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Abstract 

 

This project was carried out to explore the regulatory mechanism for (1,3;1,4)-β-glucan 

synthesis in barley (Hordeum vulgare L.) in both endosperm and leaf tissues.  

For the grain (1,3;1,4)-β-glucan content regulation study, transcriptional profiles of candidate 

genes involved in (1,3;1,4)-β-glucan synthesis and degradation, from the developing barley 

endosperm, were compared across parental lines that had been previously used for grain 

(1,3;1,4)-β-glucan QTL studies. Correspondence between differences in transcript levels of 

selected genes and the QTL detected in parental lines was analysed. In the high (1,3;1,4)-β-

glucan parent of a mapping population with a grain (1,3;1,4)-β-glucan QTL near/at the 

location of the HvCslF6 gene, HvCSLF6 transcript levels increased sharply late in endosperm 

development. In contrast, HvCslF6 transcript levels did not differ between parents of a 

mapping population in which no grain (1,3;1,4)-β-glucan QTL had been mapped near/at the 

HvCslF6 gene. Co-transcription of a β-glucan exo-glucanase gene, HvExoIV gene with 

HvCslF9 early in endosperm development and with HvCslF6 late in endosperm development 

indicated that HvEXOIV could be involved in (1,3;1,4)-β-glucan synthesis. 

It has been reported that leaf (1,3;1,4)-β-glucan is degraded when plants are incubated in the 

dark for prolonged periods and is re-synthesized upon re-exposure to a normal day/night 

cycle. Thus, to investigate the regulation of leaf (1,3;1,4)-β-glucan, the transcript levels of 

(1,3;1,4)-β-glucan synthase genes and related genes were profiled during (1,3;1,4)-β-glucan 

mobilization upon dark incubation. Some of the genes that responded to prolonged dark 

incubation showed diurnal transcription patterns, even in continuous darkness. Among the 

(1,3;1,4)-β-glucan synthase candidate genes, only HvCslH1 was up-regulated upon dark 

incubation. Its transcripts quickly returned to control levels upon re-exposure to the normal 

day/night cycle. None of the (1,3;1,4)-β-glucan synthase genes were up-regulated upon re-



xiv 

 

exposure to normal day/night cycles. Consistent with what was observed for HvExoIV, 

HvCslF6 and HvCslF9 in developing endosperm, HvExoIV seemed to exhibit co-transcription 

gene with the HvCslH1.  
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Chapter 1 General introduction 

The (1,3;1,4)-β-glucan level in barley is one of the major traits that determine the end-use 

value of barley grains. Consumption of (1,3;1,4)-β-glucans has been shown to be beneficial to 

human health by reducing the total cholesterol level as well as low density lipoprotein (LDL) 

level, which is important for cardiovascular health (Brennan and Cleary, 2005; Brennan et al., 

2012). In the brewing industry, barley (1,3;1,4)-β-glucans are considered undesirable because 

they can impede filtration and can form haze in beer.  

Thus, a proper understanding of the (1,3;1,4)-β-glucan level regulation and synthesis in barley 

could be useful for developing barley cultivars that can meet the specific end-use 

requirements. 

Barley grain (1,3;1,4)-β-glucan quantitative trait locus (QTL) studies have found multiple 

chromosomal locations that are associated with differences in grain (1,3;1,4)-β-glucan level. 

Molecular genetic studies have determined that members of two cereal-specific groups of 

genes, the cellulose synthase-like (Csl) subfamilies F (CslF) and H (CslH), are involved in 

(1,3;1,4)-β-glucan synthesis (Burton et al., 2006; Doblin et al., 2009). Some members of these 

gene families are co-located with QTL, as are several (1,3;1,4)-β-glucan endohydrolase and 

exo-hydrolase genes (Burton et al., 2008). However, the exact underlying mechanisms that 

regulate grain (1,3;1,4)-β-glucan level are still unknown. 

For the barley plant itself, (1,3;1,4)-β-glucans in endosperm tissues provide an energy reserve 

for germination. There is also some evidence that (1,3;1,4)-β-glucans play similar roles in 

other plant tissues. It has been observed that (1,3;1,4)-β-glucans in mature leaf tissues are 

hydrolysed when barley plants are kept in darkness and re-synthesized when the plants are 

returned to a normal light-dark regime (Roulin and Feller, 2001; Roulin et al., 2002).  

To further investigate the regulation of (1,3;1,4)-β-glucan levels in the grain and leaf tissue of 

barley, experiments were conducted to investigate: 
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 Whether a QTL for grain (1,3;1,4)-β-glucan levels that co-locates with HvCslF6 can 

be attributed to allelic variation and/or differential expression of HvCslF6  

 Whether any of the (1,3;1,4)-β-glucan endo- and exo-hydrolases are required for 

(1,3;1,4)-β-glucan synthesis, 

 The (1,3;1,4)-β-glucan related genes that are involved in (1,3;1,4)-β-glucan regulation 

in mature leaf tissues. 
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Chapter 2 Literature review 

2.1 Mixed-linkage (1,3;1,4)-β-glucan (MLG): biodiversity 

Mixed-linkage (1,3;1,4)-β-glucans are unique non-starch polysaccharides that are found in the 

cell walls of cereal plants and related Poales species but not in most other angiosperm species 

(Fincher and Stone, 2004). In other taxa, (1,3;1,4)-β-glucans have been reported in Equisetum 

(horsetail) (Fry et al., 2008; Sørensen et al., 2008; Xue and Fry, 2012), lichen mycobionts 

(Honegger and Haisch, 2001; Olafsdottir and Ingólfsdóttir, 2001) and other fungi (Pettolino et 

al., 2012) and bryophytes (Popper and Fry, 2003).  

In cereals, (1,3;1,4)-β-glucans are mostly located in the grain endosperm cell walls, and to 

lesser extent, in the cell walls of vegetative tissues (Trethewey and Harris, 2002). Among the 

cereal plants, the highest grain (1,3;1,4)-β-glucan levels are found in oat and barley, ranging 

from 3.2 to 6.3 % (w/w) in oat grain (Welch and Lloyd, 1989) and from 3 to 8% (w/w) in 

barley grain (Zhang et al., 2002). In the endosperm cell walls, (1,3;1,4)-β-glucans account for 

up to 85% of total cell wall polysaccharides in oat, 75% in barley, 20% in both wheat and rice 

and 12% in rye (Fincher and Stone, 2004). In vegetative tissues of barley, (1,3;1,4)-β-glucans 

have been reported to account for 16% of total cell wall polysaccharides in leaf tissues and 

5% in stem tissues (Fincher, 2009a). 

2.2 (1,3;1,4)-β-Glucan: chemical properties 

(1,3;1,4)-β-Glucans are linear, unbranched, unsubstituted hemicelluloses that consist of β-D-

glucopyranose residues connected by (1,3)- and (1,4)-linkages (Figure 2.1). The consecutive 

glucoses within (1,3;1,4)-β-glucan polymers are linked through either C(O)3 or C(O)4 atoms, 

with the degree of polymerisation up to 1000 or more (Burton and Fincher, 2009; Fincher, 

2009b). The (1,3)- to (1,4)-linkage ratio is highly variable across species, with (1,4)-linkages 

being more abundant (Burton and Fincher, 2012). Within each linear β-glucan polymer, short 

consecutive (1,4)-linkages are interspersed with single (1,3)-linkages.  
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Most of the consecutive (1-4)-linkages form cellotriose (two consecutive (1-4)-linkages) and 

cellotetraose (three consecutive (1-4)-linkages) blocks, with only about 10% of the polymer 

consisting of longer blocks of cellodextrins with up to 14 consecutive (1-4)-linkages 

(Woodward et al., 1988). Thus, (1,3;1,4)-β-glucans can be considered as long linear D-

glucose polymers mainly consisting of several hundred cellotriose and cellotetraose units that 

are linked together by (1,3)-linkages. Markov chain analyses have indicated that the 

arrangement of cellotriose and cellotetraose units within (1,3;1,4)-β-glucan polymers is 

essentially random (Staudte et al., 1983). 

The presence of (1,3)-linkages between the cellotriose and cellotetraose blocks in (1,3;1,4)-β-

glucans as well as the random arrangement of cellodextrins cause kinks or bends in the 

polymer at irregular intervals, reducing the perfect alignment between the polymers. Limited 

alignment among the asymmetrical (1,3;1,4)-β-glucan polymers allows the high molecular 

weight (1,3;1,4)-β-glucan polymers to be at least partially soluble in water and to form 

viscous gel-like structures that are required for their functions in the gel-like matrix phase of 

primary cell walls. The solubility of (1,3;1,4)-β-glucans depends on the extent of alignment of 

the long polysaccharide chains (Fan et al., 2009; Fincher, 2009a, 2009b). The physiochemical 

properties of (1,3;1,4)-β-glucans can be predicted through the cellotriose:cellotetraose 

(DP3:DP4) ratio. When the DP3:DP4 ratios of (1,3;1,4)-β-glucans are in the range of 2.0 to 

3.0, partial solubility in aqueous solution is possible, as demonstrated by oat and barley grain 

(1,3;1,4)-β-glucans (Burton and Fincher, 2012). However, when the DP3:DP4 ratio moves 

away from these values in either direction, the resulting (1,3;1,4)-β-glucans become more 

symmetrical in shape, allowing more extensive alignment between molecules, and becoming 

more insoluble in aqueous media, as in wheat and Brachypodium grain (1,3;1,4)-β-glucans 

(Fincher, 2009a; Burton et al., 2010; Collins et al., 2010).  
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Figure 2.1 Schematic diagram of a section of a (1,3;1,4)-β-glucan molecule. 

