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Abstract 

(1,3;1,4)-β-Glucan is the most abundant non-cellulosic polysaccharide that accumulates 

in the cell walls of barley grain. This polysaccharide is of importance because barley 

grains contain higher levels of (1,3;1,4)-β-glucan compared to other small grain cereals. 

Grain (1,3;1,4)-β-glucan concentration influences the use of barley, having undesirable 

effects on brewing and distilling and beneficial effects linked to human health. These 

health benefits are because (1,3;1,4)-β-glucan is a soluble dietary fibre, reducing the risk 

of developing cardiovascular disease, colorectal cancer and type II diabetes. Previous 

research identified members of the Cellulose synthase-like HvCslF/H gene families as 

(1,3;1,4)-β-glucan synthases differentially expressed across barley tissues (Burton et al., 

2006; Doblin et al., 2009). Amongst them, HvCslF6 is thought to be the main driver of 

(1,3;1,4)-β-glucan biosynthesis in the grain (Burton et al., 2011) with other putative 

(1,3;1,4)-β-glucan synthases, remodelling and hydrolytic enzymes potentially affecting 

variation in (1,3;1,4)-β-glucan content.  

Despite limited sequence variation in the HvCslF6 CDS and promoter, this gene and 

HvGlbI, a putative (1,3;1,4)-β-glucan endohydrolase, were found to be differentially 

expressed across elite barleys exhibiting different levels of grain (1,3;1,4)-β-glucan. The 

transcriptional regulation of HvCslF6 was investigated by its putative promoter region in 

a barley protoplast transient expression system. Dual luciferase assays based on multiple 

HvCslF6 deletion constructs revealed the essential promoter fragment driving HvCslF6 

expression. This finding was combined with an in silico analysis of putative TF binding 

sites which allowed the identification of three candidate MYB TFs. The transient over-

expression of HvMyb61 in barley protoplasts suggested positive regulatory effect on 

HvCslF6 expression. In addition, the functional characterization of CRISPR/Cas9 knock-

out mutants of putative (1,3;1,4)-β-glucan synthases revealed that HvCslF9 is not 

essential for (1,3;1,4)-β-glucan synthesis in the grain, whereas HvCslF6 disruption led to 

decreased (1,3;1,4)-β-glucan content and altered grain size and shape. The collection of 

CRISPR/Cas9-induced mutants generated for HvCslF/H demonstrated the effectiveness 

of genome editing technology in barley and constitute a useful genetic resource to study 

barley cell walls.  
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I. General introduction 

I.1 Barley (Hordeum vulgare L.) 

I.1.1 Global production  

Barley (Hordeum vulgare subsp. vulgare L.) is a major cereal crop species. It is the 

fourth most important cereal crop today in terms of total global production. In 2016, 

141 million tonnes of barley grain were produced in an area of cultivation of 46.9 

million hectares with an average yield of 3 tonne/ha which represented 5.2% of world 

cereal production after maize (39.4%), wheat (27.9%) and rice (27.5%) (FAOSTAT 

2016).  

Barley is mainly cultivated in Europe which accounts for 62.2% of global production 

followed by similar production shares across Asia (14.9%) and The Americas (13.9%). 

By country, Russia (16.8 million ha), Germany (11.6 million ha) and Canada (10.8 

million ha) are the top barley producers with the United Kingdom (6.3 million ha) 

ranked in 3rd position within the EU (FAOSTAT, 2016). In 2017, Scotland produced 

approximately 1.8 million tonnes of barley grain in an area of cultivation of 291,300 

hectares which represented 28% of the UK’s barley production area (Scottish 

Government 2017). 

I.1.2 Taxonomy 

Barley is a monocotyledonous plant which belongs to the Hordeum genus, comprising 

approximately 31 species distributed worldwide (von Bothmer & Komatsuda 2010). 

Hordeum, together with major crop genera Triticum spp. L. (wheat) and Secale spp. 

L. (rye) belong to the Triticeae tribe whose main characteristic is the presence of the 

typical triplet, composed of three one-flowered spikelets at each rachis node (von 

Bothmer & Komatsuda 2010). These genera are part of the Poaceae family which 

comprises other economically important cereals and grasses.  

Barley was firstly described by C. Linnaeus in the Species Plantarum (1753) as 

Hordeum vulgare L. By the end of the nineteenth century, F. Körnicke provided an 

extensive classification considering the variability of the barley plant grown in field 

conditions which included one species name (Hordeum vulgare L.), for all barleys, 4 

subspecies, and 74 varieties described in “A Classification of the Cultivated Varieties 
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of Barley” (1895). In modern taxonomy, only two main barley subspecies are 

considered, Hordeum vulgare subsp. vulgare or cultivated barley and Hordeum 

vulgare subsp. spontaneum or wild (Figure 1.1) which is the ancestor of modern 

barleys characterized by the presence of longer stems and awns, shorter, thicker spikes, 

smaller grain size and the capacity for cross-pollination (Badr et al., 2000). 

 

Kingdom: Plantae 

Sub-kingdom: Vascular plants 

Class: Monocotyledonous 

Subclass: Commelinidae 

Order: Poales 

Family: Poaceae 

Tribe: Triticeae 

Genus: Hordeum L. 

Species: H. vulgare L. (common barley) 

Subspecie: vulgare 

Subspecie: spontaneum 

Figure 1.1 Barley taxonomic hierarchy. Adapted from the Integrated Taxonomic 

Information System on-line database (ITIS, 2017; http://www.itis.gov). 

 

Barley can be classified based on the number of fertile spikelets (also named florets); 

two row barleys, when only the central floret is fertile at each rachis node and six row 

barleys, when all spikelets, central and lateral are fertile (Figure 1.2) (Komatsuda et 

al., 2007). In addition, intermediate phenotypes have been identified affecting the size 

and fertility of the lateral spikelets (Ramsay et al., 2011). Recent studies have reported 

transcriptional mechanisms associated to barley inflorescence, including spikelet 

development as well as other environmental factors affecting inflorescence 

development (Koppolu et al., 2013; Bull et al., 2017; McKim et al., 2018). Barley has 

a relatively early maturation and a high level of adaptability to stressful conditions that 

make it well suited for cultivation in diverse environmental conditions.  

In terms of growth habit, barley varieties are classified as winter, spring and 

facultative. The main difference across these types is the vernalization period, defined 

by the transition from the vegetative to reproductive state induced by the exposure to 

low temperature. In this sense, winter barleys which are photoperiod sensitive, require 
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low temperatures and a vernalization period for flowering. Winter growth habit is 

typically found in wild barleys and considered an ancestral flowering mechanism 

(Campoli & Korff, 2014; Ullrich, 2010). In contrast, spring barleys with minimal low 

temperature tolerance are sown before summer, do not require a vernalization and are 

insensitive to short day photoperiod. 

 

Figure 1.2 Barley mature spike morphologyin a) two row and b) six row cultivated 

barley (Hordeum vulgare subsp. vulgare). c) Detail of a wild barley (Hordeum vulgare 

subsp. spontaneum) spikelet triplet. d) Two row triplet with a single fertile central 

spikelet e) Six row triplet with three fertile spikelets. Images a–b adapted from 

Lemaux, (2012). Images c–e adapted from Komatsuda et al., (2007). 

 

I.1.3 Genetic structure  

Barley is considered as an experimental model for Triticeae crop species based on the 

diploid nature of its genome (2n=2x=14) and self-fertility compared to the hexaploid 

genome of bread wheat (Triticum aestivum). The genome of cultivated barley contains 

seven pairs of chromosomes; each of them is designated by a numeral between 1 and 

7, followed by the genomic symbol “H” (Linde‐Laursen et al., 1997). The two arms 

of the chromosomes of barley are designated by “S”, for the short arm and “L” for the 

long arm (Singh & Tsuchiya 1982). The barley genome is estimated to be 5.1 

gigabases (Gb) and is characterized by the presence of a large number of genes located 

in centromeric and pericentromeric regions of chromosomes with infrequent 

recombination events (Mascher et al., 2017). Approximately 84% of the barley 

genome is highly repetitive with the presence of transposable elements, as shown in 

Figure 1.3 (IBSC, 2012). Barley’s ease of cross-breeding and cultivation has 

contributed to the broad utilization of this crop in genetic studies (Saisho & Takeda 

2011). Since the beginning of the twentieth century, barley has been the subject of 

mutation research, with considerable efforts in the 1950s-70s (Smith, 1951; Nilan, 

1963, 1974 and Briggs 1978) which enabled the construction of early morphological 
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marker maps as well as providing mutant genetic resources for the validation of 

candidate genes (Druka et al., 2011).  

 

Figure 1.3 Barley genome structure. Track a shows the seven barley chromosomes. Track b, 

distribution of high-confidence genes along the genetic map; track c, relationship between 

the genetic and integrated physical map given in track d. Track e represents the position and 

distribution class I (long terminal repeat) LTR-retroelements and track f class II DNA 

transposons are given. Track g, distribution and positioning of sequenced BACs. Adapted 

from The International Barley Sequencing Consortium (IBSC, 2012). 

 

Barley represents a bridge between large and repetitive cereal genomes and smaller 

genomes of other grasses; e.g. Brachypodium distachyon with a 320 Mb genome 

approximately (IBI, 2010), conserving gene loci collinearity with other Triticeae 

members (Spannagl et al., 2013). The first barley genome assembly, based on cv. 

Morex, covered approximately 90% of the total barley genome and was published by 

the International Barley Sequencing Consortium (IBSC, 2012). A year later, Mascher 

et al., (2013) increased the amount of anchored contigs (gene scaffolds) by using a 

novel genomic approach called POPSEQ. Recently, a map-based reference sequence 

of the barley genome has become publicly available, which includes the assembly of 

pericentromeric regions constituting an important genetic resource for contemporary 

breeding (Mascher et al., 2017). Extensive barley expression datasets have been 

generated from microarray experiments for transcript profiling during endosperm 

development (Zhang et al., 2016) and expression analyses across a comprehensive set 
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of barley tissues and key developmental stages (Druka et al., 2006). In addition, 

multiple RNA sequencing (RNA-seq) experiments have been designed to capture 

different spatial and developmental stages of barley (Beier et al, 2018; Brandt et al., 

2018; IBSC, 2012), representing useful in silico resources for comparative 

transcriptomics. 

I.1.4 Origin and distribution  

Cultivated barley is derived from its wild ancestor Hordeum vulgare ssp. spontaneum 

which it can readily hybridise with. The most widely accepted domestication 

hypothesis for barley locates its primary centre of origin in the Fertile Crescent (Israel, 

Lebanon, Iraq, Syria and Turkey) where it is thought to have been domesticated around 

10,000 years ago (Figure 1.4) (Badr et al., 2000). However, phylogenetic studies of 

domestication traits such as brittle rachis (Komatsuda et al., 2004) and chloroplast 

DNA (Molina-Cano et al., 2005) revealed secondary centres of origin for barley in 

Central Asia (1,500–3,000 km farther east from the Fertile Crescent) around 8,000 

years ago (Azhaguvel & Komatsuda 2007; Morrell & Clegg 2007) and the African 

continent; Morocco (Molina-Cano et al., 1987) and Ethiopia (Bekele 1983) which 

support a polyphyletic origin of this crop. The origin and distribution of barley has 

been a subject of intense debate with different hypothesis suggested based on the 

genetic analysis of several domestication traits (Badr et al., 2000; Kilian et al., 2006; 

Komatsuda et al., 2004; Molina-Cano et al., 2005; Tanno et al., 2002).  

 

 

Figure 1.4 Map of the Near East region. The green shaded area shows the Fertile Crescent, 

actual Israel, Jordan, Turkey, Syria, Iran, Iraq representing the primary centre of 

domestication for barley. Adapted from Feuillet et al., (2008).  
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More recently, Tibet was proposed as an independent centre of domestication since 

the discovery of wild barleys (Hordeum vulgare ssp. spontaneum) and Hordeum 

agriocrithon (Dai et al., 2012). However, the latter is a close relative of wild barley 

which originated from a natural cross between Hordeum vulgare ssp. spontaneum and 

a six row cultivated barley, as suggested by Igartua et al., (2013). This leads to an 

unclear role of Tibet as centre of barley domestication, as H.agriocrithon might not 

represent a truly wild barley, as demonstrated by phylogenetic analyses of allelic 

variants of genes associated to row type and brittle rachis phenotype (Pourkheirandish 

et al., 2018). 

Wild and cultivated barleys are adapted to different climatic and environmental 

conditions, reflecting the resilience of this crop over time. Morrell & Clegg, (2007) 

suggested that Mediterranean and North African landraces were derived from western 

wild barleys whereas Central Asian landraces were originated from eastern wild 

barleys. Nowadays, cultivated barley is widely grown in regions of Eurasia, North and 

South America, Asia and Africa (von Bothmer & Komatsuda 2010) with different 

growing regimes. Due to its resilience, barley is often found in regions where other 

cereals grow poorly due to adverse environmental conditions. Its domestication 

process implied a loss of allelic diversity referred as genetic bottle-neck, where 

favourable alleles were selected for specific environmental and breeding conditions 

(Tanksley & Mccouch 1997). The principal event facilitating barley domestication 

was the change from a brittle rachis to a non-brittle type, present in cultivated barleys, 

that retained the grain on the ear and thus made the crop much easier to harvest and 

store (Pourkheirandish et al., 2015; Lister et al., 2018). Modern breeding has 

continued to reduce diversity fixing economically important traits. The ability of this 

crop to adapt to biotic and abiotic stresses is crucial for contemporary barley breeding 

which can be increased by using the genetic diversity present in wild barleys and 

landraces to overcome current production and environmental constraints (Newton et 

al., 2011; Russell et al., 2014).  

I.1.5 Uses of barley 

Approximately two thirds of world barley production (55–60%) is destined to be used 

as animal feed. The rest (30–40%) is mainly used in malt production for beer and 

distilled beverages. A minor use of barley grain is as human food (2–3%) and biofuel 
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production using the barley straw (Baik & Ullrich, 2008; Hayes, 2018). Traditionally, 

six row cultivars are destined for the animal feed sector while two row cultivars are 

preferred by the brewing and distilling industry in Europe. It is widely believed that 

two row barleys are the best barleys for malting and brewing due to favourable 

morphological characteristics in terms of grain size and biochemical aspects such as 

lower carbohydrate content, greater extract potential and maltier flavour. However, in 

North America six row barley cultivars have also been adopted in brewing practices 

because of their environmental adaptation advantages and distinctive characteristics 

compared to two row barleys (Hayes et al., 1993; Marquez-Cedillo et al., 2001). 

The use of barley grain for human food was first recorded in the Near East and Egypt 

before the rise in importance of other cereals such as wheat or rice. Archaeological 

samples in ancient Rome revealed the use of barley grain in the diet of gladiators and 

slaves whereas barley malt was highly appreciated by the army and the upper classes 

(Newman & Newman 2006). Today barley is a staple food in some areas of North 

Africa and the Near East, in the highlands of Central Asia, in the Horn of Africa, in 

the Andean countries and in the Baltic States (Grando & Gormez 2005). 

I.2 Plant cell walls  

Plant cell walls are key determinants of plant architecture with important roles in cell 

differentiation which is characterized by the change in cell wall composition at the cell 

surface (Tucker et al., 2018). Cell walls are a distinctive structural feature of plant 

cells composed of polysaccharide-rich layers enclosing each cell which determine the 

size and shape of the protoplast within. During cell wall biogenesis, new polymers are 

integrated into the wall forming a strong network mainly composed of cellulose and 

lignin (in some cell types) which represent an important energy source for industrial 

applications. In addition, plant cell walls retain some flexibility when subjected to 

developmental, biotic or abiotic stimuli based on the differential expression of genes 

encoding enzymes capable of synthesizing or hydrolyzing cell wall components 

(Houston et al., 2016). The natural diversity in cell wall constituents has an impact on 

the processing properties of plant-derived materials as wells as heavily influencing 

nutritional aspects of plant-based food in which non-cellulosic polysaccharides are a 

key components of dietary fibre (Burton & Fincher, 2012; Doblin et al., 2010). 
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I.2.1 Structure  

Cell walls are divided in three main structural layers; 1) A primary cell wall which is 

composed of cellulose microfibrils embedded in a matrix of complex polysaccharides, 

consisting of pectins and hemicelluloses (Figure 1.5a). The primary cell wall is 

formed while the cell is growing and elongating. The transition from primary to 

secondary walls occurs as cell expansion stops, involving substantial modifications in 

cell wall properties. 2) A secondary wall, characterized by the deposition of lignin 

within the primary cell wall, representing a thick and solid layer only found in some 

cell types; e.g. xylem cells (parenchyma and fiber cells), providing water-transporting 

capacity and tissue strength (Li et al., 2016). The secondary cell wall is subdivided in 

three layers designated as S1 (outer), S2 (middle) and S3 (inner) as shown in Figure 

1.5b. 3) The middle lamella, an outer layer mainly composed of pectins which forms 

the interphase between the primary walls of neighbouring cells.  

 

Figure 1.5 Schematic representation of the plant cell wall. a) Primary cell wall 

representation containing cellulose microfibrils, hemicelluloses and pectins which form a 

three-dimensional network in the cell wall of higher plants. Adapted from McCann & 

Robert, (1991). b) Representation of a specialized cell (e.g. fiber cell) with a multi-layered 

secondary cell wall (S1, S2, S3) enriched on lignin. Adapted from Carpita et al., (2015). 

 

Plant form and structure eventually relies on the accumulation and arrangement of 

these cellulosic and non-cellulosic polysaccharides during primary and secondary cell 

wall formation. Cellulose microfibrils are formed by aggregates of (1,4)-β-glucan 

chains, typically, three dozen linear chains of cellulose bundles, held together by 

hydrogen bonding surrounding each cell. The width, degree of polymerization and 

crystallinity of cellulose microfibrils varies across plant tissues and age (Carpita, 1996; 

Doblin et al., 2010). Hemicelluloses involve a group of complex polysaccharides such 
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as: xyloglucan, arabinoxylan, mannan and (1,3;1,4)-β-glucan which possess a more 

diverse set of glycosidic linkages and sugar residues (Burton et al., 2010). After being 

secreted into the cell wall, hemicelluloses associate with cellulose microfibrils by 

enzymatic crosslinking, generating a stable and flexible network. Pectins are formed 

by a heterogeneous group of polysaccharides covalently liked together which bind to 

cellulose microfibrils, promoting cell wall flexibility (Cosgrove 2005).  

I.2.2 Composition 

The chemical structure and proportion of cell wall components, especially structural 

polysaccharides such as hemicelluloses and pectins, widely differ across plant species. 

In dicotyledonous and the non-commelinoid monocotyledonous plants, primary walls 

(also referred as type I cell walls) are composed of cellulose microfibrils embedded in 

a characteristic polysaccharide matrix, abundant in xyloglucans and pectic 

polysaccharides which represent up to 35% w/w of the cell wall (Carpita, 1996; 

Buckeridge et al., 2004). Monocotyledonous plants which belong to the Poales family 

and related commelinoid monocots, including barley, wheat and other economically 

important cereals and grasses have a distinctive primary cell wall composition (Type 

II cell walls) with a higher proportion of non-cellulosic polysaccharides, 

glucuronoarabinoxylans (GAX; representing up to 70% w/w of the cell wall at 

maturity) and (1,3;1,4)-β-glucan which predominate in the matrix phase of these 

species (Farrokhi et al., 2006; Buckeridge et al., 2004). Pectins are much reduced in 

type II cell walls, representing around 10% w/w of primary wall of grasses (Ridley et 

al., 2001). Ferulic and p-coumaric acid are typically found in the cell walls of grasses, 

esterified to arabinoxyl side chains and promoting the formation of arabinoxylan 

networks (Burton et al., 2010). Secondary cell wall formation is mainly characterized 

by the deposition of heteroxylans and heteromannans forming a thicker and rigid 

complex enriched by the deposition of lignin in specific tissues (Doblin et al., 2010). 

In the cell walls of barley grain, (1,3;1,4)-β-glucan is the most abundant non-cellulosic 

polysaccharide where it can contribute up to 70% by weight of endosperm walls, 

followed by arabinoxylan [20% (w/w)] (Fincher, 1975; Voragen et al., 1987). This 

characteristic feature is of importance because barley grains contain higher levels of 

(1,3;1,4)-β-glucan compared to wheat, rice and other small grains (see section I.3.1). 

During endosperm development, different non-cellulosic polysaccharides are 

synthesized and deposited in their cell walls (Figure 1.6). Amongst them, (1,3;1,4)-β-
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glucan deposition starts during endosperm cellularization (5 days after anthesis, DAP) 

and accumulates throughout development until the grain is mature (28 DAP 

approximately) to become the major cell wall polysaccharide in barley grain (Wilson 

et al., 2006).  

 

 

Figure 1.6 Temporal appearance of barley key polysaccharides during endosperm 

development  stages: syncytium “S”, cellularization and differentiation, as indicated by the 

grey line above. Time scale is expressed as days after pollination (DAP) and hours; e.g. 38 

indicates 3D + 8h. Asterisk (*) denotes the progressive absence of callose from 6 to 8 DAP. 

Adapted from Wilson et al., (2006). 

 

I.3 (1,3;1,4)-β-Glucan  

I.3.1 Importance of (1,3;1,4)-β-glucan  

(1,3;1,4)-β-Glucan is widely spread among members of the Poaceae family (Stinard 

& Nevins 1980) which include grasses and major cereal crops and recently detected 

in the graminid and restiid clades (Little et al., 2018). Conversely, (1,3;1,4)-β-glucan 

is absent in other monocots (Burton & Fincher, 2009). It is also found in other lower 

plants; e.g. Equisetum spp. (Sørensen et al., 2008), hyphal cells of the fungi 

Rhynchosporium secalis (Pettolino et al., 2009) and brown algal cell walls (Salmeán 

et al., 2017). The reason why this polysaccharide has been retained in the cell wall of 

Poaceae and rejected by most plants is not entirely clear. Burton & Fincher (2009) 

suggest that the presence of (1,3;1,4)-β-glucan could have conferred a competitive 

advantage contributing to the evolutionary success of grasses, although the exact 

function/s of (1,3;1,4)-β-glucan remains yet unknown.  

In cereals, (1,3;1,4)-β-glucan is present in elongating walls of vegetative tissues and 

once the elongation has ceased, (1,3;1,4)-β-glucan is hydrolysed and much reduced in 

the walls of non-growing cells, suggesting a role in cell expansion and stability 
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(Gibeaut et al., 2005; Buckeridge et al., 2004). Low amounts of (1,3;1,4)-β-glucan 

were detected in vascular and mature tissues (Trethewey et al., 2005) compared to 

developing grain of grasses and maternal tissues where this polysaccharide is abundant 

(Brown et al., 1997). Specifically, (1,3;1,4)-β-glucan represents around 70% (w/w) of 

endosperm primary cell walls in barley, suggesting not only a structural role but also 

a potential store of metabolizable glucose in the seed due to its unbranched structure 

compared to starch (Burton & Fincher, 2014). Barley has considerably higher grain 

(1,3;1,4)-β-glucan concentration (4–10% w/w) compared to other small grain cereals 

such as wheat (1% w/w) or rice (<0.06% w/w) as shown in Table 1.1. Moreover, a 

wide range of natural variation for this trait has been described in contemporary barley 

cultivars [~2.5–8% w/w; (Houston et al., 2014; Izydorczyk et al., 2000)] and wild 

barleys (Hordeum vulgare ssp. spontaneum) which contained 4.5%–13.2% w/w of 

grain (1,3;1,4)-β-glucan (Henry & Brown 1987). In Brachypodium grain the overall 

high (1,3;1,4)-β-glucan (40% w/w) and low starch content suggests that this 

polysaccharide plays a storage function during grain development (Burton & Fincher, 

2012; Guillon et al., 2012).  

Apart from the variation in grain (1,3;1,4)-β-glucan concentration, differences in 

(1,3;1,4)-β-glucan structure were also described across Poaceae members which have 

an impact in the physicochemical structure of this polysaccharide, therefore affecting 

its solubility and viscosity in solution. A low DP3:DP4 ratio is found in oats (1.5–

2.3:1.0) producing soluble (1,3;1,4)-β-glucan whereas this polysaccharide is highly 

insoluble in Brachypodium or wheat grain (5.9:1.0) (Burton & Fincher, 2012). 

 

Table 1.1 Grain (1,3;1,4)-β-glucan concentration and DP3:DP4 ratio across cereal species. 

Adapted from Burton & Fincher, (2012). 

Specie 
(1,3;1,4)-β-glucan content 

(%w/w) 
DP3:DP4 ratio 

Oats 6–8 1.5–2.3:1.0 

Barley 4–10 2.6:1.0 

Wheat 1 3.2:1.0 

Brachypodium 40 5.9:1.0 

Rice <0.06 1.0:1.4 

Maize Trace 2.5:1.0 

Sorghum 0.07–0.2 2.8:1.0 
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Among barley grain cell wall components, (1,3;1,4)-β-glucan is a key polysaccharide 

affecting barley end uses. The brewing and distilling industry require barley cultivars 

with low grain (1,3;1,4)-β-glucan content for an efficient malting process. During 

malting, this polysaccharide is released from the cell walls of barley having a direct 

impact on the viscosity of the mash thus leading to filtration problems in the brewing 

process (Gupta et al., 2010; Wang et al., 2004). In addition, if (1,3;1,4)-β-glucan is 

not adequately hydrolysed during this process it can lead to haze formation after beer 

packaging and storage (Jin et al, 2004). Conversely, barley cultivars with high grain 

(1,3;1,4)-β-glucan content are preferred by functional food sector based on their 

beneficial effect on human health (Cavallero et al., 2002; Collins et al., 2010; Keenan 

et al., 2007). (1,3;1,4)-β-Glucan is a non-cellulosic polysaccharide which is not 

digested in the small intestine of humans, acting as soluble dietary fibre. These same 

benefits are also conferred to monogastric animals fed with (1,3;1,4)-β-glucan-rich 

diets unlike poultry, on which (1,3;1,4)-β-glucan has a detrimental effect (Jacob & 

Pescatore 2014). In 2006, the Food and Drug Administration (FDA) approved the 

claim that barley-containing products (at least 0.75 g of soluble (1,3;1,4)-β-glucan 

fibre per 228 g or 3 g of (1,3;1,4)-β-glucan soluble fibre per day) , reduce the risk of 

cardiovascular disease by lowering serum cholesterol (FDA 2006, 2008). In 2011, the 

European Food Safety Authority (EFSA) granted a similar health claim related to 

barley (1,3;1,4)-β-glucan and its positive digestive functions for improving human 

health (EFSA, 2011). In addition, barley (1,3;1,4)-β-glucan has a positive role in 

modulating glucose uptake in type II diabetics by decreasing the glycaemic index and 

preventing colorectal cancer (Brennan & Cleary 2005; Wood 2007). The health 

promoting benefits related to (1,3;1,4)-β-glucan generate new industrial opportunities 

to investigate novel food uses of barley and barley-containing products to improve 

human health and fight against contemporary diseases of the western world.  

I.3.2 Physicochemical structure 

(1,3;1,4)-β-glucan are linear homopolymers of glucose which are formed by 

unbranched (1,4)- and (1,3)-β-glucosyl residues linked via two or three adjacent (1,4)- 

linkages that are separated by a single (1,3)- linkage (Izydorczyk and Dexter, 2008). 

These molecular features generate a structure of tri- and tetrasaccharide units, also 

named cellotriosyl (DP3) and cellotetraosyl (DP4), respectively, which form the β-

glucan chain (Figure 1.7). However, the (1,3)- and (1,4)- linkages have non-random 

arrangements because contiguous (1,3)- linkages are not generally detected. This 
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creates a cellulose-like chain structure with single (1,3)- linkages modifying the 

linearity of the polysaccharide (Burton & Fincher, 2014; Staudte et al., 1983).  

 

Figure 1.7 Representation of (1,3;1,4)-β-glucan structure composed of cellotriosyl (DP3) 

and cellotetraosyl (DP4) subunits of D-glucose polymers. Red arrows indicate lichenase 

cleavage sites used to determine DP3:DP4 ratio. 

 

The structure of (1,3;1,4)-β-glucan has been traditionally elucidated by digestion with 

lichenase, a bacterial enzyme which selectively cleaves (1,4)- linkages if preceded by 

a (1,3)- linkage. This results in the release of DP3 and DP4 subunits which account 

for ~90% of the homopolymer (Izydorczyk and Dexter, 2008). The remaining 10% 

consists of longer blocks of from 4 up to 12–15 adjacent (1,4)-β-glucosyl residues 

(Burton et al., 2010). The DP3:DP4 ratio determine (1,3;1,4)-β-glucan fine structure 

and solubility and therefore potentially the polymers suitability for further 

applications, including the manipulation of grain dietary fibre (Jobling 2015; 

Dimitroff et al., 2016). 

I.3.3 (1,3;1,4)-β-Glucan assembly 

It is generally accepted that cell wall polysaccharides such as (1,3)-β-glucan, cellulose 

and (1,4)-β-glucan callose are synthesized at the plasma membrane, whereas the 

biosynthesis of non-cellulosic and pectic polysaccharides is believed to occur in the 

Golgi apparatus of the plant, packaged into vesicles and exported to the plasma 

membrane (Gibeaut & Carpita 1993; Scheller & Ulvskov 2010). However, the 

detection of (1,3;1,4)-β-glucan at both cellular locations has generated a scientific 

debate about the site of synthesis and further assembly. 
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An immunocytochemical study in maize coleoptiles showed that (1,3;1,4)-β-glucan is 

present at Golgi membranes (Carpita & McCann, 2010). In contrast, Wilson et al., 

(2006) only detected (1,3;1,4)-β-glucan labelling at the plasma membrane in barley. 

Early work from Buckeridge et al., (2004) proposed a two-phase process for (1,3;1,4)-

β-glucan assembly in which (1,3;1,4)-β-glucan synthesis might be initiated at the 

Golgi and transported to the plasma membrane afterwards. This hypothesis involved 

the presence of different protein/s apart from the CELLULOSE SYNTHASE-LIKE 

F6 (CSLF6) which might be responsible of (1,3)-β and (1,4)-β linkages respectively 

(Urbanowicz et al., 2004). More recently, a study from Kim et al., (2015) showed that 

the catalytic site of the main (1,3;1,4)-β-glucan synthase encoded by CslF6, is located 

in the cytoplasm and able to produce both of the linkages present in (1,3;1,4)-β-glucan 

in Pichia yeast. Antibody labelling of CSLF6 across cereal species revealed different 

subcellular locations; at the plasma membrane in barley (Wilson et al., 2015) and at 

the Golgi membrane in Brachypodium (Kim et al., 2015) which supported two 

different assembly hypothesis; 1) (1,3;1,4)-β-Glucan assembly occurs in the Golgi in 

a form that is not visible (or inaccessible to antibodies) until deposition into the wall 

or the final assembly of (1,3;1,4)-β-glucan is at the plasma membrane in barley by an 

additional protein (Wilson et al., 2015). 2) (1,3;1,4)-β-Glucan synthesis and assembly 

occurs at the Golgi apparatus entirely and is transported to the cell wall via secretory 

vesicles (Kim et al., 2018). This hypothesis suggests that earlier work from Wilson et 

al., (2015) represent an intermediate step in the deposition of (1,3;1,4)-β-glucan in the 

cell wall and that barley CslF6 protein can introduce both (1,3)-β and (1,4)-β linkages 

as demonstrated by Dimitroff et al., (2016) and Jobling (2015). 

I.3.4 Genes involved in (1,3;1,4)-β-glucan synthesis 

Genes responsible for (1,3;1,4)-β-glucan biosynthesis belong to the Cellulose 

synthase-like (Csl) gene superfamily and are classified in the glycosyltransferase 2 

(GT2) family (Cantarel et al., 2009). The Csl superfamily has been divided into 11 

subgroups or families, Cellulose synthase (CesA) and ten Csl (A, B, C, D, E, F, G, H, 

J and M) as shown in Figure 1.8 (Little et al., 2018). Unlike CslD and CslE, several 

Csl families are restricted to specific taxa (Fincher 2009; Hunter et al., 2012). 

Amongst them, CslF, CslH and CslJ gene families are mostly specific to grasses 

whereas CslB and CslG are only found in dicot species (Farrokhi et al., 2006; Vogel, 

2008). A characteristic feature of members of the Csl superfamily is the presence of 

catalytic residues D, D, D, QxxRW. Csl genes share sequence similarity with CesA 
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genes and are involved in the synthesis of β-glucosidic chains of non-cellulosic cell 

wall polysaccharides (Yin et al., 2009).  

 

Figure 1.8 An unrooted maximum likelihood (ML) phylogenetic tree of Cellulose synthase-

like (Csl) superfamily sequences in higher plants. An additional species-reconciled ML 

unrooted tree was calculated for the CslA and CslC families which were not well supported 

by the unrooted best-known ML tree. CesA superfamily sequences from angiosperm species 

with fully sequenced genomes are labelled as AC. Red external nodes indicate monocots, 

blue nodes indicate eudicots and green nodes indicate the basal angiosperm Amborella 

trichopoda. Adapted from Little et al., (2018). 

 

In particular, (1,3;1,4)-β-glucan is synthesized by members of the CslF and CslH 

subfamilies which encode (1,3;1,4)-β-glucan synthases (Burton et al., 2006; Doblin et 

al., 2009). In barley grain, HvCslF6 is the main gene responsible for the synthesis of  

(1,3;1,4)-β-glucan (Burton et al., 2011) whereas HvCslH1 has a similar function in 

leaves (Doblin et al., 2009). Previous QTL studies using different mapping 

populations identified several genomic regions associated to differences in grain 
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(1,3;1,4)-β-glucan content (Table 1.2) which co-locate with the genetic position of 

members of the CslF/H family and (1,3;1,4)-β-glucan hydrolases. Apart from a genetic 

component, an environmental effect has been described affecting grain (1,3;1,4)-β-

glucan levels (Stuart et al., 1988). Unfavourable climatic conditions (e.g. high 

precipitation and mild temperature) for endosperm development lead to lower 

(1,3;1,4)-β-glucan and protein content in barley grain (Zhang et al., 2001). Agronomic 

practices such as increased levels of irrigation reduced the content of (1,3;1,4)-β-

glucan in the grain whereas nitrogen fertilizer application during grain development 

increased the concentration of (1,3;1,4)-β-glucan and other storage proteins (Tiwari & 

Cummins 2009). 

Using a comparative genomics approach, Burton et al., (2006) linked a major QTL for 

(1,3;1,4)-β-glucan content in ungerminated barley grain on barley chromosome 2H 

(Han et al., 1995) to a cluster of six CslF genes in rice (OsCslF1, OsCslF2, OsCslF3, 

OsCslF4, OsCslF8, and OsCslF9). Expression of rice CslF genes was subsequently 

assessed in A.thaliana, a dicot species which lacks (1,3;1,4)-β-glucan, by a gain-of-

function transgenic approach. The authors observed (1,3;1,4)-β-glucan in leaves, 

confirming a function of CslF genes as synthesizing (1,3;1,4)-β-glucan. 

 

Table 1.2 QTL studies on grain (1,3;1,4)-β-glucan content across several barley mapping 

populations. 

Mapping Population 
Main QTL 

associations 
Reference 

 cvs Steptoe x Morex 1H, 2H and 3H 
Hayes et al., (1993) 

Han et al., (1995) 

 cvs Derkado x B83-12/21/5 1H, 3H and 7H Igartua et al., (2002) 

cvs Beka x Logan 1H, 5H and 7H Molina-Cano et al., (2007) 

cvs CDC Bold x TR251 2H, 3H, 5H and 7H Li et al., (2008) 

cvs Falcon x Azhul 3H, 4H, 5H, 6H and 7H Islamovic et al., (2013) 

 

Until now, HvCslF4 on chromosome 2H, HvCslF6 on 7H and a member from the 

HvCslH (HvCslH1) which co-locates with a cluster of HvCslF genes (HvCslF3, 4, 8 

and 10) have been proven to be involved in (1,3;1,4)-β-glucan synthesis via 

heterologous assays (Figure 1.9) (Burton et al., 2006, 2011; Doblin et al., 2009). More 

recently, three additional members of the barley CslF family (HvCslF11, HvCslF12 
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and HvCslF13) were identified by Schreiber et al., (2014) using a bioinformatic 

analysis on the barley genome assembly (Mascher et al., 2013) however their role in 

(1,3;1,4)-β-glucan synthesis seems unlikely based on transient expression assays in 

N.benthamiana leaves. There is no evidence of an endogenous role for any other 

HvCslF/H gene based on heterologous expression methods. In addition further 

experiments are needed to determine the function of the grass-specific  CslJ gene 

family, suggested to be involved in this trait (Fincher 2009; Little et al. 2018). 

The biosynthesis of (1,3;1,4)-β-glucan has been hypothesized in three different models 

which involve the action of multiple enzymes putatively encoded by CslH and CslJ 

gene families (Fincher 2009; Little et al., 2018), a multi-enzymatic complex of which 

CslF isoenzymes represent one component (Burton et al., 2008; Fincher, 2009; 

Urbanowicz, 2004) and a single model with CslF6 acting as the main (1,3;1,4)-β-

glucan synthase (Jobling 2015; Dimitroff et al., 2016). Nevertheless, the variation in 

grain (1,3;1,4)-β-glucan concentration also depends on remodelling and degradation 

mechanisms.  

(1,3;1,4)-β-Glucan endohydrolases, HvGlbI and HvGlbII which encode two 

isoenzymes (EI and EII, respectively) differentially expressed across tissues, are 

suggested to contribute to the variation in grain (1,3;1,4)-β-glucan content. This 

hypothesis is supported by QTL and expression studies of HvGlbI and HvGlbII 

(Burton et al., 2008; Han et al., 1995). HvExoIV, which encodes a putative (1,3;1,4)-

β-glucan exohydrolase, is believed to contribute to (1,3;1,4)-β-glucan content 

variation in concentration based on a HvCslF6 and HvCslF9 co-expression study in 

developing endosperm (Wilson et al., 2012; Wong, 2015) however HvExoIV function 

is yet to be determined. The high transcript abundance of other putative (1,3;1,4)-β-

glucan exohydrolases, HvExoI and HvExoII observed during early stages of barley 

germination in malting conditions, could suggests a role for these exo-acting enzymes 

in the later stages of grain development (Betts et al., 2017). In addition, a GWAS study 

on (1,3;1,4)-β-glucan content (Houston et al., 2014) revealed new associations related 

to glycosyltrasferases, hydrolases (GH) and transcription factors, apart from known 

positions of HvCslF genes which provide new avenues for the identification of genes 

involved in (1,3;1,4)-β-glucan modification or/and degradation. 

Other Cellulose synthase-like families are involved in the synthesis of multiple cell 

wall polysaccharides. For example, CslA and CslD are involved in mannan 
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biosynthesis (Dhugga et al., 2004; Verhertbruggen et al., 2011) and members of the 

CslC encode proteins that synthesize the β-1,4-glucan backbone of xyloglucan in 

Arabidopsis (Cocuron et al., 2007). In barley, four CslC genes (CslC1–4) encode 

proteins targeted to the plasma membrane with different polysaccharide synthase 

activities, as suggested by Dwivany et al., (2009).  

 

Figure 1.9 Genetic location of the HvCslF genes in barley chromosomes 1H, 2H, 5H and 

7H discovered by Burton et al., (2006), shown in black and three additional members 

identified by Schreiber et al., (2014) are underlined. (1,3;1,4)-β-Glucan hydrolases, HvGlbI 

and HvGlbII are shown in blue. Adapted from Schreiber et al., (2014) 

 

I.3.5 Cellulose synthase-like F (CslF) expression studies 

In barley, a transcriptional profile study of the HvCslF gene family revealed that 

HvCslF6, on chromosome 7H, and HvCslF9, on 1H, to a lesser degree, are the most 

abundant transcripts found in developing grains, and therefore potentially to be the 

main drivers for (1,3;1,4)-β-glucan synthesis (Burton et al., 2008). Another study 

demonstrated that HvCslF6 contributes to (1,3;1,4)-β-glucan synthesis by over-

expressing it using an endosperm specific promoter in barley. As a result, (1,3;1,4)-β-

glucan content was increased more than 80% in transgenic barley grain (Burton et al., 

2011). Also, when HvCslF6 expression was decreased or silenced, the amount of 

(1,3;1,4)-β-glucan was significantly reduced not only in grains but also in vegetative 

tissues as demonstrated in wheat (Nemeth et al., 2010) and rice (Vega-Sanchez et al., 

2012).  
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A naturally occurring barley betaglucanless (bgl) mutant, lacking the ability to 

produce (1,3;1,4)-β-glucan both in grains and vegetative tissues was identified by 

Taketa et al., (2012). The mutation was linked to an induced loss-of-function change 

in HvCslF6 and confirmed via heterologous expression. The complete absence of 

(1,3;1,4)-β-glucan not only in grains but also in vegetative tissues is consistent with 

the findings of Burton et al., (2011). Barley genotypes lacking (1,3;1,4)-β-glucan 

showed poor agronomic performance, including chilling susceptibility (Taketa et al., 

2012). More recently, a reduction in (1,3;1,4)-β-glucan content was attributed to a 

chemically induced mutation in HvCslF6 leading to a partially functional HvCSLF6 

protein (Hu et al., 2014). However, sequence variation within HvCslF6 is not 

diagnostic for grain (1,3;1,4)-β-glucan content (Taketa et al., 2012; Houston et al., 

2014) and HvCslF6 expression differences are unlikely to be caused by any 

polymorphism within this gene (See Chapter III) (Burton et al., 2008; Wong et al., 

2015). Nevertheless, HvCslF6 mutant characterization studies reflect the essential role 

of this gene in the biosynthesis of (1,3;1,4)-β-glucan whose regulation has not yet been 

fully investigated. 

I.3.6 Regulation of (1,3;1,4)-β-glucan synthesis in barley 

(1,3;1,4)-β-Glucan content in barley is considered a quantitative trait that involves 

several genomic regions associated with Cellulose synthase-like (CslF and CslH) gene 

families. The functional characterization of HvCslF4, HvCslF6, HvCslF8 and 

HvCslH1 as (1,3;1,4)-β-glucan synthases via heterologous systems (Burton et al., 

2011; Doblin et al., 2009), established new ways of exploring which regulatory 

mechanism/s are behind (1,3;1,4)-β-glucan biosynthesis at different subcellular levels. 

