grain development through the TaTri::PcGA2ox1 construct had the potential to 

improve grain quality without impacting grain size. In addition we hypothesised 

that the TaEND1::Atgai and TaEND1::AtGA20ox1 constructs would respectively 

help in understanding the role of GA signalling in the developing grain and 

determine if an increase in GA in the ETC enhances grain size. 

Two of the three homozygous transgenic lines obtained with the 

TaTri::PcGA2ox1 construct contained shorter grains than their nulls indicating 

that expressing the PcGA2ox1 gene even relatively late in grain development 

can affect grain size. In addition, these transgenic lines did not show any 

significant differences in the α-amylase levels compared to the nulls indicating 

that expression of the PcGA2ox1 gene in the endosperm is not affecting grain 

quality. To analyse if expressing a GA inactivating gene in the endosperm has 

any effects on the expression of biosynthetic genes the levels of TaGA20ox3 

were measured and no effects were observed. These results indicate that 

expressing PcGA2ox1 even late in grain development can lead to a decrease in 

grain size without having a positive effect on quality.  

Plants in the two constructs designed to manipulate GA content and perception 

in the endosperm transfer layer displayed a grain yield phenotype. Whilst in 

lines harbouring the TaEND1::AtGA20ox1 construct there was an increase in 

grain size, those transformed with TaEND1::Atgai displayed the opposite 

result. However, the TaEND1::AtGA20ox1 lines also showed a reduction in 

grain number which may have influenced grain size due to increased availability 

of resources. Neither construct conferred any change in the α-amylase content 
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in the transgenic lines consistent with the endosperm transfer layer not being 

involved in the production of this enzyme, but also suggesting that changes 

made to GA levels and perception in this tissue do not significantly affect the 

induction of α-amylase elsewhere in the grain. 

The levels of the GA hormone were also measured in the transgenics and their 

nulls of two lines from each construct. As mentioned this was performed on 

only one sample for each line. Whilst the transgenics from the lines 

transformed with TaEND1::AtGA20ox1 displayed a slight reduction in GA 

content compared to the null, there was a huge overall reduction in both 

transgenics and nulls in both lines compared to the wild-type and the 

TaEND1::Atgai plants. Both the transgenics and nulls for the 

TaEND1::AtGA20ox1 construct contained about half the amount of GA1 – the 

main bioactive GA in wheat – compared to the wild type grains. However, the 

transgenic line had a lower amount than the null. A huge overall reduction was 

also observed in the levels of the bioactive GA54 in both the transgenics and 

nulls, though again the transgenics contained lower amounts than their 

respective nulls. Previous work in our laboratory has shown that the expression 

of the AtGA20ox1 gene in the endosperm can result in an acceleration of 

growth rates of grains (Vaughan, S. unpublished data). The grains in the 

transgenic lines of this construct could possibly be exhibiting an accelerated 

growth pattern resulting in them being physiologically older than the nulls at 

28 dpa. The levels of GA in the grain are at their peak at 21 dpa and gradually 

decline to 28 dpa, after which they show a sharp decline in older grains (Lenton, 

J. unpublished data). If the transgenic grains studied here are indeed older than 

their nulls this could explain the reduction seen in GA levels.   

The lines harbouring the TaEND1::Atgai construct also had lower levels of GA 

compared to the wild type; however this reduction was not as substantial as 

that seen in lines with the TaEND1::AtGA20ox1 construct. The levels of the 

main bioactive GA, GA1, showed an inconsistent pattern between the 

transgenics and nulls of the two lines with it showing an increase in only one of 
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the transgenic lines. However, the levels of GA54 were increased in both the 

transgenic lines compared to the nulls, indicating that expressing Atgai results 

in the accumulation of this hormone in these lines. The expression of the 

endogenous biosynthetic gene TaGA20ox3 was measured in these lines to 

examine if expressing Atgai was leading to an up-regulation in endogenous GA 

biosynthetic genes. The expression levels of TaGA20ox3 did not display any 

consistent changes in the transgenic lines compared to both the nulls and wild 

type control, so that altered expression of this gene does not account for the 

observed differences in GA levels, although there may be effects on expression 

of other genes in the GA biosynthetic pathway.  

As mentioned above, the levels of GAs were overall substantially lower in the 

lines of the TaEND1::AtGA20ox1 construct compared to the wild type and lines 

of the TaEND1::Atgai construct. This points to the possibility of an experimental 

or methodological error during either harvest, extraction or measurement of 

these samples. These plants were all grown together in the same glasshouse in 

one large randomised experiment thus facing the same environmental 

conditions during development. The GA measurements were all performed on 

plants from the same replicate block, with grains harvested from two ears on 

three plants each, resulting in a large pool constituting each sample. The grains 

were pooled in order to eliminate any variation brought about by possible 

errors while staging the ears. The presence of a large pool of grains from 

multiple ears in each sample also removes the possibility of mistakes made 

during harvest as a reason for these inexplicable GA results. The second 

possibility of errors during the extraction or measurement process is also 

unlikely as the lines of the TaEND1::AtGA20ox1 construct were analysed in the 

same batch as the wild-type and lines of TaEND1::Atgai construct analysed 

separately. These observations indicate that the GA levels determined in these 

lines are reliable.  It is difficult to account for the extremely low GA levels in 

grains from both transgenic and null lines from transformation with the 

TaEND1::AtGA20ox1 construct. Since these results are based on only one 
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sample each there is a need to confirm them by measuring the other two 

replicates and the other two lines from the experiment.
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Chapter 7. Effects of manipulating gibberellin metabolism in 

both the endosperm and scutellum of developing 

grains  

 

7.1 Introduction 

Transgenic lines expressing the AtGA20ox1 in the endosperm using the high 

molecular weight glutenin subunit promoter (TaHMW-GS) (Lamacchia et al., 

2001) (Figure 7.1, A) and the PcGA2ox1 gene in the embryo and scutellum using 

the maize globulin 1 promoter (ZmGlb1) (Belanger and Kriz, 1989) (Figure 7.1, 

B) were previously examined in our laboratory. The lines that were engineered 

to produce increased levels of GA in the endosperm showed an increase in 

grain size, but also an increase in α-amylase content, reducing the flour quality. 

This was reversed in the lines engineered, to decrease GA content in the 

embryo and scutellum, resulting in smaller grains than controls and with 

reduced α-amylase content in the mature grain. To further investigate these 

findings and refine our ability to manipulate grain size and quality the work 

outlined in this chapters studies the effects of crossing these lines to combine 

the two genotypes. 

 

 
Figure 7.1: Basic schematic of TaHMW-GS::AtGA20ox1 and 

ZmGlb1::PcGA2ox1 
Basic schematic of constructs TaHMW-GS::AtGA20ox1 (A) and 

ZmGlb1::PcGA2ox1 (B). The position of junctions between elements is given in 

bp. The rice Actin intron is labelled OsAct I and the Nopaline synthase 

terminator labelled Nos T.   

bp                  1                                              1254                1751                       2885       3153

TaHMW-GS  Promoter OsAct I AtGA20ox1 Nos T

bp                  1                                                     1901                 2398                   3397   3665

ZmGlb1  Promoter OsAct I PcGA2ox1 Nos T

A.

B.



223 
 

Prolamins which are one of the major seed storage proteins in wheat comprise 

of monomeric gliadins and polymeric glutenins, which includes both low (LMW-

GS) and high (HMW-GS) molecular-weight glutenin subunits (Shewry and 

Tatham, 1990). The HMW-GS promoters have a major, 38 bp, regulatory 

enhancer (Thomas and Flavell, 1990) the location of which is highly conserved 

in all promoters beginning at position -185 to -189 (Shewry et al., 1999). In 

addition this promoter also contains a G-box like motif which, in combination 

with the enhancer element, increases promoter activity, but is not essential for 

it (Norre et al., 2002). The promoter sequences of HMW-GS genes are highly 

conserved in the Triticeae family and studies have shown that the sequences 

are more conserved in the orthologous genes than they are in the different 

paralogues in wheat (Anderson et al., 2002, Makai et al., 2015).  

The seed specificity of the HMW-GS promoter was first shown in tobacco plants 

by driving the expression of the bacterial chloramphenicol acetyl transferase 

(CAT) gene (Colot et al., 1987, Thompson et al., 1985). These two studies also 

showed that the CAT activity was confined to the endosperm of the tobacco 

seeds. Robert et al. (1989) were the first to show in tobacco that only 433 bp 

of the upstream DNA sequence is required for endosperm-specific activity. 

Halford et al. (1989) further refined this to a  277-bp region upstream of the 

transcription start site of the Glu-1D-5 gene that was required for tissue specific 

expression in tobacco. When using a 1253 bp promoter fragment, including all 

of the known regulatory elements to drive expression of the UidA (GUS) 

reporter gene, promoter activity was first observed in the centre of the lobes 

of wheat grains at 10-12 dpa and had spread throughout the endosperm by 21 

dpa (Lamacchia et al., 2001). In another study using 425 bp of the promoter 

sequence, transgene expression was also observed in the aleurone layer along 

with the endosperm of wheat grains from seven to 24 dpa (Furtado et al., 

2009).  However, in the Lamacchia et al. (2001) study no transgene expression 

was observed in the aleurone layer. The ability of the HMW-GS promoter to be 

active in the aleurone layer when using a truncated version suggests that cis-

elements acting as repressors of aleurone expression are located upstream 
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from the 425 bp sequence used by Furtado et al. (2009). Furthermore, it has 

been shown that the seed specificity of this promoter is lost when expressed in 

rice (Furtado et al., 2008) which is likely to be due to the absence of species-

specific transcription factors necessary for faithful expression in the 

heterologous system.  

TaHMW-GS promoter activity was also studied during wheat grain 

development in our laboratory using eight independent transgenic lines 

expressing nuclear targeted GFP (Figure 1.15) under control of 1247 bp of the 

TaHMW-GS (Lamacchia et al., 2001). In these lines strong GFP expression was 

observed in the endosperm of all lines from four dpa until about 53 dpa. 

However, confocal analysis revealed that there were often significant levels of 

GFP expression in non-target tissues (leaves, glumes, roots & pollen) in some 

of these lines. This backed up previous studies in our laboratory using the 

TaHMW-GS promoter to direct the expression of the GUS reporter where it was 

observed that this promoter occasionally confers constitutive-like expression, 

possibly due to truncations of the promoter fragment incorporated during 

biolistics (Vaughan, S. unpublished data).  