  

 

  



6 

 

2.3 (1,3;1,4)-β-Glucan: biological functions 

In order to protect the inner contents of the plant cells, cell walls must be strong and flexible. 

Primary cell walls must also be porous to permit the free flow of water, nutrients and other 

small molecules between adjacent cells. These requirements are well catered for by a cell wall 

that is composed of a gel-like matrix reinforced with cellulose microfibrils. Cellulose fibrils 

act as reinforcement rods that provide tensile strength, while (1,3;1,4)-β-glucans, together 

with other non-cellulosic polysaccharide, are believed to be involved in forming the gel-like 

cell wall matrix that provides porosity, flexibility and elasticity.  

In the cell wall of Cetraria islandica, the fungal mycobiont component of the lichen Icelandic 

moss, the structural function of the (1,3;1,4)-β-glucans (lichenin) differs from its counterpart 

in plants (Honegger and Haisch, 2001). In the cell wall (1,3;1,4)-β-glucans of C. islandica, 

most cellodextrin units (up to 86%) are cellotriosyl units. This enables extensive alignment of 

the molecular chains, similar to that found in cellulose microfibrils. As a consequence, the 

(1,3;1,4)-β-glucan (lichenin) in C. islandica is relatively insoluble. 

(1,3;1,4)-β-Glucans are not essential structural components of cell walls as there is no specific 

defined range of (1,3;1,4)-β-glucan level in the tissues, either in the grain or in the vegetative 

components, that is required for the plant survival. In the grain from different cereal plants 

and grasses, cell wall (1,3;1,4)-β-glucan levels vary greatly, ranging from 12% to 85% of cell 

wall total polysaccharide (Collins et al., 2010). Within a barley plant, cell wall (1,3;1,4)-β-

glucan levels vary from 5% to 70% of cell wall total polysaccharide across different tissue 

types. Within the barley leaf tissues, (1,3;1,4)-β-glucan ranged from 0.6 to 0.7% (Burton et 

al., 2011). In several extreme cases, barley lines with altered (1,3;1,4)-β-glucan levels have 

been found to thrive successfully. In the leaf tissues of transgenic barley lines, (1,3;1,4)-β-

glucan levels can be increased to 1.2% compared to 0.6-0.7% in normal barley leaf tissues, 

although 6.4% of leaf (1,3;1,4)-β-glucan level was shown to be lethal (Burton et al., 2011). At 

the other extreme, barley mutants without (1,3;1,4)-β-glucans, either in leaf or endosperm 
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tissues, are also able to survive (Tonooka et al., 2009; Taketa et al., 2012). Mutant rice plants 

without (1,3;1,4)-β-glucans exhibited only a slight growth defect (Vega-Sanchez et al., 2012). 

The wide range of (1,3;1,4)-β-glucan levels across species, tissue types and even within the 

same tissues is very different from what is observed for cellulose, the level of which is usually 

within a narrow range for the plant to grow properly (Tan, 2013).  

(1,3;1,4)-β-Glucans can function as energy storage molecules that are hydrolysed during 

germination or glucose starvation. It has been estimated that cell wall (1,3;1,4)-β-glucan 

molecules account for up to 18% of the total glucose source in barley grain and is eventually 

released as free glucose and used as an energy source for developing seedlings (Morrall and 

Briggs, 1978; Hrmova et al., 1996). In vegetative tissues, (1,3;1,4)-β-glucans may act as 

energy reserves by supplying additional glucose molecules under certain conditions. 

Consistent with this, degradation of (1,3;1,4)-β-glucans and increased (1,3;1,4)-β-glucan 

endohydrolase activities during darkness have been reported (Roulin and Feller, 2001; Roulin 

et al., 2002; Kimpara et al., 2008). In young seedlings of Brachypodium distachyon, barley 

and wheat, cell wall (1,3;1,4)-β-glucan levels have been reported to be much greater at two 

days than at eight days after germination (Christensen et al., 2010). Thus, Burton and Fincher 

(2012) have proposed that (1,3;1,4)-β-glucans are required for the rapid expansion of young 

tissues, such as in young coleoptiles of oat and rice, but are not essential in mature plant 

tissues.  

2.4 Industrial significance of (1,3;1,4)-β-glucan 

In barley, (1,3;1,4)-β-glucans can have important effects on end-use quality. In malting, high 

levels of (1,3;1,4)-β-glucan are undesirable because they hinders the diffusion of germinating 

enzymes and mobilisation of kernel reserves, thus reducing the malt extract value (Bamforth, 

1982). In brewing, high wort viscosity caused by residual (1,3;1,4)-β-glucans in malt can 

impede filtration, In beer, residual (1,3;1,4)-β-glucans can result in post-chilling haze 

formation (Bamforth, 1982; Vis and Lorenz, 1997). Generally speaking, these undesirable 
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properties of (1,3;1,4)-β-glucans in malting and brewing processes have led barley breeders to 

select against high (1,3;1,4)-β-glucan in both grain and malt extracts. 

When barley grain is used as animal feed, a high (1,3;1,4)-β-glucan level is associated with 

reduced growth performance in chickens and piglets (Almirall et al., 1995; Mohammed, 1995; 

Li et al., 2004). Undigested (1,3;1,4)-β-glucans lead to high intestinal viscosity and depress 

ileal nutrient digestibility, possibly by preventing digestion enzymes from reaching their 

substrates (Almirall et al., 1995). Finally, undigested (1,3;1,4)-β-glucans result in viscous 

faeces from the gastrointestinal tract and hence sticky droppings from monogastric animals, 

leading to environmental pollution and hygiene control problems (Burnett, 1966).  

In contrast, for human health, (1,3;1,4)-β-glucans are highly appreciated as functional 

components of dietary fibre. Many studies have indicated that (1,3;1,4)-β-glucan consumption 

can reduce the total plasma cholesterol and serum low-density-lipoprotein-cholesterol (LDL-

C) levels in hypercholesterolemic humans (McIntosh et al., 1991; Hecker et al., 1998; 

Shimizu et al., 2008). Continuous daily intake of 3 g (1,3;1,4)-β-glucans for 8 weeks has been 

reported to significantly reduce total cholesterol, LDL, ApoA1 and ApoB in patients with 

myasthenia gravis, a chronic autoimmune neuromuscular disease (Haggard et al., 2013). It is 

believed that water-soluble fibre binds strongly to bile acid from the gall bladder, forcing the 

liver to re-synthesise new bile acid from the cholesterol precursor and thus reducing the blood 

total cholesterol level (Shimizu et al., 2008). In a ruling published in the Federal Register on 

May 22, 2006, the US Food and Drug Administration (FDA) authorised the claim that 

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

coronary heart disease, and included barley as a source of (1,3;1,4)-β-glucans in a ruling dated 

August 15, 2008.  

The (1,3;1,4)-β-glucans in vegetative tissues of grasses are potentially important contributors 

during bioethanol production from biomass residues (Burton and Fincher, 2009). The 

irregular kinks caused by random insertion of individual (1,3) linkages prevent the proper 
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alignment for fibre formation, increase the solubility and readily expose the polysaccharides 

for enzymatic digestion. This is in contrast to the highly ordered and tightly packed 

architecture of cellulose microfibrils, which requires that cellulose is chemically or physically 

pre-treated to expose the surface area for enzyme digestion (Arantes and Saddler, 2010). 

Further, complete hydrolysis of (1,3;1,4)-β-glucans into simple sugars requires only two 

hydrolytic enzymes: (1,3;1,4)-β-glucan endohydrolase and (1,3;1,4)-β-glucan exohydrolase, 

which further simplifies biofuel production from (1,3;1,4)-β-glucan in comparison to cellulose 

(Hrmova and Fincher, 2001; Burton and Fincher, 2009).  

2.5 Current understanding of (1,3;1,4)-β-glucan synthesis and regulation 

2.5.1 Barley grain (1,3;1,4)-β-glucan quantitative trait locus (QTL) studies 

A quantitative trait is a phenotypic trait that cannot be classified into discrete classes and 

varies along a continuum within a population. Such phenotypic traits may be affected by the 

variation present in one or more genes in combination with environmental variation. 