(1,3;1,4)-β-Glucan accumulates in primary cell walls of growing cells (Gibeaut et al., 

2005; Buckeridge et al., 2004) and developing endosperm during differentiation and 

maturation stages (See Chapter II; Wilson et al., 2012). However, there is currently no 

previous knowledge about regulatory mechanisms affecting non-cellulosic 

polysaccharides in primary walls. Recent work in the model species Arabidopsis 

identified small regulatory networks and proteins affecting secondary cell wall 

biosynthesis whose function has been confirmed in economically important grasses 

such as rice and maize (Rao & Dixon, 2018; Zhong et al., 2011). This suggests a 

potential conservation of functional orthologs that could lead to the identification of 

transcription factors regulating the temporal and spatial expression of Csl genes during 

primary cell wall biosynthesis. 
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In the barley grain, starch is the major storage carbohydrate and (1,3;1,4)-β-glucan the 

most abundant non-cellulosic polysaccharide. A crosstalk between starch and 

(1,3;1,4)-β-glucan metabolism has been reported in several studies (Doll et al., 1974; 

Patron et al., 2004) which identified alterations in starch-related enzymes affecting 

grain (1,3;1,4)-β-glucan content, although the molecular mechanism/s underlying this 

link remain unknown. In Brachypodium, a low-starch-high-(1,3;1,4)-β-glucan 

phenotype was identified and linked to an impaired ability of the cells to expand due 

to the accumulation of (1,3;1,4)-β-glucan thickening the cell walls, yet no change in 

CslF6 expression was detected (Trafford et al., 2013). Barley lys3 and lys5 mutants 

present a similar phenotype characterized by low starch content and increased grain 

(1,3;1,4)-β-glucan accumulation. In contrast to Brachypodium, both barley mutants 

exhibited a decreased HvCslF6 transcript abundance, especially in the lys3 mutant 

background, suggesting a negative feedback loop and a common lys3 regulatory 

network during grain development (Christensen & Scheller 2012).  

HvCslF6 is located near the centromeric region of chromosome 7H and has been 

consistently associated with grain (1,3;1,4)-β-glucan content across previous QTL 

studies. However, the only non-synonymous sequence polymorphism within HvCslF6 

CDS (A590T) (Taketa et al., 2012) could not be attributed to differences in transcript 

abundance or grain (1,3;1,4)-β-glucan concentration suggesting that other regulatory 

regions or linked genes are involved. Wong et al., (2015) showed that differential 

HvCslF6 expression during late grain development correlated with differences in 

(1,3;1,4)-β-glucan content, suggesting a potential cis-regulation of HvCslF6 although 

no causal polymorphisms were found. Wong et al., (2015) speculated that the 

development of an eQTL mapping population in developing barley grain would 

require remarkable efforts to assess HvCslF6 transcript abundance in a large 

germplasm dataset and would not identify the molecular mechanism behind HvCslF6 

transcriptional regulation. Alternatively, a yeast one-hybrid (Y1H) approach using 

HvCslF6 promoter as a bait could identify putative regulatory protein/s affecting the 

expression of this gene. Y1H would require the characterization of HvCslF6 promoter 

and development of a grain-specific cDNA library which could be based on mid to 

late developing endosperm stages, coinciding with HvCslF6 increased expression. 

This could be expanded to coleoptile or other developing tissues where HvCslF6 is 

also expressed in order to investigate whether HvCslF6 transcript abundance is 

regulated by different regulatory mechanisms. 
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The functional characterization of promoter regions regulating the expression of genes 

involved in cellulose, hemicellulose lignin biosynthesis in secondary cell walls has led 

to the identified putative transcription factors using in silico and in vivo experiments 

(Prouse & Campbell 2013; Kim et al., 2014b; Rao et al., 2018). The analysis of 

putative transcription factor binding sites (TFBSs) on gene regulatory sequences using 

motif prediction tools (Chow et al., 2016; Khan et al., 2018) represents one way of 

identifying candidate regulatory proteins (McCarthy, Zhong & Ye 2009; McCarthy et 

al., 2010; Zhong et al., 2011; Sun et al., 2014).  

Nevertheless, recent findings related to HvCSLF6 protein structure and location 

suggest that HvCslF6 regulation is likely to involve different molecular mechanisms 

apart from transcript abundance. A single amino acid residue located in the catalytic 

domain of HvCslF6 is able to change the fine structure of (1,3;1,4)-β-glucan, referred 

as DP3:DP4 ratio, affecting its solubility in industrial applications (Dimitroff et al., 

2016). The potential manipulation of DP3:DP4 ratios across cereals is a novel target 

for generating lines with altered cell wall digestibility or health promoting benefits 

(Jobling 2015). In addition, the expression of HvCslF6 in N. benthamiana, a plant that 

lacks (1,3;1,4)-β-glucan, revealed a different DP3:DP4 ratio (1.4) to those observed in 

barley (2.6) and other cereal species, suggesting that even though HvCslF6 is 

sufficient to drive (1,3;1,4)-β-glucan biosynthesis, other partner proteins present in 

barley and absent in the N. benthamiana heterologous expression system might be 

involved in this pathway (Jobling 2015). 

I.4 Plant genome editing  

Plant genome editing technology enables precise genetic modifications of non-foreign 

DNA sequences by inducing targeted insertions, deletions or gene replacement 

(Sander & Joung 2014; Bortesi & Fischer 2015), representing a fast and accurate 

approach to determine the function of a gene of interest and maintain newly-generated 

and stable alleles in the progeny. This differs to classic transgenic techniques in which 

exogenous DNA is randomly inserted in the genome of a plant species. Over the last 

25 years, transgenic approaches have been essential in modern plant breeding to 

discover molecular mechanisms regulating gene expression and gene function in 

plants, introduce new traits into target crops and generate novel uses of plants (e.g. 

biofuel production, biopharmaceuticals) (Giddings et al., 2000; Vain, 2005) however 

several constraints have been described for transgenic technology such as the 
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possibility that randomly or multiple inserted gene/s disrupt endogenous genes, 

unstable transgene expression due to epigenetic changes or the presence of antibiotic 

resistance genes (Wolffe & Matzke 1999; Abranches et al., 2000). The emergence of 

plant genome editing techniques using site-specific nucleases, has accelerated gene 

discovery and trait development in many plant species, allowing precise and efficient 

introduction of genetic alterations with no traces of selectable markers or exogenous 

DNA (Bortesi & Fischer, 2015; Gupta & Musunuru, 2014). 

The regulatory status of plant gene editing technology differs from country to country. 

In the USA and Canada, gene-edited plants are equivalent to those obtained using 

tradition breeding methods. In both countries, a risk assessment and market approval 

process are required if the gene-edited plant is considered to possesses a novel trait 

(Custers 2017; Government of Canada 2018; USDA 2018). Conversely, in the EU 

plants obtained using mutagenesis techniques, including gene editing are subjected to 

the same regulation that applies to GM crops (Court of Justice of the European Union, 

2018). In other countries such as Japan, a case-by-case approach has been adopted in 

which certain organisms with edited genomes would be freed from regulations on 

GMOs based on risk and scientific assessments (The Scientist, 2018) 

I.4.1 Genome editing with site-specific nucleases 

Genome editing relies on the introduction of site-specific DNA cleavages by 

programmable nucleases which produce double-strand breaks (DSB) resulting in 

alterations of gene function. DSBs are repaired by a cell’s endogenous mechanism, 

primarily by the efficient but error-prone non-homologous end-joining (NHEJ) or 

homology-directed repair (HDR) in the presence of a homologous DNA template 

(Figure 1.10). The NHEJ repair mechanism involves the direct ligation via DNA 

ligase IV of the break ends introducing small insertions and deletions at the DSB site 

which can lead to gene to knockout mutations or larger chromosomal rearrangements 

if more DSB are induced. In contrast, the HDR mechanism uses a template for repair 

(e.g. gene targeting vector or a homologous donor DNA), avoiding any potential 

nucleotide mismatch (Belhaj et al., 2015; Kim & Kim, 2014). Multiple delivery 

methods for the introduction of engineered nucleases comprising Agrobacterium-

mediated transformation, callus bombardment or protoplast transformation are 

available depending on plant transformability. 
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Figure 1.10 Representation of a DSB induced by site-specific nucleases (e.g. ZFNs, 

TALENs, RGENs) and repaired by either NHEJ mechanism leading to sequence InDels or 

HDR in the presence of an homologous donor DNA or single-strand oligodeoxynucleotide 

(ssODN). Adapted from Kim & Kim, (2014). 

 

In the last decade, zinc-finger nucleases (ZFNs) (Kim et al., 1996) and transcription 

activator-like effector nucleases (TALENs), have been successfully used in plants to 

induce genetic modifications based on the ability to customize their DNA-binding 

domain to recognize virtually any sequence yet requiring different target sequences 

and methods for construction (Gaj et al., 2013). ZFNs are composed of two DNA-

binding zinc-finger protein (ZFP) domains, separated by 5–7 bp spacers which 

determines sequence specificity and the nuclease domain derived from the FokI 

restriction enzyme inducing DBS in heterodimer state (Figure 1.11a). Each ZFN 

recognizes a 3-bp DNA sequence independently, permitting ZFN engineering based 

on a modular assembly. Successful target sites have been reported in guanine rich and 

repetitive sequences (5’-GNN-3’), which decrease the recognition potential of 

functional pairs of ZFNs (Kim & Kim, 2014). Problems described for these site-

specific nucleases include a lack of DNA targeting activity by newly assembled ZFNs 

and cytotoxic effects due to off-target effects and delivery methods (Pattanayak et al., 

2011). 
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Figure 1.11 Schematic representation of a zinc-finger nuclease (ZFN) and transcription 

activator-like effector nuclease (TALEN). a) ZFN pair. The FokI catalytic domains are 

shown in blue at the C-terminus and zinc-finger proteins (ZFPs) at the N-terminus, in pink. 

In the zinc-finger motif consensus, X indicates any amino acid. (b) TALEN pair. Like ZFNs, 

FokI domains are located at the C-terminus whereas TALEN effectors are found at the N-

terminus. The repeat variable diresidue (RVD), essential for target recognition is shown in 

red. Adapted from Kim & Kim, (2014). 

 

The development of TALENs provided an increase of targetable sites and easier 

recognition of DNA sequences compared to ZFNs. TALENs also contain the FokI 

nuclease domain, however target sequence recognition relies on TALEN proteins 

which are derived from Xanthomonas spp. and characterized by 33–35 amino acids 

per protein with the presence of repeat variable diresidues (RVDs) (Figure 1.11b). 

Four different RVD modules are described with a one-to-one correspondence to DNA 

base pairs in which sequence specificity is based on amino acid positions 12 and 13 

(Boch et al. 2009). TALEN engineering typically involves the construction of 15–20 

RVDs, balancing specificity with potential off targeting and the design of a different 

DNA binding domain, each consisting of 500–700 amino acids. Although off-target 

TALEN activity is typically low, the generation of custom TALENs for each target 

site is a lengthy process (Boettcher & McManus 2015).  

More recently, the emergence of RNA-guided engineered nucleases (RGENs) for 

genome editing overcome the use of other nucleases technologies based on the ease of 
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customization, higher targeting efficiency and the ability to facilitate multiplex 

genome editing compared to ZFNs and TALENs (Kim & Kim, 2014; Ran et al., 2013). 

In addition, RGEN systems creates stable and heritable mutations, which can be easily 

segregated from the nuclease construct to produce transgene-free plants in few 

generations (Langner et al., 2018). RNA-guided DNA cleavage systems were 

originally found in microbes which provided adaptive immunity against invading 

phages or plasmids by inserting foreign DNA fragments or protospacers (~20 bp) into 

their genome to a form clustered regularly interspaced short palindromic repeat 

(CRISPR) during the so-called adaptation phase (Mojica et al., 2009). The CRISPR 

array is transcribed and processed to generate small CRISPR RNAs (crRNAs) which 

will associate and guide the ribonucleoprotein complex to the target DNA sequence, 

resulting in the degradation of exogenous DNA (Jiang & Marraffini 2015). The natural 

variation observed in the organization of CRISPR systems in bacteria and archaea led 

to the classification of different classes and subtypes.  

I.4.2 Type II CRISPR system  

CRISPR systems have been divided into two classes (1 and 2) according to the 

presence and configuration of CRISPR-associated (Cas) genes and crRNAs 

(Makarova et al., 2011). Although both CRISPR systems require crRNAs to guide Cas 

endonucleases, class 1 CRISPR systems use several Cas proteins to cleave a target 

DNA sequence whereas class 2 consists of a single Cas effector protein. Further 

subtype divisions according to crRNA biogenesis and Cas gene content are 

distinguished; Class 1 CRISPR systems includes type I and III systems with complex 

architecture and effector dynamics and type II system which belong to class 2 CRISPR 

systems and defined by presence of the RNA-guided endonuclease Cas9 (Jiang & 

Marraffini 2015; Cebrian-Serrano & Davies 2017).  

The type II CRISPR system, also known as the CRISPR/Cas9 system was discovered 

in Streptococcus pyogenes and is one of the simplest and best characterized CRISPR 

systems with distinctive features from type I and III, regarding RNA processing and 

interference mechanisms (Chylinski et al., 2013). In the type II system (Figure 1.12), 

the CRISPR/Cas locus is composed of four cas genes, a trans-activating crRNA 

encoding region, namely tracrRNA, required for the generation of crRNAs as the 

guides for CRISPR interference and a CRISPR-spacer array (Fig 1.12). The tracrRNA 

is only found within Type II CRISPR systems and acts as a cofactor of Cas9 which is 
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required for DNA cleavage (Jiang & Marraffini 2015). Within the four cas genes, cas1 

and cas2 are ubiquitous across type I, II and III CRISPR systems, csn2 is required for 

new spacer acquisition (Nam et al., 2011) and cas9, which encodes a type II-specific 

and comparatively large protein, sufficient for processing and cleaving the target DNA 

in contrast to other CRISPR systems (Makarova et al., 2011).  

 

Figure 1.12 Type II CRISPR/Cas9 system in S. pyogenes and the mechanism of defence 

against viruses, adapted from (Mojica & Montoliu, 2016). 

 

Cas9 proteins and precursor-crRNA (pre-crRNA) transcripts are bound through 

tracrRNA molecules in a ‘pre-complex’ in which RNAs are processed into mature 

crRNA-tracrRNA-Cas9 complexes (Mojica & Montoliu, 2016). As a microbial 

adaptive immune system, when the PAM (5’–NGG– 3’ for Cas9) and adjacent 

sequence of foreign DNA (e.g. from a virus infection) are homologous to the crRNA 

spacer region, a DSB is induced by Cas9 which contains two nuclease domains, HNH 

and RuvC responsible for cutting each strand of target DNA, resulting in the 

degradation of foreign DNA.  
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I.4.3 Application of the CRISPR/Cas9 system in plant genome editing 

The application of the CRISPR/Cas9 system as a RNA-programmable genome editing 

tool was discovered in 2012 by in vitro demonstration and reconstitution of tracrRNA, 

crRNA and Cas9 protein (Gasiunas et al., 2012; Jinek et al., 2012) which led to the 

development of a synthetic RNA, named single guide RNA or short guide RNA 

(sgRNA) generated from the fusion of tracrRNA and crRNA, retaining their guidance 

and target recognition properties (Jinek et al., 2012; Mojica & Montoliu, 2016). The 

CRISPR immune system from S. pyogenes was therefore simplified and engineered 

as a molecular tool for the introduction of DNA changes derived from DBSs, catalyzed 

by a single RNA-guided endonuclease Cas9 and resolved by NHEJ or HDR repair 

pathways (Figure 1.13).  

A synthetic sgRNA is typically formed by a 20-nt guide sequence, namely protospacer 

sequence which can be altered to target almost any genome DNA sequence followed 

by the PAM for Cas9-mediated DNA cleavage, which occurs typically 3–4 nt 

upstream the PAM as shown in Figure 1.13 (Garneau et al., 2010; Ran et al., 2013). 

During the target DNA recognition, the seed sequence which consists of 8–12 nt at the 

3′ end of sgRNA, has a critical role in sgRNA annealing and therefore an efficient 

DNA cleavage. Mismatches are tolerated towards the 5’ of the sgRNA (distal to the 

PAM) permitting DNA cleavage and potential off target effects, in contrast to 

mismatches in the 3’ seed sequence which prevent Cas9 endonuclease function (Shan 

et al., 2013).  

 

Figure 1.13 Representation of RNA-guided Cas9 nuclease. sgRNA contains a 20-nt guide 

sequence (blue) and a scaffold (red). The Cas9 nuclease is shown in yellow. Red triangles 

located ~3 nt upstream of the PAM indicate Cas9-induced DSB. Adapted from Ran et al., 

(2013). 
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More recently, the discovery of CRISPR/Cas orthologs and variants with different 

endonuclease activities and PAM requirements, expanded the application of 

CRISP/Cas-based gene editing. The characterization of Cpf1, a single RNA-guided 

endonuclease classified as Type V CRISPR system within Class 2, revealed staggered 

DSBs in target DNA sequences followed by an T-rich PAM (Zetsche et al., 2015) 

leading to successful editing of genes which produce essential carotenoid biosynthetic 

enzymes in rice (Xu et al., 2017) and fatty acid metabolism in soybean (Kim et al., 

2017). Moreover, Cas9 variants carrying mutations in key catalytic residues within 

HNH and RuvC nuclease domains have been developed to reduce potential off-target 

effects since individual nicks in the genome are repaired with high fidelity (Table 1.3). 

An example of Cas9 variants are the so called Cas9 nickases (nSpCas9) which cleave 

a single strand of the DNA, retaining specificity yet reducing the number of target sites 

(Cebrian-Serrano & Davies 2017). Moreover, large deletions (up to 1 Kb) have been 

reported by using a pair of opposite oriented nSpCas9 with minimal off target effects 

(Cho et al., 2014). Several studies reported that mismatches to the guide RNA strand 

in target DNA sequences often lead to off-target mutagenesis (Zhang et al., 2014b; 

Belhaj et al., 2015) conversely, a short period of calli re-differentiation after plant 

transformation have been shown to prevent off-target mutations (Endo et al., 2015). 

The natural diversity of CRISPR and other yet uncharacterized systems is likely to 

expand the molecular toolbox for precise genome editing.  
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Table 1.3 Cas9 variants derived from S.pyogenes and their corresponding PAM sequences 

used for genome editing. Adapted from (Cebrian-Serrano & Davies 2017). 

CRISPR-Cas9 variants PAM sequence Reference 

S.pyogenes Cas9 NGG Jinek et al., (2012) 

S.pyogenes Cas9 nickase NGG Cong et al., (2013) 

Dimeric dCas9-FokI NGG Guilinger et al., (2014) 

S.pyogenes Cas9 Variant VQR NGAG Kleinstiver et al., (2016) 

S.pyogenes Cas9 Variant EQR NGAG Kleinstiver et al., (2016) 

S.pyogenes Cas9 Variant VRER NGCG Kleinstiver et al., (2016) 

S.pyogenes Cas9 Variant D1135E NAG and NGA Kleinstiver et al., (2016) 

S.pyogenes Cas9 Variant QQR1 NAAG Kleinstiver et al., (2016) 

High-fidelity S.pyogenes Cas9 (SpCas9-HF1) NGG Kleinstiver et al., (2016) 

“Enhanced speficifity” S.pyogenes Cas9: 

SpCas9 (K855A), eSpCas9 (1.0), and 

eSpCas9 (1.1) 

NGG Slaymaker et al., (2016) 

 

I.5 Research objectives 

The manipulation of (1,3;1,4)-β-glucan content in barley grain has been a major target 

for malting breeding programmes in which cultivars with low grain (1,3;1,4)-β-glucan 

concentration are preferred, due to filtration problems during brewing and distilling 

attributed to (1,3;1,4)-β-glucan. Conversely, the FDA health claim on barley (1,3;1,4)-

β-glucan consumption [3g of (1,3;1,4)-β-glucan soluble fibre per day; (FDA, 2006)] 

and its beneficial effects on human health has increased research interest in developing 

barley cultivars with high levels of (1,3;1,4)-β-glucan and other non-cellulosic cell 

wall polysaccharides to prevent type II diabetes, cardiovascular disease and colorectal 

cancer (Wood 2007; Izydorczyk & Dexter 2008).  

Since members of the HvCslF and HvCslH gene family were identified as (1,3;1,4)-

β-glucan synthases involved in the biosynthesis of this polysaccharide (Burton et al., 

2006; Doblin et al., 2009), several studies have substantially contributed to understand 

(1,3;1,4)-β-glucan at different molecular levels. This has posed new research questions 

related to (1,3;1,4)-β-glucan synthesis, remodelling and degradation pathways. Whilst 

spatial and temporal expression differences have been reported for HvCslF6, the main 

gene involved in grain (1,3;1,4)-β-glucan biosynthesis and other HvCslF/H gene 

members (Burton et al., 2008, 2011), little is known about their regulatory 
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mechanisms. In this context, the regulation of (1,3;1,4)-β-glucan biosynthesis at a 

transcriptional level has been investigated with the following objectives: 

1. Determine if genes putatively involved in (1,3;1,4)-β-glucan biosynthesis and 

hydrolysis are differentially expressed in barley cultivars with different grain 

(1,3;1,4)-β-glucan content and to what extent do they contribute to variation in 

grain (1,3;1,4)-β-glucan concentration (Chapter II). 

2. Explore HvCslF6 CDS and promoter sequence variation across barley germplasm. 

The study of putative TFBSs on CslF6 promoter in barley, other cereals spp. and 

HvCslF6 co-expressed genes would be useful to identify candidate TFs and 

potential regulatory networks (Chapter III). 

3. Characterize HvCslF6 promoter using a protoplasts transient expression system to 

determine the essential region retaining its transcriptional activity and identify 

candidate TFs regulating the expression of this gene (Chapter IV). 

4. Evaluate the function of known and potential (1,3;1,4)-β-glucan synthases 

(HvCslF3, HvCslF6, HvCslF9 and HvCslH1) using genome editing technology to 

determine their contribution in grain (1,3;1,4)-β-glucan content and their effect on 

other grain quality aspects (Chapter V). 

The present study aims to explore the transcriptional regulation of HvCslF6 by the 

characterization of its promoter region and identification of molecular mechanisms 

affecting the expression of this gene (Chapters II, III and IV). In addition, the study of 

putative HvCslF/H genes involved in the biosynthesis of grain (1,3;1,4)-β-glucan by 

genome editing technology would determine their contribution to this key grass-

specific trait (Chapter V). This research study would have a positive impact in barley 

breeding programmes to select cultivars with tailored (1,3;1,4)-β-glucan levels to 

match the opposite requirements of the malting and brewing industries and the 

functional food sector. Based on the health benefits associated with non-cellulosic 

polysaccharides, including (1,3;1,4)-β-glucan, multidisciplinary research on novel 

food uses of barley will decrease the risk of multiple human diseases, including type 

II diabetes, hypercholesterolemia, colorectal cancer and other inflammatory diseases 

(Ames et al., 2018; Brennan & Cleary, 2005; Cosola et al., 2017; Wood, 2007) by 

increasing the amount of soluble dietary fiber in our diet.  
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II. Variation in transcript levels of genes encoding putative (1,3;1,4)-β-glucan 

synthases and endohydrolase during grain development of elite barley lines 

with different (1,3;1,4)-β-glucan content 

II.1 Introduction 

II.1.1 Barley grain development  

Barley grain development starts after fertilisation and continues until plant maturity 

when fertilised florets fill and ripen to form the grain (Shewry & Ullrich 2014). From 

a developmental perspective, barley grain forms as a result of a double fertilization 

that generates the diploid embryo (from a fused male and female gamete) and the 

triploid endosperm, which is derived from a second fusion between one sperm cell 

with two polar nuclei in the embryo sac (Briggs 1978; Brown 1994). Four main phases 

are distinguished that define grain development in barley and other cereals. These 

include the syncytial, cellularization, differentiation and maturation (also referred as 

desiccation) phases, each of which are characterized by multiple morphological and 

histological changes (Young & Gallie 2000; Sreenivasulu et al., 2010). Firstly, the 

endosperm nucleus undergoes numerous mitotic divisions without cytokinesis or cell 

wall formation leading to a multinucleate cell in the primary endosperm (Olsen 2004). 

In early stages of endosperm development, anticlinal and periclinal cell walls begin to 

form around each nucleus followed by subsequent mitotic divisions. Cellularization 

occurs centripetally through alternating waves of anticlinal and periclinal wall 

formation until the endosperm is fully compartmentalized into cells (Brown, 1994; 

Wilson et al., 2006). Endosperm differentiation (10–28 DAP) coincides with the grain 

filling stage where starch granules accumulation and cell wall thickening predominate. 

At approximately 14 DAP, three to four aleurone layers have differentiated from the 

rest of the starchy endosperm in terms of their physical characteristics; becoming 

smaller in size, having an isodiametric shape and brick-like arrangement (Wilson et 

al., 2006; Aubert et al., 2018). Unlike the starchy endosperm, (1,3;1,4)-β-glucan is a 

minor component of the barley aleurone and arabinoxylan is the most abundant cell 

wall polysaccharide (Fincher & Bacic, 1986). Programmed cell death progressively 

occurs in starchy endosperm cells from 20 DAP onwards where cells lacking their 

nuclei are filled with starch granules, forming a characteristic dead cell structure 

embedded in a matrix of storage proteins (Domínguez & Cejudo 2014). Maturation 

occurs when the grain progressively loses water content and dry matter begins to 
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accumulate. The grain-filling period continues until the death of the endosperm is 

completed, followed by a late maturation period which inhibits major biosynthetic 

processes and induces desiccation (Young & Gallie 2000). At maturity, the barley 

grain is comprised of 1) the embryo, separated from the endosperm by the scutellum, 

which is a pluripotent tissue that will emerge from the grain. 2) the husk, which acts 

as a protective peripheral layer, and 3) the endosperm which comprises 70–80% of 

whole grain area and provides energy for the embryo mainly in form of starch during 

germination.  

II.1.2 Accumulation of (1,3;1,4)-β-glucan during grain development 

Non-starchy polysaccharides accumulate over time and in different locations during 

barley endosperm development. Callose, a (1,3)-β-glucan polymer, is transiently 

detected at 3–6 DAP during endosperm cellularisation. In contrast, (1,3;1,4)-β-glucan 

is deposited at 4–5 DAP in endosperm cell walls and is uniformly distributed by 10 

DAP. (1,3;1,4)-β-Glucan is abundant between 16–36 DAP, coinciding with the grain 

filling and maturation stages (Wilson et al., 2012). During the endosperm 

differentiation stage, arabinoxylans and arabinogalactan-proteins start to accumulate 

(Wilson et al., 2006, 2012). The relative abundance of these and other polysaccharides 

varies in endosperm cell walls; the most abundant polysaccharide is (1,3;1,4)-β-glucan 

[70% (w/w)] followed by arabinoxylan [20% (w/w)], (1,4)-β-glucan (cellulose), [3%–

4% (w/w)], heteromannan [3%–4% (w/w)] and some protein (Fincher, 1975).  

In wheat, the sequence of deposition of cell wall polysaccharides differs from barley, 

mainly due to the early accumulation of arabinoxylan during endosperm 

cellularization (Philippe et al., 2006). While (1,3;1,4)-β-glucan is mainly detected in 

the central cell walls of wheat endosperm and decreases considerably in late 

endosperm development stages (Philippe et al., 2006), an even distribution of 

(1,3;1,4)-β-glucan abundance has been described in developing barley and 

Brachypodium grain (Guillon et al., 2011). In Brachypodium, the highest levels of 

(1,3;1,4)-β-glucan are detected during grain filling (17 DAP), and remain fairly stable 

towards late grain development with a small decrease upon the end of grain 

desiccation, representing up to 45% of the grain at maturity (Guillon et al., 2011, 

2012). Apart from phenotypic differences in grain (1,3;1,4)-β-glucan concentration 

amongst members of the Poaceae family, it has been shown that the differential 

expression of CslF6 which encodes the main (1,3;1,4)-β-glucan synthase (Burton et 
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al., 2011), can only partially explain variation in (1,3;1,4)-β-glucan content during 

grain development (Burton et al., 2008; Pellny et al., 2012; Wong et al., 2015). 

During barley endosperm development, HvCslF6 and HvCslF9 are the most abundant 

members of the HvCslF gene family. Expression of HvCslF9 at 3–8 DPA coincides 

with the appearance of (1,3;1,4)-β-glucan in endosperm cell walls  (Burton et al., 2008; 

Wilson et al., 2012), but the function of HvCslF9 is not entirely clear. By contrast, 

HvCslF6 is well characterised as a (1,3;1,4)-β-glucan synthase that functions 

throughout grain development (Burton et al., 2011). Variation in HvCslF6 transcript 

levels during late grain development coincide with differential accumulation of grain 

(1,3;1,4)-β-glucan in different barley cultivars (Wong et al., 2015). Although it is 

unclear whether this variation is causative, it provides some support for hypotheses 

suggesting that variation in HvCslF6 expression could lead to differences in (1,3;1,4)-

β-glucan concentration in mature grain.  

In addition to the putative biosynthetic activities, multiple studies suggest that 

variation in grain (1,3;1,4)-β-glucan content is also influenced by remodelling and 

degradation pathways (Burton et al., 2008; Farrokhi et al., 2006; Fincher, 2009; 

Hrmova et al., 2007). Two barley genes, HvGlbI and HvGlbII, which encode putative 

(1,3;1,4)-β-glucan endohydrolases have been suggested to contribute to this trait, 

having a potential impact on malt (1,3;1,4)-β-glucan modification (Burton et al., 2009; 

Wang et al., 2004). HvGlbI is the most abundant (1,3;1,4)-β-glucan endohydrolase 

during endosperm differentiation whereas HvGlbII is highly expressed in the aleurone 

under gibberellic acid regulation (Burton et al., 2008; Mundy & Fincher, 1986). Both 

genes are differentially expressed in the endosperm of germinating barley grain as well 

as in multiple tissues during seedling development (Slakeski et al., 1990; Slakeski & 

Fincher, 1992). While the genetic modification of HvGlbI in developing grain 

represents one way of manipulating (1,3;1,4)-β-glucan content, the exact mechanism 

of this enzyme affecting (1,3;1,4)-β-glucan biosynthesis is not yet known. Farrokhi et 

al., (2006) suggested that HvGlbI could be involved in editing newly formed (1,3;1,4)-

β-glucan chains during assembly. However recent studies show that that HvCSLF6 

alone can introduce both (1,3)- and (1,4)-β-linkages within this polysaccharide 

(Jobling 2015; Dimitroff et al. 2016), suggesting that the endoglucanase activity of 

HvGlbI is more likely to contribute to the variation in (1,3;1,4)-β-glucan 

concentration.  



34 

 

II.1.3 Objective 

The aim of the current study was to investigate the potential contribution of variation 

in transcript abundance for two putative (1,3;1,4)-β-glucan synthases, HvCslF6 and 

HvCslF9, and a putative (1,3;1,4)-β-glucan endohydrolase, HvGlbI, across five elite 

barley cvs with contrasting (1,3;1,4)-β-glucan levels during grain development. The 

limited sequence variation observed in the HvCslF6 CDS and putative promoter 

region (See Chapter III, section III.3) suggested that differences in transcript levels 

due to regulatory proteins, rather than protein function, might contribute to variation 

in grain composition. In addition, the related HvCslF9 gene is expressed in the grain 

and therefore may contribute to variation in (1,3;1,4)-β-glucan levels. The interest in 

HvCslF9 and HvGlbI also arises from a previous QTL study (Han et al., 1995) that 

identified a genomic region on barley chromosome 1H containing both genes, which 

influences (1,3;1,4)-β-glucan levels. This was confirmed by subsequent GWAS 

analysis (Houston et al., 2014). To address these questions, a grain development series 

based on four 2 row spring barley cultivars and one 6 row spring cultivar with 

divergent grain (1,3;1,4)-β-glucan content were developed and used to monitor 

HvCslF6, HvCslF9 and HvGlbI transcript abundance. In parallel, quantification of 

(1,3;1,4)-β-glucan levels was performed throughout grain development to assess the 

deposition pattern of this polysaccharide. In addition, a phenotypic assessment of grain 

characteristics was carried out to complement the transcriptional profiling.  
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II.2 Material and methods 

II.2.1 Plant material 

Four elite 2 row spring cvs: Dew, Imidis, Egmont and Gull and one elite 6 row spring 

cv Morex, were used in this experiment. Based on previous work (Houston et al., 

2014), these cvs represent phenotypic extremes of grain (1,3;1,4)-β-glucan 

concentration. Three biological replicates across six grain development stages [3–5, 

8–10, 15, 24–26, 32 and 38 days post anthesis (DPA)] were collected from material 

grown in glasshouse conditions of 16 h light/8 h dark, until maturity at the James 

Hutton Institute, United Kingdom (Feb–May 2015). Genotypes were monitored from 

pre-anthesis until grain maturity by manually tagging 3–5 developing tillers per line. 

For each genotype, six developing grains from the central part of the spike were 

collected at each developmental stage and snap frozen in liquid nitrogen for further 

mRNA and (1,3;1,4)-β-glucan quantification analyses.   

II.2.2 Isolation of mRNA and cDNA synthesis 

For mRNA isolation, three grains collected at 3–5, 8–10, 15, 24–26 DPA and one grain 

collected at 32 and 38 DPA were used per genotype. Three biological replicates were 

included. Samples were ground into a fine powder (100 mg) in liquid nitrogen and 

mixed with 1 mL of TRIzol® (Thermo Fisher Scientific, Waltham, USA). 

Manufacturer’s instructions were followed with several modifications: (1) after 1 mL 

of TRIzol® was added, samples were allowed to stand for 5 min, RT, then transferred 

to 1.5 mL Eppendorf tubes. (2) Samples were centrifuged (16,000 x g, 4°C) for 10 min 

and supernatant removed to another 1.5 mL Eppendorf tube. (3) Phase separation was 

performed by adding 0.2 mL of chloroform (per 1 mL TRIzol®) and incubated for 15 

min RT, then centrifuged (12,000 x g, 4°C) for 15 min. (4) Supernatant was transferred 

to a fresh tube and mixed with 0.25 mL of isopropanol followed by 0.25 mL of 0.8 M 

sodium citrate/1.2 M sodium chloride (per 1 mL TRIzol® used, both) to help removal 

of polysaccharides. Samples were incubated for 10 min, RT. (5) After an ethanol wash 

(1 mL 75% ethanol per 1ml of TRIzol® used), RNA pellets were re-suspended in 400 

µL of RNase-free water on ice. (6) For RNA purification, 400 µL of 

Chloroform/Isoamyl Alcohol (Sigma Aldrich, St. Louis, USA) was added, mixed well 

and centrifuged (16,000 x g, 4°C) for 10 min. Top phase (~300 µL) was removed to a 

clean 1,5 mL Eppendorf tube on ice and 100µl of RNase-free water was added to the 
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original tubes, mixed well and centrifuged (same conditions) for 5 min. The top phase 

(~100 µL) was removed and added to the 300 µL already collected in tubes, remaining 

on ice. (7) For RNA precipitation, samples were mixed with 1 mL absolute ethanol 

and 40 µL 3 M sodium acetate (per 1 mL TRIzol® used, both) and stored at -80°C 

overnight. The next day, samples were centrifuged (16,000 x g, 4°C) for 10 min and 

supernatant was removed. RNA pellets were washed in 1 mL 70% ethanol and left air 

dry, RT. Pellets were re-suspended in 100 µL RNase-free water and stored at -80°C. 

RNA concentration and purity (260/280 and 260/230 ratios) were determined using a 

Nanodrop (Thermo Fisher Scientific, Waltham, USA). RNA integrity was assessed by 

a 1.5% agarose gel electrophoresis with 0.5 µL/mL SYBR® Safe (10,000X in DMSO, 

Thermo Fisher Scientific, Waltham, USA) and visualized on a UV transilluminator. 

Band size was determined by direct comparison to a 1 Kb Plus DNA Ladder (Thermo 

Fisher Scientific, Waltham, USA). 

cDNA synthesis was performed using the RNA to cDNA EcoDry™ Premix (Takara, 

Kyoto, Japan). For each RNA extraction, 1 µg of total RNA was used for cDNA 

conversion. Each reaction contained 1 µg of total RNA accordingly diluted in RNAse-

free water which was added to each EcoDry Premix tube (Takara, Kyoto, Japan). Total 

volume was adjusted to 20 µL and the solution was well mixed and incubated at 42°C 

for 60 min. The reaction was stopped by heating at 70°C for 10 min. cDNA stocks 

were stored at -20°C for further use. 

II.2.3 qRT-PCR 

Quantitative real-time PCR (qRT-PCR) was performed in a StepOne Real-Time PCR 

machine (Thermo Fisher Scientific, Waltham, USA) using PowerUp SYBR Green 

Master Mix (Thermo Fisher Scientific, Waltham, USA) as the reporter dye to 

determine transcript abundance. Each qRT-PCR reaction contained 2 µL of template 

cDNA (diluted 1:16 in RNAse-free water), 5 µL of SYBR Green, 1 µL of each forward 

and reverse primer (Table 2.1) at 4 mM and 1 µL of RNAse-free water in a total 

volume of 10 µL. Three replicate qRT-PCR reactions were performed for each cDNA 

sample including three negative controls using RNAse-free water as template. 

Absolute mRNA quantification of HvCslF6, HvCslF9 and HvGlbI was performed 

using three housekeeping genes for normalisation: α-Tubulin, (α-tub) Glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) and Heat shock protein (HSP70). Primer 
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efficiency (E) was previously calculated based on the formula [E= [10(-1/slope)] - 1], 

as shown in Table 2.2. 

 

Table 2.1 Primer details used for qRT-PCR experiments of HvCslF6, HvCslF9 and HvGlbI. 

Adapted from Burton et al., (2008). PCR size is expressed in bp. Tª indicates optimal 

annealing temperature in °C.

 Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) 
PCR 

size 
Tª 

α-tubulin AGTGTCCTGTCCACCCACTC AGCATGAAGTGGATCCTTGG 248 80 

GAPDH GTGAGGCTGGTGCTGATTACG TGGTGCAGCTAGCATTTGAGAC 198 80 

HSP70 CGACCAGGGCAACCGCACCAC ACGGTGTTGATGGGGTTCATG 108 83 

HvCslF6 TGGGCATTCACCTTCGTCAT TGTCCGGGCAAACTCATCAA 157 82 

HvCslF9 CTGCCACCGCGTCCGTGTA AGGTTTTGCAGCATTACTTGA 101 80 

HvGlbI AACGAGAACCAGAAGGACAAC TACGGACATACGGGCACTA 128 80 

 

Multiple control gene normalization was calculated as described by Vandesompele et 

al., (2002). A three-gene normalization factor (3GNF) was calculated based on the 

geometrical mean of Ct values from the three controls genes for each qRT-PCR 

reaction. 3GNF was applied to obtain normalized Ct values for HvCslF6, HvCslF9 

and HvGlbI which were used to infer final mRNA copies based on standard 

concentrations. Each gene standard (101–107 mRNA copies/µL) for HvCslF6, 

HvCslF9, HvGlbI, α-tubulin, GAPDH and HSP70 was generated by HPLC using a 

HELIX DNA DVB 50- x 3.0-mm monolithic polymer reversed-phase column 

(Varian) as detailed in Burton et al., (2008). Gene standards were provided by Dr. Neil 

Shirley from the ARC Centre of Excellence in Plant Cell Walls, The University of 

Adelaide. Final transcript abundance was expressed as normalized transcript levels 

(arbitrary units) representing mRNA copies/µL. Gene specific primers (Table 2.1) and 

qRT-PCR reaction conditions (Table 2.3) were used as described in previous studies 

from Burton et al., (2004, 2008). 
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Table 2.2 Primer efficiency and linear regression parameters used for absolute mRNA 

quantification. 

Standards Slope (m) Intercept (b) 
Primer 

efficiency (E) 
E (%) 

α-tubulin -3.71 33.97 1.86 86.14 

GAPDH -4.73 53.96 1.63 62.71 

HSP70 -3.44 32.17 1.95 95.30 

HvCslF6 -3.28 47.05 2.02 101.98 

HvCslF9 -2.97 37.63 2.17 116.85 

HvGlbI -1.92 35.68 2.07 106.68 

 

 
Table 2.3 Details of qRT-PCR conditions used in the experiment, in accordance to Burton et 

al., (2004). Optimal acquisition temperature for each primer pair is described in Table 2.1. 

95°C 3 min 

45 cycles  

95°C 1 sec 

55°C 1 sec 

72°C 30 sec 

Optimal acquisition temperature 15 sec 

4°C Hold 

 

II.2.4 Quantification of (1,3;1,4)-β-glucan in developing grains 

Grain (1,3;1,4)-β-glucan levels were determined by a modified version of the 

Megazyme β-Glucan Assay Kit (Mixed Linkage), purchased from Megazyme Int. 

(Wicklow, Ireland) and based on the method described by McCleary and Codd (1991). 

Each biological replicate consisted of three barley grain per genotype and time point. 