The promoter utilised for the second construct in this study is associated with 

the maize 7S Globulin 1 gene (ZmGlb1). Glb1 is one of the most abundant 

proteins in maize embryos known to be positively regulated by ABA (Kriz et al., 

1990), however it is not essential for embryo development or germination as 

homozygosity for the null allele has no effect on development (Schwartz, 

1979). The Glb1 gene was shown to be expressed in the maize embryo with its 

levels rising from 18-24 dpa and then declining to reach a steady state from 30-

42 dpa (Belanger and Kriz, 1989). These authors also observed low levels of 

Glb1 transcripts in mature grains. However, they were unable to determine if 

this was due to continued transcription of the gene or due to mRNA stability. A 

1.4-kb fragment of Glb1 promoter was shown to drive the expression of the 

GUS reporter gene in the embryos of developing tobacco seeds at 15 dpa, but 

not in seedlings, leaves or roots. Expression was also observed in mature seeds, 
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but only upon ABA treatment (Liu and Kriz, 1996). Promoter deletion studies 

performed by Liu et al. (1998) showed that a 272-bp fragment in the presence 

of ABA was enough to drive expression of the GUS reporter gene in maize 

cultured cells. These authors also showed that using a longer undeleted 

sequence of 1391 bp resulted in a relatively lower level of GUS expression in 

maize cultured cells, indicating the presence of a silencer element in the 

promoter between -1391 and -805. ABA-responsive elements (ABREs) similar 

to those seen in the Em gene in wheat have also been identified in the 

promoter sequence of Glb1 at positions -118 (Em1a), -76 (Em1b) and -161 

(Em2) (Belanger and Kriz, 1991). Mutations in the Em1a element in the 

promoter region resulted in the abolition of GUS expression in maize cultured 

cells upon ABA treatment, indicating the importance of this element in 

regulating gene expression (Liu et al., 1998). Studies in our laboratory using the 

ZmGlb1 promoter to direct expression of the UidA gene in wheat revealed 

strong expression in the scutellum of developing grains. Expression was also 

observed to a lesser extent in the endosperm transfer layer of developing 

grains (Vaughan, S. unpublished data).  
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7.2 Results and discussion 

 

7.2.1 Production of hybrid plants 

 

T4 homozygous plants of transgenic lines harbouring the TaHMW-

GS::AtGA20ox1 and ZmGlb1::PcGA2ox1 constructs were crossed according to 

the methods described in section 2.8. For each construct the two best lines (in 

terms of grain size and reduced α-amylase content) were selected as parental 

material and two-way crosses carried out, resulting in four crosses (Table 7.1). 

 
Table 7.1: Crossing plan for hybrid wheat lines  
Four hybrid lines (A-D) were generated by crossing two lines each 

harbouring either the construct TaHMW-GS::AtGA20ox1  or 

ZmGlb1::PcGA2ox1. 

Cross 
Parent lines 

 TaHMW-GS::AtGA20ox1    X      ZmGlb1::PcGA2ox1 

A 44.72 40.49 

B 44.75 40.49 

C 44.72 40.47 

D 44.75 40.47 

 

To select F1 hybrids harbouring both constructs, several grains harvested from 

each of the four crosses were analysed by PCR (section 2.2.2) using forward 

primer At20ox1-F and reverse primer At20ox1-R (Appendix 1) to genotype for 

the presence of AtGA20ox1 and primers Pc2ox-F and Pc2ox-R (Appendix 1) to 

genotype for PcGA2ox1. Whilst the majority of plants tested were positive for 

both transgenes, a few plants only possessed one, indicating incomplete 

emasculation of the female parent and self-pollination had occurred on some 

occasions. One F1 plant positive for both the transgenes from each of the four 

independent crosses was selected and its F2 segregating progenies further 

analysed. 
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7.2.2 Production of homozygous material 

 

7.2.2.1 Identifying segregating genotypes 

The aim of this study was to identify in the F2 segregating progeny of each cross 

(Table 7.1) material homozygous for both AtGA20ox1 and PcGA2ox1, 

homozygous for PcGA2ox1, homozygous for AtGA20ox1 and null (Table 7.2) so 

as to compare the effects of these transgene combinations on grain size and 

quality in identical backgrounds and across generations.  

 
Table 7.2: Genotypes identified for yield and quality study 
The four genotypes identified from the F2 segregating 

progenies to be utilised for yield and quality studies. The labels 

shown will be used to describe each genotype in the 

subsequent sections.  

Genotype identified Genotype Label 

Contains both PcGA2ox1 and AtGA20ox1 
– double homozygote 

1 

Contains PcGA2ox1 only 2 

Contains AtGA20ox1 only 3 

Null  4 

 

 

To identify these different genotypes in the segregating F2 population, 48 

plants from each of the four crosses were grown according to section 2.1 and 

genotyped by PCR analysis (section 2.2.2) using primers described in section 

7.2.1. The expected Mendelian segregation ratio for the F2 population where 

both parents were homozygous for the transgene is shown in table 7.3. PCR 

analysis was performed on 48 plants per cross as, due to the hexaploid nature 

of wheat, statistically there is expected to be a 1 in 48 chance of identifying a 

plant homozygous or null for both genes.  
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Table 7.3: Mendelian segregation ratio in the F2 generation 
The expected segregation of F2 plants and the genotypes recognised 

by PCR analysis. 

Zygosity 
PCR 

genotype 

Expected 
segregation 

ratio 

Homozygous for both genes 

+ve for both 
genes 

1 

Homozygous for one gene and 
hemizygous for the other 

4 

Hemizygous for both genes 4 

Homozygous for one gene and null for 
the other +ve for only 

one gene 

2 

Hemizygous for one gene and null for 
the other 

4 

Null for both the genes Null 1 

 

 

The data presented in table 7.4 shows the results obtained from the PCR 

analysis of the segregating F2 progeny of each cross. In three of the four crosses 

the segregation of the genotypes identified matched closely to that of the 

expected segregation shown in table 7.3. Whilst in cross A, C and D the number 

of plants for each genotype approximately matched the expected segregation, 

in cross B this was not the case. In this cross there was a larger number of plants 

that contained both the AtGA20ox1 and PcGA2ox1 transgenes resulting in 

fewer plants that contained only one (Table 7.4).  
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Table 7.4: PCR analysis of segregating F2 progeny  
PCR analysis showing the number of plants identified for each of the 

four genotypes in each cross. 

Cross 

Genotype 

+ve for 
both genes 

+ve only 
AtGA20ox1 

+ve only 
PcGA2ox1 

null for 
both genes 

A 25 9 11 3 

B 33 5 7 3 

C 26 9 9 4 

D 26 7 10 5 

  

 

7.2.2.2 TaqMan Assays to identify homozygous material 

To select homozygous material for the four genotypes described in table 7.2 to 

be used in this study, the F2 segregating plants were further analysed by 

TaqMan assay (section 2.2.3 and chapter 3). This was performed using forward 

primer Q_At20ox-F, reverse primer Q_At20ox-R and hybridization probe 

Q_At20ox-probe to amplify AtGA20ox1 and primers Q_Pc2ox-F and Q_Pc2ox-

R and probe Q_Pc2ox-probe to amplify PcGA2ox1 (Appendix 1). The ΔCt for 

each sample for both transgenes was calculated against the Ct values of the 

endogenous control gene amplified using primers HvCon2-F and HvCon2-R and 

probe HvCon2-probe (Appendix 1) as described in chapter 3. The assay was 

performed on all 48 F2 progeny for each cross, but as null segregants do not 

register in this assay they are not represented in the resultant graphs. The 

resultant TaqMan assay identified putative homozygotes for each of the target 

genotypes (Table 7.2) for all four initial crosses (Figures 7.2 - 7.5) where plants 

were selected based on their relative ΔCt values. For these plants zygosity 

selections were based only on ΔCts and not the normalised values as previous 

results showed this was the more reliable parameter. For each of the four 

crosses, plants that had a low ΔCt value for both of the transgenes were 

selected as putative double homozygotes (AtGA20ox and PcGA2ox – genotype 

1), plants with a low ΔCt value for only a single transgene were selected as 
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putative homozygotes for each individual gene (Genotypes 2 and 3) and a null 

line (Genotype 4) was also taken through from each cross as a control. 

However, the selection of homozygous material in these lines was not always 

straightforward due to the presence of two transgenes. In crosses B and C all 

plants selected displayed ΔCt values within an acceptable range for the 

different genotypes required (Figures 7.3 and 7.4). However, in cross A, of the 

three plants selected as potential double homozygotes (Figure 7.2), only two 

plants displayed a low ΔCt value for both the transgenes. Plant A7 whilst having 

a low ΔCt for PcGA2ox1, displayed a high AtGA20ox1 ΔCt (outside of the desired 

1 cycle range). However, in spite of this, this plant was selected as it displayed 

the best result compared to the remaining plants in this cross. In cross D, whilst 

plants were identified as double homozygous and only homozygous for 

AtGA20ox1 (Figure 7.5), a plant could not be identified as only homozygous for 

PcGA2ox1, as all plants that displayed a low ΔCt value for PcGA2ox1 were also 

positive for the AtGA20ox1 gene. The plant with the lowest ΔCt for PcGA2ox1, 

whilst also being null for AtGA20ox1, was therefore selected as putative for this 

genotype. 
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Figure 7.2: TaqMan assay for F2 progeny resulting from cross A 

ΔCt for AtGA20ox1 (A) and PcGA2ox1 (B) in cross A. Each box contains values for positive progeny for that transgene. Coloured plots represent those plants 

selected as potential homozygotes for further analysis - Black diamonds: putative homozygotes for both transgenes; yellow diamond: putative homozygote 

for AtGA20ox1, green diamond: putative homozygote for PcGA2ox1. Specific plant numbers are indicated in each plot.  
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Figure 7.3: TaqMan assay for F2 progeny resulting from cross B 

ΔCt for AtGA20ox1 (A) and PcGA2ox1 (B) in cross B. Each box contains values for positive progeny for that transgene. Coloured plots represent those plants 

selected as potential homozygotes for further analysis - Black diamonds: putative homozygotes for both transgenes; yellow diamond: putative homozygote 

for AtGA20ox1, green diamond: putative homozygote for PcGA2ox1. Specific plant numbers are indicated in each plot.  
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Figure 7.4: TaqMan assay for F2 progeny resulting from cross C 

ΔCt for AtGA20ox1 (A) and PcGA2ox1 (B) in cross C. Each box contains values for positive progeny for that transgene. Coloured plots represent those plants 

selected as potential homozygotes for further analysis - Black diamonds: putative homozygotes for both transgenes; yellow diamond: putative homozygote 

for AtGA20ox1, green diamond: putative homozygote for PcGA2ox1. Specific plant numbers are indicated in each plot.  
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Figure 7.5: TaqMan assay for F2 progeny resulting from cross D 

ΔCt for AtGA20ox1 (A) and PcGA2ox1 (B) in cross D. Each box contains values for positive progeny for that transgene. Coloured plots represent those plants 

selected as potential homozygotes for further analysis - Black diamonds: putative homozygotes for both transgenes; yellow diamond: putative homozygote 

for AtGA20ox1, green diamond: putative homozygote for PcGA2ox1. Specific plant numbers are indicated in each plot.
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7.2.2.3 PCR analysis to confirm zygosity of F3 plants 

For each of the four crosses, 24 F3 progenies from those F2 lines putatively 

assigned as homozygous for both AtGA20ox1 and PcGA2ox1, homozygous for 

PcGA2ox1, homozygous for AtGA20ox1 or null were genotyped. These plants 

were examined by PCR analysis (section 2.2.2) using primers as described in 

section 7.2.1. This analysis was performed to confirm the zygosity assessment 

using the TaqMan assays (Figures 7.2 - 7.5). As table 7.5 shows not all the plants 

selected through the TaqMan assay displayed the expected genotype. 