Quantitative trait loci (QTL) are the specific locations on chromosomes that contain genes 

affecting quantitative traits. They can be mapped using statistical analysis of phenotypic and 

genotypic data.  

Powell et al., (1985) estimated that the quantitative trait of barley grain (1,3;1,4)-β-glucan 

level may be affected by three to five genes. This work was followed by numerous studies 

aiming to locate grain (1,3;1,4)-β-glucan QTL, as summarised in Table 2.1. In all of the 

barley populations in which QTL for (1,3;1,4)-β-glucan have been mapped, progeny with 

phenotypes that are more extreme than the parents have been observed (Table 2.2). This is of 

particular interest since it indicates the possibility of allele combinations across loci that 

confer higher or lower (1,3;1,4)-β-glucan levels than either parental line (transgressive 

segregation).  
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Table 2.1 Grain (1,3;1,4)-β-glucan QTL that have been mapped in various barley populations 

References Chromosome Nearest Markers Mapping 

Population 

Han et al. (1995) 1H 

2H 

Glb1-ABC160 

ABG703-Chs1B, Adh8-ABG019 

Steptoe × Morex 

Igartua et al. (2002) 

 

Meyer et al. (2000) 

3H 

 

7H 

sdw1 

 

centromere region 

Derkado × B83-

12/21/5 

Derkado × B83-

12/21/5 

Molina-Cano et al. 

(2007) 

 

1H 

5H 

7H 

Ctig8484 

Bmag337 

Bmag516 

Beka × Logan 

Li et al. (2008)  

 

2HS 

3H 

5H 

7H 

E33M59.6 

E36M59.9, E37M60.10 

E35M62.3, E38M62.12 

Bmac31, E35M47.6, Bmag341, 

E38M48.5 

CDC Bold × 

TR251 

Laido et al. (2009) 1H Bmag0211, E39M61-247 Nure × Tremois 

Wei et al. (2009) 4H bPb-2305-Bmac0186 CM72 × 

Gairdner 

Kim et al. (2011) 7H HVM4, opU01, HVM49 Neulssalbori × 

Yonezawa 

Mochi 

Taketa et al. (2012) 7H MWG511, Bmac0162 OUM125 × 

Bowman  

Islamovic et al. 3H MK_3892-2472, MK_3965-353 Falcon × Azhul 
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(2013) 4H 

 

5H 

6H 

7H 

MK_BmaAg0808, MK_6954-

861,MK_2776-637 

MK_8785-443 

MK_4313-482 

MK_1073-916, MK_2124-984 

Hu et al. (2014) 7H Bmag369 

Bmag564 

m351 × Steptoe 
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Table 2.2 Phenotypic variation observed in (1,3;1,4)-β-glucan QTL studies 

Reference Environment(s) Parent 

Mean grain β-

glucan content of 

parent (%) 

Range of grain β-glucan 

content among double 

haploid lines (%) 

Han et al. (1995) Aberdeen ID, USA, Bozeman MT, USA,  

 

 

Steptoe 4.3 

3.4 – 5.3 Morex 4.7 

Meyer et al. (2000) Klamath Falls OR, USA and Pullman WA, USA Derkado 2.9 
2.4 – 3.2 

 B83-12/21/5 3.5 

Molina-Cano et al. (2007) Lleida, Spain Beka 3.4
a
 

3.4 – 4.1
 a
 

Logan 3.6
 a
 

Dundee, Scotland Beka 4.00
 a
 

3.7-4.8
 a
 

Logan 4.2
 a
 

Li et al. (2008) New Zealand CDC Bold 3.8 2.5-5.1 

TR251 5.2 

Saskatoon, Canada, 2005 CDC Bold 3.3 2.9-4.6 

TR251 4.3 

Saskatoon, Canada, 2006 CDC Bold 3.8 3.3-5.7 

TR251 4.6 

Laido et al. (2009) Fiorenzuola, Italy Tremois 3.9
b
 2.7-6.3

b
 

Nure 5.0
 b
 

Wei et al. (2009) Hangzhou, China CM72 3.9 2.6-6.2 

Gairdner 4.8 

Kim et al. (2011) Suwon, Korea and Jinju, Korea Neulssalbori 3.8
 a
 4.1-6.0

 a
 

Yonezawa 

Mochi 

5.8
 a
 

a
 : approximate estimate based on a published figure  

b
: average value of two trials (Fiorenzuola 2002, autumn sowing and Fiorenzuola 2003, spring sowing). 
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With better understanding of the genes involved in (1,3;1,4)-β-glucan synthesis and 

degradation, and whether or how they interact, selection of lines with the desired levels of this 

polysaccharide will be easier and more efficient.  

2.5.2 Molecular genetics of (1,3;1,4)-β-glucans synthesis 

The first breakthrough in the identification of genes that may be responsible for (1,3;1,4)-β-

glucan synthesis in barley grain was achieved through comparative genomic analysis using 

the barley QTL data and the rice genome sequence (Burton et al., 2006), as the barley genome 

sequence was not available in 2006. By using molecular markers linked with a QTL on 

chromosome 2H of barley (Han et al., 1995), a syntenic region was identified on chromosome 

7 of rice (Burton et al., 2006). The syntenic region, which spanned 3.5 Mb, was confirmed by 

markers common to both species. Within this region, the rice genome contains six CslF genes 

(OsCslF1, OsCslF2, OsCslF3, OsCslF4, OsCslF8 and OsCslF9) clustered in a region of 

about 118 kb. Since both CslF genes and (1,3;1,4)-β-glucan are exclusive to the Poaceae 

family, CslF genes were considered candidate genes for (1,3;1,4)-β-glucan synthases. The 

function of CslF genes was tested using a gain-of-function approach in Arabidopsis thaliana. 

Arabidopsis was suitable since its cell walls do not contain (1,3;1,4)-β-glucan (Zablackis et 

al., 1995) and no CslF gene had been found in its genome. Transformation of either OsCslF2 

or OsCslF4 into Arabidopsis led to the deposition of (1,3;1,4)-β-glucan in the walls of the 

transgenic lines and thereby confirmed the role of OsCslF genes in (1,3;1,4)-β-glucan 

synthesis (Burton et al., 2006).  

The nomenclature of the barley Csl genes is based on the nomenclature of the likely orthologs 

from rice, which had been assigned in the International Rice Genome Sequencing Project 

(IRGSP). The CslF genes found and mapped in barley include HvCslF3, HvCslF4, HvCslF6, 

HvCslF7, HvCslF8, HvCslF9 and HvCslF10. No genes were named HvCslF1, HvCslF2 or 

HvCslF5 because there were no barley genes with close sequence similarity with OsCslF1, 

OsCslF2 and OsCslF5 (Burton et al., 2008). The genome sequence scaffold of barley 
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(IBGSC, 2012) revealed three additional HvCslF genes, which have been named HvCslF11, 

HvCslF12 and HvCslF13 (Schreiber et al., 2014). 

Based on the indication that cereal-specific Csl genes may be responsible for (1,3;1,4)-β-

glucan synthesis, another cereal-specific Csl gene family, CslH, was investigated. The rice 

CslH sequence was used to retrieve related barley ESTs from databases, and these were 

aligned to obtain a single 1.5 kb sequence in barley that was designated HvCslH1 (Doblin et 

al., 2009). Upon transfer into Arabidopsis, HvCslH1 was able to drive (1,3;1,4)-β-glucan 

synthesis (Doblin et al., 2009). The observation that individual CslH and CslF genes can drive 

the (1,3;1,4)-β-glucan synthesis in transgenic Arabidopsis indicates that (1,3;1,4)-β-glucan 

synthase genes may have evolved from a single gene (Fincher, 2009b). Another Csl family, 

CslJ, is found only in specific grasses, including barley, wheat, sorghum and maize, but not 

rice, and a definitive function remains to be proven. There has been some discussion in the 

literature as to whether this clade of genes is indeed restricted to the Poaceae (Scheller and 

Ulvskov, 2010). In young seedling tissues, transcript levels of CslJ have been found to be as 

high (in barley) or 10-fold higher (in wheat) than those of CslH (Christensen et al., 2010).  

The barley CslF, CslH and CslJ genes have been mapped in a Clipper × Sahara population, 

and most of their map locations correspond with those of QTL for barley grain (1,3;1,4)-β-

glucan content that have been mapped in one or more other populations (Burton et al., 2008; 

Doblin et al., 2009; Fincher, 2009b).  

HvCslF6 is in the centromeric region of chromosome 7H, near grain (1,3;1,4)-β-glucan QTL 

(Igartua et al., 2000; Molina-Cano et al., 2007; Li et al., 2008; Tonooka et al., 2009; Kim et 

al., 2011; Taketa et al., 2012; Hu et al., 2014). HvCslF9 is on chromosome 1H, near a grain 

(1,3;1,4)-β-glucan QTL located by Han et al. (1995) and the (1,3;1,4)-β-glucan endohydrolase 

isoenzyme EI gene, HvGlb1. HvCslF3, HvCslF4, HvCslF8, HvCslF10 and HvCslH1 are 

clustered on chromosome 2H near a major grain (1,3;1,4)-β-glucan QTL that was reported by 
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Han et al. (1995). HvCslF7 is on chromosome 5H, at a position that does not correspond with 

any reported grain (1,3;1,4)-β-glucan QTL.  