Three independent barley flour samples (3 x 15 mg samples) were obtained and 

averaged for final grain (1,3;1,4)-β-glucan quantification. Two technical replicates 

were performed on all samples using the Megazyme kit apart from a standardised 

barley flour control [4.05%–4.15% w/w of (1,3;1,4)-β-glucan, from Megazyme kit] 

included in each batch and treated as unknown sample. Three grains per line were 

milled in a Powerlyser™ ball-bearing grinder (MO BIO, California, USA) to a fine 

powder. Flour samples (15 mg) were transferred to 2 mL Eppendorf tubes and 1 mL 

sodium phosphate buffer (20 mM, pH 6.5) was added. Tubes were placed in an 
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Eppendorf Thermomixer Comfort and incubated at 90°C for 15 min with mixing at 

1000 rpm (samples were previously placed in the Thermomixer for 15 min until 90°C 

were reached). Samples were cooled at RT before adding 40 µL of lichenase enzyme, 

then mixed well and placed in the Thermomixer at 50°C for 1.5 hrs mixing at 1,000 

rpm. (1,3;1,4)-β-glucan enzymatic digestion was stopped by adding 0.8 mL of sodium 

acetate buffer (200 mM, pH 4.0). Samples were incubated at RT for 15 min allowing 

the sediment to gather by gravity at the bottom of the tube, and then centrifuged at 

10,000 rpm for 10 min. Each sample’s supernatant was divided into two technical 

replicates (aliquots) of 50 µL which were added to 50 µL glucosidase enzyme (2U/ml 

in 200 mM acetate buffer) already dispensed into 2 mL Eppendorf tubes. Samples 

were incubated at 50°C in a water bath; after 30 min 1.5 mL of glucose oxidase/ 

peroxidase reagent (GOPOD) was added and samples transferred to the water bath at 

50°C for 30 min. With each batch of samples, 50 µL of a D-glucose control (1.0 

mg/mL, provided by the Megazyme kit) and a blank control (50 µL, sodium acetate 

buffer) were included. Immediately after incubation, absorbance (510 nm) was 

measured twice in a spectrophotometer. Final grain (1,3;1,4)-β-glucan concentration 

(expressed as “% w/w”) was calculated following the Megazyme kit guidelines as 

detailed on their website (Available at: https://secure.megazyme.com/Beta-Glucan-

Assay-Kit).  

II.2.5 Phenotypic assessment of grain characteristics 

Mature spikes from cvs Dew, Imidis, Egmont, Gull and Morex were manually 

harvested and threshed. Grain samples were stored in a cold room at 4°C in the dark. 

A subset of 50–80 bulked grains per genotype was used for phenotypic 

characterization. The number of seeds, average grain area, length and width were 

measured with Marvin Seed Analyzer (GTA Sensorik GmbH, 2013) and the seed were 

then weighed to combine with the seed number estimate and derive thousand grain 

weight (TGW).  

II.2.6 Phylogenetic analysis 

A phylogenetic tree of 400 barley cvs corresponding to 399 spring 2 row cvs (including 

Dew, Imidis, Egmont and Gull) and 6 row cv Morex was constructed based on 

genotypic data generated from the 9K iSelect SNP platform (Comadran et al., 2012). 

After removing SNPs with > 5% missing data 6,115 polymorphic SNPs were used to 
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build a Maximum Likelihood phylogenetic tree based on Tamura Nei distances 

(Tamura & Nei, 1993) using MEGA7 (Kumar et al., 2016). The resulting phylogenetic 

tree was visualized in FigTree v1.4.3 (Rambaut, 2014).  
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II.3 Results 

II.3.1 Quantification of (1,3;1,4)-β-glucan content in developing grains 

To assess changes in grain (1,3;1,4)-β-glucan content over time, levels were quantified 

at two mid (15 and 24–26 DPA) and late (32 and 38 DAP) grain development stages 

in cvs Dew, Imidis, Egmont, Gull and Morex (Figure 2.1). At 15 DPA, (1,3;1,4)-β-

glucan was detected across all cvs and ranged from 1.58% (w/w) ± 0.02 to 3.46% 

(w/w) ± 0.69. A consistent increase in grain (1,3;1,4)-β-glucan levels was observed 

across all genotypes from 15 until 24–26 DPA, regardless of final (1,3;1,4)-β-glucan 

concentration in mature grain. Differences between cvs were more obvious towards 

the end of grain development (32 to 38 DPA). At 32 DPA, cvs Dew and Imidis 

presented lower grain (1,3;1,4)-β-glucan concentration compared to cvs Egmont, Gull 

and Morex. At grain maturity (38 DPA), two main genotype groups were identified 

based on divergent (1,3;1,4)-β-glucan content, cvs Dew and Imidis and cvs Egmont, 

Imidis and Morex. In addition, a slight decrease in (1,3;1,4)-β-glucan concentration 

was observed at 38 DPA compared to the previous grain development time point in 2 

row cvs Dew [4.13% (w/w) ± 0.25], Imidis [4.26% (w/w) ± 0.14] and to a lesser extent, 

6 row cv Morex [6.16% (w/w) ± 0.04]. Conversely, grain (1,3;1,4)-β-glucan 

concentration increased from 32 to 38 DPA in cvs Egmont [6.09% (w/w) ± 0.19] and 

Gull [6.15% (w/w) ± 0.18].  

 

 

Figure 2.1 Mean (1,3;1,4)-β-glucan concentration for cvs Dew, Imidis, Egmont, Gull and 

Morex during grain development stages: 15, 24–26, 32 and 38 days post anthesis (DPA). 

Bars indicate standard errors from three biological replicates (n=3). 
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II.3.2 Transcript levels of HvCslF6, HvCslF9 and HvGlbI 

HvCslF6, HvCslF9 and HvGlbI transcript abundance were studied across six grain 

development stages: 3–5, 8–10, 15, 24–26, 32 and 38 DPA. These cultivars show 

differences in mature grain (1,3;1,4)-β-glucan content varying from 4.13% (w/w) ± 

0.25 cv Dew, 4.26% (w/w) ± 0.14 cv Imidis, 6.09% (w/w) ± 0.19 cv Egmont, 6.15% 

(w/w) ± 0.18 cv Gull and 6.16% (w/w) ± 0.04 cv Morex (Figure 2.1). Variation in 

HvCslF6 expression levels was observed within genotypes with similar grain 

(1,3;1,4)-β-glucan concentration (either high or low) at the same time point (Figure 

2.2a). Based on this experiment, HvCslF6 transcript abundance peaked at 8 DPA in 

cv Egmont and Dew. The latter showed a prolonged HvCslF6 expression until 15 

DPA. High HvCslF6 expression levels were found in cv Imidis and Morex at 15 DPA 

which continued until 24–26 DPA for cv Morex. During late grain development stages 

(from 32 until 38 DPA), a decrease in HvCslF6 transcript abundance was observed 

across 2 row cv Dew (low grain (1,3;1,4)-β-glucan content) and cv Imidis (low) and 

6-row ‘Morex’ (high). Conversely, HvCslF6 expression levels in cv Egmont (high) 

showed a moderate increase from 24–26 until 38 DPA. This expression trend was not 

observed in cv Gull although it contains a similarly high concentration of (1,3;1,4)-β-

glucan in mature grain compared to cv Egmont. 

While HvCslF6 transcript was found at high levels during mid grain development 

stages (8 to 26 DPA), a genotype dependent response was observed throughout grain 

development in the present study. In contrast, HvCslF9 was expressed at relatively 

much lower levels across all genotypes compared to HvCslF6 (Figure 2.2b). HvCslF9 

transcripts were mostly detected during early grain development (3–5 DPA) (cvs Dew, 

Imidis, Egmont and Morex) except in cv Gull where HvCslF9 expression peaked at 8 

DPA. From 15 to 38 DPA, HvCslF9 transcript abundance remained undetectable for 

most genotypes except cvs Dew and Morex which showed a relative increase towards 

late stages of grain development, although levels were very low compared to early 

grain development (3–5 DPA).  

The transcript profile of HvGlbI, an endohydrolase isoenzyme with (1,3;1,4)-

glucanase activity, was also determined in this experiment (Figure 2.2c). The 

expression of HvGlbI from 15–26 DPA coincides with the differentiation stage of 

barley grain development. A peak in HvGlbI mRNA abundance was identified at 15 
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DPA in cvs Dew and Egmont with divergent grain (1,3;1,4)-β-glucan content. HvGlbI 

transcript abundance was higher in the low grain (1,3;1,4)-β-glucan cv Dew compared 

to cv Egmont with high grain (1,3;1,4)-β-glucan) content. This differential expression 

of HvGlbI based on grain (1,3;1,4)-β-glucan content was less evident for cvs Imidis 

and Gull. In addition, a later peak in HvGlbI expression was detected for cv Morex at 

24–26 DPA.  
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Figure 2.2 Transcript levels of HvCslF6, HvCslF9 and HvGlbI in developing grain of cvs 

Dew, Imidis, Egmont, Gull and Morex at 3–5, 8–10, 15, 24–26, 32 and 38 days post anthesis 

(DPA). Transcript levels are expressed as arbitrary units for a) HvCslF6, b) HvCslF9 and c) 

HvGlbI. Expression data was averaged from three biological replicates per genotype and 

normalized to α-tubulin, GAPDH and HSP70 housekeeping genes. qRT-PCR reactions were 

performed in triplicate. Bars indicate standard errors (n=3).  
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II.3.3 Phenotypic characterization of grain 

The assessment of grain characteristics across cvs Dew, Imidis, Egmont, Gull and 

Morex revealed two main groups based on TGW and grain area (width and length) as 

shown in Figure 2.3. Significantly higher average TGW (60.93 ± 2.23) and larger 

grain area (25.64 ± 0.30) (P < 0.001, Student t-test, both) were observed in 2 row 

spring cvs Dew, Imidis and Egmont compared to cvs Gull and Morex [TGW (43.26 ± 

0.41) and grain area (21.27 ± 0.26)]. Similar grain size and shape parameters were 

observed in cvs Gull and Morex despite having different row type phenotypes.  

 

Figure 2.3 Phenotypic assessment of grain characteristics in cvs Dew, Imidis, Egmont, Gull 

and Morex. a) Thousand grain weight, TGW, (g), b) grain area (mm2), c) width (mm) and d) 

length (mm). Error bars represent standard error associated to three different plants 

measurement. Asterisks indicate statistically significant differences at P < 0.05 (*), P < 0.01 

(**) and P < 0.001 (***) using Student’s t-test. 
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II.3.4 Phylogenetic analysis 

Imidis and Dew were closely clustered, suggesting a common genetic background. In 

contrast, a higher degree of unrelatedness was observed between high grain (1,3;1,4)-

β-glucan content cvs Egmont and Gull, the latter being the most genetically distant 

genotype compared to cv Morex. 

 

Figure 2.4 Phylogenetic tree of 400 elite barley cvs corresponding to 399 spring 2 row cvs 

and 6 row cv Morex previously genotyped using the 9K iSelect SNP platform (Comadran et 

al., 2012). The evolutionary history was inferred by using the Maximum Likelihood method 

based on Tamura Nei distances (Tamura & Nei 1993) and conducted in MEGA7 (Kumar et 

al., 2016). The phylogenetic tree was subsequently visualized in FigTree v1.4.3 (Rambaut, 

2014). Barley cvs Dew, Imidis, Egmont, Gull and Morex are highlighted in different colors. 

Branch lengths represent the number of substitutions per site which are indicated by the 

scale bar below the tree. 
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II.4 Discussion 

The essential dose-dependent role of CslF6 in (1,3;1,4)-β-glucan biosynthesis has 

previously been demonstrated in barley, where endosperm-specific over-expression 

led to a considerable increase in (1,3;1,4)-β-glucan concentration (Burton et al., 2011). 

In addition, the functional characterization of CslF6 orthologs confirmed a similar role 

in wheat (Nemeth et al., 2010) and rice (Vega-Sanchez et al., 2012). In the present 

study, HvCslF6 mRNA abundance was examined in five elite barley cvs to assess 

possible relationships to mature grain (1,3;1,4)-β-glucan content. Although transcript 

levels and dynamics varied in the cvs during grain development, this variation 

appeared to be independent of mature grain (1,3;1,4)-β-glucan levels, confirming 

previous observations in Australian cvs Sloop and Himalaya (Burton et al., 2008), and 

more recently in cvs CDC Bold, Beka, Logan, Harrington and breeding lines ‘TR251’, 

‘TR306’ (Wong et al., 2015). Based on the current grain development series, 2 row 

genotypes (cvs Dew, Imidis, Egmont, Gull) presented an earlier peak of HvCslF6 

expression at 8–10 DPA and 15 DPA during grain development whereas 6 row cv 

Morex presented prolonged HvCslF6 expression until 24–26 DPA. Similarly, the 

wheat CslF6 ortholog, TaCslF6, was highly expressed during mid endosperm 

development, corresponding to the grain filling stage, showing maximum expression 

levels from 8 until 15 DPA (Nemeth et al., 2010). These expression profiles are 

consistent with a function of (1,3;1,4)-β-glucan as an energy source in the form of 

metabolizable glucose during grain filling and germination (Burton et al., 2009; 

Gibeaut et al., 2005). 

As mentioned in Wong et al., (2015), differences in HvCslF6 expression levels during 

late grain development might have considerable effects on (1,3;1,4)-β-glucan 

accumulation in mature barley grain. Specifically, the breeding line TR251 with 

~4.6% (w/w) of grain (1,3;1,4)-β-glucan; [approximate estimate based on a published 

figure from Wong et al., (2015)], showed higher HvCslF6 transcript abundance than 

cv CDC Bold [~3.8% (w/w)]. Similarly, in our experiment cv Egmont [6.09% (w/w) 

± 0.19] showed an increase in HvCslF6 expression at 38 DPA and no HvGlbI 

expression at the same time point in contrast to low grain (1,3;1,4)-β-glucan cvs Dew 

[4.13% (w/w) ± 0.25] and Imidis [4.26% (w/w) ± 0.14]. Additionally cv Egmont 

showed a 14.10% increase in (1,3;1,4)-β-glucan content from 32 DAP and 38 DAP 

coupled with an increase in HvCslF6 expression, but a lack of HvGlbI. 
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Quantification of expression of other members of the HvCsl gene family encoding 

putative (1,3;1,4)-β-glucan synthases (HvCslF3, HvCslF4, HvCslF7 HvCslF8 

HvCslF9 and HvCslF10) and endohydrolases (HvGlbI and HvGlbII) during barley 

grain development suggested that these genes might be involved in (1,3;1,4)-β-glucan 

remodelling and degradation and contribute to variation in mature grain (1,3;1,4)-β-

glucan levels (Burton et al., 2008; Wilson et al., 2012). 

Based on the grain development series used in the current study, the expression of 

HvCslF9 was predominantly detected from 3–5 DPA across all genotypes except for 

a later expression peak in cv Gull (8–10 DPA). During mid and late grain development, 

and coinciding with endosperm differentiation and maturation, HvCslF9 expression 

was almost undetectable across all genotypes confirming previous observation based 

on cv Sloop (Wilson et al., 2012). While several independent HvCslF9 expression 

studies support a peak expression of this gene during endosperm differentiation stages, 

HvCslF9 over-expression did not increase (1,3;1,4)-β-glucan content in transgenic 

barley grain (Burton et al., 2011) with similar results obtained in wheat addition lines 

(Cseh et al., 2013). The fact that the genomic location of HvCslF9 and HvGlbI (1H, 

48.1 cM and 1H, 54.4 cM, respectively) co-locates with association peaks based on 

two independent QTL and GWAS studies on grain (1,3;1,4)-β-glucan content (Han et 

al., 1995; Houston et al., 2014) could suggest that variation in (1,3;1,4)-β-glucan is 

due to HvGlbI (1,3;1,4)-β-glucanase activity in contrast to HvCslF9 biosynthetic 

activity. 

The transcriptional profile of HvGlbI revealed a peak in expression at two main stages 

during grain development (15 DPA and 24–26 DPA) suggesting a potential role for 

this enzyme in the later stages of (1,3;1,4)-β-glucan accumulation. In addition, a higher 

HvGlbI expression was observed at 15 DPA in cv Dew, characterized by a low grain 

(1,3;1,4)-β-glucan content compared to cv Egmont, with high (1,3;1,4)-β-glucan 

content. However, the peak in HvGlbI expression observed at 24–26 DPA in cv Morex, 

a genotype with high grain (1,3;1,4)-β-glucan content, challenges the hypothesis that 

higher HvGlbI transcript abundance leads to higher (1,3;1,4)-β-glucanase activity and, 

as direct consequence, lower final grain (1,3;1,4)-β-glucan content. One possibility is 

that higher transcript levels of HvGlbI relate to higher malt HvGlbI activity in 

germinating grain (Han et al., 1995), rather than differences in grain (1,3;1,4)-β-glucan 

content. Moreover, potential expression differences in (1,3;1,4)-β-endoglucanase 

HvGlbII, other putative β-glucan glucohydrolases (HvExoI and HvExoII) or β-
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glucosidases that were not investigated in this study may also contribute to variation 

in grain (1,3;1,4)-β-glucan content, as was recently demonstrated in malting 

conditions (Betts et al., 2017). Alternatively this could indicate that the relationship 

between HvGlbI expression, EI enzyme activity, and consequently (1,3;1,4)-β-glucan 

content is nonlinear. It is possible that HvGlbI acts in combination with other 

remodelling and degrading enzyme partners to explain differences in grain (1,3;1,4)-

β-glucan content. The quantification of (1,3;1,4)-β-glucanase activity could provide 

useful data towards understanding variation in the cultivars investigated here. 

Glucanases have been shown to influence cell wall content previously, for example in 

Arabidopsis mutants deficient for the KOR gene which encodes a (1,4)-β-glucanase, 

leading to a decrease in cellulose content in their cell walls (Szyjanowicz et al., 2004). 

Quantification of (1,3;1,4)-β-glucan content during late endosperm differentiation (15 

DPA) until grain maturity (38 DPA) revealed two main groups with divergent grain 

(1,3;1,4)-β-glucan content (Figure 2.1). (1,3;1,4)-β-Glucan quantification was not 

assessed during early grain development stages (3–5 and 8–10 DPA) based on 

previous data that suggested levels increase during grain development (Fincher, 1975; 

Wilson et al., 2006) as well as to avoid potential errors in determining small 

concentrations of (1,3;1,4)-β-glucan. Phenotypic assays on mature barley grain ranged 

from 4.13% (w/w) ± 0.25 to 6.15% (w/w) ± 0.18 of (1,3;1,4)-β-glucan content across 

all cvs. Grain (1,3;1,4)-β-glucan concentrations assessed in the current experiment 

across five spring barley cvs grown in glasshouse conditions were compared to 

previous phenotypic data generated for a GWAS study on grain (1,3;1,4)-β-glucan 

content (Houston et al., 2014) in which barley germplasm was grown in polytunnel 

conditions until maturity. This revealed an average increase of 2.03% (w/w) ± 0.13 in 

cvs Dew and ‘Imidis, genotypes with low grain (1,3;1,4)-β-glucan content whereas the 

levels of grain (1,3;1,4)-β-glucan remained stable for cvs Egmont and Gull across 

different environmental conditions and years, confirming an environmental effect on 

this trait. Several studies have characterized the influence of Genotype x Environment 

interaction on (1,3;1,4)-β-glucan accumulation, explained as a 49.1% environmental 

effect in spring barleys (Cory et al., 2016) and similarly for hull-less genotypes 

(Islamovic et al., 2013), as well as affecting multiple malting quality traits (Han et al., 

1997; Hayes et al., 1993). Grain characteristics, including size and shape, did not seem 

to be related to expression differences in genes that produce enzymes that synthesize 

or hydrolyze (1,3;1,4)-β-glucan in the grain across the barley lines studied, or grain 
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(1,3;1,4)-β-glucan content. Natural diversity for barley grain size seems unlikely to 

affect (1,3;1,4)-β-glucan concentration, however recent work on shrunken endosperm 

barley mutants has shown defects in starch biosynthesis genes and abnormal embryo 

phenotypes (Cook et al., 2018). Therefore perhaps a screen of mutant germplasm 

(Druka et al., 2011) might reveal a link between grain size and shape, and (1,3;1,4)-β-

glucan content.  
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II.5 Conclusions and future work 

Differential transcript levels and profiles of putative genes that encode enzymes 

involved in either grain (1,3;1,4)-β-glucan synthesis or hydrolysis were observed 

across elite barley lines with divergent grain (1,3;1,4)-β-glucan concentration. 

Variation in transcript abundance of HvCslF6, the main (1,3;1,4)-β-glucan synthase 

and HvGlbI, a (1,3;1,4)-β-glucanase, was influenced by the genetic relatedness across 

genotypes studied. This was especially evident for cvs Dew and Morex, which showed 

a similar HvCslF6 and HvGlbI expression profile during grain development, however 

a difference in timing was observed which could lead to variation in final grain 

(1,3;1,4)-β-glucan content. While the higher ratio of HvCslF6/HvGlbI transcript 

abundance suggested that (1,3;1,4)-β-glucan synthesis is active during late grain 

development (32–38 DPA) in barley cvs with high grain (1,3;1,4)-β-glucan content, 

other putative biosynthetic and degrading enzymes are likely to contribute to  variation 

in (1,3;1,4)-β-glucan concentration in mature grain (Betts et al., 2017). 

Future work is needed to investigate the transcriptional regulation of other genes 

contributing to variation in (1,3;1,4)-β-glucan content based on their differential 

expression in barley cultivars. An expression profile study of HvGlbII, HvExoI and 

HvExoII, encoding putative (1,3;1,4)-β-glucan endo- and exohydrolases, and putative 

β-glucosidases during late grain development could provide another way of 

investigating the basis for variation in (1,3;1,4)-β-glucan content. This could be 

performed using the nanoString technology® (nanoString Technologies, Seattle, 

USA) which allows multiplexed mRNA quantification. Both of these potential 

experiments would ideally be carried out on a larger set of germplasm than the one 

included here. 
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III. In silico identification of putative transcription factor binding sites in the 

HvCslF6 promoter 

III.1 Introduction 

Transcription factors are proteins that regulate the temporal and spatial expression of 

target genes. In general, transcription factors recognise short DNA sequences or cis-

elements (also referred as cis-acting regulatory elements, CAREs) located in the 

promoter region upstream of the transcriptional start site (TSS), although these sites 

can also be located in introns or other non-coding regions. Based on the presence of 

cis-elements in the promoter, specific transcription factors are recruited for efficient 

transcription and formation of a stable transcriptional complex (Figure 3.1), including 

RNA polymerase II, TATA box binding protein (TBP) and several TBP-associated 

factors (TAFs) (Gonzalez, 2016; Riaño-Pachón et al., 2007). The transcriptional 

regulation of a specific gene is generally controlled by a network of interacting 

regulators and different cis-elements located upstream of the core promoter (proximal 

region to the TSS, -50 to -300 bp approximately), therefore prediction of putative 

transcription factor binding sites (TFBSs) by in silico promoter analysis represents one 

way of identifying regulatory proteins enhancing or repressing the expression of a 

target gene.  

 

Figure 3.1 A simplified representation of the transcription-initiation complex in a promoter 

containing a TATA box cis-element, adapted from Singh, (1998). RNA Polymerase II and 

general transcription factors: IIA, IIB, IID (TATA box binding protein, TBP and TBP-

associated factors, TAFs) IIE, IIF, IIH and accessory factors (CBP and SRB) are shown. 

Regulators, e.g. transcriptional activators (ACT) that bind cis-elements upstream of the core 

promoter help to stabilize the transcriptional complex.  

Over the last decade, the availability of new plant genome sequences has enabled the 

classification of transcription factors in comprehensive databases such as Grassius 

(Yilmaz et al., 2009), PlantTFDB (Guo et al., 2008) and PlnTFDB (Pérez-Rodríguez 

et al., 2009) which are continuously expanding due to advances in gene annotation 
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and the incorporation of new plant species (Jin et al., 2017). This has led to the 

development of several in silico TFBS prediction tools (Table 3.1) used for scanning 

genomic/promoter sequences based on algorithms which integrate specific consensus 

motifs recognized by transcription factors. These motifs are often represented as 

matrices, also named as position frequency matrices (PFMs) or position weight 

matrices (PWMs) that are used to characterize DNA-binding site specificity (Schones 

et al., 2005). Thus, TFBS prediction accuracy is subjected to model-based algorithms 

searching for DNA patterns developed from PFMs/PWMs and TF flexible models 

(TFFMs), which represent TF binding properties in terms of nucleotide 

interdependence and motif length (Mathelier & Wasserman 2013; Khan et al., 2018). 

Other factors such as the quality of the dataset of related co-regulated sequences that 

share similar conserved regulatory motifs and the presence of non-redundant motifs 

can influence TFBS prediction outcomes (Rombauts et al., 2003). Consequently, 

functional in vivo validation of candidate transcription factors identified by prediction 

software tools is necessary to establish reliable gene regulatory networks.   

Table 3.1 List of prediction tools available for TFBS identification in plant regulatory 

sequences. 

Software TF database description Reference 

PlantCARE 
Last update 2002; vascular plants; 

Open-access 
Lescot et al., (2002) 

PLACE 
Last update 2007; vascular plants; 

Open-access 
Higo et al., (1999) 

PlantProm DB 
Last update 2009; Arabidopsis and rice; 

Open-access 
Shahmuradov et al., (2003) 

TRANSFAC® 

Last update 2018; Focus on human, 

animal, yeast and plant species (mainly 

Arabidopsis) TFs; Subscription required 

Matys et al., (2006) 

JASPAR 
Last update 2018; 12 plant species; 

Open-access 
Sandelin et al., (2004) 

PlantPAN 
Last update 2015; 10 plant species; 

Open-access 
Chang et al., (2008) 

 

While the present study focuses on the transcriptional regulation of HvCslF6, the main 

gene responsible for grain (1,3;1,4)-β-glucan biosynthesis in barley and other cereals 

(Burton et al., 2011; Nemeth et al., 2010; Vega-Sanchez et al., 2012) other putative 
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(1,3;1,4)-β-glucan synthases, hydrolases and remodelling enzymes can also influence 

the variation in content of this polysaccharide at different molecular levels (Burton et 

al., 2008; Wong et al., 2015). In addition, environmental effects during barley grain 

filling stages have been described to affect (1,3;1,4)-β-glucan concentration (Stuart et 

al., 1988). 

Multiple naturally occurring polymorphisms have been identified in non-coding 

regions of HvCslF6 (Taketa et al., 2012; Cory et al., 2012; Hu et al., 2014) whereas 

only three of them were located within exons [G58A, first exon; A590T and T385C, 

third exon]. Only one SNP (A590T) affects the protein sequence in the betaglucanless 

(bgl) mutant (Taketa et al., 2012), leading to reduced (1,3;1,4)-β-glucan biosynthesis 

in addition to poor agronomic characteristics. However, the A590T SNP is not 

diagnostic for grain (1,3;1,4)-β-glucan content as reported in a wide range of barley 

accessions with phenotypic extremes for this trait (Cory et al., 2012; Houston et al., 

2014).  

To expand the search for sequence polymorphisms potentially affecting grain 

(1,3;1,4)-β-glucan content across exotic barley germplasm, the HvCslF6 CDS was 

surveyed for nucleotide variation using an expanded exome capture dataset available 

at The James Hutton Institute (UK) which includes 1,336 barley accessions, 288 wild 

genotypes classed as Hordeum vulgare ssp. spontaneum, 340 landraces classed as 

Hordeum vulgare ssp. vulgare and two and six row barley collections of contemporary 

European cultivars. Part of this exome capture dataset corresponding to 228 barley 

accessions was published by Russell et al., (2016).  

In parallel, sequence variation of a -3,000 bp HvCslF6 upstream region (also referred 

hereafter as the full length promoter) was analysed in a set of 25 elite barley cultivars 

with contrasting levels of grain (1,3;1,4)-β-glucan and six barley mutants (four 

‘Bowman’ NILs (Druka et al., 2011), two RCSLs (Matus et al., 2003) and their 

corresponding parental lines) carrying introgressions on chromosome 7H, covering 

the location of HvCslF6. Further in silico analyses of the full length promoter of 

HvCslF6 resulted in the identification and comparison of putative TFBSs using three 

prediction tools: TRANSFAC® v2014 (Matys et al., 2006), JASPAR v2018 (Khan et 

al., 2018) and PlantPAN v2.0 (Chow et al., 2016), which are widely-used software 

tools for regulatory element scans. In order to examine the conservation of putative 

motifs across other small grain cereals with different grain (1,3;1,4)-β-glucan content 
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(See Chapter I, Table 1.1) this in silico approach was expanded to CslF6 putative 

promoter regions in wheat (Triticum aestivum), rice (Oryza sativa) and Brachypodium 

distachion. Similarly, putative promoter sequences of the primary cell wall genes 

known to be co-expressed with HvCslF6 (Burton et al., 2004; Burton & Fincher 2009), 

Cellulose synthase A1 (HvCesA1) and Cellulose synthase A2 (HvCesA2) were 

analysed for TFBS prediction.  

Finally, based on the high transcript abundance of HvCslF6 in mid-late grain 

development stages (See Chapter II; Burton et al., 2008; Wong et al., 2015), an 

endosperm microarray dataset from 3–20 DAP was mined for transcription factors 

expressed and or potentially co/regulated with HvCslF6. This expression dataset was 

developed at The James Hutton Institute (UK) and University of Adelaide (Australia). 

Part of this dataset, which corresponds to early endosperm development stages (3–8 

DAP) is freely available at barSeed web server (Zhang et al., 2016; 

https://ics.hutton.ac.uk/barseed/). 
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III.2 Material and methods 

III.2.1 Plant material 

In total, 35 barley genotypes were used to survey sequence variation within a -3,000 

bp HvCslF6 upstream region including: 25 elite barley cultivars with divergent grain 

(1,3;1,4)-β-glucan content [2.1–6.7% w/w, assessed by Houston et al., (2014)], four 

‘Bowman’ Near Isogenic Lines (NILs): BW840, BW837, BW638 and BW835 (Druka 

et al., 2011) with introgressions spanning the region on chromosome 7H where 

HvCslF6 maps, two Recombinant Chromosome Substitution Lines (RCSLs), OSU105 

and OSU127 (Matus et al., 2003) and their corresponding parental lines (Appendix 

II). RCSL genotypes were chosen based on their introgressions from cv Caesarea 

(Hordeum vulgare subsp. spontaneum), which cover the genome location of HvCslF6. 

Five seeds per genotype were placed in a 100 mm x 15 mm Petri dish with two 

Whatman™ filter paper disks (Thermo Fisher Scientific, Waltham, USA) which were 

soaked in 3 mL of sdH2O. Seeds were germinated with a 16-h light/8-h dark 

photoperiod for 7 days, RT. After, 100 mg of leaf tissue was collected for DNA 

extraction and stored at -80° C.  

III.2.2 Isolation of genomic DNA 

Genomic DNA from 35 barley genotypes was isolated using the Qiagen DNeasy Plant 

Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. 

DNA concentration was measured using a NanoDrop 2000 (Thermo Fisher Scientific, 

Waltham, USA). DNA quality was assessed on a 1.5% agarose gel with 0.5 µL/mL 

SYBR® Safe (10,000X in DMSO, Thermo Fisher Scientific, Waltham, USA) and 

visualized on a UV transilluminator. Band size was determined by direct comparison 

to a 1 Kb Plus DNA Ladder (Thermo Fisher Scientific, Waltham, USA).  

III.2.3 HvCslF6 promoter amplification and Sanger sequencing 

PCR amplification of a -3,000 bp HvCslF6 upstream region was achieved by dividing 

the fragment into 4 overlapping PCR reactions, each resulting in a ~750 bp PCR 

amplicon (for subsequent Sanger Sequencing), using the primers described in Table 

3.2. Each PCR reaction contained: 1 µL of DNA, 2.5 µL of 10X Hot Start Taq buffer, 

2.5 µL of dNTPs, 0.12 µL of Hot Start Taq DNA polymerase (Qiagen GmbH, Hilden, 

Germany) and 1 µL of each primer (reverse and forward) at 10 mM. The PCR reaction 
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volume was adjusted to 25 µL by adding 15.88 µL of dH2O. A touch-down PCR 

approach was used following the reaction conditions listed in Table 3.3.  

Table 3.2 Details of primer sequences used for the amplification of a -3,000 bp HvCslF6 

upstream region across 32 barley genotypes. 

Name Orientation Primer sequence (5’–3’) 

1B_L Forward AGAGTATTGCTACGTACAACCAA 

1B_R Reverse TCGTAAGCTGTACTGCAAAATAAA 

2B_L Forward ACTATACGGCTCAACTTATATTGACCA 

2B_R Reverse CGGAAGGAGGCTTGCCCTT 

3B_L Forward AGTTCAGGGAGCTCCATCAG 

3B_R Reverse CCTCCTCCACCGATTGATTG 

4B_L Forward GCACAAGCTCACAAACCCC 

4B_R Reverse GCTCATTGCTCCGCACGC 

 

Table 3.3 Touch-down PCR conditions used for HvCslF6 putative promoter amplification. 

98°C 2 min 

5 cycles (*)  

98°C 15 sec 

60°C 20 sec; -1°C/cycle (*) 

72°C 1 min 

35 cycles  

98°C 2 min 

55°C 20 sec 

72°C 1 min 

72°C 2 min 

4°C Hold 

 

PCR amplicons were analysed by gel electrophoresis and purified using ExoStar™ 

(GE Healthcare UK Ltd., Buckinghamshire, UK) in the following reaction: 5 µL of 

PCR amplicon and 2 µL of ExoStar™ incubated at 37°C for 15 minutes followed by 

80°C for 15 minutes. Purified PCR samples were submitted to the Genome 

Technology Lab at The James Hutton Institute for Sanger sequencing service using an 

ABI3730 DNA Analyzer (Applied Biosystems Inc., Foster City, USA). Resulting 

sequences were manually trimmed, aligned to a ‘Morex’ HvCslF6 reference sequence 

retrieved from the barley genome explorer, Barlex (Colmsee et al., 2015) (available at 

barlex.barleysequence.org/). Sequences were analysed with Geneious V.9 (Kearse et 

al., 2012) to identify polymorphisms. 



59 

 

III.2.4 Exome capture dataset 

The genomic position of HvCslF6 (HORVU7Hr1G070010.3) was retrieved using the 

Barlex database (Colmsee et al., 2015), available at: 

http://www.barlex.barleysequence.org. Sequence variation of HvCslF6 was analysed 

in 1,336 exome sequenced barley accessions (Unpublished, The James Hutton 

Institute). This dataset comprises a georeferenced collection of exotic barley alleles 

including 340 landraces (Hordeum vulgare ssp. vulgare), the Spanish core collection 

(Igartua et al., 1998), 288 wild lines (Hordeum vulgare ssp. spontaneum) of which 80 

correspond to the Barley1K collection from Israel (Hübner et al., 2009) and two and 

six row collections of contemporary European barley cultivars evaluated in previous 

projects (WHEALBI and CLIMBAR) at The James Hutton Institute. Polymorphisms 

identified in barley accessions with suspected heterozygosity (≥ 5% cut-off) and 

minimum allele frequency (MAF) of ≤ 5% (cut-off) were removed from the analysis 

as described in Russell et al., (2016).  

III.2.5 TFBS prediction in barley and other species 

A -3,000 bp putative promoter region upstream of the CslF6 start codon in barley 

(Hordeum vulgare, cv Morex) was retrieved from the barley genome explorer, Barlex 

(Colmsee et al., 2015) and used for TFBS prediction comparison using TRANSFAC® 

v2014 (Matys et al., 2006), JASPAR v2018 (Khan et al., 2018) and PlantPAN v2.0 

(Chow et al., 2016). Motif over-representation analysis was carried out using HvCslF6 

TFBS predictions from JASPAR v2018 and filtered based on ≥ 10.0 prediction score 

to minimize the detection of false positives/redundant motifs. 

Upstream CslF6 sequences from wheat (Triticum aestivum), Brachypodium 

distachion and rice (Oryza sativa) were retrieved from their corresponding genome 

browsers: wheat [Reference Sequence v1.0, the International Wheat Genome 

Consortium (IWGSC); available at https://wheat-urgi.versailles.inra.fr/Seq-

Repository/Annotations], Brachypodium [v3.0 assembly, the International 

Brachypodium Initiative (IBI, 2010); available at EnsemblPlants: 

https://plants.ensembl.org/Brachypodium_distachyon] and rice [Release 7, the 

International Rice Genome Sequencing Project (IRGSP) (Kawahara et al., 2013); 

available at http://rice.plantbiology.msu.edu/cgi-bin/gbrowse/rice/]. TFBS 

comparisons across species were carried out within a -1,000 bp CslF6 putative 

promoter region using JASPAR v2018 (Khan et al., 2018) and predicted motifs 
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filtered based on ≥ 10.0 prediction score. Venn and Euler diagrams were created using 

InteractiVenn (Heberle et al., 2015) and BioVinci© v1.1.3 (BioTuring Inc, 2017), 

respectively. 
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III.3 Results 

III.3.1 Identification of polymorphisms in HvCslF6 using an exome sequencing 

dataset 

The exome sequencing dataset comprising 1,336 barley accessions was used to survey 

HvCslF6 sequence variation. Five SNPs were identified in non-coding regions of 

HvCslF6, four were located within the first intron and one towards the end of the 

second intron (Figure 3.2). Based on the predicted HvCslF6 gene structure, detected 

SNPs are not expected to affect its protein or splice junctions. 

 

Figure 3.2 HvCslF6 gene structure and relative position of the 5 SNPs identified across 

1,336 barley accessions from the exome capture dataset. Grey triangles represent SNPs, 

coding regions are shown in black boxes and transmembrane domains in red rectangles. 

 

The five SNPs identified within HvCslF6 had a low frequency across the genotypes 

analysed (Table 3.4), alternate alleles were present in approximately 16% of the barley 

accessions whereas the frequency of one single nucleotide substitution (A > G) on the 

first HvCslF6 intron was found in approximately 39.9% of the genotypes. 

Table 3.4 Description of the 5 SNPs detected within HvCslF6 introns from the exome 

capture dataset. SNP position was calculated using the POPSEQ map of the barley genome 

(Mascher et al., 2013). 

SNP ID SNP Position 
Reference 

allele 

Alternate 

allele 

% samples with 

major allele 

% samples with 

minor allele 

1 378,387,538 A G 60.1 39.9 

2 378,389,490 C T 81.5 18.5 

3 378,389,638 A G 83.1 16.9 

4 378,390,144 C T 83.7 16.3 

5 378,389,540 C A 86.1 13.9 
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III.3.2 Sequence variation in a -3,000 bp HvCslF6 putative promoter region 

Limited sequence variation was found within a putative -3,000 bp promoter region 

upstream of HvCslF6. Sequence amplification, Sanger sequencing and alignment 

revealed 11 single nucleotide polymorphisms (SNPs) across 35 barley genotypes, only 

two of which were located in the proximal promoter (defined as -500 bp upstream the 

start codon), which is generally known to contains key cis-acting regulatory elements 

in plant species (Shahmuradov et al., 2005), while the remaining polymorphisms were 

detected at least -500 bp upstream of the HvCslF6 start codon (Figure 3.3). No 

correlation was found between the 11 SNPs identified within the region upstream of 

the HvCslF6 start codon and the natural variation in grain (1,3;1,4)-β-glucan content 

in the germplasm analysed. 

 

Figure 3.3 HvCslF6 promoter structure representation containing 11 SNPs identified across 

a subset of 35 barley accessions. Previously described SNPs by Wong et al., (2015) are 

indicated by red triangles whereas unique SNPs identified in the current study are shown in 

grey. Consensus TATA box motif [TATAWAWN; Juo et al., (1996)] is represented by a 

white box. The length of distal, proximal and core promoter regions were defined based on 

(Pedersen et al., 1999). 

 

The HvCslF6 promoter sequences of Hordeum vulgare subsp. spontaneum ‘Caesarea’ 

and progeny lines, OSU105 and OSU127 contained six SNPs that were unique 

compared to the rest of the genotypes analysed (Table 3.5). Two of these were present 

in a set of 12 polymorphisms  previously reported in six Australian barley lines (Wong 

et al., 2015).  Both single nucleotide substitutions were detected in the distal promoter. 
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Table 3.5 SNP location and details detected in a -3,000 bp HvCslF6 upstream region across 

35 barley accessions. SNP ID matches their representation on Figure 3.3 from left to right. 

cv Morex was used as reference sequences for SNP identification. 

SNP 

ID 

Location 

(bp) 
Polymorphism Genotype Description 

1 -2,798 T > G Bowman, BW837 Current study 

2 -2,655 C > T Caesarea, OSU105, 

OSU127 

Current study 

3 -2,629 C > T Caesarea, OSU127 Wong et al., (2015); Current 

study 

4 -2,349 A > T Caesarea, OSU105, 

OSU127 

Wong et al., (2015); Current 

study 

5 -2,338 G > A Bowman, BW837, 

BW638, BW835, 

Glacier, Caesarea, 

OSU105, OSU127 

Current study 

6 -2,294 A > G Caesarea, OSU105, 

OSU127 

Current study 

7 2,067 A > G Caesarea, OSU105, 

OSU127 

 

Current study 

8 2,017 T > G Egmont Current study 

9 -1,490 insC Egmont Current study 

10 -777 A > C Glacier Current study 

11 -262 C > A Caesarea, OSU105 Current study 

12 -59 T > G Caesarea Current study 

 

III.3.3 Analysis of TFBSs in a -3,000 bp HvCslF6 putative promoter region 

Scanning of TFBSs in a -3,000 bp putative promoter region of HvCslF6 identified 71 

putative motifs using TRANSFAC® (v2014), 919 in JASPAR (v2018) and 2,096 in 

PlantPAN (v2.0) as shown in Table 3.6. Predicted motifs were found to be redundant 

across TF classes, reducing the total number of unique cis-elements to 52% of the 

previously identified motifs in TRANSFAC® (v2014) predictions, 20.3% in JASPAR 

(v2018) and 3.5% in PlantPAN (v2.0). Notably, 1,089 putative cis-elements predicted 

using the PlantPAN (v2.0) TFBS scanning tool could not be classified due to no 

information/description available based on their hit sequence. 
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Table 3.6 Details of TFBS in silico predictions in the HvCslF6 full length promoter 

sequence (-3,000 bp) using three different software packages for motif analysis. 

Software 
Predicted 

TFBSs 

Non-

redundant 

No 

description 
Reference 

TRANSFAC® 71 37 0 v2014. Matys et al., (2006) 

JASPAR 919 186 0 v2018. Khan et al., (2018) 

PlantPAN 2,096 74 1,089 v2.0. Chow et al., (2016) 

 

The TFBS prediction outputs were compared across TRANSFAC® (v2014), JASPAR 

(v2018) and PlantPAN (v2.0) software, revealing differences in accuracy, frequency 

and annotation of predicted TFBSs (Figure 3.4). TRANSFAC® (v2014) analysis, 

which identified 37 non-redundant motifs grouped in 7 TF classes was the most 

restrictive prediction tool followed by JASPAR (v2018) and PlantPAN (v2.0).  