Unfortunately, from cross A plant A28 died and as discussed in section 7.2.2.2 

this was one of two plants that displayed the best ΔCt results for both the 

transgenes. The other two plants selected – A7 and A24 – were each 

homozygous for only one transgene and hemizygous for the other, resulting in 

this cross not having a double homozygote. In cross D, plant D8 was selected 

as the best option for a PcGA2ox1 homozygous genotype (Section 7.2.2.2, 

Figure 7.5) but as table 7.4 shows this plant was not homozygous for the 

PcGA2ox1 gene. However, the expected genotypes were confirmed for all lines 

selected for crosses B and C enabling a full analysis of this material representing 

the full complement of four genotypes in the same background for two sets of 

parental material. Table 7.5 shows the zygosity analysis for each line that was 

taken through to yield and quality experiments.  
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Table 7.5: Zygosity analysis and genotype confirmation in F3 transgenic 
lines 

Results of PCR on F3 generation plants to confirm TaqMan assay results. 

Rows in bold represent lines taken through for further experimentation.   

Line 

Zygosity 

Genotype PcGA2ox1 AtGA20ox1 

+ve -ve +ve -ve 

A 7 24 0 22 2 
PcGA2ox1 homozygous / 
AtGA20ox1 hemizygous 

A 24 15 9 24 0 
PcGA2ox1 hemizygous / 
AtGA20ox1 homozygous 

A 1 24 0 0 24 
PcGA2ox1 homozygous / 
AtGA20ox1 null (A2) 

A 22 0 24 24 0 
PcGA2ox1 null / AtGA20ox1 
homozygous (A3) 

A12 0 24 0 24 Null (A4) 

B 20 24 0 24 0 
PcGA2ox1 homozygous / 
AtGA20ox1 homozygous (B1) 

B 11 24 0 24 0 
PcGA2ox1 homozygous / 
AtGA20ox1 homozygous 

B 45 24 0 24 0 
PcGA2ox1 homozygous / 
AtGA20ox1 homozygous 

B 7 24 0 0 24 
PcGA2ox1 homozygous / 
AtGA20ox1 null (B2) 

B 14 0 24 24 0 
PcGA2ox1 null / AtGA20ox1 
homozygous (B3) 

B18 0 24 0 24 Null (B4) 

C 4 24 0 24 0 
PcGA2ox1 homozygous / 
AtGA20ox1 homozygous (C1) 

C 12 24 0 24 0 
PcGA2ox1 homozygous / 
AtGA20ox1 homozygous 

C 17 24 0 24 0 
PcGA2ox1 homozygous / 
AtGA20ox1 homozygous 

C 31 24 0 0 24 
PcGA2ox1 homozygous / 
AtGA20ox1 null (C2) 

C 15 0 24 24 0 
PcGA2ox1 null / AtGA20ox1 
homozygous (C3) 

C13 0 24 0 24 Null (C4) 

D 24 24 0 24 0 
PcGA2ox1 homozygous / 
AtGA20ox1 homozygous (D1) 
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D 22 24 0 24 0 
PcGA2ox1 homozygous / 
AtGA20ox1 homozygous 

D 37 24 0 24 0 
PcGA2ox1 homozygous / 
AtGA20ox1 homozygous 

D 8 19 5 0 24 
PcGA2ox1 hemizygous / 
AtGA20ox1 null 

D 14 0 24 24 0 
PcGA2ox1 null / AtGA20ox1 
homozygous (D3) 

D7 0 24 0 24 Null (D4) 

 

 

7.2.3 Experimental design of grain yield and quality studies in TaHMW-

GS::AtGA20ox1 X ZmGlb1::PcGA2ox1 hybrid lines 

 

Yield and quality studies were performed to examine the effects of co-

expressing the AtGA20ox1 and PcGA2ox1 genes in wheat grain, expressed in 

the endosperm and embryo, respectively. Double homozygotes were assessed 

alongside sister lines expressing either the AtGA20ox1 or PcGA2ox1 genes with 

null segregants and a wild-type Cadenza as a control.  A single RCBD experiment 

was setup as described in section 2.1.1 with three replicates of the different 

genotypes described in Table 7.5 along with a wild-type control. In this 

experiment two plants were grown in 20-cm pots for each line and cut back to 

five tillers each. One plant in each pot was left till maturity and all five ears 

harvested to measure yield and analyse various quality parameters. Grains 

from ears two and three of the second plant were harvested at 14 and 42 dpa 

to measure transcript levels of the transgene. These two ears were each 

assigned a time point in a randomised manner. 

 



238 
 

7.2.4 Transgene expression of AtGA20ox1 and PcGA2ox1 

 

To confirm expression of the introduced transgenes transcript levels of the two 

genes were measured in cDNA synthesised (section 2.2.6) from RNA extracted 

as described in sections 2.2.4 and 2.2.5 from 14 and 42 dpa grains. Due to time 

and resource constraints this analysis was performed only on samples 

harvested from crosses B and C where all four homozygous genotypes were 

available. These grains were harvested from either ear two or three from three 

biological replicates of the different genotypes and the wild type control. qRT-

PCR was performed on this material according to section 2.2.7 using forward 

primer q_At20ox1_F1 and reverse primer q_At20ox1_R1 (Appendix 1) to 

amplify the AtGA20ox1 transgene and primers Q_Pc2ox-F2 and Q_Pc2ox-R2 

(Appendix 1) to amplify PcGA2ox1. The expression of both the transgenes at 

each time point (Figure 7.6) was normalised against the expression of three 

endogenous genes – Ta2526, TaSDH and TaGapDH (section 2.2.7 and appendix 

1). The data presented in figure 7.6 is an average of the NRQs of three biological 

replicates, except for lines B2 and C4 at 42 dpa, where cDNA synthesis of one 

sample in each failed. The qRT-PCR was performed on all four genotypes of 

both the crosses and the wild type control. However, as no expression of either 

transgene was observed in the nulls or the wild type control these are marked 

with ‘X’s in the figures presented (Figure 7.6). Since lines B2, B3, C2 and C3 

contain only one of the two transgenes absence of expression for the other 

transgene is also represented by an ‘X’ in figure 7.6.  
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Figure 7.6: NRQs of AtGA20ox1 and PcGA2ox1 expression in TaHMW-

GS::AtGA20ox1 X ZmGlb1::PcGA2ox1 transgenic lines. 

Average of normalised expression levels at 14 dpa (A) and 42 dpa (B) grains 

as measured in three biological replicates of each genotype in cross B, C 

and wild type. 1: double homozygote, 2: PcGA2ox1 only, 3:  AtGA20ox1 

only and 4: null. Grey bars – PcGA2ox1 expression, black bars – AtGA20ox1 

expression and X – no expression. Vertical error bars denote SEM.  
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As previously described, lines B1 and C1 express both transgenes; B2 and C2 

express only PcGA2ox1; B3 and C3 only AtGA20ox1 and lines C4, B4 and wild-

type express neither. Whilst the expression of the PcGA2ox1 transgene was 

lower than that of AtGA20ox1 at both 14 dpa (Figure 7.6, A) and 42 dpa (Figure 

7.6, B), neither gene displayed large biological variation, within or between 

crosses. The expression of both PcGA2ox1 and AtGA20ox1 in these plants at 

both time points was similar to that seen in the parent lines previously studied 

in our laboratory. In the current experiment the difference in expression levels 

between the two transgenes was much bigger at 14 dpa with the expression of 

AtGA20ox1 being highest in line C3 at 3.04 and the expression of PcGA2ox1 

lowest in line C2 at 0.069, showing a 44-fold difference. However, at 42 dpa 

only a 2.65-fold difference was observed with line C1 showing the highest 

expression of AtGA20ox1 at 0.53 and line C2 the lowest expression of 

PcGA2ox1 at 0.2.  

 

7.2.5 Analysis of TaHMW-GS::AtGA20ox1 X ZmGlb1::PcGA2ox1 effects 

on yield 

To study the effects of co-expressing the AtGA20ox1 and PcGA2ox1 transgenes 

on grain yield, mature grain harvested from five ears (taken as a standardised 

proxy for total yield) was assessed according to the methods described in 

sections 2.3 and 2.4.1. The MARVIN digital seed counter was used to count the 

number of grains and measure their surface area, length and width. These 

grains were then weighed to calculate TGW. The measurements for diameter 

were obtained from SKCS as described in section 2.4.1. The data presented in 

figure 7.7, A-F shows the average values for three biological replicates of each 

line. Due to the unbalanced nature of this experiment, REML (section 2.6) was 

used to analyse the significance of differences between the different genotypes 

and to extract within-line variance components. For all variables, the plants 

were assessed using LSD at 5% at the overall population level based on the 

presence or absence of each transgene.  



241 
 

 

0

100

200

300

400

N
u

m
b

e
r

48

52

56

60

64

68

g

20

21

22

23

24

25

26

m
m

2

A.