All the proteins encoded by the HvCslF and HvCslH genes are considered to belong to the 

glycosyl transferase (GT2) family (Coutinho et al., 2003; www.cazy.org) due to the presence 

of a characteristic putative catalytic domain D,D,D,QxxRW (Doblin et al., 2002). Analysis of 

the protein sequence encoded by the HvCslF and HvCslH genes indicate that the 

D,D,D,QxxRW motif is within the cytoplasmic domain, with two transmembrane helices 

toward the NH2-terminal and six transmembrane helices toward the COOH-terminal (Burton 

et al., 2008). 

The specific roles of individual HvCslF and HvCslH genes and potential interactions among 

them remain to be explored. Profiling HvCslF and HvCslH transcripts in various barley 

tissues has not revealed any significant co-expression among different genes, indicating that 

each HvCslF and HvCslH gene may be transcribed independently (Burton et al., 2008; Doblin 

et al., 2009; Wilson et al., 2012). This is in contrast with HvCesA cellulose synthase genes in 

barley, for which co-expression patterns of some members of the CesA clade have been found 

in a wide range of barley tissues, indicating functional links between individual HvCesA 

genes (Burton et al., 2004). 

Since (1,3;1,4)-β-glucans form about 70% of barley endosperm cell walls, transcript profiling 

of the HvCslF and HvCslH genes has been performed in developing endosperm (Burton et al., 

2008; Doblin et al., 2009; Wilson et al., 2012). High transcript levels were observed for only 

two genes, namely HvCslF9 and HvCslF6. HvCslF9 transcript levels peaked early in 

endosperm development [6-8 days after pollination (DAP)], at about the time cellularisation 

was complete, and decreased to very low levels by 12 or 16 DAP. As the HvCslF9 transcript 

levels decreased at 12-16 DAP, those of HvCslF6 increased. By 16 DAP, HvCslF6 transcripts 

were the predominant HvCslF transcripts and they remained so throughout endosperm 

development (until 38 DAP). 
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Research by Tonooka et al. (2009), Nemeth et al. (2010), Taketa et al,, (2012), Burton et al., 

(2011) and Hu et al., (2014) provided further evidence of the significant role of CslF6 genes 

in (1,3;1,4)-β-glucan synthesis in the endosperm tissues of barley and wheat. At least three 

non-synonymous substitutions in the highly conserved coding region of the HvCslF6 gene 

abolish (1,3;1,4)-β-glucan synthase activity in barley endosperm tissues and drastically reduce 

the (1,3;1,4)-β-glucan level in all barley plant tissues (Tonooka et al., 2009; Taketa et al., 

2012). Recently, Hu et al., (2014) reported a different non-synonymous substitution in 

HvCslF6 that mildly reduces (1,3;1,4)-β-glucan level in the barley mutant line m351. The 

m351 mutation leads to an alanine-to-threonine substitution (A351T) within a predicted 

transmembrane domain of the HvCSLF6 protein. This substitution may affect the enzyme 

functionality by reducing protein stability. In wheat, Nemeth et al., (2010) used RNAi to 

suppress the transcript levels of the CslF6 homolog, TaCslF6, and reduced the mean 

(1,3;1,4)-β-glucan levels of the wholemeal fraction in the transgenic wheat by 42.2% relative 

to a control, indicating the important function of the CslF6 gene in grain (1,3;1,4)-β-glucan 

synthesis across species. Meanwhile, endosperm-specific overexpression of HvCslF6 in 

transgenic barley greatly increased levels of (1,3;1,4)-β-glucan in grain and confirmed that 

HvCslF6 plays the primary role in (1,3;1,4)-β-glucan synthesis in barley endosperm tissues 

(Burton et al., 2011).  

In rice, OsCslF6 is believed to contribute to (1,3;1,4)-β-glucan synthesis in vegetative tissues, 

because mutation of the OsCslF6 gene abolished or severely reduced (1,3;1,4)-β-glucan 

synthesis activities in all tissues.(Vega-Sanchez et al., 2012). 

In the young leaf tissues of barley plants, HvCslF6 transcripts are much more abundant than 

those of other HvCslF genes, with the highest transcript levels found in the basal section of 

the first leaf (Burton et al., 2008; Christensen and Scheller, 2012). HvCslH1 transcripts are 

also quite abundant in leaf tissues, with the highest transcript levels detected in the tip section 

of the first leaf, particularly in cells with secondary wall thickening (Doblin et al., 2009). 
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Thus, HvCslH1 may be important for (1,3;1,4)-β-glucan synthesis during secondary cell wall 

development.  

The various members of the HvCslF and HvCslH families may differentially affect the fine 

structure of the synthesized (1,3;1,4)-β-glucans. Relative to a control DP3:DP4 ratio of 2.6:1, 

overexpression of HvCslF6 in transgenic barley changed the DP3:DP4 ratio to 2.1:1, while 

overexpression of HvCslF4 changed the DP3:DP4 ratio to 2.8:1 (Burton et al., 2011). These 

observations indicate that HvCslF6 may be responsible for synthesis of soluble types of 

(1,3;1,4)-β-glucans while HvCslF4 may render (1,3;1,4)-β-glucans less soluble.  

2.5.3 Proposed synthesis mechanisms of (1,3;1,4)-β-glucans 

Even though HvCslF and HvCslH genes are believed to be essential for (1,3;1,4)-β-glucan 

synthesis, the exact mechanism of synthesis is still unknown. Considering the unique fine 

structure of (1,3;1,4)-β-glucan molecules, any proposed synthesis mechanism must meet 

several requirements. Firstly, the mechanism must explain the synthesis of both (1,3) and 

(1,4)-β-glucosyl linkages. Secondly, it must explain how single (1,3)-β-glucosyl linkages are 

inserted between cellodextrins, in an essentially random manner. Thirdly, it must explain how 

characteristic cellotriose:cellotetraose (DP3:DP4) ratios are produced, despite the random 

arrangement of cellotriose and cellotetraose units in the linear chain and the presence of some 

longer units (from 5 to 12 adjacent (1,4)-β-glucosyl residues) at apparently random locations. 

Although individual HvCslF and HvCslH genes have been shown to be capable of driving 

(1,3;1,4)-β-glucan synthesis in transgenic Arabidopsis, it is questionable that any individual 

protein could meet all of the requirements stated above. Other proteins may also be required. 

It is also worth noting that not all members of the HvCslF gene family have been shown to 

mediate (1,3;1,4)-β-glucan synthesis, so it should not be assumed that this is so.  

Two (1,3;1,4)-β-glucan synthesis mechanisms have been proposed. One of these is based on 

the assumption that the synthesis process occurs in the Golgi apparatus. It is widely accepted 
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that cellulose and callose synthesis and assembly occur at the plasma membrane, while other 

hemicelluloses, including (1,3;1,4)-β-glucan, are synthesized and assembled in the Golgi 

apparatus before being transported to the cell wall matrix (Driouich et al., 1993; Driouich et 

al., 2012). In vitro synthesis of (1,3;1,4)-β-glucans using Golgi-apparatus-enriched 

microsomal fractions has provided some insight into the possible synthesis mechanism of 

(1,3;1,4)-β-glucans (Buckeridge et al., 1999; Buckeridge et al., 2001). In vitro, at a substrate 

concentration of 5 µM UDP-Glc, the synthesized (1,3;1,4)-β-glucans were enriched with 

cellotetraosyl units, and the polysaccharide chains were relatively short. Increasing the 

substrate concentration to 250 µM reduced the proportion of cellotetraosyl units and increased 

the length of the synthesized (1,3;1,4)-β-glucans. Based on these findings, Buckeridge et al., 

(1999; 2001) proposed a multiple-site model for (1,3;1,4)-β-glucan synthesis. In that model, 

the (1,3;1,4)-β-glucan synthase complex contains two domains: a substrate-binding domain 

for binding substrates and a chain-holding domain for positioning the non-reducing terminal 

end for proper glycosidic linkage formation. The substrate binding domain contains three 

glucosyl transferase sites that progressively add cellotriosyl units to the O-3 of the non-

reducing acceptor sugar of the polysaccharide chain. The third glucosyl transferase site, distal 

to the chain-holding domain, has a much lower affinity than the first and second glucosyl 

transferase sites. Occasional failure of substrate filling at the third glucosyl transferase site, 

possibly due to low substrate availability, results in the formation of cellobiosyl units instead 

of cellotriosyl units. Once formed, the cellobiose may slide through the chain-holding 

domain, and formation of a cellotriosyl or cellobiosyl unit in the next round would result in a 

cellopentaosyl or cellotetraosyl unit. Sub-optimal substrate concentration may thus encourage 

the formation of cellotetraosyl units instead of cellotriosyl units. This is in agreement with the 

in vitro results, where low UDP-Glc concentration increases the cellotetraose proportion. 