Surprisingly, PlantPAN (v2.0) identified 294 TCP putative binding sites in HvCslF6 

full length promoter sequence that were not predicted by either TRANSFAC® (v2014) 

or JASPAR (v2018). 82% of TCP putative binding sites were located within the 

HvCslF6 distal promoter, -1,000 bp upstream of the HvCslF6 start codon and 

classified as redundant with an average of four predictions for the same putative cis-

element. The TCP TF family, named after the first 4 characterized members, 

TEOSINTE BRANCHED1 (TB1), CYCLOIDEA (CYC), PROLIFERATING CELL 

NUCLEAR ANTIGEN FACTOR1 (PCF1) and PCF2, are mainly involved in plant 

hormone biosynthesis regulation and biotic stress signalling pathways (Li, 2015). 

In order to compare motif predictions between JASPAR (v2018) and PlantPAN (v2.0), 

TFBS output was analysed for motif frequency and prediction accuracy within the 

HvCslF6 promoter sequence. This led to the identification of five TF classes: basic 

helix-loop-helix (bHLH), DNA-binding with one zinc finger (DOF), Myb/SANT, 

NAC and WRKY with similar frequencies (±10 cut-off) across both TFBS prediction 

programs. Interestingly, over-represented motifs predicted within the HvCslF6 full 

length promoter included bHLH, DOF and Myb/SANT TF classes based on 

comparative in silico predictions between JASPAR (v2018) and PlantPAN (v2.0) 

bioinformatic tools.  
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Figure 3.4 Frequency of putative transcription factor binding site (TFBS) classes in a -3,000 

bp HvCslF6 upstream region predicted by three different in silico programs: TRANSFAC® 

[v2014; Matys et al., (2006)], JASPAR [v2018; Khan et al., (2018)] and PlantPAN [v2.0; 

Chow et al., (2015)]. Putative TFBS with a frequency of  ≤5 were omitted from this graph 

for display purposes (This included:14 low-represented motifs identified by TRANSFAC®, 

27 by JASPAR and 40 by PlantPAN). 

 

Based on the comparisons, JASPAR (v2018) was chosen for further in silico analyses 

due to its high proportion of non-redundant motif predictions and detailed information 

of cis-elements. The latest open-access JASPAR release (v2018) expanded its 

previous 2016 version with 262 new position frequency matrices (PFMs) and 8 TF 

flexible models (TFFMs) for plant species (Khan et al., 2018). Although numerous 
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putative motifs were predicted by PlantPan (v2.0) scans, most of them were redundant 

and/or without TF annotation.  

Results from TFBS prediction accuracy on the HvCslF6 full length promoter using 

JASPAR (v2018) scored between 2.9–14.7 (corresponding to 186 non-redundant 

motifs) and were filtered in accordance to an arbitrary prediction score threshold of 

≥10. By applying this filter, six classes of TFBSs were identified including: 

APETALA2/Ethylene response factor (AP2/ERF), auxin response factors (ARF), 

bHLH, Dehydration-responsive element-binding (DREB), Myb/SANT, zinc finger 

SQUAMOSA promoter binding protein (ZF, SBP-type) and a mixed class of TFTBs 

(low-represented putative TF classes with high prediction scores) as shown in Figure 

3.5. Myb/SANT-related motifs were over-represented in the HvCslF6 promoter 

obtaining the highest prediction scores (12.2) followed by bHLH (11.2) and AP2/ERF 

(11.8) TF classes. 

 

Figure 3.5 Frequency of TF classes identified within the HvCslF6 full length promoter (-

3,000 bp) based on TFBS predictions using JASPAR v2018 (Khan et al., 2018). Other TF 

class indicate a mixed class of low-represented TFBSs (frequency within HvCslF6 full 

length promoter ≤ 2). Motifs were filtered based on ≥10 matrix score cut-off to maximise 

TFBS prediction accuracy. Average scores for each TF class were inferred from position 

frequency matrices (PFMs) and TF flexible models (TFFMs) in JASPAR v2018 and are 

shown on top of each column. 
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III.3.4 Expanded analysis of TFBSs in other cereal species and HvCslF6 co-

expressed genes 

Similar to the in silico analysis of the putative HvCslF6 promoter, putative CslF6 

promoter sequences in wheat (Triticum aestivum), Brachypodium distachion and rice 

(Oryza sativa) were retrieved, analysed for TFBSs using JASPAR (v2018) and 

compared to barley in terms of predicted motifs. In silico prediction results revealed 

17 common motifs across all species (Figure 3.6a) corresponding to auxin response 

factors (ARFs), APETALA 2/ethylene-responsive factors (AP2/ERFs), MYBs, AT-

Hook DNA-binding factors, basic helix-loop-helix transcription factors (bHLHs) and 

dehydration-responsive element-binding proteins (DREBs). All predicted TFBSs 

(n=6) found in common across the barley, wheat and Brachypodium CslF6 upstream 

sequences corresponded to MYB-related TF putative binding sites: MYB46, MYB3, 

MYB15, MYB59, MYB111 and MYB55. In terms of motif similarity (Figure 3.6b), 

barley and wheat shared 73.9% of their TFBS predictions followed by 63.1% 

compared to Brachypodium and 56.3% to rice within a -1,000 bp promoter region. The 

frequency, location and description of predicted TFBS across all species (filtered by a 

≥10.0 prediction score cut-off, as previously applied to HvCslF6 full length promoter 

analysis) is shown in Appendix III . 

 

Figure 3.6 TFBS analysis of putative CslF6 promoter regions across cereal species. a) Venn 

diagram of TFBSs predicted within a -1,000 bp CslF6 putative promoter region in barley 

(Hordeum vulgare), wheat (Triticum aestivum), Brachypodium distachion and rice (Oryza 

sativa). In silico TFBS prediction was performed using JASPAR v2018 (Khan et al., 2018). 

The Venn diagram was created using InteractiVenn (Heberle et al., 2015). b) Euler diagram 

representing TFBS similarity across barley, wheat, Brachypodium and rice CslF6 upstream 

sequences. For each species, unique TFBSs are shown as percentages using JASPAR 

(v2018) predictions and plotted in BioVinci© v1.1.3 (BioTuring Inc, 2017).  
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The analysis of TFBSs was expanded to two members of the Cellulose synthase gene 

superfamily, HvCesA1, HvCesA2 putatively involved in cellulose biosynthesis in the 

primary cell wall (Burn et al., 2002), known to be co-expressed with HvCslF6 (Burton 

et al., 2004; Burton & Fincher 2009). TFBS analysis of -3,000 bp HvCesA1, HvCesA2 

and HvCslF6 putative promoter regions, revealed two R2R3-MYB-related TF putative 

binding sites, MYB55 and RAX3 (Figure 3.7) which were found in common across 

these three genes (filtered by a ≥10.0 prediction score cut-off). Expanded results for 

TFBS analysis in HvCesA1, HvCesA2 and HvCslF6 putative promoter regions are 

shown in Appendix IV. 

 

Figure 3.7 Venn diagram of TFBSs predicted within HvCesA1, HvCesA2 and HvCslF6 

putative promoter regions (-3,000 bp). In silico TFBS prediction was performed using 

JASPAR v2018 (Khan et al., 2018) and motifs filtered by a ≥10.0 prediction score cut-off. 

The Venn diagram was created using InteractiVenn (Heberle et al., 2015) 

  

III.3.5 TF mining in a barley developing endosperm dataset 

HvCslF6 is the main gene responsible for (1,3;1,4)-β-glucan biosynthesis in barley 

grain (Burton et al., 2011; Taketa et al., 2012) and it is abundantly expressed during 

grain filling (20–24 DAP) and late endosperm development (30–38 DAP) (Burton et 

al., 2008; Wong et al., 2015). To test the hypothesis that HvCslF6 is regulated by co-

expressed transcription factor/s or those that are switched on earlier during grain 

development, a barley endosperm development microarray-based expression dataset 

from 10–20 DAP (unpublished, The James Hutton Institute, UK) was used to retrieve 

gene transcript abundance of putative TF during mid stages of grain development, 
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coinciding with (1,3;1,4)-β-glucan accumulation (Wilson et al., 2006) and the start of 

grain filling.  

TF mining was restricted to five main transcription factor families known to be 

involved in cereal grain development and germination pathways: bHLH, bZIP, DOF, 

MYB and NAC TFs (Hernando-Amado et al., 2012; Jakobya et al., 2002; Martin & 

Paz-Ares, 1997; Mena et al., 1998; Shen et al., 2009). Predicted binding sites for some 

of these TF families were identified within the HvCslF6 full length promoter based on 

TFBS in silico scans (see above). In total, 336 putative transcription factors were 

captured in the 10–20 DAP endosperm development array corresponding to the above-

mentioned families. TFs were classified based on their peak gene expression profile 

leading to the establishment of four main expression groups (Figure 3.8). At 20 DPA 

and coinciding with increased HvCslF6 expression (See Chapter II, section II.3.1; 

Burton et al., 2008), 52 putative transcription factors were predominantly expressed 

which belonged to the following TF families: MYB (35%), bHLH (26%), NAC (24%) 

and bZIP (15%). 

 

Figure 3.8 Frequency of putative TF identified across 10, 12, 16 and 20 DAP barley 

endosperm development stages. 

 

The genomic location of the subset of 52 putative highly expressed TFs at 20 DPA 

was retrieved and compared to the location of marker-trait associations identified by 
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GWAS on grain (1,3;1,4)-β-glucan content (Houston et al., 2014). As a result, 5 

putative transcription factors were identified underlying or proximal to association 

peaks on chromosomes 2H, 3H, 6H and 7H as shown in Table 3.7. 
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Table 3.7 Genome position of putative TF co-locating with association peaks from a previous GWAS study on grain (1,3;1,4)-β-glucan (Houston et 

al., 2014). The cv Morex x Barke (MxB) POPSEQ 2013 map (barleyGenes) expressed in cM was used for retrieving TF genome position. GWAS 

association peaks were described using the same genetic map. -LOG(10)P score represents the likelihood ratio that two loci are linked and separated 

by a specific genetic distance, divided by the likelihood that the observed results would be obtained if the two loci were not linked.
        

Putative TF 

(Endosperm 

dataset) 

JLOC ID1 HORVU ID2 Ch Map location  
GWAS peak 

location 

-

LOG(10)P 

score 

Putative function 

MLOC_38290 JLOC1_24886.1 HORVU2Hr1G027600.2 2H 51.5 50.9 4.5 AtMyb55, MYB TF 

MLOC_66252 JLOC1_43638.1 HORVU3Hr1G072770.3 3H 64.2 63.7 3.2 AtbZip61, bZIP TF 

MLOC_58614 JLOC1_38097.1 HORVU0Hr1G015710.1 6H 54.7 54.9 3.5 AtbZip65, bZIP TF 

MLOC_67898 JLOC1_44872.1 HORVU3Hr1G040920.4 6H 55.6 54.9 3.5 bZIP TF 

MLOC_57684 JLOC1_37419.1 HORVU7Hr1G121210.4 7H 140.7 140.9 3.4 MYB TF 

 
1 JLOC ID refers to barley gene annotation based on the barleyGenes, RNA-seq database (available at https://ics.hutton.ac.uk/barleyGenes/). 
2 HORVU ID refers to the recently published barley gene annotation (Mascher et al., 2017). 
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The expression profile of candidate TFs was retrieved from the developing endosperm 

dataset (Appendix V) revealing that MLOC_58614 which encodes a putative 

HvbZIP65 transcription factor on chromosome 6H showed the highest expression at 

20 DAP compared to the rest of potential regulators. MLOC_38290, encoding a 

putative HvMYB55 transcription factor, was also present in the cluster of genes 

predominantly expressed towards mid-late endosperm development, although its 

transcript abundance was comparatively lower, moderately increased at 20 DAP. 

However, further observations on the expression profile of these putative transcription 

factors using barleyGenes RNA-seq database across 16 different barley tissues 

(available at https://ics.hutton.ac.uk/barleyGenes/) revealed low transcript abundance 

during grain development (5 and 15 days post anthesis) for both genes. The putative 

HvMYB55 TF is comparatively highly expressed in the palea (uppermost bract-like 

grain cover) and developing tillers at third internode stage whereas putative bZIP65 is 

predominantly expressed in roots of the developing seedling. Further experiments are 

needed to ascribe function to these genes. 
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III.4 Discussion 

Grain (1,3;1,4)-β-glucan content varies between cultivars and is a quantitative trait 

controlled by a number of unidentified genes. Various studies have proposed how 

HvCslF6, which is required for (1,3;1,4)-β-glucan synthesis, might be involved. Wong 

et al., (2015) identified a QTL in cv CDC Bold x TR251 mapping population (Li et 

al., 2008) that contributes to variation in barley (1,3;1,4)-β-glucan levels on Chr 7H, 

near the HvCslF6 gene. However, a causative SNP in was not identified within the 

HvCslF6 sequence. In a different study, Houston et al., (2014) examined a large panel 

of European barley cultivars by GWAS and identified several associations influencing 

grain (1,3;1,4)-β-glucan content, but none of these were located near HvCslF6. 

Cultivar-specific sequence variations are present within the HvCslF6 gene, but few of 

these are present in coding regions and none have revealed any strong polymorphism-

trait associations (Cory et al., 2012; Hu et al., 2014; Taketa et al., 2012). Indeed, most 

of the natural variation is confined to HvCslF6 introns except for a non-synonymous 

SNP, A590T which was identified in the third exon of HvCslF6 producing an alanine 

(A) to threonine (T) change in the 590th amino acid of the translated protein. No 

relationship was found between this SNP and grain (1,3;1,4)-β-glucan content in three 

independent studies (Cory et al., 2012; Taketa et al., 2012; Houston et al., 2014).  

In the current study, a survey of HvCslF6 sequence variation in 1,336 exome-captured 

barley accessions identified five SNPs in non-coding regions of this gene, mostly 

within the first intron, confirming that natural variation within HvCslF6 is rare and 

unlikely to affect protein structure. Similarly, low levels of variation were identified 

in the putative HvCslF6 promoter sequence. In a -3,000 bp region upstream of the 

HvCslF6 start codon, DNA sequence alignments identified only 11 SNPs across 35 

barley accessions representing natural (1,3;1,4)-β-glucan variation. Polymorphisms 

were mostly found in HvCslF6 distal promoter, in which two SNPs were found in 

common to a set of six Australian cultivars previously analysed for sequence variation 

in 5’ and 3’ UTR regions (Wong et al., 2015) suggesting a remarkably narrow 

variation within HvCslF6 putative promoter sequence. None of these SNPs appeared 

to associate with variation in (1,3;1,4)-β-glucan content. This low sequence diversity 

appears to highlight a critical role of HvCslF6 is the synthesis of (1,3;1,4)-β-glucan 

and the importance of this polysaccharide in plant development. This role has been 

confirmed via the characterization of barley chemically-induced mutants that 

completely lack grain (1,3;1,4)-β-glucan and exhibit poor agronomic traits (Taketa et 
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al., 2012; Tonooka et al., 2009), or partially functional HvCslF6 mutants with less 

severe phenotypic effects (Hu et al., 2014). Thus far, evidence suggests that the basis 

for differences in grain (1,3;1,4)-β-glucan is not linked to any polymorphism within 

HvCslF6 and hence other regulatory sequences or proteins might be involved.  

In silico prediction of TFBSs in the -3,000 bp region upstream of HvCslF6 identified 

three classes of over-represented transcription factors: Myb/SANT, bHLH and DOF 

based on a comparative analysis using JASPAR (v2018; Khan et al., 2018) and 

PlantPan (v2.0; Chow et al., 2016) prediction tools. When prediction accuracy, 

evaluated as motif prediction score of putative TFBSs was analysed, six classes of 

transcription factors:Myb/SANT, mixed-class of TFBSs (frequency ≤ 2), AP2/ERF, 

DREB, ARF, bHLH and ZF SBP-type were predicted with highest confidence (filtered 

by ≥ 10 score cut-off). Myb/SANT TFBSs were over-represented within the HvCslF6 

full length promoter and presented the highest prediction scores (12.2, mean value) 

followed by AP2/ERF (11.8) and bHLH (11.2). However, no relationship was found 

between sequence variation within the HvCslF6 putative promoter and predicted 

TFBS location. 

When predicted TFBSs within the CslF6 upstream sequences were compared across 

species, seven TF families were found in common in barley, wheat, Brachypodium 

and rice, including MYB-related binding sites. TFBS predictions in wheat and barley 

were 73.9% identical whereas a wider motif variation was found across Brachypodium 

and rice. Interestingly, the comparison of HvCslF6, HvCesA1 and HvCesA2 TFBSs 

within their corresponding putative promoter sequences revealed two R2R3-MYB-

related TFs, MYB55 and RAX3 (Regulators of axillary meristems, also named 

MYB84). MYB55 confers tolerances to high temperatures and enhances amino acid 

metabolism in rice (El-kereamy et al., 2012) whereas RAX3 controls early phases of 

axillary meristem initiation (Muller et al., 2006). 

These results suggest that a range of transcription factors have the potential to 

recognise regulatory elements within the HvCslF6 promoter sequence. Moreover, 

some of these TF classes are expressed in the developing endosperm at the same time 

that HvCslF6 expression is increasing, consistent with a potential role in cis-

regulation. In other plant systems, TF binding site affinity and expression levels can 

be influenced by polymorphisms in the TF coding sequence or promoter sequence, 

respectively (Chan et al, 2011; Gan et al., 2011; Zhang et al, 2011). Such a regulatory 
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system might explain some of the natural variation detected in (1,3;1,4)-β-glucan 

content and the apparent lack of diversity present within the HvCslF6 gene within 

European germplasm. In this hypothesis, cis-regulation of HvCslF6 would be 

dependent upon naturally variable transcription factor/s that interact with regulatory 

elements within HvCslF6 promoter sequence, affecting the timing or abundance of 

transcript levels. However, further in vivo experiments are needed to determine if any 

putative TFs identified by the current study are responsible for the regulation of 

HvCslF6 expression. To investigate this, HvCslF6 full length promoter (-3,000 bp) 

was functionally characterized by a deletion series approach in additional experiments 

(see Chapter IV) in order to determine the essential promoter fragment driving 

HvCslF6 expression and narrow down the list of cis-regulatory elements predicted 

within this upstream region.  
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III.5 Conclusions and future work 

▪ MYB/SANT, DOF and bHLH predicted TFBS are over-represented within a -

3,000 bp HvCslF6 putative promoter region based on in silico analysis using 

JASPAR v2018 (Khan et al., 2018) and PlantPAN v2.0 (Chow et al., 2015) 

which also obtained the highest prediction scores based on JASPAR v2018 

analysis.  

▪ TFBS analysis of putative promoter sequences for CslF6 across cereal species 

with different (1,3;1,4)-β-glucan content revealed that barley and wheat 

predicted motifs were most conserved, compared to Brachypodium and rice. 

Only MYB-related TFBS were found in common across barley, wheat and 

Brachypodium. 

▪ TF mining of an endosperm development dataset (unpublished, The James 

Hutton Institute) identified five genes encoding three putative bZIP and two 

putative MYB TFs mostly expressed at 20 DAP whose genome position was 

found nearby/co-locating with association peaks from an independent GWAS 

study on grain (1,3;1,4)-β-glucan content (Houston et al., 2014). 

Further characterization studies of candidate TFs identified in the developing 

endosperm dataset potentially associated with grain (1,3;1,4)-β-glucan levels would 

be needed to establish a potential regulatory effect on HvCslF6 expression. This could 

involve 1) An expression profile study of candidate TFs in barley germplasm with 

divergent grain (1,3;1,4)-β-glucan content in order to assess HvCslF6 transcript 

abundance differences. 2) Alternatively, the characterization of candidate TFs 

sequence variation would provide valuable information towards any potential 

haplotype structure affecting the transcriptional regulation of HvCslF6.  

In silico analyses on HvCslF6 putative promoter sequence could be expanded to other 

members of the Cellulose synthase-like gene family potentially involved in (1,3;1,4)-

β-glucan biosynthesis (Burton et al., 2011; Doblin et al., 2009) which are expressed 

in different barley tissues, (e.g. HvCslF9 in early grain development, HvCslF3 in roots 

and HvCslH1 in leaves) to investigate putative transcriptional regulatory networks 

affecting Csl genes. 
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IV. Functional analysis of HvCslF6 promoter and candidate transcription 

factor identification 

IV.1 Introduction 

The discovery of Cellulose synthase-like genes required for (1,3;1,4)-β-glucan 

biosynthesis, including members of the CslF and CslH families (Burton et al., 2006; 

Doblin et al., 2009), provided the basis for detailed biochemical and molecular studies 

of (1,3;1,4)-β-glucan structure, assembly and function. These genetic discoveries 

complemented initial biochemical and physicochemical studies of (1,3;1,4)-β-glucan 

carried out predominantly in barley (Fincher, 1975; Fincher & Bacic, 1986) wheat 

(Bacic & Stone 1980) and oats (Aaman & Graham 1987), which reported remarkable 

differences in relative abundance and polysaccharide structure (Bacic & Stone, 1981; 

Burton & Fincher, 2012). 

The primary cell walls of Poaceae are enriched in (1,3;1,4)-β-glucan, a distinctive 

hemicellulose that predominantly accumulates during cell expansion (Carpita et al., 

2001). In contrast, secondary Poaceae walls are mainly characterized by the presence 

of glucuronoarabinoxylan, (GAX) as the major non-cellulosic component and tissue-

specific lignin accumulation (Burton et al., 2014). This differs from Arabidopsis 

where xyloglucan (XyG) and pectins are the most abundant non-cellulosic 

polysaccharides found in primary cell walls and secondary walls are characterized by 

the presence of heteroxylans, predominantly 4-O-methylglucuronoxylans, 

heteromannans and lignin (Harris, 2006). The regulation of secondary cell wall 

formation has been extensively studied in Arabidopsis (Figure 4.1a) by the 

identification of key regulatory proteins and networks affecting polysaccharide 

biosynthesis (Taylor-Teeples et al., 2015). On top of this network, secondary wall 

NAC (SWN) transcription factors, VND6, VND7, NST1, NST2 and SND1 (Kubo et 

al., 2005; Mitsuda et al., 2005) act as regulatory switches enhancing the expression of 

downstream MYB master regulators, MYB46 and MYB83 (McCarthy et al., 2009) 

interacting with a wide range of cell wall-associated transcription factors (Kim et al., 

2014). In rice and maize, functional orthologs of Arabidopsis secondary cell wall 

MYB master regulators were identified (Figure 4.1b) suggesting a conserved 

regulatory mechanism across vascular plants (Rao & Dixon, 2018; Zhong et al., 2011). 

However, little is known about regulatory mechanism/s affecting primary cell wall 

formation in grasses and specifically the biosynthesis of (1,3;1,4)-β-glucan in barley. 
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Figure 4.1 Representation of the secondary cell wall transcriptional networks and 

transcription factors identified in a) Arabidopsis thaliana and b) grasses. Transcription factor 

(TF) families are represented by colors: green, WRKY family; blue, secondary wall NACs 

(SWN) family, subdivided in clades I to III (called VNDs) and clade IV (called NST/SND); 

yellow, MYB family; red, other families. Arrows and bar at the ends of lines represent 

positive and negative transcriptional regulation, respectively. The ovals indicate a multi-

protein complex. Adapted from Rao & Dixon, (2018).  

 

Previous studies identified polymorphisms in the HvCslF6 gene (Cory et al., 2012; Hu 

et al., 2014; Taketa et al., 2012), variations in CslF transcript abundance (Burton et 

al., 2008; Wong et al., 2015) and amino acids contributing to HvCslF6 protein 

structure and subcellular location (Jobling 2015; Wilson et al., 2015; Dimitroff et al., 

2016), all of which point towards a complex and multi-factor regulatory mechanism 

that affects grain (1,3;1,4)-β-glucan content at different molecular levels including 

HvCslF6 specific activity, HvCslF6 protein complex formation and (1,3;1,4)-β-glucan 

biosynthesis. This current study focuses on the transcriptional regulation of HvCslF6, 

an essential gene involved in grain (1,3;1,4)-β-glucan biosynthesis, as demonstrated 
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by independent studies of knock-out mutants (Hu et al., 2014; Taketa et al., 2012) and 

over-expression lines (Burton et al., 2011). To date, no clear relationship has been 

established between barley cultivar-specific polymorphisms in the HvCslF6 upstream 

region, and the wide range in (1,3;1,4)-β-glucan levels. The identification of putative 

cis-elements in the HvCslF6 promoter and the transcription factor(s) binding to them 

and initiating expression of HvCslF6, would provide one avenue to investigate the 

regulation of HvCslF6 expression and how this affects (1,3;1,4)-β-glucan abundance. 

A -3,000 bp fragment upstream of the HvCslF6 coding sequence was previously fused 

to mGFP-ER and expressed in transgenic barley plants, which confirmed expression 

in vegetative and grain tissues (Tucker, unpublished; Appendix VI). To investigate 

possible regulatory motifs present within the HvCslF6 promoter, a series of 5’ deletion 

constructs generated from the -3,000 bp HvCslF6 upstream region were fused to the 

dual luciferase reporter system to assess promoter activity in protoplasts. A barley 

protoplast-based transient expression system was adapted (Rao, 2007; Yoo et al., 

2007) and used to test the HvCslF6 promoter deletion constructs, permitting the 

analysis of six deletion constructs simultaneously. This transient system allowed a 

fast, low-cost and reliable functional characterization of HvCslF6 promoter in leaf-

derived protoplasts compared to classic mutagenesis and transgene techniques in 

model plant species. Furthermore, in silico predictions for transcription factor binding 

sites in HvCslF6 promoter and previous studies on other cereal and dicot species were 

combined to identify candidate transcription factors regulating HvCslF6 expression. 
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IV.2 Material and Methods 

IV.2.1 Plant growing conditions 

Barley plants (cv Golden Promise) were grown in a growth chamber with a 16-h 

light/8-h dark photoperiod at the Functional Genomics (FUNGEN) facility, at The 

James Hutton Institute, UK. After three weeks, 0.25 g of primary leaves were 

harvested for protoplast isolation and PEG-mediated transfection assays. Leaves were 

cut lengthwise (~10 mm x 1 mm), lengthwise and crosswise (~2 mm x 1 mm) or peeled 

(epidermis removal) in semi-sterile conditions using a sharp razor, scalpel and 

tweezers.  

IV.2.2 Isolation of leaf-derived barley protoplasts 

The barley protoplast isolation protocol was mainly based on the protocol for 

preparation of Arabidopsis mesophyll protoplasts (Yoo et al., 2007) with the following 

modifications. A total of 0.25 g of three-week old barley primary leaves were collected 

and kept on ice while the abaxial epidermis was manually peeled lengthwise by using 

a scalpel and tweezers. Peeled barley leaves were immediately transferred into 5 mL 

of the enzyme solution, optimized for barley, containing: 2 % w/v Cellulase Onozuka 

R-10 (Duchefa, Haarlem, The Netherlands), 0.1 % w/v Macerozyme R-10 (Duchefa, 

Haarlem, The Netherlands), 0.1 % w/v BSA (Sigma-Aldrich, St. Louis, USA), 0.55 M 

Mannitol (Sigma-Aldrich, St. Louis, USA) and pH adjusted to 5.7.  Leaves were 

incubated in a 6-well cell culture plate (Sigma-Aldrich, St. Louis, USA) in the dark 

for 2 h at 28º C, with gentle swirling to help protoplast release every 30 min. After 

incubation, digested barley leaves had a transparent appearance indicating cell release 

from leaf tissues. 

Following incubation, one volume of W5 solution containing: 154 mM NaCl, 125 mM 

CaCl2, 5 mM KCl, 2 mM MES, pH 5.7 was added to the enzyme solution to aid 

protoplast collection. Chemicals used for W5 and MMG solutions were purchased 

from Sigma-Aldrich, St. Louis, USA. After, the diluted solution was transferred to a 

similar cell culture plate by gently pipetting the protoplasts through a 70 µM gauze 

(Sigma-Aldrich, St. Louis, USA) to discard any remaining leaf material. The filtrated 

protoplast solution was re-suspended into a round bottom 15 mL Falcon tube 

containing 2.5 mL of W5 solution and centrifuged for 3 min at 70 x g, RT (Centrifuge 

5810 R, Sigma-Aldrich, St. Louis, USA). At this point, the protoplasts formed a pellet 
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and most of the supernatant was discarded, leaving enough solution to prevent the cells 

from drying. Protoplasts were gently re-suspended in 5 mL W5 solution and kept on 

ice for 30 min to allow cell sedimentation by gravity. Meanwhile, an aliquot of 

protoplasts in W5 solution (10 µL) was used to estimate cell concentration by using a 

Neubauer (haemocytometer) chamber (Celeromics, Grenoble, France). Protoplasts 

were re-suspended to a final concentration of approximately 2 x 105 protoplasts/mL in 

MMG solution (Figure 4.2), containing: 0.6 M Mannitol, 4 mM MES, 15 mM MgCl2 

and pH adjusted to 5.7.  

 

 

Figure 4.2 Images of isolated barley protoplasts taken with a Canon EOS 100D digital 

camera under a Zeiss Axioskop 2 Plus microscope. a) Protoplasts in W5 solution, bright 

field (20X). Scale bar is 50 µm. b) Protoplasts in MMG solution (10X) stained with 

fluorescein diacetate (FDA) to determine cell viability. More than 95% of protoplasts were 

viable, as observed by the accumulation of FDA in these cells glowing in bright green under 

UV light (GFP filter). Dead cells would appear in red. Scale bar is 100 µm. 

 

Protoplast viability was determined before transfection by mixing 10 µL of MMG re-

suspended protoplasts with 1 µL of fluorescein diacetate (FDA) for 3 min (Figure 

4.2b). The FDA stock solution was prepared by dissolving 5 mg of fluorescein 

diacetate (Sigma-Aldrich, St. Louis, USA) in 1 ml acetone (Sigma-Aldrich, St. Louis, 

USA) and kept in the dark at 4°C. The mix was transferred into a Neubauer chamber 

for cell counting using a UV-light microscope (see section IV.2.4). Remaining 

protoplasts were kept on ice and transfection assays were performed immediately.  

IV.2.3 PEG-mediated transfection 

PEG-mediated transfections were performed as described in Yoo et al., (2007) with 

modifications. For each transfection assay, 100 µL of protoplasts were carefully 

pipetted in a 2 mL round bottom Eppendorf tube and mixed with 5 µg of total plasmid 
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DNA. Then, 110 µL of freshly prepared 40% PEG-solution containing: 0.4 M 

mannitol, 40% w/v PEG-4000, 0.1 M CaCl2, pH 5.7 ± 0.1 was added. The transfection 

mixture (protoplasts, plasmid DNA and PEG-solution) was incubated for 10 min in 

the dark, RT. Chemicals used to prepare the PEG-solution were purchased from 

Sigma-Aldrich, St. Louis, USA. After incubation, protoplasts were washed twice with 

1.5 mL of W5 solution and centrifuged at 200 x g for 5 min (Centrifuge 5415 D, 

Sigma-Aldrich, St. Louis, USA). The supernatant was discarded, leaving 

approximately 100 µL to avoid the cells drying out. Finally, protoplasts were re-

suspended in 80 µL of W5 solution and incubated in the dark overnight, RT. Three 

independent transfection assays were performed per plasmid and averaged as 

biological replicates. 

IV.2.4 Cell imaging 

Cell imaging was performed on a Zeiss Axioskop 2 Plus microscope (Carl Zeiss 

Microscopy GmbH, Jena, Germany) equipped with an external UV light source (HBO 

100). GFP and YFP were excitated at 488 nm and 561 nm wavelengths respectively, 

and emission collected at 500-530 nm for GFP and 580–620 nm for YFP. Images were 

taken using a Canon EOS 100D digital camera (Canon Inc., Tokyo, Japan) and 

processed with Zen Software v6.0., utilizing global adjustment tools only. Protoplast 

concentration, viability and transfection efficiency experiments were performed at 

least three times, independently. Cell counting was calculated using a Neubauer 

chamber (Celeromics, Grenoble, France) by averaging three microscope fields (0.1 cm 

x 0.1 cm x 0.01 cm) per sample.  

IV.2.5 Constructs 

IV.2.5.1 HvCslF6 promoter deletion series 

The HvCslF6 promoter deletion constructs were generated by PCR amplification of a 

3000 bp region upstream HvCslF6 start codon using cv Golden Promise gDNA and 

primers listed on Table 4.1 and Table 4.2. A NotI restriction enzyme sequence (5–

GCGGCCGC–3’) was added to the 5’ end of each primer plus three extra adenosines 

for optimal cleavage efficiency and restriction cloning purposes. Promoter fragments 

were ligated by traditional cloning into pGreenII 0800-LUC vector which contains 

luciferase and renilla reporter genes, enabled to be used in dual luciferase reporter 

assays (Figure 4.3). pGreenII 0800-LUC vector was provided by Assoc. Prof. 
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Matthew Tucker from The University of Adelaide, Waite Campus, Glen Osmond, SA 

5064, Australia. A total of 12 PCR amplicons corresponding to HvCslF6 promoter 

fragments and pGreenII 0800-LUC vector were digested using the restriction enzyme 

NotI (Promega, Madison, USA) in the following reaction (e.g. for one HvCslF6 

promoter fragment): 0.25 µL NotI (10 units/µL), 2 µL Buffer D, 0.20 µL BSA (10 µg/ 

µL), 10 µL of PCR product and 7.55 µL dH2O in a total volume of 20 µL for 1,5 h at 

37°C. The digestion mix was electrophoresed on a 1% agarose gel with 1 µL/ml 

SYBR® Safe (10,000X in DMSO; Thermo Fisher Scientific, Waltham, USA), the 

digested PCR band was excised according to size comparison to a 1 Kb Plus DNA 

Ladder (Thermo Fisher Scientific, Waltham, USA) and purified with the QIAquick 

Gel Extraction Kit (Qiagen GmbH, Hilden, Germany). pGreenII-0800 vector was 

linearized in a similar digestion reaction using NotI with the addition of 1 µL TSAP 

(Promega, Madison, USA), a thermosensitive alkaline phosphatase to prevent vector 

re-circularization. The reaction was stopped by heat-inactivation at 74°C for 15 

minutes and pGreenII 0800-LUC vector was purified as described for the pHvCslF6 

fragments. 

 

Table 4.1 Promoter deletion series based on HvCslF6 and primers associated to each 

promoter construct. 

Construct pHvCslF6 insert (bp) 
Forward primer 

name 

1 3,000 AL49 

2 1,846 Pr-4 

3 1,586 Pr-3 

4 1,357 AL50 

5 1,107 AL51 

6 858 AL52 

7 607 AL53 

8 382 Pr-2 

9 357 GG3 

10 331 GG1 

11 282 GG2 

12 199 Pr-1 

 

 

 



84 

 
Table 4.2 Primer sequences used for generating the HvCslF6 promoter deletion series. The 

NotI overhang sequence is highlighted in blue. 

Primer 

Name 
Orientation Primer sequence (5’–3’) 

AL49 Forward AAAGCGGCCGCTAACGCACACGATTAGTCCTTTGCGGTA 

Pr-4 Forward AAAGCGGCCGCGTAAATGCTTTGGGACTCGTTGATTG 

Pr-3 Forward AAAGCGGCCGCCCTAACAACTGGCCTAATTTGCAAATTG 

AL50 Forward AAAGCGGCCGCGGGACCAATGCATTCCTTCTCGTG 

AL51 Forward AAAGCGGCCGCTCCTCCAAAATGCATCCCCCAACCA 

AL52 Forward AAAGCGGCCGCGGGCAACAACCAAGCACAAGCTCA 

AL53 Forward AAAGCGGCCGCCCTGTACTAATAAGAATCGGAAATGCAAGCT 

Pr-2 Forward AAAGCGGCCGCGAAGGAAGTGCTTGGCACCACCTAC 

GG3 Forward AAAGCGGCCGCTATAAACGCACCCGCACACC 

GG1 Forward AAAGCGGCCGCACACAATTTACAACCCGCACA 

GG2 Forward AAAGCGGCCGCAGCAAGACAAGCGAGCTGAG 

Pr-1 Forward AAAGCGGCCGCCCACGTACTTTACTCGTCATTTCTCGC 

AL48 Reverse AAAGCGGCCGCGGCCGTCGTCCTCAATGCACG 

 

Following this, pHvCslF6 fragments were ligated using T4 DNA ligase (Promega, 

Madison, USA). The T4 ligation reaction contained: 1 µL pGreenII 0800-LUC (30 

ng/µL), 4 µL pHvCslF6-PCR (12 ng/µL), 2 µL DNA Ligase Reaction Buffer (1X) and 

1µL T4 DNA Ligase (400 units/µL). The reaction was incubated at 16°C overnight, 

followed by a heat inactivation at 65°C for 10 min. After, 1 µL of the T4 ligation 

reaction was used for E. coli transformation. Plasmids were purified with QIAquick 

PCR Purification Kit (Qiagen GmbH, Hilden, Germany) and the concentration was 

measured using a NanoDrop 2000 (Thermo Fisher Scientific, Waltham, USA). The 

sequence and orientation of pHvCslF6 fragments was confirmed by Sanger 

sequencing using M13_F primer at the Genome Technology facility, The James 

Hutton Institute. Glycerol stocks were made for each construct by mixing 0.5 mL of 

the overnight culture with 0.5 mL of 50% glycerol (Sigma-Aldrich, St. Louis, USA) 

and stored at -80°C. 
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Figure 4.3 Vector map of pGreen 0800-LUC containing a 3 Kb HvCslF6 promoter region 

(in light green). Primers are shown in dark green. NptI selectable marker confers resistance 

to Kanamycin. 

 

IV.2.5.2 Constructs used to optimise the barley protoplasts transient 

expression system 

The plasmid ZmUBI:bcoGFP was provided by Dr. Abdellah Barakate from The James 

Hutton Institute (UK) and contains a barley codon optimised (bco) GFP protein (Table 

4.3). Plasmids pOsACT:3xNLS-YFP and pHvCslF6(3kb):3xNLS-YFP are enabled 

for Gateway® cloning and contain a nuclear localised (3xNLS) barley codon optimised 

YFP protein. Both Gateway® constructs were provided by Assoc. Prof. Matthew 

Tucker from The University of Adelaide, Waite Campus, Glen Osmond, SA 5064, 

Australia. Plasmids were propagated in E.coli and overnight cultures purified as 

previously described.  

 

Table 4.3 Plasmids used for the development and optimization of the barley protoplast 

isolation and transfection methods. 

Plasmid name Size (bp) Promoter Reporter gene 

ZmUBI:bcoGFP 7,733 
Ubiquitin 

(Zea mays) 
bcoGFP 

pOsACT:3xNLS-YFP 12,585 
Actin 

(Oryza sativa) 
3xNLS-YFP 

pHvCslF6(3kb):3xNLS-YFP 13,959 
CslF6 

(Hordeum vulgare) 
3xNLS-YFP 
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IV.2.6 Cloning of candidate TFs into the expression vector  

A nested PCR was used to amplify and clone HvMyb61 (HORVU1Hr1G017970). 

Firstly, a PCR reaction was set up containing: 1 µL of cv Golden Promise protoplast 

cDNA (1:10 diluted in sdH2O), 1.25 µL of each primer (forward and reverse listed on 

Table 4.4) at 10 mM, 5 µL of 5X Phusion HF Buffer, 0.2 µL of Phusion HF DNA 

polymerase (Thermo Fisher Scientific, Waltham, USA) and 11.3 µL of sdH2O in a 

total volume of 20 µL. Phusion PCR reaction conditions are described in Table 4.5. 

Size and integrity of the PCR amplicon was assessed by a 1.5% agarose gel 

electrophoresis with 0.5 µL/mL SYBR® Safe (10,000X in DMSO, Thermo Fisher 

Scientific, Waltham, USA) and visualized on a UV transilluminator. Band size was 

determined by direct comparison to a 1 Kb Plus DNA Ladder (Thermo Fisher 

Scientific, Waltham, USA). 

 

Table 4.4 Primer sequences used for HvMyb61 PCR amplification. 

Name Orientation Primer sequence (5’–3’) 

Myb61_2F Forward ATGGGGAGGCATTCGTGCT 

Myb61_2R Reverse CTAGATATGCTCAAAAGACAAGGGC 

 

Table 4.5 Phusion PCR conditions for HvMyb61 amplification. 

98°C 30 sec 

40 cycles  

98°C 10 sec 

55°C 30 sec 

72°C 40 sec 

72°C 5 min 

4°C Hold 

 

The HvMyb61 PCR amplicon was used in a nested PCR reaction to attach the 

corresponding overhangs for Gateway® cloning (attB sites) and protein expression 

features (thrombin cleavage site and 8x His-tag) at the C-terminus. A 1 µL aliquot of 

the previous Myb61-PCR mix was used as a template in a PCR reaction containing: 

1.25 µL of each cloning primer (forward and reverse, listed in Table 4.6) at 10 mM, 

5 µL of 5X Phusion HF Buffer, 0.2 µL of Phusion HF DNA polymerase (Thermo 
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Fisher Scientific, Waltham, USA) and 11.3 µL of sdH2O in a total volume of 20 µL. 

A 10 µL aliquot of the HvMyb61 cloning PCR amplicon was gel purified with the 

QIAquick PCR Purification Kit (Qiagen GmbH, Hilden, Germany) and the 

concentration was measured using a NanoDrop 2000 (Thermo Fisher Scientific, 

Waltham, USA). pDONR207™ entry vector (Figure 4.4) was linearized in a digestion 

reaction containing: 0.20 µL EcoRI (12 units/µL), 1 µL pDONR207™ (170 ng/µL) 2 

µL Buffer H, 0.25 µL BSA, 16.55 µL dH2O in a total volume of 20 µL. The digestion 

was incubated for 1h at 37°C. Linearized pDONR207™ entry vector was gel purified 

with the QIAquick PCR Purification Kit (Qiagen GmbH, Hilden, Germany). 