B.

C.



242 
 

 
Figure 7.7: Analysis of yield components on TaHMW-GS::AtGA20ox1 X 

ZmGlb1::PcGA2ox1 hybrid lines 
Averages are presented for several variables: grain number (A), TGW (B) 
grain surface area (C) grain length (D), grain width (E) and grain diameter (F) 
for measurements on mature grains. Dotted bars: 1 - double homozygote, 
grey bars: 2 - PcGA2ox1 only, white bars: 3 - AtGA20ox1 only, black bars: 4 - 
null and hatched bars: WT. Vertical error bars represent SEM. Note that for 
clarity the scale of the y-axis has been expanded in panels B-F. 
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The grain number (Figure 7.7, A) for the various lines when analysed at the 

population level showed no significant differences and in cross A, B and D this 

was similar in all lines within each cross; however, in cross C the double 

homozygote displayed a higher number of grains compared to the rest of the 

lines in this cross. For TGW (Figure 7.7, B) significant differences were observed 

when plants were analysed at the population level and those expressing the 

PcGA2ox1 gene (p = 0.025, F-test = 5.59), when averaged, weighed significantly 

less than those not expressing this gene. However, when looking at the four 

genotypes (Table 7.2) individually within each cross, whilst the PcGA2ox1 only 

lines displayed a trend towards a reduction in TGW compared to the other lines 

in the cross, the double homozygotes did not. The double homozygote in the 

three crosses, where present, displayed TGW higher than the PcGA2ox1 only 

lines and similar to the AtGA20ox1 only and null lines within the cross. These 

results indicate that whilst the expression of the PcGA2ox1 transgene results in 

the reduction of grain weight, co-expression of the AtGA20ox1 gene is able to 

counteract this effect, resulting in grains in the double homozygote with 

comparable weights to their AtGA20ox1 only and nulls plants. 

The surface area measurements (Figure 7.7, C) were also analysed to study 

overall effects of the two transgenes by REML using LSD at 5%. When analysed 

at the population levels the wild type plants were an outlier and these grains 

had a significantly larger area than the rest of the plants (p = 0.002, F-test = 

12.26). For this variable as well plants that expressed the PcGA2ox1 gene, when 

averaged, had a significantly smaller area than those not expressing this gene 

(p = 0.025, F-test = 5.58). However, again, when looking at the individual 

genotypes within each cross, similar trends as those seen for TGW were 

observed. The PcGA2ox1 only lines showed a reduction in area compared to 

the other lines in the cross, which was not displayed by the double 

homozygotes. The area of the double homozygotes in each cross was similar to 

the AtGA20ox1 only and null lines in that cross. Taken together these results 

also indicate that the PcGA2ox1 genes appears to apply the most influence on 

grain size and the presence of the AtGA20ox1 gene is able to negate this effect. 
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The measurements for length (Figure 7.7, D) when assessed by REML using LSD 

at 5% showed the largest variation between the different genotypes. The wild-

type grains again appeared to be an outlier and were significantly larger than 

the rest of the plants (p <0.001, F-test = 53.07). For grain length as well plants 

expressing PcGA2ox1, when averaged, had smaller length than those not 

containing this transgene (p = 0.002, F-test = 11.60). Differences were also 

observed when grain lengths in plants expressing the AtGA20ox1 gene were 

averaged, with these plants having smaller grains than plants not expressing 

this gene (p = 0.01, F-test = 7.52). However, when looking at the individual 

genotypes, cross B and C both displayed similar trends as those seen for TGW 

and area with the PcGA2ox1 only lines having shorter grain and the double 

homozygote having similar length to the rest of the lines in the cross. In 

addition, in cross C significant difference was observed (p = 0.15, F-test = 4.12) 

where plants that expressed the AtGA20ox1 gene had significantly longer 

grains than those without the gene, with both the double homozygote and 

AtGA20ox1 only lines being larger than PcGA2ox1 only and null lines. However, 

in cross D the double homozygote did not display the same level of recovery in 

length as that shown by those in cross B and C, containing smaller grain than 

the AtGA20ox1 only and null lines. Taken together these results also indicate 

that whilst the presence of the PcGA2ox1 gene results in a reduction in grain 

length the co-expression of the AtGA20ox1 gene is able to negate this effect 

and in cross C appears to be having a positive effect, resulting in significantly 

larger grains. 

The measurements for grain width and diameter (Figure 7.7, E and F) when 

analysed at the population level did not display any significant differences and 

in cross C the double homozygote showed a reduction in both variables 

compared to the rest of the lines in that cross. This could possibly be due to the 

increase in grain number seen in this line (Figure 7.7 A) potentially reducing the 

amount of resources available to the grains. However, for both grain width and 

diameter cross B displayed similar trends as those seen for the other yield 

variables measured. Here the PcGA2ox1 only and null lines were smaller than 
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the double homozygote and AtGA20ox1 only lines, implying that the PcGA2ox1 

gene has similar effect on grain width and diameter as it does on other yield 

variables, and the AtGA20ox1 gene is at least in part able to overcome this.  

 

7.2.5 Analysis of TaHMW-GS::AtGA20ox1 X ZmGlb1::PcGA2ox1 effects 

on quality 

 

7.2.5.1 Grain hardness and moisture content 

The grains analysed in section 7.2.3.3 were further assessed for grain quality by 

measuring their grain hardness and moisture content using the SKCS system as 

described in section 2.4.1. The data presented in figure 7.8 A and B shows the 

average values for three biological replicates for each line. These results were 

also analysed by REML (section 2.6) as described in section 7.2.5 and for both 

variables, the plants were assessed at the overall population level based on the 

presence or absence of each transgene. Grain hardness measurements (Figure 

7.8, A) were assessed to study the overall effects of the two transgenes using 

LSD at 5% and significant differences were observed for the effect of 

AtGA20ox1 within crosses B and D (p =0.009, F-test = 4.58). In both these 

crosses the double homozygote and AtGA20ox1 only plants displayed a 

significant reduction in hardness index compared to the other lines in the cross. 

In cross C an inverse trend to that observed for grain width and diameter was 

seen with the double homozygote having the highest hardness index, although 

this was not significant. These results agree with previous work done on the 

ZmGlb1::PcGA2ox1 parent lines where transgenic grains which showed 

reduction in width also  displayed an increase in hardness index and moisture 

content. These lines also showed a change in the cellular structure of the grains 

where the transgenic lines showed the presence of a larger number of smaller 

cells, possibly resulting in the changes seen in grain hardness and moisture 

content. 
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Figure 7.8: Analysis of grain hardness and moisture content on TaHMW-

GS::AtGA20ox1 X ZmGlb1::PcGA2ox1 hybrid lines 
Averages are presented for: grain hardness (A) and moisture content (B) 

for measurements on mature grains. Dotted bars: 1 - double homozygote, 

grey bars: 2 - PcGA2ox1 only, white bars: 3 - AtGA20ox1 only, black bars: 4 

- null and hatched bars: WT.  Vertical error bars represent SEM. Note that 

for clarity the scale of the y-axis has been expanded. 
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individual genotypes within each cross similar trends as those seen for grain 

hardness were observed. In crosses B and D the double homozygote and 

AtGA20ox1 only plants displayed a significant reduction in moisture content 

compared to the other lines in the cross. In addition cross C also displayed the 

same trend with the double homozygote displaying an increase in moisture 

content compared to the rest. Taken together these results indicate that lines 

which display a reduction in width also show an accompanying increase in grain 

hardness and moisture content, although this relationship has not been 

analysed statistically.  

 

7.2.5.2 α-amylase and nitrogen content 

Grains crushed during the SKCS analysis of crosses B and C were collected and 

α-amylase and nitrogen content of these were assessed. These crushed grains 

were milled to a fine flour and α-amylase measured on 25 mg of this material 

according to section 2.4.2. The data presented in figure 7.9 A are an average of 

three biological replicates for each line. The α-amylase content across the 

different lines showed a broad range with the highest value being 0.56 CU/g 

(wild-type) and the lowest 0.13 CU/g (line B2 – PcGA2ox1 only) (Figure 7.9, A). 

The different genotypes were assessed at the population level by ANOVA using 

LSD at 5% and the wild-type was an outlier having significantly higher α-

amylase compared to the rest of the plants (p = 0.030, F-test = 5.64). Within 

each cross, whilst cross B displayed a trend towards a reduction in α-amylase 

in lines that expressed the PcGA2ox1 gene, cross C did not show this. In cross 

B, both the double homozygote and PcGA2ox1 only plants had lower α-amylase 

compared to the AtGA20ox1 only and null lines. Whereas in cross C only the 

double homozygote line had lower α-amylase than the AtGA20ox1 only and 

null plants. However, no statistical significance was observed for the 

differences between any of the genotypes in either construct. The reduction in 

α-amylase levels in both double homozygotes compared to the nulls and 

AtGA20ox1 only lines though not significant does present an interesting result. 
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However, all lines also showed a large degree of biological variation, possibly 

due to the stochastic nature of the α-amylase enzyme resulting in a difficulty in 

making definite conclusions about the effects of the two transgenes on α-

amylase.  

 
Figure 7.9: Analysis of α-amylase and nitrogen of TaHMW-

GS::AtGA20ox1 X ZmGlb1::PcGA2ox1 hybrid lines 
Averages are presented for α-amylase (A) and nitrogen content (B) on 

mature grains. Dotted bars: 1 - double homozygote, grey bars: 2 - 

PcGA2ox1 only, white bars: 3 - AtGA20ox1 only, black bars: 4 - null and 

hatched bars: WT. * denotes significant difference between a 

transgenic and its null using LSD at 5%: p value at – *: ≤ 0.05. Vertical 

error bars represent SED on 20 df. 
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The percentage of nitrogen in the grains was also measured (as a proxy for 

protein content) according to section 2.4.3 (Figure 7.9, B). The difference 

between the hybrid plants and wild type was assessed at the population level 

by ANOVA using LSD at 5%. For this variable as well the wild-type was an outlier 

and had significantly lower nitrogen content compared to the rest of the plants 

(p = 0.007, F-test = 9.52). Significant differences (p = 0.049, F-test = 3.03) were 

also observed between the different genotypes within the crosses. Whilst the 

PcGA2ox1 only line in cross B had significantly lower nitrogen than the 

AtGA20ox1 only line, in cross C the AtGA20ox1 only line showed a significant 

reduction compared to the null. The inconsistency in these results indicate that 

possibly the expression of the two transgenes was not having an effect on the 

nitrogen levels in the grain.  
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7.3 Conclusions 

 

The aim of the work described in this chapter was to examine the effects of co-

expressing the AtGA20ox1 and PcGA2ox1 transgenes in the endosperm and 

embryo, respectively, of developing grains. Hybrid plants were generated by 

crossing T4 homozygous lines harbouring each construct and the resulting 

progeny taken through three generations to produce homozygous material 

representing four genotypes (1: AtGA20ox1 + PcGA2ox1, 2: PcGA2ox1 only, 3: 

AtGA20ox1 only and 4: null) for each cross. A TaqMan assay was successful in 

identifying all the desired genotypes in two of the four crosses (B and C), whilst 

in the remaining two only three of the four genotypes could be identified.  