Based on the results of proteolysis protection assays, Urbanowicz et al. (2004) suggested that 

the active catalysis sites of the (1,3;1,4)-β-glucan synthase complex are on the outward-facing 

Golgi membrane. Later, Carpita and McCann (2010), through immunolabelling, located 
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(1,3;1,4)-β-glucans at the Golgi apparatus of developing maize coleoptiles, further supporting 

the model that (1,3;1,4)-β-glucans are fully synthesized in the Golgi apparatus before being 

transported and deposited into the cell wall. This model is now further supported by evidence 

that Brachypodium distachyon CSLF6 is localised to the Golgi apparatus when transiently 

expressed in tobacco epidermal cells and its active catalytic sites are facing the cytoplasmic 

surface when expressed in the yeast Pichia pastoris (Kim et al., 2014). However, this model 

cannot be reconciled with the three-dimensional structure of the related CESA enzyme from 

Rhodobacter (Morgan et al., 2013). 

Using the same (1,3;1,4)-β-glucan specific monoclonal antibodies that were used by Carpita 

and McCann (2010) for detection of (1,3;1,4)-β-glucans in maize coleoptiles, Wilson et al. 

(2006) detected (1,3;1,4)-β-glucans in barley endosperm cell walls four days after pollination, 

but never observed antibody binding in the Golgi of developing endosperm cells, barley 

coleoptile cells or suspension-cultured barley cells. When the 35S constitutive promoter was 

used to overexpress HvCslF6 in barley leaf tissues, the level of (1,3;1,4)-β-glucan increased in 

cell walls, particularly in the vascular bundle region (Burton et al., 2011). In contrast, tagged 

barley HvCSLH1 protein, which synthesized (1,3;1,4)-β-glucans in transgenic Arabidopsis 

tissues, has been shown to be located in ER- and Golgi-derived vesicles in the transgenic 

Arabidopsis cells (Doblin et al., 2009). Based on these observations, a two-phase synthesis 

model has been proposed (Doblin et al., 2009; Burton et al., 2010; Burton and Fincher, 2012). 

In phase I, the CSLF and/or CSLH enzymes, located at the Golgi membrane, synthesize 

oligosaccharides containing (1,4)-β-linkage (cellodextrins), which mainly consist of 

cellotriose and cellotetraose, with less than 10% consisting of longer cellodextrins of up to 10 

to 12 residues. The synthesized cellodextrins are covalently attached to lipid or protein 

molecules that act as carriers to transport them to the plasma membrane. In phase II, at the 

plasma membrane, cellodextrins are randomly selected and linked together through single 

(1,3)-β-linkages by a putative transferase before being released into the cell wall as polymeric 



20 

 

(1,3;1,4)-β-glucans. The putative transferase enzymes were proposed to be either xyloglucan 

endotransglycosidase (XETs) or GT48 callose synthases, both of which are abundant in the 

grasses. It is also possible that both the CSLF and/or CSLH proteins are located in the plasma 

membrane, where they function by capturing the cellodextrins that are synthesized at the 

Golgi apparatus by unknown GT2 enzymes, forming (1,3)-β-linkage between the 

cellodextrins, generating the (1,3;1,4)-β-glucans and depositing the (1,3;1,4)-β-glucans into 

the cell walls. However, there is no published evidence for this mechanism and it must be 

noted that the mechanism of (1,3;1,4)-β-glucan synthesis remains unclear. 

The two proposed models for (1,3;1,4)-β-glucan synthesis are interesting because both models 

explain the insertion of single (1,3)-β-linkages into the (1,3;1,4)-β-glucan chain.  

Accessory proteins may also be required for the synthesis of (1,3;1,4)-β-glucans (Burton et 

al., 2008; Burton et al., 2010) and/or other polysaccharides. It has been proposed that 

polysaccharide synthesis may require a hydrolase, perhaps for processing of the growing 

polysaccharide chain or releasing the nascent polysaccharide from the synthase complex 

(Szyjanowicz et al., 2004; Farrokhi et al., 2006). In Arabidopsis, a (1,4)-β-glucan 

endohydrolase encoded by the KOR gene is required for cellulose synthesis in the secondary 

cell wall (Nicol et al., 1998; Sato et al., 2001; Maloney et al., 2012) and forms part of the 

cellulose synthase complex (Vain et al., 2014). In (1,3;1,4)-β-glucan synthesis in barley, there 

are two (1,3;1,4)-β-glucan hydrolases that might play a role in (1,3;1,4)-β-glucan synthesis, 

namely the (1,3;1,4)-β-glucan endohydrolases and the broad specificity β-glucan 

exohydrolases (Hrmova and Fincher, 2001; Fincher, 2009a).  

(1,3;1,4)-β-Glucan endohydrolases hydrolyse internal (1,4)-β-glycosidic linkages that are 

located on the reducing end side of (1,3)-β-glycosidic linkages. Two (1,3;1,4)-β-glucan 

endohydrolase isoenzymes, EI and EII, encoded by the genes HvGlb1 and HvGlb2, have been 

identified in barley. HvGlb1 transcripts have been detected in scutellum, aleurone, young leaf 

and developing endosperm tissues while HvGlb2 transcripts have been detected only in 
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aleurone tissues (Slakeski and Fincher, 1992; Finnie et al., 2006; Burton et al., 2008). In 

young leaf tissues, EI isoenzyme activity was detected 8 days after germination, increased 

rapidly between 8 and 15 days after germination and maintained high activity thereafter 

(Slakeski and Fincher, 1992). In developing endosperm, HvGlb1 transcripts were detected 

only transiently, between 12 and 20 days after pollination (Burton et al., 2008). The gene that 

encodes isoenzyme EI has been mapped on chromosome 1H (Slakeski et al., 1990; Kleinhofs 

et al., 1993), near a grain (1,3;1,4)-β-glucan QTL reported by Han et al. (1995) and the 

HvCslF9 (1,3;1,4)-β-glucan synthase gene (Burton et al., 2008), while the gene encoding 

isoenzyme EII has been mapped on chromosome 7H, and does not co-locate with any known 

grain (1,3;1,4)-β-glucan QTL (Slakeski et al., 1990; Kleinhofs et al., 1993; Burton et al., 

2008).  

β-Glucan exohydrolases hydrolyse glycosidic linkages, releasing single glucosyl residues 

from the non-reducing ends of a broad spectrum of substrates, including (1,3)-β-glucans, 

(1,3;1,4)-β-glucans and a range of oligosaccharides with (1,2)-, (1,3)-, (1,4)-, and (1,6)-β-

glucosyl linkages (Hrmova et al., 1996; Hrmova et al., 2002). At least five genes encoding 

isoenyzmes of β-glucan exohydrolase, HvExoI, HvExoII, HvExoIII, HvExoIV and HvExoV, 

are found in barley, with another undetermined putative isoenzyme gene, HvExoVI (Hrmova 

et al., 1996; Yap, 2010). Both HvEXOI and HvEXOII have been purified from 8-day 

germinated barley grain, and both have broad substrate specificity (Hrmova et al., 1996; 

Hrmova and Fincher, 1997). Barley microarray transcript profiles across a range of tissues 

detected HvExoI, HvExoII, HvExoIII and HvExoIV transcripts in all of the tissues tested, and 

showed that HvExoII and HvExoIV are the dominant transcripts (Yap, 2010). In the 

developing endosperm, HvExoII showed low transcript levels during early endosperm 

development, while HvExoIV was the dominant transcript throughout endosperm 

development, with major peaks at 8 DAP and 28 DAP. Using the barley scaffold published by 

Mayer et al. (2011), Yap (2010) determined that HvExoI and HvExoII are on chromosome 5H 
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and HvExoIII is on chromosome 3H, while HvExoIV is on chromosome 1H, close to HvCslF9 

and HvGlb1 and to a grain (1,3;1,4)-β-glucan QTL reported by Han et al. (1995). 

2.5.4 Regulation of (1,3;1,4)-β-glucan levels in barley grain 

The regulatory mechanisms that affect grain (1,3;1,4)-β-glucan levels have not been fully 

elucidated. Based on limited available evidence, it could be suggested that grain (1,3;1,4)-β-

glucan level is affected by three factors: substrate availability, transcriptional regulation and 

polymorphism of synthase genes. 