Following this, HvMyb61 was cloned into pDONR207™ by a BP reaction containing: 

3 µL of the purified attB-PCR product (34ng/µL), 1 µL of linearized pDONR207™ 

(50 ng/µL), 2 µL 5X BP Clonase™ Reaction Buffer (Thermo Fisher Scientific, 

Waltham, USA) and 4 µL of TE Buffer, pH 8.0 in a total volume of 10 µL. The BP 

reaction was incubated at RT overnight and stopped by adding 2 µL of Proteinase K 

and incubated for 10 min at 37°C. After, 1 µL of the BP reaction was used for E. coli 

transformation. Positive colonies were transferred to 4 mL of LB medium with 

gentamycin (100 µg/µL) and incubated overnight, 37°C and shaking at 230 rpm. 

Plasmids were purified using the QIAprep Spin Miniprep Kit (Qiagen GmbH, Hilden, 

Germany) and Sanger sequenced in-house to confirm the correct orientation of the 

insert. 

 

Table 4.6 Primer sequences used for HvMyb61 cloning. AttB sequences are shown in blue. 

Start (forward primers) and termination codon (reverse primers) are highlighted in red. The 

Kozak consensus sequence for monocots is underlined. Reverse primers contain the 

thrombin cleavage, in yellow, and 8xHis-tag, shown in green. 

Name Orientation Primer sequence (5’–3’) 

attB1-Myb61_F Forward 
GGGGACAAGTTTGTACAAAAAAGCAGGCT

GCGGCCGCCATGGGGAGGCATTCGTGCT 

attB2-Myb61_R Reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGT

TCAGTGGTGGTGATGGTGATGATGGTGGT

GATGAGCGGAACTACCGCGTGGCACCAG

GATATGCTCAAAAGACAAGGGC 

 

pDONR207™ entry vector containing HvMyb61 was linearized using EcoRI and 

purified as described above in order to be used in a LR reaction. HvMyb61 was 

transferred to pBract214m-HSPT destination vector (Figure 4.5) by a LR reaction 
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containing: 2 µL of entry vector (40 ng/µL), 5 µL of pBract214m-HSPT (30 ng/µL), 

1 µL TE Buffer, pH 8.0 and 2 µL LR Clonase™ II enzyme mix in a total volume of 

10 µL. The reaction was incubated at 25°C for 3 hrs. After, 1 μL of the Proteinase K 

was added to stop the reaction and incubated at 37°C for 10 minutes. LR reaction was 

cooled on ice for 5 min before E.coli transformation. The following day, colonies 

grown on LB medium with kanamycin (100 µg/µL) were screened by PCR. Plasmids 

were purified, and sequences confirmed as described above. For pBract214m-HSPT, 

the ‘ZmUbi’ forward primer was used for Sanger sequencing (Table 4.7).  

 

Table 4.7 Primer sequences used for vector Sanger sequencing at the Genome Technology 

facility at The James Hutton Institute. 

Primer 

Name 
Orientation Plasmid sequencing Primer sequence (5’–3’) 

pDONR207P Forward pDONR207™ TCGCGTTAACGCTAGCATGGATCTC 

ZmUbi Forward pBract214m-HSPT TTAGCCCTGCCTTCATACGC 

M13 Forward pGreenII 0800-LUC GTAAAACGACGGCCAGT 

 

 

  

Figure 4.4 Vector map of pDONR207™, enabled for Gateway™ cloning. GmR, 

gentamycin resistant gene. CmR, chloramphenicol resistant gene. 
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Figure 4.5 Vector map of pBract214m-HSPT-HvMyb61. GmR, gentamycin resistant gene. 

CmR, chloramphenicol resistant gene.  

 

HvMyb83 (HORVU3Hr1G047290) was ordered from DC Biosciences (Dundee, UK) 

including attB sites for Gateway® cloning, thrombin cleavage site and 8x His-tag. 

HvMyb83 was transferred from pUC19 origin vector to pDONR207 by a BP reaction 

containing: 1 µL of HvMyb83-pUC19 (90 ng/µL), 1 µL of linearized pDONR207™ 

(50 ng/µL), 2 µL 5X BP Clonase™ Reaction Buffer (Thermo Fisher Scientific, 

Waltham, USA) and 6 µL of TE Buffer, pH 8.0 in a total volume of 10 µL. The BP 

reaction was incubated at RT overnight and stopped by adding 2 µL of Proteinase K 

and incubated for 10 min at 37°C. Similarly to HvMyb61, positive colonies were 

purified and confirmed. pDONR207-HvMyb83 was transferred to pBract214m-HSPT 

destination vector by a LR reaction containing: 2 µL of entry vector (25 ng/µL), 5 µL 

of pBract214m-HSPT (30 ng/µL), 1 µL TE Buffer, pH 8.0 and 2 µL LR Clonase™ II 

enzyme mix in a total volume of 10 µL. The reaction was incubated at 25°C for 3 hrs 

and stopped as previously described. Plasmids were purified, and sequences confirmed 

as described above. pBract214m-HSPT-HvMyb83 was Sanger sequenced to confirm 

the transcription factor sequence and orientation. 

IV.2.7 Dual luciferase assays 

The Dual-Luciferase® Reporter Assay System (Promega, Madison, USA) was used to 

determine the promoter activity of HvCslF6 deletion constructs in barley protoplasts, 

24 hrs after transfection. Luminescence results were obtained using a Varioskan LUX 
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Multimode Microplate Reader (Thermo Fisher Scientific, Waltham, USA) following 

the dual luciferase kit instructions with minor modifications.  

 

Figure 4.6 Schematic representation of dual luciferase assays on HvCslF6 promoter deletion 

constructs, adapted from the Dual-Luciferase® Reporter Assay kit (Promega, Madison, 

USA).  

 

After a 24-hour incubation, protoplasts gathered at the bottom of 2 mL Eppendorf 

tubes and supernatant were removed. Then, 80 µL of a 1X passive lysis buffer was 

added to the protoplasts and tubes were mixed every 3 min for 15 min at RT. 

Meanwhile, 100 µL aliquots of LAR II (Luciferase Assay Reagent II) were manually 

pre-dispensed in a Corning® 96-well opaque flat bottom microplate (Thermo Fisher 

Scientific, Waltham, USA). For all assays, 20 µL of lysed protoplasts were transferred 

to the 96-well plate and incubated for 1 min, RT (Figure 4.6). Firefly luciferase (Fluc) 

activity was measured during 3 secs per sample with a 1.5 sec delay between wells. 

Immediately after, 100 µL of Stop & Glo Reagent were added to the mix in order to 

quench Fluc reaction and enable Renilla luciferase (Rluc) detection. For each sample, 

Rluc was measured during 1.5 secs with a 0.5 sec delay between wells. Three technical 

replicates were performed for each transfection assay. A negative control, which 

included protoplasts transformed with empty vector and dual luciferase reagents, was 

used in each batch of transfection assays. Differences in dual luciferase reporter assays 

across HvCslF6 promoter deletion constructs were determined by one-way ANOVA 

followed by Fisher’s least significant difference (LSD) post hoc test. A pair Student t-

test was used to compare mean dual luciferase ratios between constructs. Statistical 

tests were performed using GenStat v19 (Payne et al., 2011). 
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IV.2.8 RNA isolation from leaf-derived barley protoplasts and cDNA synthesis 

Total RNA was extracted from 2 x 105 protoplast (100 µL) using TRIzol® Reagent 

(Thermo Fisher Scientific, Waltham, USA) according to the manufacturer’s 

instructions. Protoplasts were mixed with 0.5 mL of TRIzol® and incubated for 5 min 

at RT. RNA precipitation was carried out by adding 0.1 mL of chloroform, samples 

were incubated for 5 minutes RT, then centrifuged at 12,000 x g at 4°C for 15 minutes. 

The supernatant was transferred to a new 1.5 mL Eppendorf tube, mixed with 0.25 mL 

of isopropanol and incubated for 10 minutes at RT. After, samples were centrifuged 

(12,000 × g) at 4°C for 10 minutes and supernatant discarded. RNA pellet was 

resuspended in 0.5 mL of 75% ethanol and vortexed briefly. Then samples were 

centrifuged for 5 minutes at 7500 × g at 4°C and supernatant was removed. RNA 

pellets were left air dry for approximately 15 min and re-suspended in 30 µL RNase-

free water. RNA concentration and purity were measured using a NanoDrop 2000 

(Thermo Fisher Scientific, Waltham, USA). Samples were stored at -80°C. 

Total RNA to cDNA conversion was performed using cDNA EcoDry™ Premix 

(Takara, Kyoto, Japan). For each reaction, 100 ng of total RNA was added to the 

lyophilized master mix following the manufacturer’s instructions (See Chapter II, 

section II.2.2). cDNA was diluted 1:2 in RNase-free water before performing qRT-

PCRs. 

IV.2.9 qRT-PCR   

Quantitative real-time PCR (qRT-PCR) was performed in a StepOne Real-Time PCR 

machine (Thermo Fisher Scientific, Waltham, USA) using PowerUp SYBR Green 

Master Mix (Thermo Fisher Scientific, Waltham, USA) as the reporter dye to 

determine HvCslF6 transcript abundance. Three replicate qRT-PCR reactions were 

performed for each cDNA sample including three negative controls (sdH2O as 

template). For each qRT-PCR reaction 2 µL of protoplast cDNA (1:2 diluted), 5 µL 

of SYBR Green, 1 µL of each primer (forward and reverse) at 4 mM and 1 µL of water 

in a total volume of 10 µL. The HvCslF6 primer sequences and qRT-PCR conditions 

are described in Chapter II (see section II.2.3). Relative HvCslF6 gene expression was 

normalized to α-tubulin, gapdh and hsp70 housekeeping genes and calculated using 

the 2-∆∆CT method (Vandesompele et al., 2002).  
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IV.2.10 Phylogenetic tree of candidate transcription factors 

Barley protein sequences corresponding to 99 putative R2R3-MYB transcription 

factors were retrieved from the Plant Transcription Factor Database (PlantTFDB v4.0; 

Jin et al., 2017). Confirmation of MYB DNA-binding repeats across the TF protein 

dataset was carried out on HMMER scan web server (Finn et al., 2015) using Pfam 

domain PF00249 (Bateman et al., 2017). Arabidopsis and rice orthologs for HvMyb61, 

HvMyb46 and HvMyb83 were retrieved from their respective BLAST bioinformatic 

tools (TAIR-BLAST; Available at https://www.arabidopsis.org/Blast/index.jsp and 

rice BLAST tool; Available at 

http://rice.plantbiology.msu.edu/analyses_search_blast.shtml) and aligned using 

MUSCLE within MEGA6 (Tamura et al, 2013). The resulting alignment was imported 

into Geneious V9 (Kearse et al., 2012) which was used to generate an unrooted 

phylogenetic tree using the Neighbor-Joining method based on Jukes-Cantor 

distances.  
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IV.3. Results 

IV.3.1 Optimization of the transient expression system in barley protoplasts. 

IV.3.1.1 Protoplast concentration and viability depending on leaf tissue 

preparations 

Three leaf tissue preparation methods were tested to determine the optimal starting 

material for protoplast release and cell viability. These methods included: (1) leaves 

cut lengthwise, (2) leaves cut widthwise and lengthwise, and (3) epidermal peels 

(Figure 4.7). The highest protoplast concentration was observed for peeled barley 

leaves (method 3) where the epidermis was manually removed and tissue exposed to 

the cell wall-degrading enzyme solution (4.2 x 105 protoplasts/ mL ± 51.9) as shown 

in Figure 4.8. Results from cell viability determination indicated that leaf tissue cut 

widthwise and lengthwise (method 2) and epidermal peels (method 3) were the less 

destructive methods yielding 96.7% and 95.1% viable protoplasts, respectively. 

However, the number of protoplasts released from leaves cut widthwise and 

lengthwise was reduced by 70% using this method. Based on these results, epidermis 

removal was performed on 0.25 g of primary barley leaves as the initial step for 

protoplast isolation.  

 

 

Figure 4.7 Primary leaves from three-week old barley plants were cut a) lengthwise (~10 

mm x 1 mm), b) widthwise and lengthwise (~2x1 mm) and c) manually peeled; epidermis 

removal on the abaxial side. Images were taken with a Leica MZ6 Stereomicroscope (5X). 

Scale bars are 2 mm. 
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Figure 4.8 Protoplast viability (%) and cell concentration (protoplasts/ mL) results 

depending on leaf tissue preparation. Cell counting was averaged from three microscope 

fields per assay method using a Neubauer chamber. Error bars represent standard error 

associated with three biological replicates. 

 

IV.3.1.2 Protoplast viability optimization before transfection assays 

Once protoplasts were isolated and purified, cells were transferred to MMG solution 

required for efficient transfection. A decrease in cell viability was rapidly observed in 

protoplasts re-suspended in MMG solution. This solution was originally prepared 

following instructions from Bai et al., (2014) and contained 0.3 M mannitol, however 

this was not suitable for our experimental conditions. Solution osmolarity was 

suspected to have a crucial influence on protoplast survival, therefore a range of 

mannitol concentrations (0.3–0.7 M) were tested to determine their effect on 

protoplast viability. It was determined that 0.6–0.7 M mannitol  in MMG solution was 

the optimal concentration to maintain protoplast viability (97.0% ± 1.7), (Student t-

test, p-value <0.01 versus 0.5 M mannitol; Student t-test, p-value 0.053 versus 0.7 M 

mannitol) as shown in Figure 4.9. Increasing mannitol concentrations (0.7 M in MMG 

solution) suggest a decrease in protoplast viability (86.3% ± 0.8) confirming the 

importance of solution osmolarity in order to obtain viable cells for downstream 

applications. The protoplast isolation protocol was subsequently adjusted and 

transfection assays were performed immediately after. 
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Figure 4.9 Effect of mannitol concentration (M) on protoplast viability (%). Fluorescein 

diacetate (FDA) was used to determine cell viability. Protoplasts were screened under a 

Zeiss Axioskop 2 Plus microscope with a UV light source (GFP filter), as previously 

described. A one-way ANOVA was used to determine significant differences in cell viability 

(p-value <0.001) using GenStat v19 (Payne et al., 2011). Error bars represent standard error 

associated with three experimental replicates (n=3). 

 

IV.3.1.3 Effect of DNA concentration on transfection efficiency 

To determine the effect of plasmid DNA concentration on transfection efficiency, 0.5–

7 µg of ZmUBI:bcoGFP vector was transfected into barley protoplasts. Highest 

transfection efficiencies were obtained using 5 µg of total plasmid DNA (21.4% ± 2.5 

of GFP-expressing protoplasts) and 7 µg of total plasmid DNA (25.1% ± 4.1 of GFP-

expressing protoplasts) with no significant difference in transfection efficiency 

amongst them (p-value 0.185, Student t-test). Figure 4.10 shows a trend of increasing 

transfection efficiency with higher plasmid DNA concentration, however obtaining 

purified and high yielding vector samples was a limiting factor in the present 

experiment. In parallel, protoplasts transfected with 0.5–7 µg of ZmUBI:bcoGFP 

vector were observed under the microscope to determine any changes in cell 

morphology and organelle distribution after transfection (Figure 4.11). Plasma 

membrane integrity remained intact and no major phenotypic changes in protoplast 

morphology were observed by fluorescence microscopy. Based on transfection results, 

5 µg of purified plasmid DNA was used per transfection assay in subsequent 

experiments. 

0

20

40

60

80

100

0.3 0.4 0.5 0.6 0.7

P
ro

to
p

la
st

 v
ia

b
il

it
y
 (

%
)

Mannitol concentration (M)



96 

 

 
Figure 4.10 Effect of DNA concentration (µg) on transfection efficiency of barley 

protoplasts using ZmUBI:bcoGFP vector. Transfection efficiency differs significantly 

depending on DNA concentration [p-value <0.001, determined by one-way ANOVA using 

GenStat v19 (Payne et al., 2011)]. Error bars represent standard error associated to three 

experimental replicates (n=3). 

 

 

Figure 4.11 Fluorescence microscope images (10X) of barley leaf-derived protoplasts 

transfected with ZmUBI:bcoGFP vector. Top row, bright field; below GFP-filtered images. 

GFP was excitated at 488 nm and emission collected from 500 to 530 nm. Scale bars are 100 

µm. 

  

IV.3.1.4 A transient expression system for studying subcellular localization: 

ZmUBI:bcoGFP; pOsAct:3nlsYFP and pCslF6:nlsYFP constructs 

Transfected protoplasts with ZmUBI:bcoGFP were imaged using a Zeiss LSM 710 

Confocal Laser Scanning Microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) 

to obtain high magnification images of GFP-expressing protoplasts. Figure 4.12 

confirms the expression of GFP in the cytoplasm and nucleus of transfected 

protoplasts, validating the isolation and protoplast transformation protocol. Confocal 

imaging allowed the detection of differential GFP expression intensity in transfected 
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protoplasts after a 24h-incubation period. This could not be detected in previous cell 

analyses using a Zeiss Axioskop 2 Plus microscope due to lens sensitivity and imaging 

limitations. Protoplasts transfected with pOsAct:3nlsYFP revealed a nuclear-specific 

expression without cytoplasmic leakage, validating the pOsAct:3nlsYFP construct 

design and the nuclear tag (3x NLS), as shown in Figure 4.13. Images from 

pHvCslF6:nlsYFP transfected protoplasts revealed YFP expression located in the 

nucleus. YFP expression driven by a -3,000 bp HvCslF6 upstream region was weaker 

than that of the pOsAct:3nlsYFP construct. Although this indicates that pHvCslF6 is 

expressed in leaf-derived barley protoplasts, additional experiments were required to 

verify this observation (see Appendix VII).  

 

 

Figure 4.12 Confocal images of barley leaf-derived protoplasts transfected with 5 µg of 

ZmUBI:bcoGFP vector. GFP-expressing protoplasts are shown in green whereas non-

transfected cells are imaged in blue. a) 10X, scale bar is 100 µm. b) 20X, scale bar is 50 µm. 

c) Detail of cytoplasmic GFP-expressing cells at 40X, scale bar is 20 µm. GFP was excitated 

at 488 nm and emission collected from 499 to 530 nm, in green. Autofluorescence (typically 

from chloroplasts) was detected from 650 to 690 nm. 
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Figure 4.13 Fluorescence microscope images (20X) of barley leaf-derived protoplasts 

transfected with 5 µg of pOsACT:3xNLS-YFP vector (a–b). YFP expression in protoplasts 

transfected with pHvCslF6(3kb):3xNLS-YFP vector (c–d). YFP was excitated at 561 nm 

and emission collected from 500-530 nm, in yellow. Arrows indicate YFP nuclear 

localization. Scale bars are 20 µm. 

 

IV.3.2 Characterization of the HvCslF6 promoter using deletion constructs and 

a luciferase reporter 

To identify the HvCslF6 promoter region necessary for transcription activation six 

progressively deleted putative promoter constructs generated from the 3,000 bp region 

upstream of the HvCslF6 start codon. Each construct was fused to the dual luciferase 

reporter system and transfected into barley protoplasts. Results from relative luciferase 

activity measurements revealed that the highest promoter activity was confined to a 

382 bp region upstream of the HvCslF6 start codon across three independent 

experiments (Figure 4.14). Deletion constructs containing either a 607 bp or 199 bp 

HvCslF6 promoter region showed a significant decrease in promoter activity, 

delimiting a key 183 bp sequence within HvCslF6 promoter between the two smallest 

deletion constructs (from -382 to -199 bp). HvCslF6 promoter activity was 

comparatively low from 607 to 3,000 bp upstream HvCslF6 cds, indicating that other 

repressing elements could potentially bind to this region.    
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Figure 4.14 HvCslF6 promoter activity analysed in six deletion constructs (from -3,000 bp 

full length promoter to -199 bp) using dual luciferase assays across three independent 

experiments (Exp1, Exp2 and Exp3). Promoter activity is expressed as relative luciferase 

activity and normalized to Renilla activity for each construct. Three independent transfection 

assays were performed per deletion construct tested and averaged to calculate mean reporter 

activity. Three negative controls (empty vector lacking HvCslF6 promoter) were performed 

in parallel and Firefly luciferase background activity subtracted from tested constructs. 

Different letters above each construct indicate significant differences within each experiment 

determined by one-way ANOVA [p-value 0.041, Exp1; p-value < 0.01, Exp2 and p-value 

0.027, Exp3) followed by Fisher’s LSD multi-comparison test. Error bars represent standard 

error (n=3). 

 

IV.3.2.1 Identification of the essential HvCslF6 promoter region for 

transcription  

Based on the initial luciferase results for the HvCslF6 promoter, three additional 

deletion constructs were generated between -199 bp and -382 bp upstream region to 

further characterize HvCslF6 promoter activity. Constructs containing -282 bp, -331 

bp and -357 bp of the HvCslF6 promoter, were transfected into barley protoplasts and 

dual luciferase reporter assays performed after 24 hrs of incubation. Three previously 

tested deletion constructs (-199 bp, -382 bp and -607 bp) were transfected in parallel 

in order to normalize dual luciferase measurements and compare promoter activity 

across deletion constructs. Results indicated low HvCslF6 promoter activity from -
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199 bp to -331 bp based on three deletion constructs analysed (-199 bp, -282 bp and -

331 bp) which contained 2 (3, in case of -331 bp construct) predicted calmodulin-

binding NAC elements and a MYB-related motif, described as a secondary wall MYB-

responsive element (SMRE) based on in silico transcription factor binding site 

predictions using JASPAR (Khan et al., 2018) (Figure 4.15). A significant increase 

in promoter activity (p-value 0.029, Student t-test) was detected in the subsequent 

deletion construct that contained an additional 26 bp of the HvCslF6 upstream region 

(-357 bp deletion construct). In silico prediction based on this promoter fragment 

described a putative TATA box element (5’–TATAAA–3’), which may explain the 

increase in HvCslF6 promoter activity. High HvCslF6 promoter activity was 

maintained in the -382 bp construct, which contained an additional 25 bp at the 5’ end. 

Although no significant differences (p-value 0.321, Student t-test) were determined 

between the -357 bp and -382 bp deletion constructs, the latter produced the highest 

activity in three independent experiments. Moreover, in silico motif analysis of this 

25 bp fragment predicted a single MYB-related motif, AC-I, enriched in AC bases. 

Overall, the dual luciferase reporter assays revealed a 51 bp region upstream of the 

HvCslF6 coding sequence, between -331 and -382 bp, that contributes to promoter 

activity (p-value 0.006, Student t-test) and is potentially involved in HvCslF6 

transcriptional activation.  
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Figure 4.15 Dual luciferase reporter activities expressed as luciferase/renilla ratio of 5’ 

HvCslF6 promoter deletion constructs from -607 bp to -199 bp in barley protoplasts 24 h 

after transfection. Legend indicates predicted CBNAC calmodulin-binding NAC motif, 

MYB-related motifs (AC-I and secondary wall MYB-responsive element, SMRE) and 

TATA box consensus sequence. Three independent transfection assays were performed 

independently per construct and averaged to calculate mean reporter activity. Transfection 

efficiency was normalized based on renilla activity for each assay. Three negative controls 

(empty vector lacking HvCslF6 promoter) were performed in parallel and luciferase 

background activity subtracted from tested constructs. Different letters above each construct 

indicate significant differences determined by one-way ANOVA (p-value < 0.01) followed 

by Fisher’s LSD multi-comparison test. Error bars represent standard error (n=3). 

 

IV.3.2.2 Identification of HvMyb61, HvMyb46 and HvMyb83 candidate 

transcription factors 

The combination of in silico transcription factor prediction (JASPAR) carried out in 

Chapter III and the functional characterization of HvCslF6 promoter based on deletion 

constructs revealed two putative MYB-related cis-elements located in regions that 

conveyed high promoter activity (Table 4.8). A six-nucleotide sequence (5’–

ACCTAC–3’) corresponding to an AC-I element, which can be bound by R2R3-MYB 

proteins was predicted from -364 to -358 bp upstream from the HvCslF6 start codon. 

Mutational experiments in Arabidopsis (Prouse & Campbell, 2013) previously 

confirmed sequence recognition and interaction between AtMyb61 and the AC-I 

element 5’–ACCTAC–3’ (Figure 4.16). AtMyb61 acts as a pleiotropic regulator in 

sink tissues such as xylem, roots and developing seeds (Romano et al., 2012). While 

another MYB-related motif was predicted from -299 to -292 bp, downstream the 
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TATA box in the HvCslF6 promoter (see construct -331, Figure 4.15) this had limited 

impact on promoter activity, potentially due to the absence of the TATA box. The 

second putative binding site identified (5’–CGTTGGT–3’) correspond to a secondary 

wall MYB-responsive element (SMRE), also described as a MYB46-responsive cis-

regulatory element (M46RE), expanding the previous SMRE element by 1 bp (Zhong 

& Ye, 2012). This cis-element was detected in reverse orientation (3’–5’) and can be 

bound by transcription factors AtMyb46 and AtMyb83 (Kim et al., 2012; Ko et al., 

2014). 

Table 4.8 Description of putative binding sites found in pHvCslF6 based on dual luciferase 

results of deletion constructs with highest promoter activity. 

Putative motif 

detected in 

pHvCslF6 (5’–3’) 

Candidate 

TF 

Cis-acting element 

(5’–3’) 
Description Reference 

ACCTAC HvMyb61 ACC(A/T)A(A/C) 

AC-I element, 

bound by R2R3-

MYB proteins 

Romano et 

al., (2012) 

Prouse & 

Campbell, 

(2013) 

CGTTGGT 

 

(3’–ACCAACG–5’) 

HvMyb46/

83 

SMRE: 

ACC(A/T)A(A/C) 

(T/C) 

Secondary wall 

MYB-responsive 

element (SMRE) 

Kim et al., 

(2012); 

Zhong & 

Ye (2012) 

M46RE: 

(T/C)ACC(A/T)A(A/C) 

(T/C) 

MYB46-

responsive cis-

regulatory element 

(M46RE) 

Ko et al., 

(2014) 

 

In silico predictions for binding site sequences of AtMyb61, AtMyb46 and AtMyb83 

were retrieved from the Plant Transcription Factor Database (PlantTFDB v4.0; Jin et 

al., 2017) and compared to those confirmed by in vivo experiments (Kim et al., 2012; 

Prouse & Campbell, 2013) revealing motif flexibility in relation MYB binding sites 

in Arabidopsis (Figure 4.16). HvMyb61, HvMyb46 and HvMyb83 were successfully 

identified by BLAST search in Barlex (Colmsee et al., 2015) using Arabidopsis 

transcription factor cDNA and protein sequences.  
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Figure 4.16 Binding site prediction for a) AtMyb61, b) AtMyb46 and c) AtMyb83 retrieved 

from PlantTFDB v4.0 (Jin et al., 2017). The representation of motifs was created using 

MEME Suite (Bailey et al., 2009). 

 

Candidate transcription factors HvMyb61, HvMyb46 and HvMyb83 belong to the plant 

specific R2R3-MYB subfamily which is characterized by the presence of two highly 

conserved MYB DNA-binding domains and constitutes the largest MYB subgroup. 

Functional analyses mainly carried out in Arabidopsis suggest that R2R3-MYB 

proteins regulate a wide range of plant-specific processes including cell fate and 

identity, secondary metabolism, control of development and secondary cell wall 

biosynthesis although the function of most of the 125 R2R3-type MYB regulators in 

Arabidopsis remains uncharacterized (Stracke et al., 2001; Dubos et al., 2010).  

In order to investigate the R2R3-MYB transcription factor subfamily in barley, 99 

predicted MYB protein sequences were retrieved from the Plant Transcription Factor 

Database (PlantTFDB v4.0; Jin et al., 2017) and scanned for the presence of Pfam 

MYB DNA-binding domain PF00249 (Bateman et al., 2017). Sequence analysis 

confirmed the presence of two MYB DNA-binding repeats across all HvMYB 

retrieved. An unrooted phylogenetic tree was generated using R2R3-type MYB 

proteins from barley and Myb61, Myb46 and Myb83 orthologs previously 

characterized from Arabidopsis (Romano et al., 2012) and rice (Zhong et al., 2011) to 

determine protein similarity across species (Figure 4.17). HvMYB61 and HvMYB46 

protein sequences were 75% and 58% identical to those in rice respectively, suggesting 

a potential conserved function of Myb61 whereas HvMYB83 and OsMYB83 were 

classified in different subgroups with 31% identity (Figure 4.17b–c). A putative 

MYB55 transcription factor in Arabidopsis (MLOC_37780.3) was closely grouped 

with barley and rice MYB61 which is not expressed in developing grain (Appendix 

VIII and IX). A moderate expression of MLOC_37780.3 is detected at 7–9 DPA (~2.4 

TKM) decreasing until almost undetectable levels during grain filling stages based on 

an independent RNA-set dataset on developing barley grain (Appendix X). Similarly, 
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MLOC_56753.1 and MLOC_18117.1 encoding a putative AtMYB67 and 

acyltransferase respectively, were present in the same clade as HvMYB83 and 

differentially expressed during barley grain development (Appendix VIII). 

 

Figure 4.17 An unrooted phylogenetic tree of the R2R3-type MYB transcription factors in 

barley including MYB61, MYB46 and MYB83 orthologs from Arabidopsis and rice (a). 

Red areas mark the branches where candidate transcription factors were classified. 105 

protein sequences were aligned using MUSCLE within MEGA6 (Tamura et al., 2013) and 

phylogenetic analysis was subsequently calculated using the Neighbor-Joining method in 

Geneious V.9 (Kearse et al., 2012). Branch lengths are proportional to the Jukes-Cantor 

distances, which are indicated by the scale bar below the tree. b)–c) Details of two branches 

where MYB61, MYB46 and MYB83 TFs were grouped. 
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IV.3.2.3 Preliminary results relating to motif disruption of MYB elements 

To determine the effect of the predicted MYB cis-elements in HvCslF6 promoter 

activity, a new construct carrying a mutated MYB-related motif (SMRE) (Figure 

4.18a) was cloned upstream of the dual luciferase reporter system and transfected into 

barley protoplasts, as previously performed for other constructs. Results from relative 

luciferase measurements showed no significant difference (p-value 0.638, Student’s t-

test) between the mutated MYB-related motif construct and WT promoter. This 

suggested that a four bp motif disruption is not sufficient to impede putative HvMyb 

regulators to bind HvCslF6 promoter or HvMyb regulators are able to bind to other 

MYB-related cis-elements within the promoter region, driving HvCslF6 expression. 

Although a significant difference was observed between fragments -299 bp, -331 bp, 

-357 bp versus fragment -382 bp (p-value <0.01, one-way ANOVA) these fragments 

varied in the presence or absence of the TATA box which is likely to be contributing 

to the expression of HvCslF6. At the same time, previously characterized deletion 

constructs were included in the experiment, confirming the gradual gain in HvCslF6 

promoter activity across -331 bp, -357 bp and -382 bp constructs (Figure 4.18b). 
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Figure 4.18 Dual luciferase assays on HvCslF6 promoter carrying a mutated SMRE motif. 

Legend indicates CBNAC calmodulin-binding NAC, AC-I (enriched in AC bases), SMRE 

secondary wall MYB-responsive element and TATA box consensus sequence. a) 4 bp 

disruption in SMRE (recognized by MYB46/83) compared to native HvCslF6 promoter 

sequence. b) Dual luciferase reporter activities (expressed as luciferase/renilla ratio) of 

mutated SMRE HvCslF6 promoter construct and deletion constructs from -382 bp to -331 bp 

in barley protoplasts 24 h after transfection. Different letters above each construct indicate 

significant differences determined by one-way ANOVA (p-value < 0.01) followed by 

Fisher’s LSD multi-comparison test. Error bars represent standard error (n=3). 

 

IV.3.2.4 Candidate transcription factor over-expression in barley protoplasts 

and the effect on HvCslF6 expression  

The chromosomal location and gene structure of candidate transcription factors were 

obtained from Barlex (Colmsee et al., 2015) as shown in Table 4.9. HvMyb61 and 

HvMyb83 are characterized by the presence of three exons and two introns whereas 

HvMyb46 contains two exons and one intron. 

Table 4.9 Gene name and chromosome position of candidate transcription factors retrieved 

from Barlex (Colmsee et al., 2015). 

Candidate TF Gene ID Chromosome POPSEQ location (cM) 

HvMyb61 HORVU1Hr1G017970 1H 47.82 

HvMyb46 HORVU5Hr1G027750 5H 43.46 

HvMyb83 HORVU3Hr1G047290 3H 52.03 
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HvMyb61 is expressed more abundantly across the entire barley plant compared to 

HvMyb46 and HvMyb83 (Figure 4.19) based on RNA-seq data from cv Morex across 

16 barley tissues and retrieved from barleyGenes (The James Hutton Institute). 

Specifically, tiller and rachis tissue showed highest HvMyb61 transcript abundance, 

followed by embryo, 10-day seedling and shoot (10 cm) tissues. Interestingly, a 

moderate expression of HvMyb61 was detected in developing grain at 5 days post 

anthesis (DPA). Focusing on grain tissue, HvMyb83 expression peaked at 15 DPA 

whereas HvMyb46 transcript abundance remained almost undetectable in developing 

grains at 5 DPA (0.03 FPKM) and 15 DPA (0 FPKM).  

 

Figure 4.19 Expression levels of HvMyb83, HvMyb46 and HvMyb61 across barley 16 

tissues obtained from barleyGenes RNA-seq database (The James Hutton Institute), 

available at https://ics.hutton.ac.uk/barleyGenes/. Expression data is expressed as FPKM 

(fragments per kilobase of exon per million fragments mapped) across three biological 

replicates per tissue. 

 

Expanding the RNA-seq expression data across barley grain development, an 

independent expression dataset based on six different barley cultivars (cvs. Hopper, 

Sloop, Extract, Taphouse, Alabama and Pewter; Aubert and Tucker, unpublished) was 

used to retrieve the expression profile of the candidate genes from early to mid-late 

grain development (Figure 4.20). HvMyb83 expression peaked from 11 to 13 DAP, 

corresponding to (1,3;1,4)-β-glucan accumulation in endosperm cell walls and 

decreased towards the grain filling stage. HvMyb61 was mainly expressed during early 
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grain development, from 7 to 11 DAP whereas HvMyb46 expression remained almost 

undetectable from 7 to 20 DPA.  

 

Figure 4.20 Expression levels of HvMyb83, HvMyb46 and HvMyb61 during barley grain 

development, from 7 to 20 days after pollination (DAP). mRNA abundance is expressed as 

transcripts per kilobase million (TPM). Grain-specific RNA-seq data was provided by 

Assoc. Prof. Matthew Tucker (The University of Adelaide, Waite Campus, Glen Osmond, 

SA 5064, Australia). 

 

Based on their expression profiles, HvMyb61 and HvMyb83 were cloned into the 

pBract214m-HSPT to investigate their potential role in HvCslF6 expression. Results 

from qRT-PCR analyses (Figure 4.21) indicated a fold change of 3.79 ± 0.53 in 

HvCslF6 expression of barley protoplasts over-expressing HvMyb61 (p-value 0.035, 

Student’s t-test) compared to protoplasts transfected with an equal amount of empty 

vector. HvCslF6 expression was not significantly increased in HvMyb83-transfected 

protoplasts by a 2.75 ± 0.73 fold change compared to the control (p-value 0.202, 

Student’s t-test). No significant differences (p-value 0.398, Student t-test) were 

detected from fold change comparison between HvMyb61 and HvMyb83. Expression 

results indicate that HvMyb61 transcription factor promote HvCslF6 expression in the 

transient protoplast system compared to WT barley protoplasts. 
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Figure 4.21 Relative expression of HvCslF6 in barley protoplasts over-expressing HvMyb61 

and HvMyB83, respectively after 24 hrs. Relative expression was calculated by 2-∆∆CT 

method (Vandesompele et al., 2002) method using α-tubulin, GAPDH and HSP70 as 

internal control genes for normalization. Dash line represents 1x fold change (no change in 

HvCslF6 expression compared to control genes). Error bars represent standard error 

associated with three independent transfection assays per transcription factor tested (n=3). 

Asterisks indicate statistically significant differences at P < 0.05 (*) using Student’s t-test.  
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IV.4. Discussion 

IV.4.1 Optimization of a barley protoplast system for transient expression 

assays 

In this study, a reliable, fast and cost-effective transient monocot expression system 

was developed to test HvCslF6 promoter deletion constructs. Previous heterologous 

studies investigating HvCslF6 gene function utilised the N. benthamiana system, 

which showed a considerable difference in the DP3:DP4 ratio of (1,3;1,4)-β-glucan 

compared to barley grain (1.6:1 versus 2.6:1; Burton et al., 2011; Schreiber et al., 

2014), suggesting HvCslF6 partner protein/s may be absent (Dimitroff et al., 2016). 

To avoid this and the potential absence of other regulatory factors, a barley transient 

expression system was adapted and optimized for protoplast isolation and PEG-

mediated transfection. This protocol had to be optimised for barley due to the extreme 

sensitivity and experimental variation observed in previous research using protoplast-

based assays across grass species (Bai et al., 2014; Bart et al., 2006; Burris et al., 

2016). For optimization purposes, reporter constructs pOsAct:3nlsYFP and 

pCslF6:nlsYFP were used to validate the efficiency of transformation, and to confirm 

that the HvCslF6 gene can indeed be transiently activated in barley protoplasts.  

Tissue preparation and changes in osmolarity are two main factors known to affect 

protoplast concentration and viability. In this study, three different leaf preparation 

methods were compared which highlighted the importance of epidermis removal in 

primary barley leaves for obtaining a high-yielding (~4 x 105 pp/mL) and viable barley 

protoplast solution (~95% viability). A barley cell wall-degrading enzyme solution 

was adapted from Rao et al., (2007) and protoplast isolation was performed adapting 

the well-established protocol developed in Arabidopsis (Yoo et al., 2007). Notably, a 

2-h incubation step of peeled primary barley leaves was sufficient to achieve complete 

digestion of plant material, compared to other studies which included 3.5–4 hrs of 

incubation. Although, several barley protoplast isolation and transfection methods 

were tested initially (Bai et al., 2014; Rao et al., 2007), unreliable results were 

obtained in our experimental conditions, negatively affecting cell survival. To 

investigate the potential causes, protoplast viability was assessed by FDA staining 

through the isolation protocol determining the optimal mannitol concentration (0.6 M) 

of protoplast re-suspended in MMG solution, differing from Bai et al., (2014) and 

leading to 97.0% ± 1.7 viable cells. Highest transfection efficiency rates (21.4%–
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25.1%, no differences, p-value 0.185) were estimated by fluorescence microscope 

screening of protoplasts transfected with 5 µg and 7 µg of ZmUBI:bcoGFP vector 

respectively, suggesting a positive effect of DNA concentration on efficiency rates. 

Previous research in other grass species determined a wide range of PEG-mediated 

transfection ratios: 14.5–83% in barley (Bai et al., 2014; Lazzeri et al., 1991; Nobre 

et al., 2000), 3.8 %–20% in wheat, and increasing up to 70–90 % after 72 h-incubation 

(Gil-Humanes et al., 2017; Kim et al., 2018; Xie & Yang, 2013), 45%–75% in rice 

(Chen et al., 2006; Zhang et al., 2011b) and 25 % in switchgrass (Burris et al., 2016; 

Mazarei et al., 2008), although plasmid concentration and size should be taken into 

account when comparing transfection efficiencies across studies. Obtaining high-

concentration plasmid DNA samples (>7 µg) was a limiting factor in the present 

experiment due to the availability of plasmid purification methods. However, 

transfection assays using 5 µg of plasmid DNA and the HvCslF6 promoter deletion 

constructs in the dual luciferase system gave high reporter protein and sensitivity.  

IV.4.2 Transcriptional regulation of HvCslF6 by candidate transcription 

factors 

Deletion analyses of the HvCslF6 promoter coupled with dual luciferase reporter 

assays revealed that a -382 bp region upstream of the ATG start codon retained the 

highest promoter activity and is essential to drive HvCslF6 expression compared to 

other sections of the promoter (-3,000 bp, -1,300 bp, -858 bp, -607 bp and -199 bp). 

When the 382 bp fragment was further characterized to narrow down promoter 

activity, a series of 5’ deletion constructs (approx. 25 bp length of deletion) were 

generated and transfected into barley protoplasts. HvCslF6 promoter activity was 

predominantly controlled by an upstream region -382 bp to -331 bp from the HvCslF6 

start codon, which contained a putative TATA box sequence (5’–TATAAA–3’) and 

two putative MYB-related cis-acting elements based on JASPAR in silico analyses. 

The gradual gain in HvCslF6 promoter activity detected across -331 bp, -357 bp and -

382 bp constructs was similar to the observations made on the promoter of other genes 

studied in barley, wheat and Arabidoposis (Dunn et al., 1998; Blazquez & Weigel, 

2000; Huttly & Baulcombe, 1989; Jacobsen & Close, 1991; Rouster et al., 1997) 

where increasing promoter length led to higher reporter gene activity in the proximal 

promoter region. In contrast, HvCslF6 promoter fragments longer than 607 bp (-858 

bp, -1,300 bp and -3,000 bp deletion constructs) showed minimal promoter activities, 

indicating that other potential regulatory elements may bind to HvCslF6 promoter in 
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the protoplast system, inhibiting the expression of this gene. Based on relative 

luciferase measurements experiments, a 199 bp region upstream of HvCslF6 lacking 

the putative TATA box predicted was not enough to initiate transcription, as would be 

predicted.   

A 51 bp region upstream of HvCslF6 (from -331 bp to -382 bp of start codon) retained 

highest promoter activity. This promoter fragment contained four putative 

transcription factor binding sites: two MYB-related elements, a TATA box consensus 

motif and a calmodulin-binding NAC (CBNAC) element. In relation to CBNAC, no 

effect on HvCslF6 promoter activity could be attributed to this cis-element based on 

dual luciferase measurements, due to the presence of several CBNAC motifs across 

the full length HvCslF6 upstream region (-3,000 bp). Both MYB-related elements 

corresponded to predicted R2R3-MYB transcription factor binding sites with different 

degrees of affinity for AC-rich sequences: AC-I, AC-II and AC-II elements (Zhao & 

Dixon 2011). Cis-elements enriched in AC bases were observed in predicted R2R3-

MYB binding sites; 5’–ACC(A/T)A(A/C)–3’ (from -364 to -358), described as a AC-

I element (Hatton et al., 1995) and 5’–(T/C)ACC(A/T)A(A/C)(T/C)–3’ (from -299 to 

-292 bp) functionally characterized and identified as a secondary wall MYB-

responsive element, SMRE (Kim et al., 2012; Zhong & Ye, 2012) and also as a 

MYB46-responsive cis-regulatory element, M46RE (Ko et al., 2014).  