Whilst grains in the parent lines harbouring the TaHMW-GS::AtGA20ox1 

construct displayed a 8.3 - 12.5% increase in weight compared to the wild-type 

(Vaughan, S. unpublished data), this result was not observed in the hybrid lines. 

However, all of the AtGA20ox1 only lines displayed a trend towards an increase 

in weight compared to their nulls. In this experiment the PcGA2ox1 transgene 

appeared to be negatively influencing grain weight with the PcGA2ox1 only 

lines being lighter than their nulls. However, co-expression of the AtGA20ox1 

transgene was able to overcome this negative effect in the double 

homozygotes with their weights being similar to the null lines. The PcGA2ox1 

transgene also appeared to have a similar effect on area with the PcGA2ox1 

only being smaller than the nulls and, also for this variable, the AtGA20ox1 

transgene was able to overcome this negative effect in the double homozygote 

with their size being comparable to the AtGA20ox1 only and null plants. The 

measurements of grain length whilst displaying similar trends as those 

observed for TGW and area, showed a statistically significant increase in length 

in the double homozygote and AtGA20ox1 only lines in one cross when 

compared to their null and PcGA2ox1 only lines.  
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Whilst the PcGA2ox1 gene appears to be influencing grain size, its effects on 

grain quality were inconsistent. Grains in the parent lines harbouring the 

ZmGlb1::PcGA2ox1 construct displayed a 4 - 20-fold reduction in α-amylase 

compared to the wild-type (Vaughan, S. unpublished data). The hybrid lines 

examined here also had lower levels of α-amylase than the wild-type. However, 

when compared to their nulls, this reduction was nonsignificant. Whilst the 

PcGA2ox1 only and AtGA20ox1 only lines showed inconsistency in the α-

amylase in the two crosses, the double homozygotes in both crosses displayed 

a reduction compared to their nulls. In one cross the PcGA2ox1 only line 

showed lower levels of α-amylase compared to its null and AtGA20ox1 only had 

higher, whereas this result was reversed in the other cross. Although the 

double homozygote displayed an interesting trend, the inconsistency in the 

other lines makes it difficult to make any definite conclusions about the effects 

of the two transgenes on α-amylase levels. 

In previous studies performed in our laboratory on the parent lines used for 

this study, all comparisons of transgenic material were made against wild-type 

plants as null segregants were unavailable. The hybrid lines in this experiment, 

whilst displaying the stability of the two transgenes over several generations, 

did not show the same phenotypes as those seen in the parent lines compared 

to the wild-type. However, studies performed in the present experiment, and 

indeed others in this thesis indicate that the wild-type is usually an outlier 

compared to the rest of the lines for the majority of variables measured. Hence 

for each transgenic line a segregating null provides a more reliable and robust 

comparison point. Thus, in this experiment when comparing the double 

homozygotes to their nulls, whilst being nonsignificant the changes seen in 

grain size and α-amylase levels displayed interesting trends.
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Chapter 8. General Discussion 

 

Manipulation of the GA biosynthesis and signalling pathways is known to 

significantly alter plant phenotype (Peng et al., 1997, Coles et al., 1999, 

Hedden, 2003), and previous work in our laboratory has shown that in wheat it 

also affects grain size and quality (Vaughan, S., unpublished work). Whilst GA is 

known to play a role in determining fruit size in a number of species (Groot et 

al., 1987, Serrani et al., 2007, Zhang et al., 2007, Casanova et al., 2009), this 

was the first report of it being involved in regulating grain size in wheat. In this 

work it was shown that whilst an increase in GA content during development 

resulted in bigger grains and an increase in α-amylase levels, a reduction in GA 

caused a reduction in grain size and a decrease in α-amylase levels, indicating 

the need for a more refined system to maintain the yield improvements 

without the concomitant reduction in quality. The aim of this study was to 

further characterise the effects of temporal and spatial manipulation of GA in 

specific tissues of the developing grain to understand what role GA plays during 

development, and utilise this to increase the yield potential of wheat, along 

with improving grain quality. We hypothesised that manipulating GA levels in 

the endosperm and seed coat layers during different stages of development 

could increase grain size without having a negative impact on quality, whilst 

insensitivity to GA in the embryo and aleurone layers could improve quality 

without impacting grain size. To test this, several transgenic lines were 

generated where using tissue-specific promoters GA biosynthesis, inactivation 

or signalling was modified during particular stages of grain development in 

specific tissues (Table 3.1). To confirm the expression patterns of the six 

promoters used in this study, each promoter was also linked to the H2B nuclear 

targeted GFP reporter gene. 

Prior to any experimental analysis of these constructs it was essential to 

identity homozygous material to ensure that all grains of each independent line 

were of the same, and known, genotype. The development of a qPCR based 
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method – TaqMan assay – resulted in the successful identification of 

homozygous material as early as the T1 generation. The 90% success rate 

(Table 3.4) of this method significantly helped in reducing the time and costs 

involved compared to using conventional methods of PCR to identify 

homozygous material, which can often take up to three or four generations.  

In the embryo and aleurone layers of developing grains, insensitivity to GA was 

introduced by expressing a gain-of function mutant DELLA from Arabidopsis 

(Atgai) known to be resistant to GA induced degradation. It is known that GA 

produced by the germinating embryo is perceived by the aleurone layer 

resulting in the production of the α-amylase enzyme (Kaneko et al., 2003). 

Previous work in our laboratory showed that in a developing grain as well, it is 

mainly GA produced by the embryo that induces the production of α-amylase. 

The aleurone layers of DELLA gain-of-function mutants are known to require 

100-fold more GA than wild-type plants to induce the expression of α-amylase 

genes showing a reduced sensitivity to GA (Gale and Marshall, 1973, Ho et al., 

1981, Chandler et al., 2002). We hypothesised that insensitivity to GA in the 

two layers involved in the production of α-amylase would result in a change in 

the amount of this enzyme without having any impact on yield. Surprisingly, 

whilst the yield, grain hardness and moisture content in these lines were largely 

unaffected (Figures 4.5 and 4.11) the levels of α-amylase were inconsistent 

across the different lines in both constructs (Figures 4.6 and 4.12). When the 

mutant DELLA gene was expressed in the aleurone layer only (using HvChi26 

promoter), the majority of lines showed no change in α-amylase, however two 

lines showed an increase. Whereas when the mutant DELLA gene was 

expressed in both the embryo and aleurone layers (using HvBeg1 promoter) 

whilst one line showed a reduction in α-amylase, no change was seen in the 

rest.  

The reason for the inconsistent α-amylase phenotype could be the extremely 

low levels of transgene expression seen in all lines harbouring both constructs, 

possibly resulting in them being non-functional in these plants. If the transgene 



254 
 

in these lines was non-functional the variation seen in α-amylase activity may 

be a result of the stochastic nature of this enzyme. Amongst grains from the 

same ear α-amylase levels can be highly variable with some having extremely 

high levels and some very low (Gale et al., 1987, Mrva and Mares, 2001, 

Flintham et al., 2011) which could be contributing to the large variation and 

inconsistency we see in these lines. Although this gain-of-function DELLA gene 

has been shown to be functional in a tissue specific manner in Arabidopsis roots 

(Ubeda-Tomas et al., 2008) and in cereals by Fu et.al, (2001) who showed that 

its constitutive expression in rice plants results in the reduction of α-amylase 

production in the grains. However, it is possible that though this gene worked 

in rice and Arabidopsis it may not be functional in wheat. It would be interesting 

to perform a western blot analysis or immunolocalization of the DELLA protein 

in order to confirm that the transgene is translated. It could also be beneficial 

to utilise a different gain-of function DELLA gene, possibly Rht-1 to ensure that 

GA insensitivity is achieved in the embryo and aleurone layers and study the 

effects on α-amylase levels in those transgenic lines. Promoter deletion studies 

could also be performed on the promoters currently used to test for the 

presence of elements that might be leading to the suppression of the Atgai 

gene. It would also be useful to characterise new promoters active in the 

embryo and aleurone layers as another method of achieving GA insensitivity.  

Another possibility for the lack of a phenotype in these lines could be the 

existence of an alternative GA signalling mechanism in the aleurone layer. 

Before the GID1-DELLA GA signalling model was established there were 

believed to be gibberellin-binding-proteins (GBPs) in the aleurone of cereals 

which were first reported by Jelsema et al. (1977) in the aleurone of 

homogenates of wheat seed. It was later shown that α-amylase is induced in 

aleurone protoplasts by a GA derivative that is impervious to plasma 

membranes (Hooley et al., 1991). Gilroy and Jones (1994) later showed that GA 

microinjected to cytoplasm of barley aleurone protoplasts failed to induce α-

amylase, whereas external GA3 application resulted in the production of α-

amylase. Several GBPs were also detected in the plasma membranes of oat 
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aleurone layer suggesting that GA perception occurs on the external face of the 

plasma membrane inducing α-amylase production (Hooley et al., 1993, 

Lovegrove et al., 1998). These characteristics of GBPs cannot be explained 

regarding the GA receptor GID1 or DELLA proteins which both localise to the 

nucleus and not the plasma membrane (Ueguchi-Tanaka et al., 2005). Though 

these results suggest the potential existence of an alternative GA perception 

mechanism mediated by GBPs (Hartweck and Olszewski, 2006), Yano et al., 

(2015) observed that none of the six RAmy genes in rice were enhanced by GA 

in the gid1 mutant seeds whereas all are enhanced in the wild type. In the GA 

untreated slr1 mutant the six RAmy genes were expressed at the same level as 

GA treated wild type seeds. They also performed an analysis of GA-related gene 

expression using microarrays and then confirmed by qRT-PCR that all GA up 

and down regulated genes are also regulated by the GID1_DELLA system. They 

believe these results show that GID1-DELLA is the only GA perception system 

involved in GA dependant gene expression in aleurone cells. However, if the 

Atgai gene is functional in the transgenic lines discussed in this thesis, it does 

raise the possibility of the existence of an alternative or additional GA signalling 

mechanism active in the aleurone layer. This is an interesting prospect and 

something that needs to be investigated further.  