Increased substrate availability has been proposed to increase the grain (1,3;1,4)-β-glucan 

levels in high lysine barley mutants. In the induced high lysine barley mutants lys5f and lys5g, 

missense mutations in the HvNst1 gene impair transport of ADP-Glc across the plastid 

envelope, leading to accumulation of ADP-Glc in the cytoplasm (Patron et al., 2004). Since 

ADP-Glc is reversibly interconnected with UDP-Glc through Glc-1-P, increased cytoplasmic 

ADP-Glc will increase the availability of cytoplasmic UDP-Glc. As UDP-Glc is the 

immediate substrate for (1,3;1,4)-β-glucan synthesis, increased UDP-Glc substrate availability 

could therefore be postulated to increase the rate of (1,3;1,4)-β-glucan synthesis in the lys5f 

and lys5g mutants. Another gene that relates to UDP-Glc availability is HvUge1. It encodes 

UDP-glucose-4-epimerase, an enzyme that catalyses the interconversion of UDP-D-galactose 

and UDP-Glc (Reiter and Vanzin, 2001). HvUge1 is located at the distal end of the long arm 

of chromosome 1H, coinciding with a grain (1,3;1,4)-β-glucan QTL mapped by Molina-Cano 

et al. (2007). 

Evidence from the high lysine mutants indicates that any transcriptional regulation of grain 

(1,3;1,4)-β-glucan synthesis might require a very substantial reduction in HvCslF6 transcript 

abundance (Christensen and Scheller, 2012). The lys5f and lys5g mutants both have elevated 

grain (1,3;1,4)-β-glucan levels despite reduced HvCslF6 transcript levels during endosperm 

development. The lys3a mutant line exhibited reductions in both grain (1,3;1,4)-β-glucan and 
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HvCslF6 transcript levels during endosperm development but the reduction in grain (1,3;1,4)-

β-glucan (from 7% in the parental cultivar Bomi down to 4% in the mutant) were not nearly 

as extreme as the reduction in the transcript levels (down to 1% or less of wild type levels). 

Christensen et al., (2012) proposed that repressed HvCslF6 transcript levels may be caused by 

hyper-methylation of the upstream promoter region of the HvCslF6 gene in lys3a. In all three 

mutant lines (lys5f, lys5g and lys3a) and in their parent cultivars (Bomi and Carlsberg II), the 

transcript levels of HvCslF3, HvCslF4, HvCslF7, HvCslF8, HvCslF10 and HvCslH1 were 

very low, ranging from 0.01 to 0.1% of the HvCslF6 transcript level, similar to what has been 

reported for other materials (Burton et al., 2008; Doblin et al., 2009). Although quantification 

of HvCslF9 transcripts was impeded by a primer specificity issue, the HvCslF9 transcript 

level seemed to decrease during grain maturation and was estimated to be slightly lower than 

that of HvCslF6.  

Tsuchiya et al. (2005) reported that no direct relationship has been found between grain 

(1,3;1,4)-β-glucan synthase activity and the (1,3;1,4)-β-glucan level across different barley 

varieties. Although some varieties with high (or low) (1,3;1,4)-β-glucan synthase activity had 

correspondingly high (or low) endosperm (1,3;1,4)-β-glucan levels, several other varieties had 

the opposite combinations. Tsuchiya et al., (2005) suggested this may be because substrate 

availability and other factors also affect (1,3;1,4)-β-glucan synthesis.  

Cory et al. (2012), through comparison of HvCslF6 genomic DNA sequences of barley 

parental lines that had been used for mapping grain (1,3;1,4)-β-glucan QTL, suggested that 

allelic variation (SNP_4105) might modify the phosphorylation status, affecting enzymatic 

activity and thus the final grain (1,3;1,4)-β-glucan level. However, there is no evidence that 

the enzyme is phosphorylated in vivo. Despite considerable evidence for the importance of 

HvCslF6 in the synthesis of (1,3;1,4)-β-glucan in barley (Tonooka et al., 2009; Nemeth et al., 

2010; Burton et al., 2011; Taketa et al., 2012), for sequence diversity within HvCslF6 (Cory 

et al., 2012; Taketa et al., 2012) and for collocation of HvCslF6 with QTL for grain (1,3;1,4)-
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β-glucan concentration, the only direct evidence of HvCslF6 sequence polymorphism having 

a quantitative effect on grain (1,3;1,4)-β-glucan synthesis is that presented by Hu et al. (2014), 

who demonstrated that an induced barley mutant m351 with low grain (1,3;1,4)-β-glucan 

carries a point mutation that leads to an alanine-to-threonine substitution in the HvCSLF6 

protein.  

2.5.5 Regulation of (1,3;1,4)-β-glucan levels in barley vegetative tissues 

Although dynamic changes of (1,3;1,4)-β-glucan level in leaf tissues have been studied, the 

genes involved in (1,3;1,4)-β-glucan regulation in vegetative tissues have not been identified. 

Several studies have demonstrated that (1,3;1,4)-β-glucans in vegetative tissues can be 

degraded to provide glucose molecules as an energy source for cell growth and survival 

(Roulin and Feller, 2001; Roulin et al., 2002; Takeda et al., 2010). In barley leaf tissues, 

prolonged incubation in darkness has been shown to stimulate the degradation of (1,3;1,4)-β-

glucans and to increase the activity of (1,3;1,4)-β-glucan endohydrolase (EI) and β-glucan 

exohydrolase (Roulin and Feller, 2001; Roulin et al., 2002). Upon re-exposure of the plants to 

a normal light-dark cycle, (1,3;1,4)-β-glucans were actively re-synthesized, while the endo- 

and exo-hydrolase activities dropped rapidly (Roulin and Feller, 2001; Roulin et al., 2002). In 

rice seedlings submerged in water for 12 hours, reduced CslF6 transcript levels, (1,3;1,4)-β-

glucan synthase activity and (1,3;1,4)-β-glucan levels were observed (Kimpara et al., 2008). 

Takeda et al. (2010) showed that auxin-induced expression of (1,3;1,4)-β-glucan 

endohydrolase EI transcript level in barley coleoptile segments can be negated by addition of 

glucose and sucrose. This demonstrated that cells are able to adjust (1,3;1,4)-β-glucan 

endohydrolase (EI) activity in response to changes in glucose and sucrose supply, indicating 

that (1,3;1,4)-β-glucans may indeed act as carbon reserves. 

2.6 Research objectives 

Even though the HvCslF6 gene has repeatedly been implicated in (1,3;1,4)-β-glucan synthesis 

and is co-located with (1,3;1,4)-β-glucan QTL, its role in the regulation of (1,3;1,4)-β-glucan 
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levels is not completely understood. Thus, the overall aim of the research reported in this 

thesis was to investigate factors that regulate the (1,3;1,4)-β-glucan levels in barley 

endosperm and leaf tissues.  

The aim of the work described in Chapter 2 was to determine whether grain (1,3;1,4)-β-

glucan QTL that coincide with the HvCslF6 gene on chromosome 7H could be due to the 

differential activity of the HvCslF6 gene products or to the differential transcription of 

HvCslF6. Thus, (1) the HvCslF6 alleles from two contrasting mapping parents were 

transiently expressed in Nicotiana benthamiana leaves and the amount of (1,3;1,4)-β-glucan 

synthesized was measured, and (2) the transcript profiles of (1,3;1,4)-β-glucan HvCslF6 in the 

developing endosperm of the parental lines were assessed for possible differential 

transcription of HvCslF6 between the parental lines. 

To investigate the possible involvement of accessory proteins that are essential for (1,3;1,4)-

β-glucan synthesis, co-transcription analysis of cell wall related genes with HvCslF6 in 

parental lines was performed and this is described in Chapter 4. To further test co-

transcription patterns between the selected genes and HvCslF6, the developing endosperm 

tissues from F1 grains were used, because their HvCslF6 transcriptional profiles differ 

considerably from those observed in self-pollinated grains of the parental lines.  

To gain further insights into (1,3;1,4)-β-glucan metabolism and regulation, genes involved in 

(1,3;1,4)-β-glucan metabolism in leaf tissues were investigated (Chapter 5). The possible 

mobilisation and regeneration of (1,3;1,4)-β-glucan in barley leaves upon prolonged dark 

incubation and re-exposure to normal day/night cycles were assessed, together with the 

transcript profiles of genes that are thought to be involved in the synthesis and degradation of 

(1,3;1,4)-β-glucan.  
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Chapter 3 Differential expression of the HvCslF6 gene late in grain 

development may explain quantitative differences in (1,3;1,4)-β-

glucan concentration in barley 

 

Sie Chuong Wong, Neil J. Shirley, Alan Little, Kelvin H.P. Khoo, Julian Schwerdt,
 
Geoffrey 

B. Fincher, Rachel A. Burton and Diane E. Mather 

 

The text, figures and tables presented in this chapter are exactly the same as those of a 

manuscript that was submitted to the journal Molecular Breeding, except for minor formatting 

changes such as numbering of tables and figures for consistency within the thesis. Materials 

that were included as online resources with the manuscript are presented in appendices of this 

thesis.   
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Abstract 

The cellulose synthase-like gene HvCslF6, which is essential for (1,3;1,4)-β-glucan 

biosynthesis in barley, co-locates with quantitative trait loci (QTL) for grain (1,3;1,4)-β-

glucan concentration in several populations, including CDC Bold × TR251. Here, an alanine-

to-threonine substitution (caused by the only non-synonymous difference between the CDC 