A binding site mutation experiment in Arabidopsis confirmed the preferred interaction 

between AC-I element (5’–ACCTAC–3’) and AtMyb61 (Prouse & Campbell 2013). 

Further expression analyses detected the presence of this transcription factor in sink 

tissues, such as xylem, roots and developing seeds (Romano et al., 2012). Phenotypic 

analyses of AtMyb61 loss and gain-of-function mutants confirmed its function in 

secondary cell wall formation, showing similar results in OsMyb61 RNAi lines 

(Hirano et al., 2013). In rice, a 36% decrease in leaf (1,3;1,4)-β-glucan was observed 

in OsMyb61a knockout mutants compared to WT. suggesting a potential decreased 

expression of Cellulose synthase-like F (CslF) genes (Bartley 2016). Myb61 was 

successfully identified in barley chromosome 1H at 47.82 cM, co-locating with an 

association peak for grain (1,3;1,4)-β-glucan content (48.4 cM) identified in a previous 

genome wide association scan using elite barley germplasm (Houston et al., 2014) and 

in the same genomic region where a QTL for malt (1,3;1,4)-β-glucan was detected 

using cvs Steptoe x  Morex population (Han et al., 1995). Genes described in this 
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region of chromosome 1H are HvCslF9, potentially involved in grain (1,3;1,4)-β-

glucan biosynthesis and HvGlbI, a (1,3;1,4)-β-glucan endohydrolase.  

A phylogenetic tree of R2R3-type MYB transcription factors from barley, including 

candidate regulators: Myb61, Myb46 and Myb83 identified in the present study and 

their orthologs from Arabidopsis and rice shows that HvMyb61 is most closely related 

to OsMyb61 than other HvMybs (75% protein sequence identity) which suggests that 

HvMyb61 could be a putative functional ortholog of OsMyb61. Conversely, HvMyb83 

is more closely related to a putative HvMyb67 than Myb83 orthologs in rice and 

Arabidopsis. It is possible that Myb83 had acquired extra regulatory functions in 

barley. 

Based on RNA-seq and grain development expression profiles, HvMyb61 and 

HvMyb83 are expressed during early stages of grain development when (1,3;1,4)-β-

glucan biosynthesis is occurring. In contrast, HvMyb46 mRNA was barely detectable 

during grain development or in other barley tissues. Further analysis of HvMyb61 and 

HvMyb83 by transient over-expression in the barley protoplast system led to a 

significant increase in HvCslF6 expression by HvMyb61 (3.79 ± 0.53, p-value 0.035, 

Student’s t-test) compared to protoplasts transfected with an equal amount of empty 

vector. This is consistent with a previous study in rice where OsCslF6 expression was 

upregulated in protoplasts transfected with either OsMyb61a or OsMyb61b (Bartley 

2016). This may indicate that Myb61 genes in the cereals share a conserved role in 

regulating the expression of grass-specific cell wall synthesis enzymes. In the Bartley 

study (Bartley 2016), two copies of OsMyb61 were identified (OsMyb61a and 

OsMyb61b) using the Arabidopsis ortholog. However, protein and cds sequence 

BLAST analyses in barley only identified a single HvMyb61 gene. 

HvCslF6 transcript abundance was not significantly increased in barley protoplasts 

over-expressing HvMyb83 relative to wild type (2.75 ± 0.73, p-value 0.202, Student’s 

t-test). When the MYB-related motif (SMRE, which can be bound by HvMyb46 or 

HvMyb83) was disrupted introducing a 4 bp mutation, no significant differences (p-

value 0.638, Student t-test) in promoter activity were detected compare to the WT 

HvCslF6 promoter. In Arabidopsis, Myb46 and Myb83 mediate the transcriptional 

activation of secondary cell wall biosynthesis, acting as regulators of a cascade of 

different families of transcription factors, including downstream MYBs (Zhong et al., 

2007; Zhong et al., 2008; Ko et al., 2014). Transgenic Arabidopsis plants over-
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expressing Myb46 and Myb83 show increased expression of genes related to 

secondary cell wall biosynthesis: including CesA4, CesA7 and CesA8 (cellulose), 

Fra8/Irx7, Irx8 and Irx9 (xylan) and other lignin-related genes were observed in (Ko 

et al., 2009). HvMyb83 showed highest expression levels in developing grain tissue 

(11 to 13 DPA) compared to other candidate transcription factors, specifically at the 

stage where endosperm differentiation initiates (Wilson et al., 2006). It is possible that 

HvMyb83 regulates a different set of cell wall genes in the grain. 

To investigate the direct role of HvMyb61, HvMyb83 or HvMyb46 in the 

transcriptional activation of primary cell wall components and (1,3;1,4)-β-glucan 

biosynthesis, further experiments would be needed. For example, an electrophoretic 

mobility shift assay (EMSA) in combination with the results from motif disruption 

experiments would confirm the cis-regulation of HvCslF6 for the candidate 

transcription factors identified in the present study. Moreover, to assess promoter-

binding capacity in vivo, ChIP-Seq experiments could be attempted using tagged Myb 

genes in protoplasts. To complement this, transgenic barley lines over-expressing 

HvMyb61, HvMyb83 or HvMyb46 genes may reveal phenotypic changes in grain 

development and differences in cell wall composition. Because the Cellulose 

synthase-like F/H gene families are specific to grasses, it will be essential to follow up 

any studies or possible transcriptional regulators in monocot systems to assess their 

contribution to cell wall-related pathways.  
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IV.5 Conclusions and future work 

▪ Highest HvCslF6 promoter activity was found for a -382 bp region upstream 

from the start codon of this gene, based on dual luciferase reporter assays using 

a promoter deletion series strategy.  

▪ The 382 bp region was further characterized leading to the identification of 51 

bp (from -331 bp to -382 bp of HvCslF6 start codon) which retained highest 

promoter activity and contained four putative transcription factor binding sites, 

two of them MYB-related elements, AC-I and SMRE/MYB46RE. Motif 

disruption experiments narrowed down highest promoter activity from -357 to 

-382 bp. 

▪ HvMyb61, HvMyb46 and HvMyb83 are candidate regulators that may bind the 

HvCslF6 promoter. Based on previous research and gene expression profiling, 

HvMyb61 and HvMyb83 were cloned and transfected into barley protoplasts. 

HvMyb61 induced up-regulation of HvCslF6 transcript levels. Although this 

does not confirm direct regulation of the HvCslF6 promoter, it reveals an 

enhancer function of HvMyb61 in the transient system. 

▪ A leaf-derived barley transient expression system was adapted and optimized 

for protoplast isolation and PEG-mediated transfection which allowed the 

analysis of HvCslF6 deletion constructs. This system represents a functional 

and versatile tool for construct testing.  

Further experiments would be needed to test the hypothesis of interaction between 

candidate transcription factors and the functional promoter region of HvCslF6. This 

could be determined by: 1) comparing HvCslF6 promoter activity between motif-

disrupted and WT promoter deletion constructs using dual luciferase gene reporter 

assays. 2) The development of EMSA to validate the interaction of candidate 

transcription factors which were initially cloned in the pBract214m-HSPT expression 

vector, enabled to be used in protein purification methods using 8xHis-tag pull-down 

assays (Dong et al., 2007; Zou et al., 2007). 

A co-transfection study using HvCslF6 deletion constructs and cloned transcription 

factors in Arabidopsis protoplasts (lacking CslF genes) would also validate the 

interaction of candidate regulators. Comparison of gene reporter activities across 

HvCslF6 promoter constructs carrying mutated cis-elements for candidate 

transcription factors and WT promoter constructs would determine the effect of 
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candidate transcription factors on HvCslF6 expression in a transient heterologous 

system.  

The generation of HvMyb61, HvMyb46 and HvMyb83 over-expressing transgenic 

barley lines to determine potential changes in HvCslF gene response and grain 

characterization studies focusing on cell wall composition. Alternatively, 

CRISPR/Cas9-based gene editing technology could be used to 1) obtain knock-out 

lines for candidate transcription factors and study their effect on HvCslF6 expression. 

2) disrupt cis-element motifs in HvCslF6 promoter. In future research, the study of 

HvCslF6 co-expressed genes could provide evidences towards the potential 

conservation of functional cis-elements identified in HvCslF6 upstream region. This 

approach could be extended to other members of the CslF clade in barley and other 

related species.  
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V. Functional study of putative (1,3;1,4)-β-glucan synthases in barley grain 

using genome editing technology 

V.1 Introduction 

V.1.1 Importance of CRISPR/Cas9 genome editing technology 

CRISPR/Cas9 technology represents an efficient and powerful molecular toolbox for 

inducing targeted genetic alterations to understand gene function (Gaj et al., 2013). 

Before the CRISPR/Cas9 system was established, site-specific nuclease technologies 

were dominated by zinc-finger nucleases (ZFNs) and transcription activator-like 

effector nucleases (TALEN), which needed to be re-designed for each specific gene 

target, involving longer and laborious procedures and higher costs. ZFNs and 

TALENs were rapidly overtaken by the simplicity and applicability of the 

CRISPR/Cas9 system to generate gene knock-outs by either introducing insertions, 

deletions or gene replacement. RNAi applications to reduce the expression of an 

endogenous gene through siRNAs are still relevant and commonly used especially 

when obtaining a knock-out mutant for a particular gene is deleterious for the plant 

(Barrangou et al., 2015; Boettcher & McManus 2015).  

The CRISPR/Cas9 system encompasses key advantages over the above-mentioned 

genome editing technologies. Firstly, the design of a single-guide RNA molecule, 

namely sgRNA of approximately 20 nucleotides for Cas9 guidance to the DNA target 

sequence. sgRNA combines the tracrRNA and crRNA DNA recognition from 

Streptococcus pyogenes for manipulation in heterologous systems, allowing easier 

customization and re-targeting. Secondly, a specific cleavage pattern which cuts 3 bp 

upstream of the protospacer adjacent motif (PAM) and an increased editing efficiency 

by targeting multiple genomic loci simultaneously with a combination of sgRNAs 

(Ran et al., 2013). Moreover, new CRISPR technologies are rapidly evolving based 

on the discovery and characterization of naturally occurring genome editing systems 

in bacteria and archaea (Mojica & Montoliu 2016) . For example, the discovery of 

Cpf1, a class II CRISPR/Cas endonuclease which is guided by a single and shorter 

RNA molecule and generates a staggered DNA cleavage pattern, introduces more 

possibilities for genome editing by nuclease engineering (Kim et al., 2017). In 

addition, the use of Cas9 variants with different PAM motif requirements (Cebrian-

Serrano & Davies 2017) and Cas9 engineering with increased fidelity (Guilinger et 
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al., 2014; Kleinstiver et al., 2016)  have been shown to reduce potential off-target 

effects yet conserving a similar mutation efficiency compared to Streptococcus 

pyogenes Cas9. Currently, the fast development and improvement of CRISPR 

technology is likely to provide new ways of genome editing to directly regulate gene 

transcription, elucidate gene function and epigenetic modifications (Gao 2018). In 

barley, CRISPR/Cas9 technology has been effectively applied in three studies until 

now (Holme et al., 2017; Kapusi et al., 2017; Lawrenson et al., 2015) generating site-

specific DSBs leading to the introduction of InDels by NHEJ repair mechanism.  

V.1.2 Objective 

In this study, CRISPR/Cas9 genome editing technology was used to target four 

members of the Cellulose synthase-like (Csl) gene superfamily HvCslF3, HvCslF6, 

HvCslF9 and HvCslH1 to determine their contribution to grain (1,3;1,4)-β-glucan 

content. The involvement of the HvCslF gene superfamily in this trait was first 

suggested in a quantitative genetic study by Han et al., (1995). HvCslF6 and HvCslH1 

have been proven to be directly involved in (1,3;1,4)-β-glucan synthesis by (1) 

transgenic over-expression of HvCslF6 in barley grain via an endosperm-specific 

promoter (Burton et al., 2011) and (2) the heterologous expression of HvCslH1 in 

Arabidopsis leaves (Doblin et al., 2009). Transcriptional studies showed that HvCslF3 

and HvCslF9, are expressed in roots and grain tissues where (1,3;1,4)-β-glucan is 

present and due to their sequence similarity to HvCslF6, and HvCslH1,  are considered 

to be potentially capable of synthesising (1,3;1,4)-β-glucan (Aditya et al., 2015; 

Burton et al., 2008). Although HvCslF6 transcripts are the most abundant in 

developing grain and other vegetative tissues, HvCslF3 is highly expressed in roots, 

HvCslF9 in early grain stages and roots and HvCslH1 in leaves (Burton et al., 2008; 

Burton et al., 2011; Doblin et al., 2009). A recent association study on grain (1,3;1,4)-

β-glucan confirmed that HvCslF/H gene cluster containing HvCslF3, HvCslF4, 

HvCslF8, HvCslF10, HvCslF12 and HvCslH1 on chromosome 2H, and HvCslF9 on 

1H (co-locating with HvGlbI, barley endoglucanase) were associated with grain 

(1,3;1,4)-β-glucan content, in addition to several novel genome regions (Houston et 

al., 2014). 

Here we characterized CRISPR/Cas9-induced mutations via non-homologous end 

joining (NHEJ) to assess their involvement in grain (1,3;1,4)-β-glucan concentration 

and quality. In subsequent generations, mutants were identified using a nested PCR-
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based method combined with InDel Detection by Amplicon Analysis (see section 

V.2.6) to select genotypes based on mutation size, allelic state, and Cas9 absence. 

Selected mutants representing the allelic diversity generated by the CRISPR/Cas9 

system were used for a comprehensive grain phenotypic characterization, including 

(1,3;1,4)-β-glucan quantification and grain size measurements. This study was 

complemented by immunocytochemistry techniques to assess (1,3;1,4)-β-glucan 

distribution, starch and other cell wall changes in mature and developing grain of 

HvCslF6 and HvCslF9 mutants generated by CRISPR/Cas9 genome editing 

technology. 
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V.2 Material and methods 

V.2.1 Plant material 

Transgenic barley plants were produced by the Functional Genomics (FUNGEN) 

service, The James Hutton Institute, United Kingdom. Plants were grown in 

glasshouse conditions with a 16-h light/8-h dark photoperiod until maturity. At 

harvest, spikes were collected and manually threshed to obtain seed for subsequent 

generations. Seed were stored in the dark at 4°C. A total of 32 seed per genotype, when 

available, were pre-germinated in a petri dish with Whatman filter paper (Thermo 

Fisher Scientific, Waltham, USA) for a week before transferring them into soil. Plants 

were kept in 24-cell germination trays until genotypic results were collected. Once 

DNA sequence polymorphisms were confirmed, genotypes transferred to individual 

pots to allow tillering and further spike development. 

Immunocytochemistry techniques were performed on CRISPR/Cas9 mutants for 

HvCslF6 and HvCslF9 to detect the presence of (1,3;1,4)-β-glucan. Five developing 

grains were collected for each HvCslF9 mutant at 15 DPA and three mature grains 

were used for HvCslF6 with their corresponding cv Golden Promise controls as shown 

in Table 5.1.  

 

Table 5.1 List of CRISPR/Cas9 mutants used for immunolabelling. DPA indicates days post 

anthesis.

 Gene Genotype ID Stage Mutation 
Predicted protein 

effect 

HvCslF6 

KH2_9A_25_29 Mature grain +1 bp/+1 bp Premature stop codon 

KH2_9A_25_16 Mature grain +1 bp/ WT Premature stop codon 
 

cv Golden Promise Mature grain WT WT 

HvCslF9 

KH3_8C_29_2_4 15 DPA +1 bp/+1 bp Premature stop codon 

KH3_8C_29_2_1 15 DPA -5 bp/-5 bp Premature stop codon 

KH3_8E_2_12_6 15 DPA -39 bp/-39 bp -13 aa, in frame 

cv Golden Promise 15 DPA WT WT 
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V.2.2 sgRNA design and construct assembly 

V.2.2.1 sgRNA design 

sgRNA sequences for HvCslF3, HvCslF6, HvCslF9 and HvCslH1 were designed 

manually using the criteria stated on “Addgene CRISPR Guide” website (Addgene 

2018). sgRNAs were targeted to the 5’ end of each gene (first exon) to maximise the 

possibilities of obtaining CRISPR/Cas9 knock-out mutations. Additionally, to avoid 

targeting other members of the HvCslF/H gene family the sgRNA selected where 

those that were not in the conserved domains (Figure 5.1).  

 

 

Figure 5.1 Gene structure of HvCslF and HvCslH target genes. Red bars indicate sgRNAs 

positions. Triangles represent intron position and their length in base pairs. Grey boxes 

indicate the location of trans-membrane (TM) domains. Orange bars mark the D, D, D, 

QxxRW-motif from GT2-family glycosyltransferases 

 

Design of sgRNAs was limited by the presence of a PAM motif (NGG for Cas9 

nuclease) following the 20-nucleotide guide sequence. To prevent off-target 

mutations, a BLAST search of sgRNA sequences was performed using the Morex 

genome sequence assembly on barleyGenes (Barley RNA-seq database, The James 

Hutton Institute) to determine sequence specificity to HvCslF3, HvCslF6, HvCslF9 

and HvCslH1, avoiding sgRNAs with potential matches to non-target genes. final 

sgRNA sequences were selected based on their target location and BLAST scores.  
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V.2.2.2 HvCas9 subcloning into pBract214m-HSPT 

A barley codon optimised Cas9 (HvCas9) in pDONR207™ (Figure 4.4) was 

transferred to pBract214m-HSPT destination vector (Figure 5.2), designed by Dr. 

Abdellah Barakate, in a LR reaction containing: 3 µL pBract214m-HSPT (38 ng/µL), 

2 µL pDONR207™-HvCas9 (100 ng/µL), 3 µL TE buffer and 2 µL LR Clonase™ 

enzyme mix (5X) (Thermo Fisher Scientific, Waltham, USA). LR reaction was 

incubated overnight at RT and stopped by adding 2 µL Proteinase K (Thermo Fisher 

Scientific, Waltham, USA) and incubated at 37°C for 10 min. 

 

Figure 5.2 Vector map of pBract214m-HSPT used for sgRNA, HvCas9 cloning and 

subsequent barley transformation  

V.2.2.3 Transferring sgRNA into entry vector  

sgRNAs for HvCslF3, HvCslF6, HvCslF9 and HvCslH1 were cloned into pC95-

gRNA entry vector (Figure 5.3) downstream of the rice ubiquitin promoter (OsU6p) 

by Gibson Assembly®. Firstly, two primers (Table 5.2) were designed containing a 

20-nucleotide overlapping sequence to the entry vector, flanking each sgRNA 

sequence. The first sgRNA nucleotide was pre-selected as a “G” due to OsU6 

promoter. If this was not the case, primer sequences were modified to contain a “G” 

as the first sgRNA nucleotide. Double strand DNA was generated by combining 5 µL 

of each primer (100 µM), mixed with 3.8 µL dH2O and incubated at 95°C for 5 min. 

After cooling to room temperature, 2 µL dNTP (2mM), 4 µL Phusion® Buffer and 0.2 

µL Phusion® (Thermo Fisher Scientific, Waltham, USA) were added and the mix 

incubated at 72°C for 30 min.  
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Figure 5.3 Vector map of pC95-gRNA. AflII restriction site was used to insert the sgRNA 

by Gibson Assembly®. AmpR, ampicillin resistance marker. 

 

 
Table 5.2 Primer sequences used for sgRNA cloning into pC95-gRNA. In blue, 

complementary spacer sequences corresponding to sgRNAs. 

Primer name Primer sequence (5’–3’) 

CRISPR_F 
ACGCGACCAACTTATAAACCCGCGCGCTGTC

GCTTGTGTTGNNNNNNNNNNNNNNNNNNN 

CRISPR_R 
GACTAGCCTTATTTTAACTTGCTATTTCTAGC

TCTAAAACNNNNNNNNNNNNNNNNNNNC 

T7_F  

(Sanger sequencing) 
TAATACGACTCACTATAGGG 

 

To clone the resulting sgRNA-PCR amplicons into pC95-gRNA, this vector was 

linearized using the restriction enzyme AflII (New England Biolabs, Ipswich, USA) 

in the following digestion reaction: 0.25 µL AflII (20,000 units/mL), 2 µL NEBuffer 

2, 13.75 µL dH2O, 4 µL pC95-gRNA (200 ng/µL) for 1h at 37°C. The digestion mix 

was run on a 1% agarose gel with 1 µL/ml SYBR® Safe (10,000X in DMSO; Thermo 

Fisher Scientific, Waltham, USA), the vector band was excised according to size and 

purified using the QIAquick Gel Extraction Kit (Qiagen GmbH, Hilden, Germany). 

Following this, a Gibson Assembly® reaction was performed for each sgRNA 

containing: 5 µL of linearized pC95-gRNA (46 ng/µL), 2 µL gRNA-PCR amplicon, 

10 µL Gibson Assembly® buffer-mix and 3 µL dH2O were mixed and incubated at 

50°C for 60 min. The cloning mix was transformed into E. coli for multiplication and 

bacteria were grown overnight on ampicillin (100 µg/mL) plates. Plasmids were 

purified using QIAprep Spin Miniprep Kit (Qiagen GmbH, Hilden, Germany) and 
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Sanger sequenced in-house using T7_F primer to confirm the ligation and correct 

sgRNA orientation. 

V.2.2.4 Combining sgRNA in pBract214m-HSPT-HvCas9 

The destination vector pBract214m-HSPT-HvCas9 was linearized using StuI (New 

England Biolabs, Ipswich, USA) in a digestion reaction containing: 0.25 µL StuI 

(10,000 units/mL), 3 µL pBract214m-HSPT-HvCas9 (140 ng/µL), 2µL NEBuffer 2, 

14.75 µL dH2O for 1 h at 37°C. To prevent vector re-circularization, pBract214m-

HSPT-HvCas9 was dephosphorylated by adding 1 µL of Antarctic Phosphatase (5000 

units/mL; New England Biolabs, Ipswich, USA) and 2 µL Antarctic Phosphatase 

Reaction buffer (1X) to the restriction digest and incubated at 37°C for 30 min. 

sgRNAs were excised from pC95-gRNA by restriction enzyme digest with EcoRV 

(New England Biolabs, Ipswich, USA), in the following reaction: 0.25 µL EcoRV 

(20,000 units/mL), 2 µL NEBuffer n°3, 5 µL pC95-gRNA (10 ng/µL), 12.75 µL dH2O. 

The reaction was incubated at 37°C for 1 hour. Digestion reactions for both, sgRNA 

and destination vector pBract214m-HSPT-HvCas9 were run on a 1% Agarose Gel 

with 1 µL/ml SYBR® Safe (10,000X in DMSO) and the appropriate bands identified 

according to size, excised and purified as described above. Concentration from 

recovered bands were measured using NanoDrop 2000 (Thermo Fisher Scientific, 

Waltham, USA) and fragments were then ligated using T4 DNA ligase (Promega, 

Madison, USA). T4 ligation reaction contained: 3 µL pBract214m-HSPT-HvCas9 (12 

ng/µL), 12 µL gRNA (15 ng/µL), 2 µL DNA Ligase Reaction Buffer (1X), 1µL T4 

DNA Ligase (400,000 units/mL). The reaction was incubated at RT overnight, 

followed by a heat inactivation at 65°C for 10 min. After, E. coli was transformed with 

the resulting construct. Plasmids were purified and confirmed by Sanger sequencing 

(as previously described) using M13_F primer. The final vector carrying sgRNA and 

HvCas9 is shown in Figure 5.4. After sequence confirmation, the construct was 

transformed in Agrobacterium and 2 mL of the overnight culture was submitted to the 

FUNGEN facility at The James Hutton Institute for barley embryo transformation. 



125 

 

 

Figure 5.4 Vector map of pBract214m-HSPT-HvCas9-sgRNA, destination vector. 

 

V.2.3 Agrobacterium tumefaciens electroporation 

For plant transformation, constructs were transferred to Agrobacterium tumefaciens. 

Competent Agrobacterium cells of the strain AGL1 containing the pSoup plasmid 

were stored at -80°C (aliquots of 40 µL from lab stock). Vials were thawed on ice. For 

electroporation transformation, 1 µL of plasmid (~150 ng/µL) was added to 40 µL 

competent cells which were then transferred to a 2 mm electroporation cuvette. A 

Gene Pulser II (Bio-Rad) with a Pulse Controller Plus (Bio-Rad) with the following 

settings was used: Gene Pulser - 25 CAP and 2.5V / pulse controller - 200Ω. 

Afterwards, 1 mL of LB medium was added and then transferred to an Eppendorf tube, 

which was incubated at 28°C shaking for 2 to 3 hrs. 300 µL were then spread on an 

LB plate with the appropriate antibiotics, depending on plasmid selectable marker 

gene/s and incubated at 28°C for at least 2 days until colonies were observed. Colonies 

were picked and grown in LB medium with the specific antibiotic in a 28°C incubator 

at 230 rpm overnight. 

V.2.4 Barley transformation 

Barley cv Golden Promise was used for Agrobacterium-mediated transformation 

following the protocol published by Bartlett et al., (2008) at FUNGEN facility at The 

James Hutton Institute. After approximately 8 weeks, the first shoots were isolated 

from calli grown in vitro and transferred to hygromycin media. Around 16 weeks after 
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transformation, barley seedlings (T0 generation) were grown in soil and available for 

genotypic screening. 

V.2.5 Genotypic screening of transgenic plants 

 

 

Figure 5.5 Schematic diagram of CRISPR/Cas9 mutant identification. IDAA indicates 

InDel Detection by Amplicon Analysis using 6–FAM fluorescence labelled primers as 

described in Yang et al., (2015). 

 

Genomic DNA was isolated from a leaf disc taken from individual barley seedlings 

(Figure 5.5) using the Phire Plant Direct PCR Kit (Thermo Fisher Scientific, 

Waltham, USA). Leaf discs of 2 mm diameter were collected with a Harris tissue 

puncher and transferred to 20 µL of dilution buffer in a 96 multi-well PCR plate. Leaf 

disc samples were ground with a pipette tip and stored at 4°C. An aliquot of 0.5 µL of 

crude plant extract was used as a template for cas9 and InDel PCR detection in a 

reaction containing: 10 µL of 2X Phire Plant PCR Buffer, 1 µL of each external 

forward and reverse primer at 10 mM (Table 5.3), 0.4 µL of Phire Hot Start II DNA 

polymerase and 7.1 µL of water in a total volume of 20 µL. Phire PCR conditions are 

described in Table 5.4. For HvCslH1, a two-step PCR reaction was used since the 

optimal annealing temperature for the primers was 72°C. HvCslH1 Phire PCR 

conditions are described in Table 5.5. The size and integrity of PCR amplicons was 
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assessed on a 1.5% agarose gel with 0.5 µL/mL SYBR® Safe (10,000X in DMSO, 

Thermo Fisher Scientific, Waltham, USA) and visualized on a UV transilluminator. 

Band size was determined by direct comparison to a 1 Kb Plus DNA Ladder (Thermo 

Fisher Scientific, Waltham, USA). External PCR amplicons, around 1.5 kb for each 

targeted gene, served as a DNA template for the nested (internal) PCR, processed 

using the InDel Detection Amplicon Analysis (IDAA). 

 

Table 5.3 HvCslF3, HvCslF6, HvCslF9, HvCslH1 and HvCas9 primer sequences, product 

size (bp) and annealing temperature (°C) for Phire Plant Direct PCR amplification (external 

PCR). 

Gene Orientation Primer sequence (5’-3’) 
Amplicon 

size 

Annealing 

Tª 

HvCslF3 
Forward CACTTGCTCACTTCGTGCACCA 

1,041 64 
Reverse CAGTGTACAACGGTGCCTCT 

HvCslF6 
Forward CTTGAACCCCCTACCGACAC 

1,215 67 
Reverse CATCTTGTCCGAACCCCCAA 

HvCslF9 
Forward CTCTGCTACTTGGTAGGCGG 

1,512 65 
Reverse GCGTACTTCTGGACGGGGTA 

HvCslH1 
Forward CTCCACACGCCATGGTTTTG 

1,239 72 
Reverse CGATGGTAGGATGGTTCCCG 

HvCas9 
Forward ACGACTCCCTGACCTTCAAG 

790 64 
Reverse AGCTTGCTCTTGAGGGTGAT 

 

 
Table 5.4 Phire PCR conditions for HvCslF3, HvCslF6, HvCslF9 and HvCas9. 

98°C 5 min 

40 cycles  

98°C 5 sec 

Optimal annealing Ta 5 sec 

72°C 40 sec 

72°C 1 min 

4°C Hold 
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Table 5.5 Two-step Phire PCR conditions for HvCslH1. 

98°C 5 min 

40 cycles  

98°C 5 sec 

72°C 40 sec 

72°C 1 min 

4°C Hold 

 

V.2.6 InDel Detection by Amplicon Analysis (IDAA)  

The IDAA method, published by Yang et al., (2015) is used to identify mutations 

induced by precise gene targeting. IDAA consists of a tri-primer amplicon labelling 

and DNA capillary electrophoresis detection. The IDAA method was adapted by Dr. 

Abdellah Barakate and Dr. Miriam Schreiber. For the internal PCR, 1 µL of the 

external PCR product was used as a template to amplify across the targeted genes in a 

PCR reaction containing: 2.5 µL of 10X Hot Start Taq buffer, 2.5 µL of dNTPs, 0.12 

µL of Hot Start Taq DNA polymerase (Qiagen) and 1 µL of each primer: external 

forward and reverse at 10 mM and internal forward (6–FAM labelled) at 1mM (Table 

5.6). PCR reaction volume was adjusted to 25 µL by adding 15.88 µL of dH2O. A 

touch down PCR approach was used following the reaction conditions listed in Table 

5.7. PCR amplicons were analysed by gel electrophoresis using the same conditions 

as external PCR products. 

 
Table 5.6 HvCslF3, HvCslF6, HvCslF9 and HvCslH1 primer sequences for internal Hot 

Start Taq PCR amplification. 6-FAM tail (5’–AGCTGACCGGCAGCAAAATTG–3’) is 

underlined in blue on each gene’s primer sequence. 

Gene 6-FAM Forward Primer (5’-3’) 
PCR 

Size 

HvCslF3 
AGCTGACCGGCAGCAAAATTGCACTTGCT

CACTTCGTGCAC 
304 

HvCslF6 
AGCTGACCGGCAGCAAAATTGCCTTTTCTC

TCTCCCTGCCC 
431 

HvCslF9 
AGCTGACCGGCAGCAAAATTGGTCTAGCC

GACCCACTGCTG 
354 

HvCslH1 
AGCTGACCGGCAGCAAAATTGTCGAGCGG

TTGTTGCTTGTG 
263 
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Table 5.7 Touch down PCR reaction conditions used for internal PCR. 

98°C 2 min 

5 cycles  

98°C 15 sec 

60°C 20 sec 

72°C 1 min 

35 cycles  

98°C 2 min 

55°C 20 sec 

72°C 1 min 

72°C 2 min 

4°C Hold 

 

PCR samples were diluted 1:10 in dH2O and transferred to a 96-well plate, each well 

contained: 1 µL of diluted PCR product, 0.05 µL Gene Scan 500 LIZ size standard 

and 8.95 µL Hi-Di-Formamide (Thermo Fisher Scientific, Waltham, USA). Samples 

were genotyped using an ABI3730 DNA Analyzer (Applied Biosystems Inc., Foster 

City, USA) at The James Hutton Institute. Empty wells from the plate were filled with 

10µL dH2O due to the set up for DNA processing being based on 96 capillaries. The 

resulting chromatograms were visualised and analysed using GeneMapper® (Applied 

Biosystems, v4.1) which allowed InDel identification based on size differences 

compared to cv Golden Promise control (Figure 5.6). 

 
Figure 5.6 InDel Detection by Amplicon Analysis (IDAA) modified from Yang et al., 

(2015). a) CRISPR/Cas9-induced mutation on a targeted locus causing a double strand break 

(DSB) repaired via non-homologous end joining (NHEJ). b) Mutation screening by internal 

PCR (triple primed). Fluorescent tail (6-FAM) shown in blue, is attached to the forward 

primer. c) Chromatographs corresponding to PCR amplicons (above, cv Golden Promise 

control, below CRISPR/Cas9 heterozygous mutant) visualized on GeneMapper (v.4.1). 

Amplicon size, in bp, (X-axis) is plotted vs. fluorescence intensity, in relative units, (Y-

axis). Liz500 standard (ladder) appears in yellow whereas amplicon peaks are shown in blue. 
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V.2.7 Confirmation by Sanger sequencing  

Based on IDAA results, genotypes carrying mutations in targeted genes were selected 

and mutations confirmed by Sanger sequencing. An aliquot of the external PCR 

amplicon was used for sequencing as the internal PCR product contained 6-FAM dye 

which interferes with sequencing results. Samples were prepared as follows: 5 µL of 

external PCR amplicon was purified using 2 µL of ExoStar™ (Illustra, GE Healthcare) 

and incubated at 37°C for 15 minutes followed by 80°C for 15 minutes. Purified PCR 

samples were submitted to the Genome Technology Lab at The James Hutton Institute 

for full re sequencing service. The Genome Technology facility provides Sanger based 

DNA sequencing using an ABI3730 DNA Analyzer (Applied Biosystems Inc., Foster 

City, USA). Resulting sequences were manually trimmed, aligned and analysed with 

Geneious V.9 (Kearse et al., 2012) to identify sequence variations. 

V.2.8 Phenotypic assessment of grain characteristics 

After harvesting, collected spikes were manually threshed and stored in a cold room 

at 4°C in the dark. A subset of approximately 30 bulked grains per genotype was used 

for phenotypic studies. The number of seeds, average grain area, length and width 

were measured with Marvin Seed Analyzer (GTA Sensorik GmbH, 2013) the seed 

were then weighed to combine with the seed number estimate and derive thousand 

grain weight (TGW).  

V.2.9 Grain (1,3;1,4)-β-glucan quantification 

Five mature barley grain were milled and used for (1,3;1,4)-β-glucan quantification 

for each genotype. Two to four independent barley flour samples (containing 15 mg 

each) were averaged for final grain (1,3;1,4)-β-glucan content quantification for each 

mutant. (1,3;1,4)-β-Glucan concentration was determined by a modified version of the 

Megazyme β-Glucan (Mixed Linkage) Assay Kit, purchased from Megazyme Int. 

(Wicklow, Ireland) and based on the method described by McCleary and Codd (1991) 

which permits the analysis of small flour samples as previously described in Chapter 

II (see CII.2). Two technical replicates were averaged from each sample as well as a 

standardised barley flour control assay [4.05–4.15% w/w of (1,3;1,4)-β-glucan] 

included on each batch. 
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V.2.10 Immunolabelling of CRISPR/Cas9 mutants 

V.2.10.1 Tissue preparation for antibody labelling 

Grain samples were fixed in 500 mL of 4% paraformaldehyde in PEM buffer solution 

[PEM Buffer = 0.1 M PIPES (pH 6.95), 1 mM EGTA, 1 mM MgSO4] for 24 hrs at 

4°C. After fixation, samples were washed on a shaking platform for 30 min (3x) in 

sdH2O, (1x) 40% ethanol and (1x) 70% ethanol. Samples were transferred to a Leica 

TP1020 tissue processor tissue processor and waxed in Paramat Extra, in pastille form 

(VWR International, Lutterworth, UK). Wax blocks were transverse sectioned in a 

RM2265 Rotary Microtome (Leica Biosystems, Vista, USA) at 10 µm and mounted 

on Polysine® slides (Thermo Fisher Scientific, Waltham, USA). Sections were 

allowed to dry for at least 12 hrs on a drying rack at 40°C to ensure well-adhered grain 

samples. Prior to antibody labelling, slides were de-waxed on a Tissue-Tek II® Slide 

Staining Set (Sakura Finetek, USA) in the following 250 mL solutions: Histo-Clear 

II™ (2x, 30 min), 100% ethanol (2 min), 100% ethanol (5 min), 95% ethanol (2 min), 

85% ethanol (2 min), 70% ethanol (2 min), 40% ethanol (2 min), sdH2O (2 min) and 

sdH2O (5 min). Once de-waxed, slides were returned to the drying rack for at least 

another 2 hrs at 40°C. Slides were stored at 4°C for further use.  

V.2.10.2 Antibody labelling for (1,3;1,4)-β-glucan detection 

(1,3;1,4)-β-glucan antibody (BG-1) labelling slide area was delimited using a PAP pen 

(Sigma-Aldrich, St. Louis, USA) before starting the protocol. Slides were submerged 

in 100 mL of 1x PBS (phosphate-buffered saline) for 10 min using a glass staining 

chamber. This step was repeated using fresh 1x PBS. After, slides were transferred to 

0.05 M glycine for 20 min to inactivate residual aldehyde groups. Anti-mouse primary 

antibody, BG1, (Sigma-Aldrich, St. Louis, USA) was diluted 1:50 in incubation buffer 

[1% BSA (Sigma-Aldrich, St. Louis, USA) in 1x PBS] making up 2 mL. Buffer was 

drained from each slide, avoiding sample drying out. 200 µL of primary antibody was 

applied per slide and incubated in a humidity chamber overnight at 4°C. The following 

day, slides were washed in incubation buffer in a glass staining chamber for 10 min. 

The wash step was repeated with fresh incubation buffer. Slides were transferred back 

to a humidity chamber and the secondary antibody was applied in dark conditions. 

Anti-goat secondary antibody conjugated to Alexafluor 488 (Sigma-Aldrich, St. 

Louis, USA) was diluted 1:100 in incubation buffer and 200 µL were applied per slide. 
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Samples were incubated in the dark for 2 hrs at RT. Each batch of immunolabelling 

assays contained two cv Golden Promise negative controls (no primary antibody with 

secondary and vice versa) performed in parallel with the rest of the samples. After 

incubation, slides were washed thoroughly with 1x PBS using a Pasteur pipette and 

submerged in 1x PBS for 5 min. After, samples were counterstained with 0.1% 

calcofluor white (Sigma-Aldrich, St. Louis, USA) for 1–2 min and rinsed in sdH2O. 

For sample imaging, two to four drops of mountant [90% glycerol (Sigma-Aldrich, St. 

Louis, USA)] were applied and slides sealed with a glass coverslip. Samples were 

store in a humidity chamber at 4°C and analysed immediately after. 

Barley grain sections were stained with Lugol's iodine solution (Sigma-Aldrich, St. 

Louis, USA) diluted 1:5 in sdH2O to detect starch granules. Slides were covered in 

Lugol's working solution (200 µL per slide) and incubated for 1 min at RT. Samples 

were washed with abundant sdH2O for 1 min and placed in the drying rack for 2 hrs 

at 40°C. For lignin and differential polysaccharide staining of grain sections, a 0.02 % 

toluidine blue O (Sigma-Aldrich, St. Louis, USA) solution was applied (200 µL per 

slide) and incubated for 1 min at RT. After, samples were washed repeatedly with 

sdH2O for 1 min and placed in the drying rack for at least 2 hrs at 40°C. Samples were 

stored in the dark at 4°C. 

V.2.10.3 Imaging 

Imaging of immunolabelled grain sections was performed on a Zeiss LSM 710 

Confocal Laser Scanning Microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) 

using a PL APO 20X /1.0 water dipping objective (Zeiss). Calcofluor was excited 

using 405 nm light from a blue diode laser and emission was collected between 420 

and 460 nm. Alexa 4888 dye (BG1) was excited using 488 nm laser light from an 

argon ion laser and emission was collected between 504 and 543 nm. Grain 

autofluorescence was detected by excitation using 594–633 nm laser light from a red 

diode laser and emission was collected between 631 and 730 nm. cv Golden Promise 

with 5.72% w/w ± 0.04 of grain (1,3;1,4)-β-glucan content, was used as a positive 

control for (1,3;1,4)-β-glucan detection. Negative controls showed no fluorescent 

labelling when neither the primary antibody nor secondary were used. Bright field 

images of grain sections stained with Lugol's iodine solution and toluidine blue O were 

collected using a Zeiss Axioskop 2 Plus microscope (Carl Zeiss Microscopy GmbH, 
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Jena, Germany) equipped with a 5X lens. Subsequent to collection, images were 

processed with Zen Software v6.0., utilizing global adjustment tools only. 

V.2.11 DP3:DP4 analysis 

The DP3:DP4 ratio was determined by High-Performance Anion-Exchange 

Chromatography (HPAEC) as described in Burton et al., (2011). The analysis was 

performed at The University of Adelaide, Waite Campus, Glen Osmond, SA 5064, 

Australia. Lichenase enzyme (Megazyme Int., Wicklow, Ireland) was used to release 

oligosaccharides for profiling by HPAEC. Barley flour (approx. 10 mg) corresponding 

to HvCslF/H mutants was suspended in 1 mL of 0.1 M sodium phosphate buffer, pH 

6.5 and 2 U of enzyme added. The mixture was incubated at 50°C with shaking for 2 

hrs and centrifuged to pellet the insoluble material. The oligosaccharide containing 

supernatant (10 µL) was injected onto a CarboPac PA1 column using a Dionex ICS 

3000 system equipped with an auto-sampler (Dionex, Sunnyvale, CA, USA). 

Oligosaccharides were eluted at 1 mL ⁄ min with a sodium acetate gradient from 50 

mM in 0.2 M sodium hydroxide to 350 mM in 0.2 M sodium hydroxide over 15 min. 