To further understand the role of GA in influencing grain size and quality GA 

content or perception was manipulated in the endosperm of developing grains. 

This tissue is known to produce high levels of GA during development, and 

whilst the purpose of this is still unknown it is possible that it is involved in 

regulating grain size. In order to test this, plants were generated where a GA 

inactivating gene from bean (PcGA2ox1) was expressed in the endosperm of 

grain at a late stage in development, as previous work in our laboratory showed 

that when this was done throughout grain development it tended to improve 

grain quality but reduced grain size. The promoter chosen for this study (TaTri) 

was active at a stage in development when grain size is believed to have been 

determined and a reduction in GA should have no further effect on grain 

physiology. However, two of the three lines studied, which also had high 
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transgene expression (Figure 6.4), displayed a reduction in grain length (Figure 

6.5) and α-amylase levels remained unchanged (Figure 6.6). These results, 

though based on a very small population, imply that expressing a GA 

inactivating gene even at such a late stage in grain development may have a 

negative impact on grain size, and thus yields. It would be useful to measure 

the levels of the GA hormone in these transgenic lines to ensure that expressing 

PcGA2ox1 is also resulting in a reduction of bioactive GAs. If this is indeed true, 

these results suggest GA may have a more enduring role in determining grain 

size throughout development and is something that needs to be investigated 

further. However, in order to be certain of the phenotype observed here these 

results need to be confirmed looking at a much larger number of independent 

lines, and if possible over several experiments. It would also be beneficial to 

study the cellular morphology of these grains to determine whether the 

changes observed in grain size were due to a change in cell size or cell number, 

to help in understanding how GA regulates grain size. In previous work in our 

laboratory it was observed that the grains with a reduction in size comprised 

of more but smaller cells compared to the wild-type. It would be interesting to 

determine if the same changes are observed in these lines and could provide 

an indication of GA having an impact on cell fate much later in grain 

development than previously thought.  

The effects of manipulating GA levels in the grain were tested further in plants 

generated to express a GA biosynthesis gene from Arabidopsis (AtGA20ox1) in 

the developing endosperm transfer layer of the grain using the TaEND1 

promoter. GA insensitivity was also introduced in this layer utilising the same 

promoter to examine the role of GA signalling in the endosperm. Interestingly, 

whilst two lines expressing AtGA20ox1 showed an increase in grain size (Figure 

6.9), lines expressing Atgai had the opposite phenotype with two of the four 

lines examined showing a slight reduction in yield (Figure 6.13). Lines 

expressing AtGA20ox1 which displayed an increase in grain yield also showed 

changes in grain hardness and moisture content with these variables being 

significantly reduced in both lines. Whereas the line expressing Atgai which 
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showed a reduction in both grain weight and size, showed an increase in 

moisture content. These results agree with previous work done in our 

laboratory where grains with an increase in size show a reduction in hardness 

and moisture content, and smaller grains show an opposite result. It would be 

interesting to study the cellular morphology of these grains to further 

investigate what effects manipulating GA levels has on cell size and cell number 

and how this impacts grain hardness and the grains ability to retain moisture. 

Whilst there were changes in grain morphology, no change in α-amylase 

content was observed in either construct (Figure 6.10 and 6.14) implying that 

this tissue does not have as much of an influence as the embryo in the 

production of this enzyme. The results from these two constructs further 

indicate that GA produced by the endosperm whist having an impact on grain 

morphology, does not influence the production of α-amylase. However, the 

effects on yield were only observed in two of the four lines harbouring each 

construct respectively making it difficult to make any definite conclusions 

about the effect of these transgenes on grain size. Particularly since in the lines 

expressing AtGA20ox1 the increase in yield was seen in lines that also had a 

reduction in grain number, possibly resulting in the availability of extra 

resources to the remaining grains resulting in increased size and weight.  

Gain-of-function DELLA mutants have been shown to accumulate bioactive GAs 

in vegetative tissues (Appleford and Lenton, 1991) along with the high 

expression of feedback regulated genes (Dill and Sun, 2001, Silverstone et al., 

2001). In order to test if the lines expressing Atgai in the endosperm transfer 

layer also displayed similar results the expression levels of the TaGA20ox3 gene 

and the concentration of GA were measured. The expression of the TaGA20ox3 

gene was unchanged in the transgenic lines (Figure 6.15) when compared to 

their nulls implying that either the transgene may not be regulating the 

expression of this gene, or that this gene is not feedback regulated in the grain. 

Some preliminary work has suggested that in the endosperm of wheat grains 

GA biosynthetic genes may not be feedback regulated (Lenton, J., unpublished 

data). However, an increase in the levels of the bioactive GA54 (Table 6.2) were 
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seen in the transgenic lines compared to their nulls implying that possibly GA 

insensitivity in the endosperm transfer layer is leading to the accumulation of 

this hormone. This also implies that even though no changes in the expression 

of TaGA20ox3 were observed in these lines, GA insensitivity could be having an 

effect on the expression of other genes in the GA biosynthetic pathway 

resulting in GA accumulation. However, these results are based on only one 

sample from two lines in the experiment leading to a difficulty in making 

definite conclusions about the effects of GA insensitivity in the endosperm 

transfer layer. In order to confirm these results this analysis needs to be 

performed on the full set of replicate samples from this experiment.  

The concentration of GA was also measured in the lines expressing AtGA20ox1 

in the endosperm transfer layer. Differences were observed between the 

transgenic and null plants with both transgenic lines having lower amounts of 

GA54 than their nulls (Table 6.1). Whilst the overexpression of GA biosynthetic 

20-oxidase genes has been shown to result in increasing GA production (Huang 

et al., 1998, Coles et al., 1999), the transgenic lines studied here displayed the 

opposite result. Previous work in our laboratory has shown that expressing 

AtGA20ox1 in the endosperm can result in grains developing at a faster rate 

compared to the wild-type (Vaughan, S. unpublished data). It is possible that 

the transgenic lines studied here could be displaying a similar phenotype 

resulting in the grains studied being physiologically older than their nulls, and 

thus displaying lower levels of GA. Several biomarkers have been characterised 

for studying different aging signals in developing seeds (Fu et al., 2015) and it 

would be useful to confirm the theory that expression of AtGA20ox1 is 

accelerating the growth of the transgenic lines by utilising one of these 

markers.  However, as with the TaEND1::Atgai lines these results are also based 

on one sample for each for the two transgenic lines studied and the analysis 

needs to be performed on the full set of replicates to confirm these findings. 

Whilst the transgenic lines expressing the AtGA20ox1 gene in the endosperm 

transfer cells displayed a reduction in GA levels compared to the nulls, both 
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these genotypes showed a large reduction compared to the wild-type and 

TaEND1::Atgai plants. This reduction in GA levels in the transformed plants 

could possibly be the result of somaclonal variations. Plant tissue culture 

comprises of two phases, dedifferentiation – formation of callus – and re-

differentiation – regeneration into plants. This process can be stressful for the 

plant cells and result in genetic or epigenetic alterations in the plants which can 

be inherited stably (Wang et al., 2013b). If these alterations occur early during 

the tissue culture process they can be clonally multiplied and result in the same 

genetic change in a number of individuals (Brettell and Dennis, 1991, Kohli et 

al., 2004). The lines studied here whilst being generated from separate calluses 

during the tissue culture process, could possibly have developed similar 

epigenetic alterations which could explain the reduction in GA content seen in 

the transgenics and nulls of two independent lines. 

The role of GA in determining grain size was also studied by expressing 

AtGA20ox1 in the seed coat layers of the developing grain under control of the 

HvGerF and TaDFRd promoters. The aim of this study was to understand 

whether the seed coat restricts grain size and if increasing GA biosynthesis in 

these layers may affect this. Plants where the biosynthesis gene was expressed 

in the inner integument layer using the TaDFRd promoter displayed a slight 

reduction in final yields though this was only weakly significant (Figure 5.7). 

However, lines with gene expression in the pericarp and inner integument 

layers using the HvGerF promoter displayed contrasting results compared to 

each other (Figure 5.4). In plants harbouring the HvGerF::AtGA20ox1 construct 

whilst two of the four lines studied showed significant reduction in both grain 

size and weight, one line showed an increase. We also hypothesised the 

possibility that the increase in GA levels in these layers could result in an 

increase in grain size during development, as the developing grain fills with 

water. However, these grains then may not be able to sustain this increase in 

size due to a lack of resources resulting in an inability to ‘fill’ the grain to its full 

potential. In order to test this hypothesis changes in grain size were studied 

during development and nonlinear models generated for grain weight and 
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surface area. These results mirrored those seen for final yield with 

developmental differences seen in plants that showed significant changes in 

final yield. Lines expressing the AtGA20ox1 gene in the inner integument 

displayed only slight variation in development compared to the wild-type and 

no differences were observed between the transgenics and their nulls (Figures 

5.11 and 5.13). One line which had the highest expression of the AtGA20ox1 

gene (Figure 5.3) in the pericarp and inner integument layers displayed a 

difference in growth rate and a longer grain filling period compared to its null, 

resulting in an increase in final grain size and weight (Figures 5.10 and 5.12). 

Whereas, one line which had lower levels of transgene expression displayed 

slower growth rate and a shorter grain filling than its null resulting in reduced 

grain size and weight. Though this transgenic line also had an unusually high 

number of aborted grains, possibly indicating towards other factors apart from 

the expression of the transgene leading to the change in grain size (Figure 5.4). 