Bold and TR251 HvCslF6 alleles) was mapped to a position within HvCslF6 that seems 

unlikely to affect enzyme stability or function. Consistent with this, transient expression of 

full-length HvCslF6 cDNAs from CDC Bold and TR251 in Nicotiana benthamiana led to 

accumulation of similar amounts of (1,3;1,4)-β-glucan accumulation. Monitoring of HvCslF6 

transcripts throughout grain development revealed a significant difference late in grain 

development (more than 30 days after pollination), with TR251 (the parent with higher grain 

(1,3;1,4)-β-glucan) exhibiting higher transcript levels than CDC Bold. A similar difference 

was observed between Beka and Logan, the parents of another population in which a QTL 

had been mapped in the HvCslF6 region. Sequencing of a putative promoter region of 

HvCslF6 revealed numerous polymorphisms between CDC Bold and TR251, but none 

between Beka and Logan. While the results of this work indicate that naturally occurring 

quantitative differences in (1,3;1,4)-β-glucan accumulation may be due to cis-regulated 

differences in HvCslF6 expression, these could not be attributed to any specific DNA 

sequence polymorphism. Nevertheless, information on HvCslF6 sequence polymorphism was 

used to develop molecular markers that could be used in barley breeding to select for the 

desired (low or high (1,3;1,4)-β-glucan) allele of the QTL. 

Key words:  barley breeding  (1,3;1,4)-β-glucan concentration  molecular markers  grain 

quality  QTL  transcript profiles  
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3.1 Introduction 

Cell walls of cereal crops and other grasses are characterised by the presence of (1,3;1,4)-β-

glucans, which are polysaccharides that consist of unbranched and unsubstituted chains of β-

D-glucosyl residues linked by both (1,3)- and (1,4)-β-glucosidic linkages. Cell walls in barley 

(Hordeum vulgare L.) grain are particularly rich in (1,3;1,4)-β-glucans, with levels ranging 

between 3% and 7% by weight in the starchy endosperm of cultivars that are used for malting 

or for feed (Kato et al., 1995) and considerably higher levels having been detected in wild 

barley (Henry and Brown, 1987).  

There has been much interest in the levels of (1,3;1,4)-β-glucan in barley grain, mainly 

because of filtration difficulties attributed to these polysaccharides during the brewing 

process. Although barley breeders have generally selected against high levels of (1,3;1,4)-β-

glucan in grain or malt, beneficial effects of (1,3;1,4)-β-glucans and other non-starchy 

polysaccharides in human health and nutrition have also been recognized (Braaten et al., 

1994; Brennan and Cleary, 2005). The (1,3;1,4)-β-glucans are constituents of dietary fibre, 

which is believed to greatly reduce the risk of serious human diseases, including type II 

diabetes, cardiovascular disease and colorectal cancer (Collins et al., 2010). Thus, there has 

recently been increasing interest in cereal grains with high levels of (1,3;1,4)-β-glucan.  

Burton et al. (2006) demonstrated that (1,3;1,4)-β-glucan synthesis in the grasses is mediated, 

at least in part, by the CslF group of cellulose synthase-like genes. Barley has ten HvCslF 

genes (Schreiber et al., 2014) but transcript profiling in two barley cultivars (Himalaya and 

Sloop) has shown only two of these (HvCslF6 and HvCslF9) to be transcribed at high levels 

in developing barley grain (Burton et al., 2008; Schreiber et al., 2014). For HvCslF6, 

transcript levels were high throughout endosperm development (Burton et al., 2008). For 

HvCslF9, transcript levels peaked at about 8 days after pollination (DAP), and decreased to 

very low levels by 15 DAP (Burton et al., 2008). 
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The products of CslF6 genes are thought to be particularly important for (1,3;1,4)-β-glucan 

synthesis. In rice (Oryza sativa L.), OsCslF6 knockout mutants synthesise very little 

(1,3;1,4)-β-glucan (Vega-Sanchez et al., 2012). In wheat (Triticum aestivum L.), (1,3;1,4)-β-

glucan content is reduced by RNAi inhibition of TaCslF6 (Nemeth et al., 2010) and is 

increased by the addition of barley chromosome 7H (on which HvCslF6 is located) (Cseh et 

al., 2013). In barley, overexpression of HvCslF6 has been shown to substantially increase 

(1,3;1,4)-β-glucan content (Burton et al., 2011), the lack of (1,3;1,4)-β-glucan synthesis in β-

glucan-less (bgl) barley has been attributed to a specific mutation in a conserved region of 

HvCslF6 (Taketa et al., 2012) and reduced (1,3;1,4)-β-glucan has been attributed to an 

induced mutation in HvCslF6 (Hu et al., 2014). 

Quantitative trait loci (QTL) contributing to grain (1,3;1,4)-β-glucan content have been 

mapped in several regions of the barley genome (Han et al., 1995; Igartua et al., 2002; 

Molina-Cano et al., 2007; Li et al., 2008; Kim et al., 2011; Cory et al., 2012; Islamovic et al., 

2013; Steele et al., 2013). Some of these coincide with the genetic map locations of HvCslF 

genes (Burton et al., 2008). Notably, effects on grain (1,3;1,4)-β-glucan concentration have 

been detected near the HvCslF6 gene on chromosome 7H using progeny from seven 

independent cross combinations: Derkado × B83-12/21/5 (Igartua et al., 2002), Beka × Logan 

(Molina-Cano et al., 2007), CDC Bold × TR251 (Li et al., 2008), H93174006 × Merit (Cory 

et al., 2012), Falcon × Azhul (Islamovic et al., 2013), Skardu Oldings × Static (Steele et al., 

2013), and m351 × Steptoe (Hu et al., 2014). 

According to sequence data presented by Taketa et al. (2012), Cory et al. (2012) and Hu et al. 

(2014) there is some HvCslF6 sequence variation among parents that have been used in 

mapping QTL for (1,3;1,4)-β-glucan concentration. None of the reported sequence differences 

occur in all of the parental combinations for which QTL for grain (1,3;1,4)-β-glucan 

concentration have been mapped on chromosome 7H, and only two alter the predicted amino 

acid sequence of the gene product. Both non-synonymous polymorphisms are in exon 3 of 



34 

 

HvCslF6. Both are single nucleotide polymorphisms (SNPs) that lead to alanine-threonine 

substitutions in HvCSLF6, one at position 590 (A590T) and the other at position 849 

(A849T). 

The SNP in the A590T codon (referred to as SNP23 by Taketa et al. (2012) and as SNP_4105 

by Cory et al. (2012)) is known to be polymorphic within each of two pairs of parents (CDC 

Bold and TR251; H93174006 and Merit) for which QTL have been mapped at HvCslF6. In 

each case, the parent whose QTL allele reduces (1,3;1,4)-β-glucan concentration (CDC Bold 

or Merit) has the Ala
590

 residue. Cory et al. (2012) suggested that the A590T polymorphism 

might affect phosphorylation of the HvCSLF6 protein. However, according to sequence 

information provided by Taketa et al. (2012) this SNP is not polymorphic between two other 

pairs of parents for which grain (1,3;1,4)-β-glucan QTL have been mapped at the HvCslF6 

position: Derkado and B83-12/21/5 (Igartua et al., 2002) and Beka and Logan (Molina-Cano 

et al., 2007) and it is polymorphic between Steptoe (Thr
590

) and Morex (Ala
590

), for which no 

grain (1,3;1,4)-β-glucan QTL was detected on chromosome 7H (Han et al., 1995). 

The SNP in the A849T codon was discovered in the induced mutant line m351, which has a 

low (1,3;1,4)-β-glucan concentration (Hu et al., 2014). The mutant has the Thr
849

 residue 

while its parent cultivar Harrington has Ala
849

. According to Hu et al. (2014), position 849 is 

within a predicted transmembrane domain, and the replacement of alanine by threonine may 

affect the enzyme functionality by reducing protein stability. 

To further investigate how the A590T substitution might affect the structure and function of 

the HvCSLF6 protein, we examined its position in relation to known features of the protein. 

To evaluate the effect of that substitution on (1,3;1,4)-β-glucan synthesis, we expressed the 

CDC Bold (Ala
590

) and TR251 (Thr
590

) alleles of HvCslF6 in leaves of Nicotiana 

benthamiana. To investigate whether HvCslF6-associated QTL effects could be due to 

differential expression, we monitored HvCslF6 transcript abundance in developing grain and 
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sequenced the 3' untranslated region (3'-UTR) and a putative promoter region of HvCslF6. 

We also developed new marker assays for sequence polymorphisms within HvCslF6. 