A no-enzyme treated control, a lichenase digest of barley flour, laminaribiose and 

laminaritriose were included as controls under the same chromatographic conditions 

(Doblin et al., 2009; Pettolino et al., 2009). The ratio of the tri- to tetra-saccharides 

(DP3:DP4) was calculated from the area under the relevant peaks and multiplied by 

1.321 to account for differences in molecular mass of the oligosaccharides. 
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V.3 Results 

V.3.2 Genotypic characterization of CRISPR/Cas9-induced mutations 

This section reports the identification of CRISPR/Cas9-induced mutants for HvCslF3, 

HvCslF6, HvCslF9 and HvCslH1 in T0 (transformation results), T1 and T2 

generations. We identified 5 classes of mutations across the targeted genes in T0 plants 

that expanded into 11 classes in the next generation. Characterisation of these lines 

allowed the effect of the mutations in the targeted genes, and the resulting proteins, to 

be inferred. We selected a range of T1 lines and identified 7 classes of mutations in 

T2. A high representation of small InDels, mostly caused by 1 bp insertions, was 

observed across generations in HvCslF3, HvCslF6, HvCslF9 and HvCslH1 mutants 

(Figure 5.7). 

 

Figure 5.7 Abundance of CRISPR/Cas9 InDels across T0, T1 and T2 generations. Asterisk 

(0*) represents a mutation with identical number of insertions and deletions found on T1 

genotypes. 

 

V.3.2.1 Transformation results in T0 plants 

After transformation, a total of 209 shoots were isolated from calli, grown in vitro and 

transferred to soil after 16 weeks for the HvCslF3, HvCslF6, HvCslF9 and HvCslH1 

constructs. Seedlings were grown for two weeks before mutation screening. 

Approximately 35% of the HvCslF3 and 22% of the HvCslF9 mutations were 

heterozygous, whereas this percentage decreased to 9.3% for HvCslF6 and 4.7% for 

HvCslH1 (Table 5.8).  
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Table 5.8 Summary of transformation results (T0) expressed as number of shoots isolated 

and heterozygosity ratio for each target gene. 

Gene 
Independent 

shoots 

Total 

shoots 

Heterozygous 

lines 
% 

HvCslF3 5 21 6/17 35.3 

HvCslF6 9 42 4/43 9.3 

HvCslF9 24 72 13/59 22.0 

HvCslH1 14 74 3/64 4.7 

 

In putative T0 mutants for the HvCslF3, HvCslF6, HvCslF9 and HvCslH1 genes, 83% 

of the plants carried short InDels, from 1 bp deletions to 2 bp insertions (Figure 5.8). 

An exception to this trend was identified for the HvCslF9 mutants, where a 39 bp 

deletion was detected in heterozygous state in a single plant (Table 5.9). 

 

 

Figure 5.8 Abundance of CRISPR/Cas9 InDels in T0 plants. 
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Table 5.9 Summary of mutations identified in T0 plants for HvCslF3, HvCslF6, HvCslF9 

and HvCslH1. 

Gene InDel Size Allelic State cas9 

HvCslF3 

-1 

+1 

Heterozygous + 

Heterozygous + 

+3 Heterozygous + 

HvCslF6 
+1 Heterozygous + 

+2 Heterozygous + 

HvCslF9 

-39 Heterozygous + 

+1 Heterozygous + 

+2 Heterozygous + 

+3 Heterozygous + 

HvCslH1 
-21 Heterozygous + 

+1 Heterozygous + 

 

V.3.2.2 Mutations identified in T1 plants  

Based on T1 genotypic results, we obtained homozygous mutants for HvCslF3 (24%), 

HvCslF9 (5%) and HvCslH1 (3%) as shown in Table 5.10. HvCas9 PCR screening 

indicated a high prevalence of transgene retention in HvCslF6 and HvCslH1 genotypes 

in this generation. 

 

Table 5.10 Summary of the allelic state of mutations and HvCas9 presence identified in T1 

mutant seedlings. 

Gene 
Heterozygous 

lines (%) 

Homozygous 

lines (%) 

HvCas9 

presence (%) 

Plants 

screened 

HvCslF3 17 24 55 58 

HvCslF6 11 0 92 36 

HvCslF9 27 5 56 169 

HvCslH1 10 3 97 58 

 

CRISPR/Cas9-induced mutations leading to premature stop codons were found in 

HvCslF6 and HvCslF9 (Table 5.11 and Table 5.12). For HvCslF6, two genotypes 

carrying a 1 bp insertion in a heterozygous state (+1 bp/WT) were identified. This 

mutation is predicted to lead to a premature stop codon 96 nucleotides downstream of 

the PAM motif in one of the alleles, potentially affecting HvCslF6 activity. We 

obtained a wide range of T1 HvCslF9 alleles which were expected based on the high 

number of independent shoots isolated from the previous generation. In addition, two 
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HvCslF9 knock-out mutations with no transgene were identified in T1 plants in a 

homozygous state, a 5 bp deletion and a 1 bp insertion.  

 
Table 5.11 Summary of T1 harvest for HvCslF3, HvCslF6, HvCslF9 and HvCslH1. HvCas9 

+/- symbol indicates independent lines carrying the same mutation with or without HvCas9. 

0* represents a HvCslF9 mutant carrying same number of insertions and deletions leading to 

a frameshift change. 

Gene InDel size Allelic state HvCas9 Effect on protein 

HvCslF3 

-2 Homozygous + Frameshift change 

+3 
Homozygous + 1 aa insertion 

Heterozygous + 1 aa insertion in one allele 

HvCslF6 
-1 Heterozygous + Frameshift change 

+1 Heterozygous + Premature stop codon 

HvCslF9 

-39 Homozygous +/- 13 aa deletion 

-34 Homozygous - Frameshift change 

-16 Homozygous + Frameshift change 

-13 Heterozygous +/- Frameshift change 

-5 Homozygous +/- Premature stop codon 

0* Heterozygous + Frameshift change 

+1 Heterozygous +/- Premature stop codon 

HvCslH1 
-21 Heterozygous + Frameshift change 

+1 Homozygous + Frameshift change 

 

 

Table 5.12 Number of genotypes per mutation identified in T1 harvest. Three categories are 

described for non-synonymous mutations (SNPs): (I) single amino acid substitution, (II) 

multiple amino acid and (III) frameshift change. 

Gene 
Number 

of alleles 

Non-Synonymous 

SNP Premature 

stop codon 
I II III 

HvCslF3 2 6 0 3 0 

HvCslF6 2 0 0 2 2 

HvCslF9 7 3 5 10 2 

HvCslH1 2 0 2 3 0 

 

V.3.2.3 Selection of lines for T2 propagation and mutation identification 

A range of different alleles were selected for T1 HvCslF3 (2 bp deletion and 3 bp 

insertion), HvCslF6 (1 bp deletion and 1 bp insertion), HvCslF9 (39 bp deletion, 5 

deletion and 1 bp insertion) and HvCslH1 (21 bp deletion and 1 bp insertion) lines to 

maximise the possibilities of identifying potential phenotypic and allelic variation in 
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the subsequent generation while the rest of T1 seeds were stored. We grew 32 seed 

per genotype and screened them to identify stable and HvCas9-free T2 mutants. A 

schematic representation of the allele collection identified in the T2 across the targeted 

genes can be seen in Figure 5.9. 

 

Figure 5.9 Representation of CRISPR/Cas9 mutations detected in T2 plants across 

HvCslF3, HvCslF6, HvCslF9 and HvCslH1. Exons are represented by grey boxes. sgRNA 

reference sequence (Ref.) is underlined in black for each gene. InDels are underlined in red. 

PAM motif is highlighted in blue. Asterisk (*) represents 31 deleted nucleotides downstream 

the PAM motif in HvCslF9. 

 

At T2 harvest (Table 5.13), we obtained one stable HvCslF3 homozygote carrying a 

3 bp insertion that adds an extra amino acid (K), and four lines carrying a 2 bp deletion 

leading to a frameshift change that alters the HvCslF3 amino acid sequence. For 

HvCslF6, we identified a 1 bp homozygous insertion leading to a premature stop 

codon in five independent plants. The same mutation was detected in seven 

heterozygous lines (+1 bp/WT) potentially leading to a semi functional HvCSLF6 

protein where one allele is WT and the other translates into a premature stop codon, 
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96 nucleotides downstream of the sgRNA. We failed to detect any HvCas9-free T2 

genotype within the HvCslF6 mutants due to a 29% germination rate that drastically 

reduced the number of HvCslF6 lines growing on soil. Conversely, we identified two 

HvCslF9 homozygotes that were cas9-free and carried mutations leading to a 

premature stop codon; a 5 bp deletion was detected in two genotypes and a 1 bp 

insertion identified in another three HvCslF9 lines. Also, a 39 bp homozygous deletion 

without a change in reading frame was identified in three lines leading to a HvCSLF9 

protein lacking 13 amino acids. No HvCslF9 lines carrying heterozygous mutations 

were observed in the T2. For HvCslH1, a new homozygous allele (+13 bp/+13 bp) was 

detected in two genotypes causing a frameshift mutation, leading to a multiple amino 

acid change in HvCSLH1. This 13 bp insertion originated from a T1 genotype carrying 

a 21 bp homozygous deletion and HvCas9 (by PCR screening). The original 21 bp 

deletion previously identified in T0 and T1 plants was also detected in other two 

HvCslH1 mutants in T2. 

 

Table 5.13 Collection of alleles in T2 plants. HvCas9 +/- symbol represents the presence 

and absence of the transgene in different plants. 

Gene InDel size Allelic state HvCas9 Effect on protein 

HvCslF3 
-2 Homozygous + Frameshift change 

+3 Homozygous - 1 aa insertion 

HvCslF6 +1 
Homozygous + Premature stop codon 

Heterozygous + Premature stop codon 

HvCslF9 

-39 Homozygous + 13 aa deletion 

-5 Homozygous - Premature stop codon 

+1 Homozygous - Premature stop codon 

HvCslH1 

+13 Homozygous + Frameshift change 

+1 Homozygous +/- Frameshift change 

-21 Homozygous + 7 aa deletion 

 

A subset of T2 genotypes described in Appendix XI was used for planting the 

subsequent generation. 

 

V.3.3 Phenotypic characterization  

V.3.3.1 Characterization of mutants during development  
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Mutant lines were regularly checked during development. Plant phenotype images 

from a range of T2 mutants are shown in Figure 5.10. Due to the small number of 

seed available it was not feasible to carry out a full replicated study of gross plant 

morphology during development, however several phenotypes were striking, and 

therefore worth describing here. A delay in development and reduced plant height was 

observed in HvCslF6 homozygous and heterozygous mutants compared to the control 

line (cv Golden Promise) growing in glasshouse conditions. The HvCslF6 

homozygous mutant shown on Figure 5.10c had less developing tillers than WT at 10 

weeks old. Five weeks later, spikes were developing in the cv Golden Promise control 

whereas the HvCslF6 homozygous line was still in vegetative phase. At maturity, two 

to three spikes set seed in the HvCslF6 knock-out genotypes, limiting further grain 

phenotypic studies. Mutants for HvCslF3, HvCslF9 and HvCslH1 have a similar plant 

phenotype to WT. 

 

 

Figure 5.10 Plant phenotype of T2 mutants at 10 weeks old (left) compared to cv Golden 

Promise (right). HvCslF3 lines a) -2 bp/-2 bp, b) +3 bp/+3 bp. HvCslF6 lines c) +1 bp/+1 bp, 

d) +1 bp/ WT. HvCslF9 lines e) -39 bp/-39 b, f) -5 bp/-5 bp, g) +1 bp/+1 bp. HvCslH1 lines 

h) -21 bp/-21 bp, i) +1 bp/+1 bp and j) +13 bp/+13 bp. Images were taken at FUNGEN 

glasshouse at The James Hutton Institute, April 2017. 
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V.3.3.2 Phenotypic assessment of grain characteristics 

Grain phenotyping was carried out on the collection of T2 CRISPR/Cas9-induced 

mutants of HvCslF3, HvCslF6, HvCslF9 and HvCslH1. We compared the effect of 

each mutation on TGW and average grain area (length and width) to wild type (WT) 

grain of cv Golden Promise. Grain analysis of HvCslF6 genotypes revealed a 

significantly lower TGW (p-value 0.002, Student t-test) and grain width (p-value 

0.036, Student t-test) in homozygous mutants (+1 bp/+1 bp) when compared to WT 

grain (Figure 5.11 and Figure 5.12). However, overall grain area in homozygous lines 

was not significantly different since grain was significantly longer (p-value 0.004, 

Student t-test) than WT. Grain from homozygous mutants (+1 bp/+1 bp) was flatter 

and longer compared to WT (Fig 5.12). For heterozygous mutants (+1 bp/ WT), TGW 

was also negatively affected, to a lesser extent but was still significant (p-value 0.047, 

Student t-test). Grain length was significantly longer (p-value 0.004, Student t-test) 

than WT whereas grain width was not, leading to larger heterozygous (+1 bp/ WT) 

grains, in terms of overall grain area. 

 

 

Figure 5.11 Phenotype of HvCslF6 mature grain mutants (T2) carrying a 1 bp insertion 

leading to a premature stop codon. a) Homozygous line (+1 bp/+1 bp). b) Heterozygous (+1 

bp/WT). c) WT, cv Golden Promise. Scale bar is 2 mm. 
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Figure 5.12 Comparison of mean a) TGW (g), b) grain area (mm2), c) width (mm) and d) 

length (mm) in HvCslF6 CRISPR/Cas9-induced mutants and cv Golden Promise control. 

Error bars represent standard error associated to three different plants per mutation. 

Approximately 30 bulked grains were measured per plant. Asterisks indicate statistically 

significant differences at P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***) using Student’s t-

test.  

Grain from HvCslF9 homozygous mutants carrying CRISPR/Cas9 InDels leading to 

either a premature stop codon (+1 bp/+1 bp and -5 bp/-5 bp) or shorter protein (-39 

bp/-39 bp) had significantly lower TGW compared to WT (p-values 0.026, 0.035 and 

0.005 respectively, Student t-test) (Figure 5.13 and Figure 5.14). No statistically 

significant differences were identified for grain size characteristics of grain length (p-

value range: 0.104–0.956, Student t-test, HvCslF9 mutants vs cv Golden Promise) and 

overall area (p-value range: 0.054–0.062, Student t-test). HvCslF9 mutants carrying a 

1 bp insertion showed significantly narrower grain (p-value 0.032, Student t-test) than 

WT (Figure 5.14). 
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Figure 5.13 Phenotype of HvCslF9 mature grain mutants (T2). a) CRISPR/Cas9-induced 

mutant carrying a 39 bp deletion. b) 5 bp deletion c) 1 bp insertion. d) WT, cv Golden 

Promise. Scale bar is 2 mm.  

 
Figure 5.14 Comparison of mean a) TGW (g), b) grain area (mm2), c) width (mm) and d) 

length (mm) in HvCslF9 CRISPR/Cas9-induced mutants and cv Golden Promise control. 

Error bars represent standard error associated to two independent genotypes per mutation 

type. Approximately 30 bulked grains were measured per plant. Asterisks indicate 

statistically significant differences at P < 0.05 (*) and P < 0.01 (**) using Student’s t-test. 

 

HvCslF3 mutants carrying a 2 bp deletion and a 3 bp insertion showed a reduction in 

TGW, but to a lesser extent compared to the HvCslF6 and HvCslF9 lines. Grain area 

was significantly lower (p-value 0.003, Student t-test) in HvCslF3 mutants resulting 

from narrower and shorter grains compared to WT (Figure 5.15 and Figure 5.16). 
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Figure 5.15 Phenotype of HvCslF3 mature grain mutants (T2). a) CRISPR/Cas9-induced 

mutant carrying a 2 bp deletion. b) 3 bp insertion c) WT, cv Golden Promise. Scale bar is 2 

mm. 

 

 

Figure 5.16 Comparison of mean a) TGW (g), b) grain area (mm2), c) width (mm) and d) 

length (mm) in HvCslF3 CRISPR/Cas9-induced mutants and cv Golden Promise control. 

Error bars represent standard error associated to three different plants per mutation. 

Approximately 30 bulked grains were measured per plant. Asterisks indicate statistically 

significant differences at P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***) using Student’s t-

test. 

 

A lower TGW was identified for HvCslH1 homozygous mutants carrying a 13 bp 

deletion and 1 bp insertion leading to frameshift mutations compared to WT. Cas9-

edited HvCslH1 genotypes carrying a 1 bp insertion produced significantly smaller 

grains (p-value 0.005, Student t-test), but no differences were observed in relation to 

grain area, width and length (Figure 5.17 and Figure 5.18). 
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Figure 5.17 Phenotype of HvCslH1 mature grain mutants (T2). a) CRISPR/Cas9-induced 

mutant carrying a 21 bp deletion. b) 13 bp deletion c) 1 bp insertion d) WT, cv Golden 

Promise. Scale bar is 2 mm. 

 

 

Figure 5.18 Comparison of mean a) TGW (g), b) grain area (mm2), c) width (mm) and d) 

length (mm) in HvCslH1 CRISPR/Cas9-induced mutants and cv Golden Promise control. 

Error bars represent standard error associated to 2–4 independent lines per mutation. 

Approximately 30 bulked grains were measured per plant. Asterisks indicate statistically 

significant differences at P < 0.05 (*) and P < 0.01 (**) using Student’s t-test. 

 

V.3.3.3 Grain (1,3;1,4)-β-glucan concentration of HvCslF6 and HvCslF9 

CRISPR/Cas9-induced mutants  

Barley grain harvested from HvCslF6 homozygous (+1 bp/+1 bp) mutants lacked 

(1,3;1,4)-β-glucan almost completely [0.3% (w/w) ± 0.1] whereas grain from 

heterozygous lines (+1 bp/WT) had intermediate levels of (1,3;1,4)-β-glucan [2.1% 

(w/w) ± 0.4] between homozygous plants and WT control (Figure 5.19a and Table 
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5.14). In contrast, grain from HvCslF9 mutants (all homozygous lines) presented a 

similar (1,3;1,4)-β-glucan concentration [5.7% (w/w) ± 0.28, on average] compared to 

WT grain [5.7% (w/w) ± 0.04] regardless the length of CRISPR/Cas9-induced 

deletion affecting HvCslF9 (Figure 5.19 and Table 5.14). Results from grain 

(1,3;1,4)-β-glucan quantification confirm the essential role of HvCSlF6 in grain 

(1,3;1,4)-β-glucan biosynthesis and suggest that either HvCslF9 effect is compensated 

by other HvCslF genes or might not be involved in this trait, based on phenotypic 

assays for (1,3;1,4)-β-glucan quantification in mature grains. 

 

Figure 5.19 Quantification of (1,3;1,4)-β-glucan concentration in mature grain of (a) 

HvCslF6 CRISPR/Cas9-induced mutants (homozygous and heterozygous). (b) HvCslF9 

CRISPR/Cas9-induced mutants (homozygous) compared to cv Golden Promise control. 

Error bars represent the standard errors from two to four independent genotypes. Asterisks 

indicate statistically significant differences at P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***) 

using Student’s t-test.
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Table 5.14 Set of mutants used for grain (1,3;1,4)-β-glucan quantification. 

Gene Genotype ID 
CRISPR/Cas9 

mutation 
Effect on protein 

HvCslF6 KH2_9A_25_16 +1 bp/ WT premature stop codon 

HvCslF6 KH2_9A_13_16 +1 bp/ WT premature stop codon 

HvCslF6 KH2_9A_25_21 +1 bp/ WT premature stop codon 

HvCslF6 KH2_9A_13_14 +1 bp/ WT premature stop codon 

HvCslF6 KH2_9A_25_29 +1 bp/+1 bp premature stop codon 

HvCslF6 KH2_9A_25_8 +1 bp/+1 bp premature stop codon 

HvCslF6 KH2_9A_13_32 +1 bp/+1 bp premature stop codon 

HvCslF9 KH3_8E_02_23 -39 bp/-39 bp -13 aa, in frame 

HvCslF9 KH3_8E_02_12 -39 bp/-39 bp -13 aa, in frame 

HvCslF9 KH3_5A_02_32 -5 bp/-5 bp premature stop codon 

HvCslF9 KH3_5A_02_31 -5 bp/-5 bp premature stop codon 

HvCslF9 KH3_8C_29_2 +1 bp/+1 bp premature stop codon 

HvCslF9 KH3_8C_29_3 +1 bp/+1 bp premature stop codon 

_ cv Golden Promise WT WT 

_ cv Golden Promise WT WT 

_ cv Golden Promise WT WT 

 

V.3.3.4 Immunolabelling analysis on HvCslF6 and HvCslF9 mutants 

(1,3;1,4)-β-Glucan was detected in the cell walls of aleurone layers but was completely 

absent in the starchy endosperm of HvCslF6 homozygous (+1 bp/+1 bp) mutant grain 

(Figure 5.20). Weak (1,3;1,4)-β-glucan labelling was also detected in the cell wall of 

subaleurone cells and outer endosperm cells. HvCslF6 heterozygous grain (+1 bp/WT) 

showed intermediate (1,3;1,4)-β-glucan labelling across the aleurone and endosperm 

cell walls compared to WT grain. Based on calcofluor counterstaining, a difference in 

grain size, shape and structure was confirmed for HvCslF6 mutants. Grain sections 

from both homozygous and heterozygous mutants showed a strong and compact starch 

granule labelling in mature endosperm tissues (Figure 5.21). In addition, a potential 



148 

 

difference in polysaccharide distribution was observed in sub-aleurone and young 

endosperm tissue of the HvCslF6 homozygous mutant by TB staining (Figure 5.21). 

 
Figure 5.20 Confocal images (10X) of transverse grain sections in HvCslF6 mutants (+1 

bp/+1 bp and +1 bp/WT) and cv Golden Promise (WT). (1,3;1,4)-β-glucan was detected in 

green fluorescence using Alexa 488 (BG-1). Cell wall structure was observed by calcofluor 

(CF) counterstaining, in blue. Scale bars are 1 mm. 

 

 

 

Figure 5.21 Light microscope images (5X) of transverse grain sections in HvCslF6 mutants 

(+1 bp/+1 bp and +1 bp/WT) and cv Golden Promise (WT). Starch content was detected by 

Lugol’s (LG) iodine staining, top row. Toluidine blue O (TB) was used for differentially 

stain primary and secondary cell walls. Scale bars are 1mm. 
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Developing grains for HvCslF9 homozygous mutants presented similar (1,3;1,4)-β-

glucan labelling to WT grain and no major differences in cell wall structure were 

detected by calcofluor staining (Figure 5.22). HvCslF9 knock-out mutants carrying a 

5 bp deletion and 1 bp insertion had a different starch and polysaccharide staining of 

transverse grain sections compared to WT grain. A stronger TB stain in outer 

endosperm cells of mutants was observed whereas in WT grain, the dye generated a 

darker blue colour around central grain area, indicating a potential difference in 

polysaccharide distribution (Figure 5.23).  

 

 
Figure 5.22 Confocal images (10X) of transverse grain sections in HvCslF9 homozygous 

mutants and cv Golden Promise (WT). (1,3;1,4)-β-glucan was detected in green fluorescence 

using Alexa 488 (BG-1). Cell wall structure was observed by calcofluor (CF) 

counterstaining, in blue. Scale bars are 1 mm. 
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Figure 5.23 Light microscope images (5X) of transverse grain sections in HvCslF9 mutants 

and cv Golden Promise (WT). Starch content was detected by Lugol’s (LG) iodine staining, 

top row. Toluidine blue O (TB) was used for differentially stain primary and secondary cell 

walls. Scale bars are 1mm. 

 

V.3.3.5 DP3:DP4 ratio 

(1,3;1,4)-β-Glucan molecular structure is composed of cellotriosyl (DP3) and 

cellotetraosyl (DP4) residues linked by single (1,3)-β-linkages which determine a 

range of physicochemical properties, including solubility and viscosity. Flour samples 

from HvCslF3, HvCslF6, HvCslF9 and HvCslH1 CRISPR/Cas9 mutants were 

analysed for DP3:DP4 ratio. Results revealed a conserved DP3:DP4 ratio from 2.5–

3.1 across the CRISPR/Cas9 induced mutant lines and the WT regardless of InDel 

length and predicted effects on protein length and structure (Figure 5.24). This method 

was sensitive enough to perform the analysis on a single HvCslF6 knock-out mutant 

(+1 bp/+1 bp) with 0.2% (w/w) ± 0.01 (1,3;1,4)-β-glucan content showing a 3.1:1 ± 

0.01 DP3:DP4 ratio. Other knock-out lines for HvCslF6 were below the threshold for 

(1,3;1,4)-β-glucan detection therefore DP3:DP4 ratio analysis was not possible (lines 

11 and 12 in Figure 5.24). Three HvCslF6 heterozygous lines carrying the same 

mutation (+1 bp/WT) had an average DP3:DP4 ratio of 2.89:1 ± 0.01, slightly higher 

than controls. However, DP3:DP4 ratio from HvCslF6 heterozygous mutants was not 

significantly higher (p-value 0.085, Student t-test) than WT.  
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Figure 5.24 DP3:DP4 ratio of a subset of HvCslF6 and HvCslF9 mutants from T2. Control 

(cv Golden Promise 1–3) is shown on the left. HvCslF3 homozygous lines; 2 bp deletion (4–

6) and 3 bp insertion (7). HvCslF6 lines; 1 bp heterozygous insertion (8–10, shown in 

stripes) and 1 bp homozygous insertion (11–13). HvCslF9 homozygous lines; 39 bp deletion 

(14–15), 5 bp deletion (16–17) and 1 bp insertion (18–19). HvCslH1 homozygous lines; 21 

bp deletion (20), 13 bp deletion (21) and 1 bp insertion (22–25). Error bars represent SD. 
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V.4 Discussion 

In this study, a collection of mutants was successfully generated for members of the 

HvCslF/H gene superfamily using CRISPR/Cas9 genome editing technology 

representing a resource for functional assessment of cell wall genes. Multiple 

homozygous mutants identified for HvCslF3; one carried a 2 bp deletion causing a 

frameshift change, substantially affecting protein amino acid sequence and another 

carried a 3 bp insertion leading to the incorporation of extra amino acid. For HvCslF6, 

a 1 bp insertion leading to a premature stop codon was detected in a homozygous 

(knock-out) and heterozygous state. Two knock-out HvCslF9 mutations were 

identified; a 5 bp deletion and 1 bp insertion, both leading to frameshift changes 

resulting in premature stop codons. A 39 bp deletion, generated by Cas9/NHEJ 

mediated DSB repair, was detected in HvCslF9 which lead to the lack of 13 amino 

acids in the first exon. Moreover, three large Cas9-induced deletions of 13 bp, 16 bp 

and 34 bp in homozygous state were also identified in HvCslF9 T1 plants, leading to 

frameshift changes that alter protein sequence. For HvCslH1, frameshift mutations of 

1 bp and 13 bp homozygous insertions were identified. In another line, a large 

homozygous deletion of 21 bp was detected leading to the predicted loss of seven 

amino acids in the HvCSLH1 protein. This collection of mutants was subsequently 

used to determine the contribution of HvCslF3, HvCslF6, HvCslF9 and HvCslH1 to 

grain (1,3;1,4)-β-glucan content, and effect on grain quality traits. 

Grain (1,3;1,4)-β-glucan quantification on T2 plants confirmed the absence of this 

polysaccharide in HvCslF6 mutants homozygous for a 1 bp insertion leading to a 

premature stop codon in the first exon [0.3% (w/w) ± 0.1] and intermediate (1,3;1,4)-

β-glucan level in HvCslF6 heterozygous lines [2.1% (w/w) ± 0.4] compared to WT 

grain. Low (1,3;1,4)-β-glucan content has been traditionally desired in malting 

breeding programs for an efficient filtration process during brewing and decreased 

mash and wort viscosity. The use of Cas9-edited HvCslF6 mutants might not be viable 

for this purpose due to poor agronomic traits (low germination rate, decreased TGW 

and flatter and longer grains). However, our results demonstrate the effectiveness of 

CRISPR/Cas9-based gene editing technology and confirm the unique role of HvCslF6 

in grain (1,3;1,4)-β-glucan biosynthesis, as previously reported in barley (Burton et 

al., 2011; Hu et al., 2014; Taketa et al., 2012), wheat (Nemeth et al., 2010) and rice 

(Vega-Sanchez et al., 2012). These lines also provide a resource for future experiments 

investigating the spatial and temporal details of (1,3;1,4)-β-glucan synthesis. Previous 
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work has shown a 60% increase in grain (1,3;1,4)-β-glucan in wheat addition lines 

carrying HvCslF6, although when compared to barley controls, this only reached 1/5 

of (1,3;1,4)-β-glucan level in the grain (Cseh et al., 2013). Therefore, HvCslF6 knock-

out lines could be used to assess the function of other Csl genes and to investigate 

potential regulatory networks affecting (1,3;1,4)-β-glucan biosynthesis. It is known 

that HvCesA1, HvCesA2 and HvCesA6, members of the Cellulose synthase gene 

superfamily are co-expressed with HvCslF6 (Burton & Fincher 2009; Wilson et al., 

2012) although the molecular mechanism and regulatory elements remain unknown. 

In addition, combining HvCslF6 knock-out alleles with HvCslH1 lines carrying 

frameshift mutations would generate double mutants for the analysis of Csl gene 

superfamily response and their effect on cell wall composition in leaf, grain and 

relevant tissues. 

A similar phenotype to the naturally-occurring barley betaglucanless (bgl) mutant 

(Taketa et al., 2012) was observed in CRISPR/Cas9 knock-out lines for HvCslF6 

exhibiting a reduction in plant height, vigour and spike development. When DP3:DP4 

ratio was studied, no differences were observed in HvCslF6 homozygous and 

heterozygous mutant grain compared to WT. Burton et al., (2011) described a reduced 

DP3:DP4 ratio in grain of HvCslF6 over-expressing lines, affecting (1,3;1,4)-β-glucan 

solubility. Although a higher DP3:DP4 ratio was noticed in Cas9-edited HvCslF6 

heterozygous mutants, this was not significantly different (p-value 0.085, Student t-

test) from controls. Antibody detection of (1,3;1,4)-β-glucan confirmed the absence of 

this polysaccharide in mature grain of HvCslF6 homozygous mutants whereas a weak 

labelling was detected across aleurone and endosperm tissues in heterozygous lines. It 

is known that a regulatory link between (1,3;1,4)-β-glucan and starch biosynthesis 

exists based on comparative studies across cereal species with contrasting levels of 

this polysaccharide (Trafford et al., 2013), although the precise mechanism/s remains 

unknown. HvCslF6 grain sections analysed for starch distribution suggest a stronger 

and compact staining in subaleurone layers of HvCslF6 knock-out and heterozygous 

lines, potentially due to lower levels of (1,3;1,4)-β-glucan.  

Previous QTL and association studies (Han et al., 1995; Molina-Cano et al., 2007; 

Houston et al., 2014) identified a region on chromosome 1H involved in (1,3;1,4)-β-

glucan content, which collocates with  HvCslF9 and HvGlbI genes. The HvCslF9 gene 

is expressed in the developing grain and peaks at around 8 DAP as described by Burton 

et al., (2008) and earlier, around 3–5 DPA as shown in Chapter II (see section II.3.2) 
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in a different set of cultivars. This coincides with stages when (1,3;1,4)-β-glucan 

synthesis initiates and becomes uniformly distributed throughout the cellularised 

endosperm from 10 DPA (Wilson et al., 2006). Biochemical assays of developing 

grain (15 DPA) from CRISPR/Cas9 lines for HvCslF9 demonstrated that knock-out 

mutants have similar (1,3;1,4)-β-glucan content to WT. This was observed in four 

independent mutants (two carrying a 5 bp deletion and other two a 1 bp insertion, all 

leading to premature stop codons). Mutants carrying a Cas9-edited version (39 bp 

deletion) of HvCslF9 with 13 aa less in the first exon exhibited (1,3;1,4)-β-glucan 

levels comparable to WT. Immunolabeling results on developing grains of HvCslF9 

knock-out lines confirmed the presence of (1,3;1,4)-β-glucan in the endosperm and 

aleurone layers with similar intensity as controls. The difference in starch and 

polysaccharide staining in HvCslF9 knock-out mutants assessed by means of visual 

analysis will need to be confirmed by further biochemical assays. The detection of 

(1,3;1,4)-β-glucan in HvCslF9 developing grain expands our previous results on final 

HvCslF9 grain (1,3;1,4)-β-glucan quantification, and tends to suggest that HvCslF9 is 

unlikely to be contributing to (1,3;1,4)-β-glucan synthesis. Curiously, HvCslF9 

mutants presented a lower TGW compared to WT grain although overall grain area in 

mature grains was not affected. The cause of this remains unknown although it is 

possible that HvCslF9 function could be related to the synthesis of other cell wall 

components in the grain. 

As expected, frameshift mutations affecting HvCslF3 and HvCslH1 T2 genotypes did 

not affect grain (1,3;1,4)-β-glucan content (Appendix XII). Both genes are expressed 

at very low levels during grain development (Burton et al., 2008; Doblin et al., 2009). 

High mRNA abundance is found in roots for HvCslF3 (Aditya et al., 2015) and leaves 

for HvCslH1 (Doblin et al., 2009). Consequently, HvCslF3 and HvCslH1 grain 

samples were not studied by immunocytochemistry techniques. Further phenotypic 

characterization will be required to determine the precise contribution of this genes in 

(1,3;1,4)-β-glucan biosynthesis across relevant tissues.  

The efficiency of CRISPR/Cas9-induced mutations in the primary transformants was 

approximately: 35% in HvCslF3, 22% for HvCslF9, 9% for HvCslF6 and 5% for 

HvCslH1. Previous studies in barley reported CRISPR/Cas9-induced mutations in 10–

23% (Lawrenson et al., 2015), 44% (Holme et al., 2017) and up to 78% (Kapusi et al., 

2017) of the plants after Agrobacterium-mediated transformation. In other cereals 

such as wheat, mutant production efficiency was reported from 1.1–5% using biolistic 
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bombardment of CRISPR/Cas9 components (Gil-Humanes et al., 2017; Liang et al., 

2017, 2018; Zhang et al., 2016). In our work, mutations were detected by PCR coupled 

to InDel Detection by Amplicon Analysis (Yang et al., 2015) which allowed genotypic 

characterization of lines based on mutation size prior to sequencing confirmation. In 

the T0, we obtained heterozygous (monoallelic) mutants across the genes targeted, 

with 83% of the lines carrying short InDels 3–4 bp upstream the PAM sequence, in 

agreement with Cas9 cleavage pattern and error-prone NHEJ. We did not detect any 

homozygous mutations in the primary transformants, as reported in other cereals like 

rice (Zhang et al., 2014; Zhou et al., 2014). Homozygous (biallelic) mutations for 

HvCslF3, HvCslF9 and HvCslH1 leading to frameshift changes were identified in the 

next generation (T1), potentially affecting protein structure, however genotypes with 

desired mutations still had the transgene present. The high prevalence of Cas9 

transgene in HvCslF6 (92%) and HvCslH1 (97%) T1 lines might indicate extra Cas9 

copies inserted during the transformation process as shown by a preliminary 

hygromycin segregation test on HvCslF6 heterozygous mutants (Appendix XIII), 

although transgene copy number determination by qRT-PCR would help to validate 

this observation. In the subsequent generation (T2), homozygous knock-out mutants 

were identified for HvCslF6 (1 bp insertion) and HvCslF9 (5 bp deletion and 1 bp 

insertion) leading to premature stop codons while a range of frameshift mutations were 

confirmed for HvCslF3 and HvCslH1. Seed harvested from HvCslF6 homozygous 

knock-out mutants was a limiting factor for further genotypic and phenotypic 

experiments. Interestingly, a 29% germination rate was observed across HvCslF6 

heterozygous lines whereas HvCslF3, HvCslF9 and HvCslH1 mutants presented 90–

100% germination rates. Off-target mutations were not investigated in the present 

experiment due to the high sgRNA specificity based on BLAST score results from 

barleyGenes (Barley RNA-seq database, The James Hutton Institute) and the 

propagation of mutants across three generations. However, this will be addressed in 

future experiments.  

Our collection of HvCslF/H alleles with knock-out and frameshift mutations represent 

a valuable genetic resource for studying barley cell walls and demonstrate the 

effectiveness and potential of CRISPR/Cas9 genome editing technology for the 

analysis gene function.   
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V.5 Conclusions and future work 

• A collection of HvCslF/H alleles was developed using CRISPR/Cas9 genome 

editing technology that carried a wide range of InDels across the targeted 

genes, from 39 bp deletions to 3 bp insertions.  

• Homozygous and Cas9-free (stable) genotypes were isolated for HvCslF3, 

HvCslF9 and HvCslH1 carrying non-synonymous mutations likely to affect 

protein function: from single amino acid insertions, frameshift mutations 

affecting protein sequence and premature stop codons. 

• Phenotypic and immunolocalization studies confirmed the absence of grain 

(1,3;1,4)-β-glucan in HvCslF6 knock-out lines, affecting grain quality traits 

whereas HvCslF9 knock-outs presented similar grain (1,3;1,4)-β-glucan levels 

compared to WT. 

Future work will involve the identification Cas9-free lines for HvCslF6 by tracing 

each CRISPR/Cas9 mutation back to heterozygous parents and re-screening the 

offspring for stable genotypes. It should be noted that for some HvCslF6 lines a cycle 

of seed multiplication might be needed before sowing large seed sets. This strategy 

would also be applied to Cas9 positive lines for HvCslF3, HvCslF9 and HvCslH1 

depending on selection criteria of plant material for future experiments. Once stable 

genotypes have been detected, a crossing strategy (Appendix XIV) can be developed 

to generate double and triple mutants to characterize (1,3;1,4)-β-glucan function 

across different plant tissues. Resulting mutants would represent a useful genetic 

resource to understand cell wall composition in barley in comparison to other species  

(1,3;1,4)-β-Glucan acts as readily available source of metabolizable glucose in 

elongating walls of vegetative tissues (Burton & Fincher, 2009) and once the 

elongation has ceased, (1,3;1,4)-β-glucan is hydrolysed and heavily reduced in the 

walls of non-growing cells (Buckeridge et al., 2004). Based on the tissue-differential 

expression of HvCslF3, HvCslF6, HvCslF9 and HvCslH1, CRISPR/Cas9-edited lines 

for could be useful for studying the role of (1,3;1,4)-β-glucan across relevant tissues, 

and to obtain a better understanding of its function during cell wall formation. Knock-

out mutants for HvCslF6 and HvCslF9 also represent a useful genetic background for 

the introduction of Csl gene orthologs involved in (1,3;1,4)-β-glucan and primary cell 

wall biosynthesis to study regulatory mechanisms affecting other wall 

polysaccharides. 
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VI. General discussion and future work 

The main objective of this project was to investigate the regulation of (1,3;1,4)-β-

glucan biosynthesis in barley, focusing on transcription of the genes responsible for 

this trait. Members of the Cellulose synthase-like (Csl) HvCslF/H gene families 

encode putative (1,3;1,4)-β-glucan synthases (Burton et al., 2006; Doblin et al., 2009), 

and the HvCslF4, HvCslF6 and HvCslH1 genes are sufficient to synthesise (1,3;1,4)-

β-glucan using heterologous systems and over-expression in barley (Burton et al., 

2011; Doblin et al., 2009). These over-expression studies, in addition to the 

characterization of barley mutants lacking (1,3;1,4)-β-glucan (Taketa et al., 2012), 

revealed a fundamental role of HvCslF6 during grain development, affecting plant 

growth and development (reduction in plant height and vigour as well as chilling 

susceptibility) based on the phenotype of these mutants (Hu et al., 2014; Taketa et al., 

2012). However, variation in grain (1,3;1,4)-β-glucan concentration from large 

collections of barley accessions has yet to be attributed to HvCslF6 CDS sequence 

variation (Cory et al., 2012; Houston et al., 2014). Other genes expressed during grain 

development encoding putative (1,3;1,4)-β-glucan synthases, such as HvCslF9, or 

remodelling and hydrolysing enzymes, such as HvGlbI, HvGlbII, HvExoI and 

HvExoII, may affect variation in (1,3;1,4)-β-glucan content in the grain and vegetative 

tissues (Aubert et al., 2018; Betts et al., 2017; Burton et al., 2008; Gibeaut et al., 2005; 

Wilson et al., 2012). This increases the genetic complexity of this trait and 

simultaneously poses new questions about the regulation of these genes. 

VI.1 Variation in HvCslF6 and HvGlbI transcript levels and timing across barley 

cultivars with different grain (1,3;1,4)-β-glucan content 

In the research conducted in Chapter II, temporal and cultivar-dependent variations  in 

HvCslF6 expression were observed in developing barley grain. The set of cultivars 

used in this experiment where chosen to reflect phenotypic extremes of a collection of 

elite 2-row spring barley in terms of their (1,3;1,4)-β-glucan content [cvs Dew and 

Imidis with 4.19% (w/w) ± 0.25 average grain (1,3;1,4)-β-glucan content; cvs Egmont, 

Gull 6.15% (w/w) ± 0.19]. Morex [6.16% (w/w) ± 0.04 of grain (1,3;1,4)-β-glucan 

content] was included because it is the reference cultivar in the version of the barley 

genome assembly available at the time this work was carried out (IBSC, 2012). 

Increased HvCslF6 transcript levels were found during mid (8–15 DPA) to late (24–

26 DPA) stages of grain development whereas HvCslF9 was expressed at much lower 
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levels during early grain development and remained undetectable at later 

developmental stages. This is in agreement with the Burton et al. (2008) study which 

was carried out using two cultivars from a different genetic background to the cultivars 

used in the current experiment. In the current study, higher HvGlbI transcript levels 

were found in barley cultivars with low grain (1,3;1,4)-β-glucan content compared to 

high grain (1,3;1,4)-β-glucan lines although a difference in time of peak HvGlbI 

expression was detected across genotypes. Cultivar-based variations in expression of 

HvCslF6 were observed, however there was no direct correlation between transcript 

levels of this gene and (1,3;1,4)-β-glucan content. 

Based on the comparatively high levels of HvCslF6 and HvGlbI expression in the 

developing grain, it seems feasible that these genes, and not HvCslF9 are contributing 

to variation in (1,3;1,4)-β-glucan content. Results of HvCslF6/HvGlbI ratios during 

late grain development suggested predominant HvCslF6 transcription over HvGlbI in 

barley cultivars with high grain (1,3;1,4)-β-glucan content (Appendix I). While 

previous work suggested that differential HvCslF6 expression at late grain 

development stages could explain differences (1,3;1,4)-β-glucan variation in the grain 

(Wong et al., 2015), the current data indicate that the transcript balance of HvCslF6 

and HvGlbI and timing across grain development could also be a determining factor. 