Unfortunately, the weak phenotype seen in the lines expressing AtGA20ox1 in 

the inner integument layer and the contrasting phenotype in lines expressing 

this gene in the pericarp and inner integument layers result in a difficulty in 

making any definite conclusions about what effect, if any the transgene is 

having on grain development. Whilst the inner integument layer has been 

shown to be a site of GA biosynthesis in certain species (Rodrigo et al., 1997, 

Nadeau et al., 2011) it is possible that in wheat expression of the AtGA20ox1 is 

not resulting in an increase in production of bioactive GAs. Whereas the 

pericarp layer shows high levels of expression of GA signalling and inactivating 

genes along with very low levels of biosynthesis genes (Pearce et al., 2015), 

implying that GA may not be produced here, however, it could be moving into 

this tissue and its concentration regulated. In the pericarp layer it is also 

possible that expressing the AtGA20ox1 gene is not resulting in an increase in 

the production of bioactive GAs. However, in order to make any conclusions 

about this it would be necessary to further study gene expression and levels of 

GA in these transgenic lines. Though if this analysis is performed on whole 

grains it is possible that any changes occurring in the inner integument or the 

pericarp layers might be lost as these tissues only constitute a small proportion 
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of the grain. Isolating these tissues using techniques such as laser capture 

microdissection to perform gene expression analysis could be a useful way of 

overcoming this issue. In addition, techniques such as Fluorescence Resonance 

Energy Transfer (FRET) using intracellular GA biosensors that detect the 

presence and possibly the concentration of bioactive GAs (Miyamoto et al., 

2012) could be used to study the levels of this hormone in the different tissues 

of the grain.  

The work described in this thesis was developed based on previous work in our 

laboratory which looked at lines expressing AtGA20ox1 in the endosperm using 

the TaHMW-GS promoter and lines expressing PcGA2ox1 in the embryo using 

the ZmGlb1 promoter. Lines engineered to increase levels of GA in the 

endosperm showed an increase in grain size and α-amylase and lines with 

reduced GA in the embryo showed a reduction in grain size and α-amylase. 

Hybrid plants were generated by crossing these lines to further investigate 

these results. The studies performed on the parent lines compared the 

transgenic lines to the wild-type control as segregating nulls were unavailable 

and it is important to note that the studies performed in this thesis have 

consistently shown that the wild-type ‘control’ is an outlier for most of the 

analyses undertaken. The segregating nulls represent a more biologically 

robust internal baseline and for this reason, in the hybrid lines double 

homozygotes, lines homozygous for only one of the two transgenes and null 

segregants were identified and retained to allow comparison of all four 

genotypes in identical genetic backgrounds. Whilst these lines did not display 

the same significant results observed in the parent lines compared to the wild-

type, similar trends were observed for both grain size and α-amylase levels in 

lines expressing only one transgene when compared to their nulls (Figures 7.7 

and 7.9). In addition, the double homozygote plants displayed similar grain size 

phenotype to the AtGA20ox1 only plants showing a slight increase in size and 

a reduction in α-amylase levels, when compared to their nulls. These results 

confirm the stability of the two transgenes (and their expression) over several 

generations and also confirm inheritance of the phenotypes seen in the parent 
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lines. Whilst these results do show interesting trends, they are based on only 

two lines and it would be beneficial to repeat these studies on more lines over 

multiple experiments.  

All transgenic lines described in this thesis were generated by direct gene 

transfer using particle bombardment. This process is known to generate large 

transgenic loci and as shown in Chapter 3 can result in plants with up to 20 

transgene copies. These insertions can be highly variable and can contain either 

single copies, tandem or inverted repeats, concatemers, intact transgenes, 

truncated and rearranged sequences or interspersed genomic DNA. In contrast 

plants generated through Agrobacterium-mediated transformations contain 

low copy numbers of the transgene (Kohli et al., 2010), though they can also 

contain unwanted ‘plasmid backbone’ sequences that get integrated into the 

host genome (Sparks et al., 2014). The presence of multiple copies of the 

transgene at several different loci can result in differing transgene segregation 

ratios across generations and variable gene expression within populations of 

plants generated from the same transformation event; as was observed in the 

majority of studies performed in this thesis. The transgenic lines studied in this 

project all displayed a range of phenotypes within each construct. Along with 

this there were also indications of possible silencing of the transgene and 

somaclonal variations. Presence of multiple copies of the transgene is not 

believed to result in increased amount of transcript and has also been shown 

to induce silencing due to DNA methylation at the transgene locus (Gelvin et 

al., 1983, Meyer et al., 1992). Apart from this the stability of the transgene is 

also affected by other factors such as position effects, whereby the specific 

nature of genomic DNA surrounding the site of insertion may affect transgene 

expression (Wilson et al., 1990). Analysis of transgene loci in several species 

has also revealed that many integrated transgenes contain minor 

rearrangements, however the impact of these rearrangements is 

underestimated as unexplained phenotypes are assumed to be an epigenetic 

phenomenon (Kohli et al., 2010). Whilst generating transgenic plants using 

Agrobacterium-mediation transformation may help alleviate some of the 
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issues faced in plants generated through biolistics, it could be more beneficial 

to utilise site directed nuclease based techniques such as CRISPR/Cas9 or 

TALENs (transcription activator-like effector nucleases) to modify gene 

expression. These techniques offer the advantage of gene modifications 

occurring only at the target site (Xiong et al., 2015) thus avoiding off target 

effects such as those possibly seen in the lines studied here. In addition, 

CRISPR/Cas9 also offers the ability to introduce multiple gene interruptions 

simultaneously (Wang et al., 2013a), allowing the disruption of several genes 

in a plant through a single transformation. This in combination with the 

advances made in recent years in the sequencing of the wheat genome, making 

available sequences of native genes allows for their targeted disruption, thus 

to some extent alleviating the need to use overexpression constructs. It would 

be interesting to target the expression of different genes in the GA biosynthetic 

and signalling pathways using CRISPR/Cas9 in a tissue specific manner (Stolfi et 

al., 2014) and study its effects on grain development. The availability of the 

wheat genome sequence also allows for the opportunity to mine for and 

characterise different promoters that could be used to target gene expression 

during grain development.  

The work in this thesis displayed changes in grain size in lines where GA content 

was manipulated in the endosperm indicating towards the involvement of GA 

produced in this tissue in grain size regulation. It would be interesting to study 

these lines in an experiment where the source and sink were manipulated. This 

experiment could help determine if the increase in grain size seen due to excess 

GA is pushed further when extra resources are available or if there is a limit to 

this. This could also help determine if the reduced grain size seen in lines with 

decreased GA content can be rescued by the availability of extra resources. The 

work presented here also supported previous findings that GA produced by the 

endosperm might not play a role in the production of the α-amylase enzyme. 

Though, due to time constrains these studies were performed on a small 

number of independent lines and in order to make any definite conclusions 

need to be repeated looking at more lines, possibly over multiple experiments. 
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In addition, plants where GA perception was manipulated in the embryo and 

aleurone layers did not display any substantial changes in grain size or α-

amylase levels, however these lines need to be characterised further by 

determining the functionality of the transgene to be able to make any 

conclusions about them.  

Whilst a role for GA was observed in grain development in these studies, the 

role of GA in grain quality was harder to establish, implying that possibly 

manipulating this hormone to improve grain quality might not the right 

strategy. However, the lines which expressed AtGA20ox1 in the endosperm 

transfer layer displayed an increase in grain size without any negative impact 

on grain quality and provide an interesting avenue for further investigations 

into using this to improve grain yields. Additionally, the lines harbouring the 

various constructs described here provide a new resource that could be further 

characterised possibly using next generation sequencing technologies to help 

further understand grain development. 
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Appendices 

 

Appendix 1: Primer sequences 

 
Table A.1: Sequences of genotyping primers 

Name Sequence (5' - 3') 

ACTIN-F ATACACGCTTCCTCATGCTATCC 

ACTIN-R GCTCTATTTTGGCCTCTCTTAGC 

7Sg-F ATCCACACGCCCTTCAATAG 

Gai-R CGTTGGAAGGTGTACCGAGT 

Chi26-F TTGAGCGTCGTCACAGTTTC 

DFRd-F CGACGTGGACCGACTAAAAT 

20ox-R TTGCATTCTTCTTGTGTCCG 

END1-F AGAGCGGCATGGAAGTAAGA 

GerF-F TAATGGCCAATGGGTACGAT 

Tri-F GCAGAACCTGCTACCTTTGC 

2ox-R GATGGCACTTGGGTTTCAGT 

Pc2ox-F TCATAGTGAACGCCTGTAGG 

Pc2ox-R TGTTCTTCACTGCTGTAATG 

At20ox1-F TCAAACTCCGTTAATCTTCAACC 

At20ox1-R GGAGAGAGGCATATCAAAGAAGC 

 
 
Table A.2: Sequences of TaqMan assay primers and probes 

Name Sequence (5' - 3') 

HvCon2-F TGCTAACCGTGTGGCATCAC 

HvCon2-R CAGATGCAGCAGCACTATGTACC 

HvCon2-probe CATGAGCGTGTGCGTGTCTGCG - 5' JOE, 3' BHQ1 

Q_PC2ox-F CCATCAATTCCAACACCGCATAG 

Q_PC2ox-R GAAAATGCAAAGTGATTTGGGTGAG 

QPc2ox-probe CTGCTGTAATGTAGTTCTCCACCACCGCC - 5' FAM, 3' BHQ1 

Q_At20ox1-F CCCTTTCTTTCCGGTTTTGC 

Q_At20ox1-R GTTGGGACATGGGTTTCAGC 

Q_At20ox1-probe GACGACATGAGACCGCTCAAAATCCG - 5' FAM, 3' BHQ1 

Q_GAi-F ACGAGTCAAACAACGTCGAG 

Q_GAi-R GATCGCACCAGGTCGTCCCA 

Q_Gai-probe GTAAACGGCCACAAGTTCAG - 5' FAM, 3' BHQ1 
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Table A.3: Sequences of qRT-PCR primers 

Name Sequence (5' - 3') 

qTa2526-Fext GATCGACCAAGAATGGGATGACAAGGAAGATG 

qTa2526-Rext CTGTCCAGCAATGGGAGGATGACTGG 

qGAPDH-ex3F ACCCCTTCATCACCACCGACTACATGACC 

qGAPDH-ex4R GGCTGCAGGAACCCTGAGGAGATCC 

qSDH-01F GAGACGCTCCATTTGCTCTCCGTG 

qSDH-01R CCCTTAGGAGCTCTGCGACAGAAGAT 

gai_qPCR-F TGGTTGACTCGCAGGAGAA 

gai_qPCR-R CTTGCGCTGAAGCTGTTCAG 

GFP_qPCR_F GACGACGGCAACTACAAGAC 

GFP_qPCR_R AAGGGCATCGACTTCAAGGA 

TaAmy1_F2 CCGAGATATGGACGTCGCTCGCGTA 

TaAmy1_R2 TCCGGCCCCGGCACCACGTTC 

Amy2_F_ext GGAGGAACGGCAACCTGTGCTG 

Amy2_R_ext TCTCGCCGGATTCGCGTCCGG 

q_At20ox1_F1 GATCCATCCTCCACTTTAGA 

q_At20ox1_R1 TCAGACGCTCATGAATACAC 

Q_Pc2ox-F CACCCCGATGCCAAGAATCTCATAGT 

Q_Pc2ox-R CTTCGGCTTCTTCAAGCTTGTGAACC 

Ta20ox3-F ACTTCACTTGGCGTGAATTCC 

Ta20ox3-R  GCAGAAGCACTACCGCTCTG 
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Appendix 2: TaqMan assay results for various constructs 

 

 
Figure A.1: TaqMan assay results for TaEND1::AtGA20ox1  

ΔCt (A) and log2 transformed NRQ (B) values for five different lines. Each box 

contains values for positive progeny within an independent transgenic line. 

Coloured plots represent those plants selected as potential homozygotes for 

further analysis, with the three matching colours representing the same 

plants in both graphs.  

  

B.

A.
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Table A.4: Confirmation PCR results for T2 TaEND1::AtGA20ox1 
transgenic lines 

Results of PCR on T2 generation plants of TaEND1::AtGA20ox1 to 

confirm TaqMan assay results. Rows in bold show homozygous 

lines.  

Line No. of +ve 

plants 

No. of -ve 

plants 
Zygosity 

2.2.21 23 0 Homozygous 

2.2.4 23 0 Homozygous 

2.2.14 22 2 Hemizygous 

2.4.13 15 9 Hemizygous 

2.4.6 14 9 Hemizygous 

2.4.17 12 12 Hemizygous 

2.5.2 24 0 Homozygous 

2.5.24 22 0 Homozygous 

2.5.17 24 0 Homozygous 

2.9.9 24 0 Homozygous 

2.9.5 24 0 Homozygous 

2.9.11 23 0 Homozygous 

2.11.21 24 0 Homozygous 

2.11.5 22 1 Hemizygous 

2.11.15 23 1 Hemizygous 

2.12.3 23 0 Homozygous 

2.12.2 21 1 Hemizygous 

2.12.7 24 0 Homozygous 
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Figure A.2: TaqMan assay results for HvGerF::AtGA20ox1  

ΔCt (A) and log2 transformed NRQ (B) values for seven different lines. Each 

box contains values for positive progeny within an independent transgenic 

line. Coloured plots represent those plants selected as potential 

homozygotes for further analysis, with the three matching colours 

representing the same plants in both graphs.  

 

B.

A.
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Table A.5: Confirmation PCR results for T2 
HvGerF::AtGA20ox1 transgenic lines  

Results of PCR on T2 generation plants of HvGerF::AtGA20ox1 

to confirm TaqMan assay results. Rows in bold show 

homozygous lines.  

Line No. of +ve 

plants 

No. of -ve 

plants 
Zygosity 

3.2.17 24 0 Homozygous 

3.2.8 22 1 Hemizygous 

3.2.22 21 3 Hemizygous 

3.3.6 23 0 Homozygous 

3.3.4 22 0 Homozygous 

3.3.21 24 0 Homozygous 

3.4.2 24 0 Homozygous 

3.4.21 23 1 Hemizygous 

3.4.22 23 0 Homozygous 

3.5.21 24 0 Homozygous 

3.5.23 22 0 Homozygous 

3.5.4 24 0 Homozygous 

3.7.3 23 0 Homozygous 

3.7.5 22 1 Hemizygous 

3.7.16 22 0 Homozygous 

3.8.14 20 1 Hemizygous 

3.8.24 21 0 Homozygous 

3.8.18 23 0 Homozygous 

3.9.6 17 7 Hemizygous 

3.9.10 22 0 Homozygous 

3.9.19 21 0 Homozygous 
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Figure A.3: TaqMan assay results for TaDFR-D::AtGA20ox1  

ΔCt (A) and log2 transformed NRQ (B) values for seven different lines. Each 

box contains values for positive progeny within an independent transgenic 

line. Coloured plots represent those plants selected as potential 

homozygotes for further analysis, with the three matching colours 

representing the same plants in both graphs.  

  

B.

A.
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Table A.6: Confirmation PCR results for T2 TaDFR-
D::AtGA20ox1 transgenic lines  

Results of PCR on T2 generation plants of TaDFRd::AtGA20ox1 to 

confirm TaqMan assay results. Rows in bold show homozygous 

lines.  

Line No. of +ve 

plants 
No. of -ve 

plants 
Zygosity 

4.2.24 24 0 Homozygous 

4.2.11 23 0 Homozygous 

4.2.20 23 1 Hemizygous 

4.3.6 23 0 Homozygous 

4.3.12 24 0 Homozygous 

4.3.8 23 0 Homozygous 

4.4.15 23 0 Homozygous 

4.4.18 23 0 Homozygous 

4.4.5 24 0 Homozygous 

4.5.2 24 0 Homozygous 

4.5.10 23 0 Homozygous 

4.5.5 24 0 Homozygous 

4.6.10 23 0 Homozygous 

4.6.12 24 0 Homozygous 

4.6.17 24 0 Homozygous 

4.12.2 23 0 Homozygous 

4.12.7 22 0 Homozygous 

4.12.20 24 0 Homozygous 
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Figure A.4: TaqMan assay results for HvChi26::Atgai  

ΔCt (A) and log2 transformed NRQ (B) values for seven different lines. Each 

box contains values for positive progeny within an independent transgenic 

line. Coloured plots represent those plants selected as potential 

homozygotes for further analysis, with the three matching colours 

representing the same plants in both graphs.  

  

B.

A.
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Table A.7: Confirmation PCR results for T2 HvChi26::Atgai 
transgenic lines  

Results of PCR on T2 generation plants of HvChi26::Atgai  to 

confirm TaqMan assay results. Rows in bold show homozygous 

lines.  

Line No. of +ve 

plants 

No. of -ve 

plants 
Zygosity 

9.3.5 24 0 Homozygous 

9.3.2 23 0 Homozygous 

9.3.4 10 14 Hemizygous 

9.4.9 22 0 Homozygous 

9.4.6 24 0 Homozygous 

9.4.2 24 0 Homozygous 

9.5.22 24 0 Homozygous 

9.5.6 24 0 Homozygous 

9.5.12 24 0 Homozygous 

9.6.23 23 1 Hemizygous 

9.6.14 23 1 Hemizygous 

9.6.4 24 0 Homozygous 

9.7.5 20 4 Hemizygous 

9.7.7 22 2 Hemizygous 

9.7.8 24 0 Homozygous 

9.8.16 20 4 Hemizygous 

9.8.23 21 3 Hemizygous 

9.8.2 24 0 Homozygous 

9.10.22 24 0 Homozygous 

9.10.6 18 6 Hemizygous 

9.10.8 23 0 Homozygous 
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Figure A.5: TaqMan assay results for HvBeg1::Atgai  

ΔCt (A) and log2 transformed NRQ (B) values for five different lines. Each box 

contains values for positive progeny within an independent transgenic line. 

Coloured plots represent those plants selected as potential homozygotes for 

further analysis, with the three matching colours representing the same 

plants in both graphs.  

  

B.

A.
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Table A.8: Confirmation PCR results for T2 HvBeg1::Atgai 
transgenic lines 

Results of PCR on T2 generation plants of HvBeg1::Atgai  to 

confirm TaqMan assay results. Rows in bold show 

homozygous lines. 

Line 
No. of +ve 

plants 

No. of -ve 

plants 
Zygosity 

10.3.24 24 0 Homozygous 

10.3.10 21 1 Hemizygous 

10.3.3 23 1 Hemizygous 

10.5.16 24 0 Homozygous 

10.5.7 24 0 Homozygous 

10.5.9 24 0 Homozygous 

10.6.16 21 1 Hemizygous 

10.6.2 20 3 Hemizygous 

10.6.18 21 0 Homozygous 

10.7.22 24 0 Homozygous 

10.7.24 24 0 Homozygous 

10.7.21 23 0 Homozygous 

10.8.9 20 1 Hemizygous 

10.8.14 24 0 Homozygous 

10.8.11 23 0 Homozygous 

10.10.24 8 16 Hemizygous 

10.10.18 21 3 Hemizygous 

10.10.15 9 15 Hemizygous 

10.11.19 24 0 Homozygous 

10.11.6 24 0 Homozygous 

10.11.14 24 0 Homozygous 

10.12.13 22 2 Hemizygous 

10.12.18 24 0 Homozygous 

10.12.4 24 0 Homozygous 
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Figure A.6: TaqMan assay results for TaEND1::Atgai  

ΔCt (A) and log2 transformed NRQ (B) values for four different lines. Each 

box contains values for positive progeny within an independent transgenic 

line. Coloured plots represent those plants selected as potential 

homozygotes for further analysis, with the three matching colours 

representing the same plants in both graphs.  

  

B.

A.
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Table A.9: Confirmation PCR results for T2 TaEND1::Atgai 
transgenic lines  

Results of PCR on T2 generation plants of TaEND1::gai  to 

confirm TaqMan assay results. Rows in bold show 

homozygous lines.  

Line 
No. of +ve 

plants 

No. of -ve 

plants 
Zygosity 

11.4.17 24 0 Homozygous 

11.4.9 24 0 Homozygous 

11.4.1 23 0 Homozygous 

11.5.12 23 0 Homozygous 

11.5.18 24 0 Homozygous 

11.5.11 21 0 Homozygous 

11.7.17 17 6 Hemizygous 

11.7.22 18 5 Hemizygous 

11.7.11 18 5 Hemizygous 

11.8.6 24 0 Homozygous 

11.8.18 23 0 Homozygous 

11.8.12 24 0 Homozygous 
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Appendix 3: GA internal standards 

 

Table A.10: Amounts of 2H2-GA standards 
Amounts of 2H2-GA internal standards added to 

each sample. 

2H2-GA standards 
Concentration  

(ng) 

GA1 2 

GA3 2 

GA4 2 

GA8 2 

GA9 2 

GA12 5 

GA15 2 

GA19 2 

GA20 2 

GA24 2 

GA29 2 

GA34 2 

GA44 2 

GA51 2 

GA53 2 

GA54 50 

 