VI.2 Transcriptional regulation of (1,3;1,4)-β-glucan biosynthesis 

VI.2.1 Limited variation is found in HvCslF6 CDS and putative promoter 

sequence 

The consistent association of the centromeric region on chromosome 7H, co-locating 

with the genome position of HvCslF6 across multiple QTL studies on grain (1,3;1,4)-

β-glucan levels, supports the role of HvCslF6 as a major gene contributing to variation 

in this trait (Cory et al., 2012; Igartua et al., 2002; Islamovic et al., 2013; Li et al., 

2008; Molina-Cano et al., 2007). However, sequence variation found within HvCslF6  

in parental lines used to develop QTL mapping populations (Wong et al., 2015) can’t 

fully explain the wide range of grain (1,3;1,4)-β-glucan concentration across barley 

germplasm. In some instances, there is no difference between parental lines of 

biparental populations in the CDS of HvCslF6 (Molina-Cano et al., 2007). There are 

several aspects other than nucleotide sequence variation in HvCslF6, such as variation 

in the expression of HvCslF6 and HvGlbI (see Chapter II) that could contribute to the 

range of (1,3;1,4)-β-glucan content observed. Therefore, the first aim of Chapter III 
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was to survey the sequence variation of HvCslF6 CDS in 1,336 exome sequenced 

barley accessions [The James Hutton Institute; part of it corresponding to 228 barley 

accessions published by Russell et al., (2016)] to see if natural variation in HvCslF6 

sequence was actually present in the wider barley germplasm. This analysis confirmed 

the scarce natural variation of HvCslF6 with polymorphisms only identified within 

non-coding regions, unlikely to affect protein sequence or splicing events. The 

analysis of the putative HvCslF6 promoter sequence (-3,000 bp upstream HvCslF6 

start codon) in a subset of barley genotypes representing phenotypic extremes for grain 

(1,3;1,4)-β-glucan content also revealed remarkably narrow sequence variation which 

did not co-segregate with grain (1,3;1,4)-β-glucan levels. This lack of sequence 

variation in both the coding sequence and the upstream region of this genes strengthens 

the concept that HvCslF6 is under intensive selection, possibly because it plays a 

critical role in plant fitness.  

VI.2.2 Over-representation of MYB-related cis-elements within a HvCslF6 

putative promoter region 

Myb/SANT transcription factor binding sites (TFBS) were over-represented within 

the HvCslF6 putative promoter sequence followed by bHLH and DOF TFBSs. TF 

mining using a microarray database in developing endosperm (Zhang et al., 2016) 

detected the expression of some of these TF classes at the same time that HvCslF6 

expression is increasing. Amongst them, the genomic position of two genes 

(HORVU2Hr1G027600 and HORVU7Hr1G121210) encoding putative MYB TFs co-

located with association peaks from a GWAS study on grain (1,3;1,4)-β-glucan 

content (Houston et al., 2014), consistent with a potential role in cis-regulation. 

However, both genes exhibit low transcript abundance during grain development (5 

and 15 days post anthesis) and considerable expression across other barley tissues 

based on RNA-seq data (barleyGenes RNA-seq database, The James Hutton Institute). 

In addition, Myb/SANT TFBSs were the only cis-elements found in common between 

putative CslF6 promoters across wheat, Brachypodium and rice and were also present 

in HvCesA genes that are co-expressed with HvCslF6. While the results in Chapter III 

suggested that members of the MYB TF family could be involved in the variation of 

transcript levels of HvCslF6, further in vivo experiments will be needed to determine 

which putative TFBSs could influence the expression of HvCslF6. 
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VI.2.3 Transient over-expression of HvMyb61 enhances HvCslF6 transcript 

levels 

A -3,000 bp region upstream of the HvCslF6 start codon was previously fused to 

mGFP-ER confirming the expression in vegetative and grain tissues in transgenic 

barley plants (Appendix VI). To delimit the region of the HvCslF6 promoter retaining 

transcriptional activity and identify potential regulators of this key gene, a series of 5’ 

promoter deletion constructs were generated. These constructs were fused to the dual 

luciferase gene reporter system and expressed in an optimized barley protoplast 

system (Chapter IV). Deletion analyses of the HvCslF6 promoter identified a -382 bp 

region upstream of the ATG start codon that retained the highest promoter activity 

compared to other promoter fragments. Following this approach, dual luciferase 

assays based on three new HvCslF6 promoter deletion constructs narrowed down the 

transcriptionally active promoter region to between -382 bp to -331 bp from the 

HvCslF6 start codon.  This section of the promoter contains a putative TATA box 

sequence and two putative MYB-related cis-acting elements recognised by R2R3-

MYB TFs, based on JASPAR (Khan et al., 2018) in silico analyses.  

Among the two MYB-related motifs located within the HvCslF6 promoter region with 

highest transcriptional activity, one (5’–CGTTGGT–3’) corresponded to a 

M46RE/SMRE, detected in reverse orientation (3’–5’) and recognized by AtMyb46 

and AtMyb83 (Kim et al., 2012; Ko et al., 2014). The second putative binding site 

identified (5’–ACCTAC–3’) correspond to an AC-I element, recognised by AtMyb61 

which is necessary for the deposition of cell wall carbohydrates in Arabidopsis 

(Romano et al., 2012). Similar results were found in OsMyb61 RNAi and over-

expressing lines that were characterized by abnormal deposition of secondary cell wall 

components (Hirano et al., 2013). In addition, the characterization of a rice OsMyb61 

knockout mutant revealed a 36% reduction in leaf (1,3;1,4)-β-glucan content, 

suggesting that the expression of members of the Cellulose synthase-like F (CslF) 

gene family, responsible for (1,3;1,4)-β-glucan synthesis could be downregulated 

(Bartley 2016). While the identification of transcription factors affecting secondary 

cell wall biosynthesis has been mainly carried out in species either lacking CslF genes 

or with low (1,3;1,4)-β-glucan content, it is possible that some MYB transcription 

factors could also act as regulators affecting hemicelluloses in barley primary cell 

walls. Recent studies suggest a broader activation function of MYB58/63 clade in 

grasses which may regulate both lignin and cellulose/hemicellulose biosynthesis (Rao 
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et al., 2018; Scully et al., 2016) however, other uncharacterized MYB TF in grasses 

could be responsible for regulating the biosynthesis of primary cell wall components.  

Previous research on members of the R2R3-MYB protein subfamily, characterized by 

the presence of two MYB DNA-binding repeats revealed the function of MYB46 and 

MYB83 (McCarthy et al., 2009), as central and direct regulators of genes involved in 

the biosynthesis of secondary cell wall components in Arabidopsis and grasses (Kim 

et al., 2014; Ko et al., 2014; Zhong et al., 2011). MYB46 and MYB83 recognize 

MYB46 regulatory elements (M46REs) and secondary wall MYB-responsive 

elements (SMREs) present in the promoter of hemicellulose and lignin-related genes 

(AtCesA4, AtCesA7, AtCesA8, AtIrx8 AtIrx9 AtIrx12, AtItx14, AtLac10 and AtLac11) 

regulating their expression (Kim et al., 2012). In addition, a hierarchical TF network 

has been described for AtMyb46/83 controlled by upstream NAC TF regulators 

[VND6, VND7, NST1, NST2 and SND1; Kubo et al., (2005); Mitsuda et al., (2005); 

(Taylor-Teeples et al., 2015)] and activating the expression of downstream 

AtMyb58/63 and AtMyb103 genes. While multiple gene regulatory networks have 

been identified affecting secondary cell wall components, there is no current evidence 

of TF regulating hemicelluloses in grasses.  

The candidate genes HvMyb61, HvMyb46 and HvMyb83 identified by the promoter 

deletion series analysis differed in their expression profiles. HvMyb61 and HvMyb83 

are expressed during early stages of grain development when (1,3;1,4)-β-glucan 

biosynthesis is occurring, whereas. HvMyb46 transcript levels were barely detectable 

during grain development or in other barley tissues. In addition, the phylogenetic 

analysis based on protein sequences of barley R2R3-MYBs and rice and Arabidopsis 

orthologs of candidate TFs revealed higher protein sequence similarity (75%) between 

HvMyb61 and OsMyb61 than other HvMybs which suggests that HvMyb61 could be a 

putative functional ortholog of OsMyb61. A putative HvMYB55 TF was also closely 

grouped with HvMYB61 in the phylogenetic tree of barley R2R3-MYBs (Figure 

4.17). Further observations on the expression profile of the putative HvMyb55 during 

grain development revealed the absence of transcript abundance at 5 DPA and 15 

DPA, similar to HvMyb46 (Appendix VII). Based on RNA-seq data from an 

independent database in developing grain, HvMyb55 expression was detected during 

early grain development stages (7–9 DPA) with a similar profile but lower transcript 

abundance to HvMyb61 in developing grain. This may suggest a regulatory function 

of the HvMyb55 gene during barley cell wall polysaccharide biosynthesis.  
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Based on these data and previous studies on the characterization of MYB TFs and cis-

element interaction in vivo, the HvMyb61 and HvMyb83 genes were cloned and 

transiently over-expressed in the barley protoplasts system previously used to 

characterize HvCslF6 promoter activity. This lead to a significant increase in HvCslF6 

expression (p-value 0.035, Student’s t-test) when HvMyb61 was transiently over-

expressed (3.79 ± 0.53) compared to protoplasts transfected with an equal amount of 

empty vector (1.30 ± 0.52) . This suggests that Myb61 genes in the cereals could be 

functional orthologs that share a role in regulating the expression of grass-specific cell 

wall synthesis enzymes (Bartley, 2016). No significant differences in HvCslF6 

transcript levels were detected in protoplasts over-expressing HvMyb83 (2.75 ± 0.73, 

p-value 0.202, Student’s t-test). It is possible that HvMyb83 could regulate a set of 

different cell wall genes in the grain. Notably, the genomic position of HvMyb61 on 

chromosome 1H, co-locating with a QTL association for (1,3;1,4)-β-glucan content 

(Han et al., 1995) might indicate a role for this candidate TF in the natural regulation 

of (1,3;1,4)-β-glucan biosynthesis. 

Ideally the interaction between the candidate TFs and the promoter of HvCslF6 would 

be tested in vitro. An electrophoretic mobility shift assay (EMSA) would identify if 

the candidate TFs HvMyb61, HvMyb46 and HvMyb83 interact with the HvCslF6 

promoter. In addition, candidate TFs could be targeted using genome editing-based 

technology to generate knock-out lines in order to determine expression differences 

affecting HvCslF6 and other cell wall genes biosynthetic genes. Further phenotypic 

studies on HvMyb61/HvMyb46/HvMyb83 knock-out lines would confirm any changes 

in (1,3;1,4)-β-glucan concentration or other cell wall polysaccharides in the grain and 

across different barley tissues. 
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Table 6.1 Summary of candidate MYB transcription factors potentially affecting variation in 

(1,3;1,4)-β-glucan content based on this research study and in the context of previous work. 

Candidate gene Supporting data 

HvMyb61 

(HORVU1Hr1G017970) 

▪ Up-regulates HvCslF6 expression transiently 

▪ OsMyb61 knock-out rice lines exhibit 36% less leaf 

(1,3;1,4)-β-glucan (Bartley 2016). 

▪ AC-I cis-element identified within a HvCslF6 promoter 

region with high transcriptional activity (Chapter IV). 

▪ Confirmed in vivo interaction between the AC-I element and 

AtMyb61(Romano et al., 2012). 

▪ Highly similar protein sequence to OsMYB61 (Chapter IV). 

▪ Genetic position co-locates with a QTL/GWAS peak for 

grain (1,3;1,4)-β-glucan content (Han et al., 1995; Houston 

et al., 2014). 

▪ Expressed during grain development when (1,3;1,4)-β-

glucan synthesis is active (Chapter IV). 

HvMyb83 

(HORVU3Hr1G047290) 

 

▪ M46RE/SMRE cis-element identified within a HvCslF6 

promoter region with high transcriptional activity (Chapter 

IV). 

▪ Expressed during endosperm differentiation and grain 

filling. Higher transcript abundance than HvMyb61 across 

grain development (Chapter IV). 

HvMyb46 

(HORVU5Hr1G027750) 

▪ M46RE/SMRE cis-element identified within a HvCslF6 

promoter region with high transcriptional activity (Chapter 

IV). 

HvMyb55 

(HORVU7Hr1G082020) 

 and HvMyb67 

(HORVU2Hr1G051030) 

▪ Similar protein sequence to HvMYB61 and HvMYB83, 

respectively (Chapter IV) 

 

VI.2.4 HvCslF9 function is not essential during grain (1,3;1,4)-β-glucan 

biosynthesis, confirming the main role of HvCslF6 

Transcriptional studies showed that although HvCslF6 transcripts are the most 

abundant in developing grain and other vegetative tissues, HvCslF3 is highly 

expressed in roots, HvCslF9 in early grain stages and HvCslH1 in leaves (Burton et 

al., 2008; Burton et al., 2011; Doblin et al., 2009), suggesting a potential contribution 
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towards (1,3;1,4)-β-glucan content. Moreover, previous QTL and GWAS studies on 

grain (1,3;1,4)-β-glucan content identified association peaks co-locating with some 

HvCslF/H genes on chromosomes 2H (gene cluster containing HvCslF3, HvCslF4, 

HvCslF8, HvCslF10, HvCslF12), 1H (HvCslF9) and 7H (HvCslF6) (Han et al., 1995; 

Houston et al., 2014; Igartua et al., 2002; Islamovic et al., 2013; Li et al., 2008).  

Three members of the HvCslF family, HvCslF3, HvCslF9, HvCslF6 and a member of 

the HvCslH family, HvCslH1 were targeted using CRISPR/Cas9-based genome 

editing technology to assess their involvement in (1,3;1,4)-β-glucan levels. A 

collection of HvCslF/H alleles was successfully generated (T0 plants) and 

characterized over subsequent generations (T1 and T2) identifying short InDels from 

2 bp deletions to 3 bp insertions in approximately 77% of the mutants across 

generations. The effect of these mutations led to a wide range of predicted protein 

changes. CRISPR/Cas9-induced homozygous and heterozygous mutations leading to 

premature stop codons were obtained for HvCslF6 and HvCslF9, both of which are 

known to be expressed during grain development [See Chapter II; Burton et al., 

(2008); Wong et al., (2015)] in addition to frameshift mutations in HvCslF9 producing 

multiple amino acid changes likely to disrupt their function.  

The absence of grain (1,3;1,4)-β-glucan in HvCslF6 homozygous mutants and 

intermediate levels of in grain from heterozygous lines compared to WT grain 

confirmed the effect of knock-out mutations. This is in agreement with the phenotypic 

characterisation of the bgl mutant (a result of an alanine to threonine substitution 

A590T) in  HvCslF6 (Taketa et al., 2012). Poor agronomic traits observed in HvCslF6 

CRISPR/Cas9-induced homozygous mutants such aslow germination rate, decreased 

TGW and flatter and longer grains would likely make them unsuitable for use in 

malting and brewing processes. However, from a fundamental perspective, these data 

confirm the essential function of HvCslF6 in cereal plant growth, development and 

grain filling (Burton et al., 2011; Nemeth et al., 2010; Taketa et al., 2012; Vega-

Sanchez et al., 2012). In addition, grain (1,3;1,4)-β-glucan quantification results across 

homozygous and heterozygous mutants suggest an allele dosage effect of HvCslF6. In 

wheat, differential expression patterns of TaCslF6 homologues were reported by Kaur 

et al., (2017) which could potentially lead to unequal contributions of the three copies 

in the synthesis of (1,3;1,4)-β-glucan. HvCslF6 mutants obtained in the present study 

could be used as a null background to determine the function of other CslF genes and 

to investigate potential regulatory networks of HvCesA1, HvCesA2 and HvCesA6, co-
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expressed with HvCslF6 (Burton & Fincher, 2009; Wilson et al., 2012). While the 

compact starch distribution observed in grain sections of HvCslF6 mutants could be 

potentially be a consequence of lower (1,3;1,4)-β-glucan content or an increased starch 

concentration, the exact regulatory link between (1,3;1,4)-β-glucan and starch 

biosynthesis remains unknown (Trafford et al., 2013).   

Developing grain of HvCslF9 mutants carrying different frameshift mutations (5 bp 

deletion and 1 bp insertion) leading to a premature stop codon had similar (1,3;1,4)-β-

glucan content to WT controls. This was confirmed by similar antibody labelling of 

(1,3;1,4)-β-glucan in the endosperm and aleurone layers of developing grains (15 

DPA) from WT and HvCslF9 knock-out lines. Despite the detection of moderate 

HvCslF9 transcript levels during early grain development stages [See Chapter II; 

(Burton et al., 2008)], these data suggests that HvCslF9 is unlikely to be an essential 

gene involved in (1,3;1,4)-β-glucan biosynthesis in the grain or a modifier of HvClsF6 

activity. Nevertheless, further biochemical assays are needed to quantify differences 

in starch and cell wall components of HvCslF9 knock-out lines and to explain the 

lower TGW but unchanged grain size area observed. The lack of an obvious phenotype 

for HvCslF9 mutants was somewhat unexpected, given that the gene has long been 

hypothesised as a modifier of grain (1,3;1,4)-β-glucan levels; it resides within a 

genomic region that has been associated with variation in grain (1,3;1,4)-β-glucan 

across QTL studies using different mapping populations (Han et al., 1995; Igartua et 

al., 2002) and GWAS analysis (Houston et al., 2014). A more likely candidate might 

be HvGlbI, which co-locates with HvCslF9 on chromosome 1H and potentially 

facilitates (1,3;1,4)-β-glucan degradation during grain development, thereby 

impacting (1,3;1,4)-β-glucan content in mature grain.  

The characterization of HvCslF3 and HvCslH1 mutants identified two classes of 

HvCslF3 homozygous mutants carrying single and multiple amino acid changes 

whereas three classes of HvCslH1 mutants, two carrying frameshift mutations and an 

in-frame deletion of 7 amino acids were obtained. Grain (1,3;1,4)-β-glucan content 

across HvCslF3 and HvCslH1 mutants was similar to WT controls. This was not 

surprising based on the lack of transcript levels for both genes during grain 

development (Burton et al., 2008). Previous work suggested that HvCslF3 could 

contribute to (1,3;1,4)-β-glucan synthesis in roots influencing feeding sites upon 

nematode infection (Aditya et al., 2015) whereas HvCslH1 possesses heterologous 

(1,3;1,4)-β-glucan synthase activity and is mainly expressed in leaves (Doblin et al., 



166 

 

2009). Consequently, antibody labelling in HvCslF3 and HvCslH1 grains was not 

studied here. CRISPR/Cas9-induced mutants for HvCslF3 and HvCslF9 are being 

characterized by another PhD student from The University of Adelaide in 

collaboration with The University of Nottingham in order to determine the role of 

these genes in (1,3;1,4)-β-glucan biosynthesis in root tissues.  

The collection of mutant HvCslF/H alleles generated in this study demonstrates the 

effectiveness of CRISPR/Cas9-based gene editing technology. In addition, a crossing 

strategy is currently being used at The James Hutton Institute to generate double and 

triple mutants to characterize the role of other Csl genes and (1,3;1,4)-β-glucan 

function across different tissues. 

VI.3 Summary 

In the context of previous work, the regulation of (1,3;1,4)-β-glucan synthesis in 

barley suggests a central role for HvCslF6 in the biosynthesis of this polysaccharide 

in the grain. The characterization of HvCslF6 promoter activity in combination with 

in silico analyses of putative TFBSs identified two candidate MYB transcription 

factors, one of them, HvMyb61, transiently up-regulated HvCslF6 expression. Future 

work derived from this research will capitalise on these potential regulators to 

influence grain (1,3;1,4)-β-glucan concentration for the development and selection of 

barley lines with optimal requirements for the malting and brewing industry and the 

functional food sector. In addition, HvCslF3, HvCslF9, HvCslF6 and HvCslH1 gene-

edited lines represent a useful genetic resource for studying the function of other Csl 

genes and (1,3;1,4)-β-glucan during cell wall formation across different tissues. 

VI.4 Conclusions 

▪ Differences in transcript levels and profiles of putative genes that encode enzymes 

involved in either grain (1,3;1,4)-β-glucan synthesis (HvCslF6 and HvCslF9) or 

hydrolysis (HvGlbI) were observed across elite barley lines with divergent grain 

(1,3;1,4)-β-glucan content. 

▪ MYB/SANT, DOF and bHLH motifs were the most abundant predicted TFBSs 

within a -3,000 bp HvCslF6 putative promoter region based on in silico analysis 

using JASPAR v2018 (Khan et al., 2018) and PlantPAN v2.0 (Chow et al., 2015). 

Only MYB-related TFBS were found in common across barley, wheat and 

Brachypodium. 
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▪ Dual luciferase reporter assays using a promoter deletion series based on HvCslF6 

showed highest promoter activity for a -382 bp region upstream from the start 

codon of this gene. HvCslF6 promoter activity was decreased in flanking deletion 

constructs (either -199 bp and -607 bp).  

▪ The 382 bp region was further characterized leading to the identification of four 

putative transcription factor binding sites, two of them MYB-related elements 

(AC-I and SMRE/MYB46RE). Motif disruption experiments narrowed down 

highest promoter activity from -357 to -382 bp. 

▪ HvMyb61, HvMyb46 and HvMyb83 are candidate regulators that may bind the 

HvCslF6 promoter. The transient over-expression of HvMyb61 in barley 

protoplasts significantly up-regulated HvCslF6 expression (p-value 0.035, 

Student’s t-test) compared to protoplasts transfected with an equal amount of 

empty vector.  

▪ A collection of CRISPR/Cas9-induced alleles for HvCslF/H was successfully 

developed and used to determine their contribution to grain (1,3;1,4)-β-glucan 

content. 

▪ Phenotypic and immunolocalization studies confirmed the absence of grain 

(1,3;1,4)-β-glucan in HvCslF6 knock-out lines, affecting grain quality traits 

whereas HvCslF9 knock-outs presented similar grain (1,3;1,4)-β-glucan levels 

compared to WT. 
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VIII. Appendices 

Appendix I Hierarchical clustering tree (Euclidean distances) based on expression 

profiles of HvCslF6 and HvGlbI transcript levels during grain development in cvs 

Dew, Imidis, Egmont, Gull and Morex. The tree was generated using Heatmapper 

(Babicki et al., 2016). The color code represents: beige, low transcript abundance; 

green, high transcript abundance. 
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Appendix II Barley genotypes used for Sanger sequencing of a putative -3,000 bp 

HvCslF6 promoter region. Grain (1,3;1,4)-β-glucan content for the first 25 accessions 

was determined by Houston et al., (2014). The asterisk (*), represents unknown 

(1,3;1,4)-β-glucan content in Bowman NILs, RCSLs (OSU lines) and parental 

genotypes. 

Accession 
(1,3;1,4)-β-glucan 

(% w/w) 
Description 

Egmont 6.7 High 

Gull 6.6 High 

Bulbur89 6.4 High 

Brigitta 6.4 High 

Croydon 6.4 High 

Century 6.4 High 

Harry 6.4 High 

Tellus 6.2 High 

Anni 6.2 High 

Lenta 6.2 High 

Mars 6.2 High 

Isaria 6.1 High 

Cellar 6 High 

Kenia 6 High 

Saloon 3.9 Low 

Appaloosa 3.8 Low 

Nimbus 3.8 Low 

Dallas 3.7 Low 

Skittle 3.7 Low 

Volla 2.9 Low 

Brewster 2.7 Low 

Viskosa 2.3 Low 

Dew 2.2 Low 

Cork 2.2 Low 

Imidis 2.1 Low 

Glacier * 
Spontaneous mutant in a Sermo/7*Glacier 

(CIho 6976) line (7H) 

BW840 * Bowman NIL Collection 

BW837 * Bowman NIL Collection 

BW638 * Bowman NIL Collection 

BW835 * Bowman NIL Collection 

Bowman * Bowman NIL Collection 

Harrington * 
Recombinant Chromosome Substitution 

Line (RCSL); Parent  

Caesarea * 
Hordeum vulgare subsp. spontaneum; 

RCSL Parent 

OSU105 * RCSL; 7H introgression 

OSU127 * RCSL; 7H introgression 
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Appendix III Table of predicted TFBSs identified within a -1,000 bp CslF6 putative 

promoter region across barley (Hordeum vulgare), wheat (Triticum aestivum), 

Brachypodium distachion (named Brachy on the table) and rice (Oryza sativa) used to 

generate the Venn diagram on Figure 3. TFBS analysis was performed using JASPAR 

v2018 (Khan et al., 2018). For each specie, the position of TFBS was represented from 

motif start. Only putative motifs with a ≥10.0 prediction score (cut-off) were included 

for comparison across cereal species. 

Species 

Number 

of 

TFBS 

Description Barley Wheat Brachy Rice 

Barley, wheat, 

Brachypodium 

and rice 

17 

HAT1  -198 -394 -302 -156 

PHYPADRAFT_28324  -733 -757 -814 -734  

ERF043  -733 -757 -814 -734 

DREB1G  -732 -756 -815 -733 

PIF3  -447 -507 -526 -392  

ARF1  -734 -758 -815 -735 

PIF5  -447 -507 -524 -392  

ARF3  -733 -757 -814 -735 

PI  -153 -157 

-159,  

-446, 

-719 

-293,  

-306,  

-332,  

-335, 

-583 

PHYPADRAFT_64121  -729 -753 -815 -730  

ERF039  -732 -756 -815 -733 

AHL20  -307 -408 -264 -353  

ARF5  -734 -758 -815 -735 

PHYPADRAFT_173530  -733 -757 -814 -734  

MYB4  -115 -555 -572 -430  

DREB1A  -732 -756 -815 -733 

PHYPADRAFT_182268  -732 -756 -815 -733  

Barley, wheat 

and 

Brachypodium  

6 

MYB46  -491 -555 -460  

MYB3  -490 -550 -574  

MYB15  -487 -547 -573  

MYB59  -491 -551 -572  

MYB111  -491 -555 -572  

MYB55  -490 -554 -575   

Barley, wheat 

and rice 
3 

HMG-I/Y  -153 -83  

-109, 

-329, 

-335 

RAX3  -133 -551  -426  

HAT5  -827 -853   
-172, 

-608 

2 SOC1  -147  -447 -306  
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Barley, 

Brachypodium 

and rice 

ARR2  -91   -173 
-27, 

-573 

Wheat, 

Brachypodium 

and rice 

1 AP1  -155 -156 -445 

-306, 

-313, 

-331, 

-583 

Barley and 

wheat 
8 

AHL25  -307 -408   

AIB  -945 -883   

NTL9  -309 -409   

ATHB-12  -307 -395   

AHL12  -307 
-282, 

-233 
  

PEND  

-332, 

-370, 

-740 

-764   

ATHB-7  -104 -394   

BZR1  -551 -600     

Barley and 

Brachypodium 
2 

LEC2  -19  -236  

SPL11  
-404, 

-408 
  -80   

Barley and 

rice 
3 

EDT1  -306   -610 

SQUAMOSA -270   -922  

ID1 -155     -41  

Wheat and 

rice 
4 

PIF4   -508  -393  

AGL15   -155  
-304, 

-330 

SPT   -793  -770  

CDF2    -159   -315 

Brachypodium 

and rice 
2 

ARR11    -395 
-258, 

-574  

ARR18      -398 -256  

Barley 5 

FHY3  -942    

ARALYDRAFT_897773  -597    

ARALYDRAFT_493022  -599    

BHLH34  -945    

TCP19  -597       

Wheat 2 
MYC2   -883   

BHLH13   -883     

Brachypodium 15 

SPL12    -79  

OsI_08196    -742  

ARALYDRAFT_495258    -742  

ERF4    -997  

ERF13    -999  

GT-1    -764  

SPL3    -82  

ERF112    -998  

ERF094    -999  
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F3A4.140    -457  

ERF105    -999  

SPL5    -79  

TCP20    -744  

ARALYDRAFT_484486    -742  

CRF4    -997   

Rice 17 

ABI3     -92  

DOF2.5     -165 

NAC055     -605 

T11I18.17     -605  

NAC058     -605 

NAC025     -606 

NAC083     -605 

CDF3     -316 

ABF1     -390  

AP3     -304 

NAC080     -605 

NAC92     -488 

SVP  
   -328, 

-580 

FUS3     -93  

ERF008     -885 

SEP3 
   -342, 

-702 

FLC  

   -308, 

-327, 

-580, 

-581 
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Appendix IV Table of predicted TFBSs identified in HvCesA1, HvCesA2 and 

HvCslF6 putative promoter regions (-3,000 bp) used to generate the Venn diagram on 

Figure . TFBS analysis was performed using JASPAR v2018 (Khan et al., 2018). The 

position of TFBSs was represented from motif start. Only putative motifs with a ≥ 

10.0 prediction score (cut-off) were included for comparison across genes. 

Gene 
Number 

of TFBSs 
Description HvCesA1 HvCesA2 HvCslF6 

HvCesA1, 

HvCesA2 

and HvCslF6 

2 
MYB55 -275, -2573 -179, -323 -490, -494 

RAX3 -2571, -2680 -177, -2466 -133, -491 

HvCesA1 

and 

HvCesA2 

6 

ABF1 -1147 -1637  

AGL15 
-1287, -1433, 

-2053, -2318 
-236, -1807  

AP1 
-619, -1289, 

-1433 

-238, -1809, 

-1810 
 

FLC -2050 
-1804, -2200,  

-2561 
 

SVP -1285 -1805  

TGA2 -943, -1739 -40, -1781  

HvCesA2 

and HvCslF6 
6 

ARF3  -456, -1620 -733 

DREB1G  
-455, -1348,  

-1619 
-732 

FHY3  -210 -942 

MYB3  -176 -490 

PIF3  -12, -2689 -447 

PIF5  -12, -2691 -447 

HvCesA1 

and HvCslF6 
1 MYB15 -2680  -487 

HvCesA1 10 

AG -1285, -2051   

AGL1 -180, -2051   

AGL27 -618, -1432   

CMTA3 
-153, -501,  

-2727 
  

HY5 -1152   

NTL9 -965   

SOC1 
-607, -1289, 

-1431, -2055 
  

TCP15 -2660   

TCP16 -2658   

TCP23 -2660   

HvCesA2 20 

TGA6  -40, -1779  

PI  

-238, -1754,  

-1808, -1809,  

-2793 

 

PIF1  -36, -1779  

DYT1  -2140  

EmBP-1  -42  

ATHB-5  
-143, -799,  

-1001, -1905,  
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-1909 

NAC083  -163, -1048  

SQUAMOSA  -238  

LEC2  
-13, -112, 

 -2400 
 

AP3  -236  

ATHB-9  -794  

ZAP1  -889  

bZIP910  -41, -1781  

TGA5  -41, -1780  

ANT  -490  

LFY  -970  

WRKY30  
-894, -2258,  

-2327 
 

WRKY38  
-894, -2260,  

-2327 
 

WRKY45  
-894, -2260,  

-2327 
 

bZIP911  -40, -1366  

HvCslF6 23 

AIB   -945 

ARALYDRAFT

_493022 
  -599 

ARALYDRAFT

_897773 
  -597 

ARF1   -734 

ARF5   -734 

BHLH34   -945 

BZR1   -551 

DREB1A   -732 

ERF039   -732 

ERF043   -733 

HAT5   -827 

MYB111   -491, -495 

MYB4   -115 

MYB46   -491, -495 

MYB59   -491 

PEND   
-332, -370, 

-740 

PHYPADRAFT_

173530 
  -733 

PHYPADRAFT_

182268 
  -732 

PHYPADRAFT_

28324 
  -733 

PHYPADRAFT_

64121 
  -729 

SPL11   -404, -408 

SPT   -769 

TCP19   -597 
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Appendix V Expression profile of putative TFs retrieved from the 10–20 DAP 

developing endosperm dataset (unpublished, The James Hutton Institute) which co-

locate with association peaks from a GWAS study on grain (1,3;1,4)-β-glucan content 

(Houston et al., 2014). Transcript abundance is expressed as normalized mean values 

based on three biological replicates as described in Zhang et al., (2016). 
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Appendix VI Images of pHvCslF6(3kb):GFP-ER barley transverse sections across a) 

mature grain (Tucker, unpublished) and b) coleoptile tissues. Controls are 35S:GFP-

ER (+ve) and cv Golden Promise transformed with an empty vector (-ve).  Images 

were collected on a Zeiss M2 AxioImager equipped with DIC optics and an 

Apotome.2 (Zeiss, Germany). GFP was excitated at 488 nm and emission collected 

from 499 to 530 nm, in green. YFP was excitated at 561 nm and emission collected 

from 500 to 530 nm, in yellow. Autofluorescence (RFP) was detected from 650 to 690 

nm. Scale bars are 1 mm. 

 

  



214 

 

Appendix VII Relative expression of HvCslF6 in leaf-derived protoplasts after 

isolation and leaf tissue (leaf acts as reference, HvCslF6 expression =1). A 10-day old 

cv Golden Promise line was used as plant material. Relative expression was calculated 

by 2-∆∆CT method (Vandesompele et al., 2002) method using α-tubulin, GAPDH and 

HSP70 as internal control genes for normalization. Error bars represent standard error 

associated with three biological samples (n=3). 
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Appendix VIII Putative MYB transcription factors sharing similar proteins sequences with MYB61 and MYB83 TFs and subsequently 

grouped in the same clade based on the phylogenetic tree of R2R3-MYBs. 

1 MLOC identifiers (IBSC, 2012) corresponding to putative MYBs sharing clades with candidate TFs MYB61 and MYB83. 

2 HORVU identifiers based on Mascher et al., (2017). 

3 Based on cvs Morex x Barke POPSEQ map (Mascher et al., 2013). 

4 Expression data corresponding to barley developing grains at 5 DPA and 15 DPA was retrieved from IBSC, (2012). 

5 BLAST results in A. thaliana and Poaceae spp. (E-value < 1e-10). 

Putative MYB TF1 HORVU ID2 Genome 

position3 

car 5 

FPKM4 

car15 

FPKM4 
BLAST results5 

Same clade as MYB61     

MLOC_37780 HORVU7Hr1G082020 7H (75.2 cM) 0.88 0 
Putative MYB55 (A. thaliana), putative MYB family 

TF (O. sativa, B. distachion, S. bicolor and Z. mays) 

Same clade as MYB83     

MLOC_18117 HORVU6Hr1G091630 6H (117.9 cM) 47.9 18.5 

Putative transferase family protein, (O. sativa), 

putative anthocyanin 5-aromatic acyltransferase (B. 

distachyon, S. bicolor and Z. mays) 

MLOC_5675.3 HORVU2Hr1G051030 2H (58.6 cM) 0.76 56.4 
Putative MYB67 (A. thaliana), putative MYB family 

TF (O. sativa, B. distachion, S. bicolor and Z. mays) 
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Appendix IX Expression profile of putative HvMybs (HvMyb46, HvMyb55, HvMyb83 

and HvMyb61) and HvCslF6 across 16 different barley tissues. Data was retrieved from 

barleyGenes RNA-seq database based on cv Morex (The James Hutton Institute; 

Available at https://ics.hutton.ac.uk/barleyGenes/). Transcript abundance is expressed as 

FPKM (fragments per kilobase of exon per million fragments mapped). 

 

  



217 

 

 

Appendix X Expression profile of putative HvMybs (HvMyb46, HvMyb55, HvMyb83 and 

HvMyb61) and HvCslF6 during barley grain development (7–20 DAP). Transcript 

abundance is expressed as transcripts per kilobase million (TPM). The RNA-seq dataset 

was based on barley cvs Hopper, Sloop, Extract, Taphouse, Alabama and Pewter (Aubert 

and Tucker, unpublished) and provided by Assoc. Prof. Matthew Tucker (The University 

of Adelaide, Waite Campus, Glen Osmond, SA 5064, Australia). 
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Appendix XI Summary of mutant alleles identified in T3 plants. PTC indicates premature 

termination codon. From T2 to T3 generations, HvCslF3 and HvCslF9 mutations were 

stably transmitted, although several CRISPR/Cas9 lines were still positive for the 

transgene. A new InDel, corresponding to a 1 bp deletion leading to a premature stop 

codon was identified for HvCslF6. Genotypic screening confirmed two mutant alleles for 

HvCslH1. The 13 bp insertion leading to a frameshift change that found in the previous 

generation was not detected in T3 HvCslH1 plants.  

Gene InDel Size Allelic State cas9 Effect on Protein 

HvCslF3 
+3 Homozygous - 1 aa insertion 

-2 Homozygous + Frameshift change 

HvCslF6 
+1 

Homozygous + Frameshift leading to PTC 

Heterozygous + Frameshift leading to PTC 

-1 Homozygous + Frameshift leading to PTC 

HvCslF9 

+1 Homozygous - Frameshift leading to PTC 

-5 Homozygous +/- Frameshift leading to PTC 

-39 Homozygous + 13 aa deletion, in frame 

-34 Homozygous - Frameshift change 

HvCslH1 
+1 Homozygous - Frameshift change 

-21 Homozygous + 7 aa deletion 
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Appendix XII Subset of HvCslF3 and HvCslH1 mutants used for grain (1,3;1,4)-β-

glucan quantification. 

Gene Genotype ID 
CRISPR/Cas9 

mutation 
Effect on protein 

(1,3;1,4)-β-glucan 

% (w/w) 

HvCslF3 KH1_4B_18_32 -2 bp/-2 bp Frameshift change 5.5 

HvCslF3 KH1_4B_18_29 -2 bp/-2 bp Frameshift change 5.6 

HvCslF3 KH1_4B_18_28 -2 bp/-2 bp Frameshift change 5.3 

HvCslF3 KH1_4B_31_11 +3 bp/+3 bp 1 aa insertion 4.7 

HvCslH1 KH4_13C_11_5 -21 bp/-21 bp 7 aa deletion 5.7 

HvCslH1 KH4_13C_26_1 +1 bp/+1 bp Frameshift change 6.4 

HvCslH1 KH4_13C_26_8 +1 bp/+1 bp Frameshift change 6.1 

HvCslH1 KH4_13C_13_7 +1 bp/+1 bp Frameshift change 6.3 

HvCslH1 KH4_13C_13_5 +1 bp/+1 bp Frameshift change 6.3 

HvCslH1 KH4_13C_11_15 +13 bp/+13 bp Frameshift change 4.1 

_ cv Golden Promise WT WT 5.8 

_ cv Golden Promise WT WT 5.7 

_ cv Golden Promise WT WT 5.8 
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Appendix XIII Determination of Cas9 copy number by hygromycin segregation test on 

HvCslF6 heterozygous seedlings (T2 plants). In total 20 seed per genotype were grown 

on Agargel with Hygromycin (100 µg/mL) for two weeks. Seedlings were score for 

hygromycin sensitivity/resistance. a) Phenotype of a sensitive (left) and resistant (right) 

seedlings. b) -1 bp/WT, premature stop codon. c) +1 bp/WT, frameshift change. d) Chi 

square test for hygromycin segregation in two HvCslF6 mutants. The null hypothesis (H°, 

1 d.f.) of a single copy Cas9 insertion, 3:1 resistant (R) vs sensitive (S) segregation, was 

rejected for both lines suggesting that both HvCslF6 heterozygous mutants carried more 

than one copy of the resistance gene. Suspected HvCslF6 sensitive mutants died before 

transplanting them to soil. NG represents non-germinated seeds. 

 

d) 

Genotype  
CRISPR/Cas9 

mutation 

Effect on 

protein 

Ratio 

(Ho) 
# R # S # NG X2 p-value 

KH2_9A_13 -1 bp/WT 
Premature 

stop codon 
3:1 8 1 11 6.47 

0.05 > P > 

0.01 

KH2_9A_25 +1 bp/WT 
Frameshift 

change 
3:1 7 1 12 7.47 P < 0.01 
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Appendix XIV Barley crossing using CRISPR/Cas9-induced mutants. a) T1 genotypes 

selected for crossings to generate double mutants with betaglucanless background. 

Parental combinations which set seed are highlighted in grey. Mature spikes harvested 

from crossings of b) cv Golden Promise x HvCslF6 heterozygous (+1 bp/WT) mutant c) 

HvCslH1 homozygous (+1 bp/+ 1 bp) mutant x HvCslF6 heterozygous (+1 bp/WT) 

mutant. Plants were grown in glasshouse conditions and developing spikes were tagged 

near anthesis to generate crosses between HvCslF and HvCslH mutants. Two spikes set 

seed corresponding to the crossing (back-cross) of cv Golden Promise x HvCslF6 

heterozygous (+1 bp/WT) mutant (Appendix XIVb) and HvCslH1 homozygous (+1 bp/+ 

1 bp) mutant x HvCslF6 heterozygous (+1 bp/WT) mutant (Appendix XIVc). Genotypic 

screening of cv Golden Promise x HvCslF6 heterozygous (+1 bp/WT) cross progeny 

identified three new HvCslF6 heterozygous (+1 bp/WT) mutants although no Cas9-free 

genotypes were detected in a single back-crossed ear. Seedlings from the HvCslH1 

homozygous (+1 bp/+ 1 bp) x HvCslF6 heterozygous (+1 bp/WT) cross were WT for 

HvCslF6, heterozygous for HvCslH1 (+1 bp/WT) and positive for Cas9 PCR screening. 

Although we failed to generate double mutants for the rest of the lines due to differences 

in heading date across CRISPR/Cas9 mutants and cv Golden Promise, new crossings will 

be performed in subsequent generations. 

a) 

Gene InDel Size Allelic State cas9 Effect on Protein 

HvCslF3 
-2 Homozygous + Frameshift change 

+3 Homozygous + 1 aa insertion 

HvCslF6 
-1 Heterozygous + Frameshift change 

+1 Heterozygous + Premature stop codon 

HvCslF9 

-39 Homozygous - 13 aa deletion 

-13 Heterozygous - Premature stop codon 

+1 Heterozygous - Premature stop codon 

HvCslH1 
-21 Heterozygous + Frameshift change 

+1 Homozygous + Frameshift change 
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