3.2 Materials and methods 

3.2.1 Protein modelling 

The glycosyl transferase 2 PFAM domain (PF00535) and two flanking transmembrane helices 

of the Rhodobacter sphaeroides BcsA crystal structure (Morgan et al., 2013) were aligned to 

HvCSLF6 using Expresso (Armougom et al., 2006) and manually refined. The structure of 

non-homologous regions in the alignment were predicted using I-TASSER (Zhang, 2008) and 

used together with BcsA as templates for producing homology models using Modeller (Šali 

and Blundell, 1993). Models were assessed with Modellers DOPE and GA32 functions, and 

also with ProSA (Wiederstein and Sippl, 2007). Top-scoring candidates were optimised using 

Modeller loop refinement scripts. 

3.2.2 Plant materials 

The cultivars CDC Bold, Beka, Logan, Harrington, Morex and Steptoe and the breeding lines 

TR251 and TR306 were used in this research (Table 3.1). CDC Bold and TR251 were used 

because they are the parents of a population in which QTL for grain (1,3;1,4)-β-glucan 

concentration had been mapped on chromosome 7H (Li et al., 2008). Beka and Logan were 

included because Molina-Cano et al. (2007) had mapped a similar QTL in a Beka × Logan 

population. Harrington, TR306, Morex and Steptoe were included because they exhibit the 

A590T substitution in HvCSLF6 (Taketa et al., 2012). 
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Table 3.1 Barley cultivars and breeding lines used for transcriptional profiling of the gene HvCslF6 during endosperm development and/or for marker 

assays 

Cultivar or breeding line Pedigree 

CDC Bold
a
 SB88403/Tyra 

TR251
b
 TR229//AC Oxbow/ND7556 

Beka
c
 Betghe XIII/Kneifel 

Logan
d
 ND7085/ND4994//ND7556  

Harrington
a
 Klages/3/Gazelle/Betzes//Centennial 

TR306
a
 Abee/Revere//WM793-1776 

Steptoe
e
 Washington Selection 3564/Unitan 

Morex
f
 Cree/Bonanza 

a
Developed at the University of Saskatchewan, Saskatoon, SK, Canada; 

b 
Developed at 

Agriculture and Agri-Food Canada Brandon Research Centre, Brandon, MB, Canada; 
c
Developed in France; 

d
Developed at North Dakota State University, Fargo, ND, USA; 

e
Developed at Washington State University, Pullman, WA, USA; 

f
Developed at the University 

of Minnesota, St. Paul, MN, USA 



37 

 

3.2.3 Plant growth and tissue sampling  

In each of three consecutive experiments, seeds of CDC Bold and TR251 were 

incubated on wet filter paper in the dark at 4 °C for 3 d. Germinated seeds were 

transferred to pots containing coconut peat, with 5 grains per pot and 5 pots per line. 

Plants were grown in a glasshouse in Urrbrae, South Australia, Australia, with the day 

and night temperatures maintained at 23 °C and 18 °C, respectively. In one of these 

experiments, the lines Beka, Logan, Harrington and TR306 were included in addition to 

CDC Bold and TR251. At the seedling stage, a sample of leaf tissue was taken from the 

third leaf of each plant, frozen in liquid nitrogen and stored at -80 °C. 

As individual spikes reached anthesis, the date was recorded and the spikes were 

covered with a glycerol-embedded paper bag. In the first experiment, developing 

caryopses were collected from multiple spikes of CDC Bold and TR251 at 6, 8, 12, 16, 

20 and 30 DAP. In the second experiment, developing caryopses were collected from 

multiple spikes of CDC Bold and TR251 every 2 d from 8 to 34 DAP. In the third 

experiment, developing caryopses were collected from multiple spikes of each of CDC 

Bold, TR251, Beka, Logan, Harrington and TR306 every 2 d from 8 to 38 DAP. 

For caryopses collected at 6 or 8 DAP, the embryo was removed by excising the basal 

end of the caryopsis and squeezing out the soft endosperm. For caryopses collected at 

12 or more DAP, the maternal pericarp tissue was peeled off and the embryo removed. 

All extracted endosperm tissues were frozen in liquid nitrogen and stored at -80 °C. At 

maturity, samples of grain were harvested from each line. For each line, 10 mature 

grains were sampled at random and milled using a Retsch Mixer Mill MM400. 

3.2.4 DNA extraction, RNA extraction and cDNA synthesis  

DNA was isolated from leaf samples using a DNA midi-prep method (Rogowsky et al., 

1991) with modifications as described by Pallotta et al. (2000). For testing of marker 
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assays, DNA was isolated from individual grains using an OKTOPURE robot (LGC 

Limited, London, UK). Grains were softened in water for three days then freeze-dried 

and milled to a fine powder with ball bearings. Genomic DNA was extracted from the 

homogenised samples as per the LGC Genomics S-beadex chemistry automated 

protocol (LGC Limited, London, UK). 

Total RNA was extracted from samples of barley endosperm tissue (each obtained from 

at least three plants and consisting of between 50 and 100 mg as described in Burton et 

al. (2011). The extracted RNA was subjected to DNase treatment using a TURBO 

DNA-free™ kit from Applied Biosystems, (Life Technologies, Carlsbad, CA), 

following the protocol suggested by the manufacturer. For samples from the first 

experiment, first-strand cDNA was synthesized using the SuperScript® III First-Strand 

Synthesis System for RT-PCR kit from Invitrogen (Life Technologies, Carlsbad, CA), 

with the poly-dT replaced by poly-dT tagged with a specific sequence at the 5' end (5'-

ATT CTA GAG GCC GAG GCG GCC GAC ATG TTT (Tn17)). For samples from the 

second and third experiments, cDNA was synthesised using SuperScript® VILO
TM

 

cDNA synthesis kits from Invitrogen (Life Technologies, Carlsbad, CA), following the 

manufacturer’s protocol.  

3.2.5 Transient expression of HvCslF6 in Nicotiana benthamiana leaves 

Full-length (2.944 kb) cDNAs for HvCslF6 were PCR-amplified from cDNA 

synthesised from 8-DAP endosperm from CDC Bold and TR251 using primers HvF6F8 

(5'-GCCTGAGCCTGCCATTGTTGGAC-3') and HvFDQR (5'- TGTCCGGGCAAAG 

TCATCAA-3'). Phusion High-Fidelity PCR Master Mix and HF Buffer (Thermo Fisher 

Scientific Australia Pty, Victoria, Australia) were used, with dimethyl-sulfoxide 

(DMSO) adjusted to a total final concentration of 3% (v/v). The denaturing step was 

94°C for 30 s, the annealing temperature was 66°C for 30 s, the extension temperature 
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was 72°C for 90 s, and the thermal cycling steps were repeated for 39 cycles. The 

amplified full-length HvCslF6 cDNAs were cloned into the PCR8®/GW/TOPO TA 

vector (Life Technologies, Carlsbad, CA) and subsequently recombined into the pEAQ-

HT-DEST-1 vector (Sainsbury et al., 2009) using the Gateway ® LR Clonase™ II 

Enzyme Mix (Life Technologies, Carlsbad, CA). 

Two constructs, pDEST-F6-CB (the pEAQ-HT-DEST-1 vector containing the full CDC 

Bold HvCslF6 cDNA) and pDEST-F6-TR (the pEAQ-HT-DEST-1 vector containing 

the full TR251 HvCslF6 cDNA) were introduced into Agrobacterium tumefaciens strain 

AGL1 by heat shock, yielding the strains AGL1:pDEST-F6-CB and AGL1:pDEST-F6-

TR. To prepare concentrated infiltration solutions, AGL1:pDEST-F6-CB and 

AGL1:pDEST-F6-TR were spread on Luria-Bertani (LB) plates supplemented with 

kanamycin (50 µg/mL) and rifampicin (100 µg/mL) and grown at 28°C for 2 d, then 

scraped from the plate into 50-mL Falcon tubes containing MM buffer (10 mM MgCl2, 

10 mM MES), and adjusted to an OD600 of 1.0. Acetosyringene (100 µM) was added 

and the samples were incubated at room temperature for 3 h prior to infiltration. 

Leaves between 3 and 10 cm in length on 6-week-old plants of N. benthamiana were 

inoculated with AGL, AGL1:pDEST-F6-CB and AGL1:pDEST-F6-TR using 50-mL 

syringes. For each construct and for the control, three or four intact leaves on each of at 

least 10 plants were evenly infiltrated. The inoculated plants were maintained in a 

greenhouse under natural light for a further 5 or 6 d. The inoculated leaves were 

collected, frozen in liquid nitrogen, freeze dried and ground to a fine powder. 

3.2.6 Quantification of (1,3;1,4)-β-glucan 

The concentration of (1,3;1,4)-β-glucan was measured in subsamples of the milled 

mature barley grain and N. benthamiana leaf tissue using the methods described by 

McCleary and Codd (1991), with minor modifications to permit analysis of small 
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samples and using a 4.1% (1,3;1,4)-β-glucan control flour provided with the Β-Glucan 

(Mixed Linkage) assay kit (Megazyme International, Ireland). For the milled grain, 

analysis was conducted for three independent 15-mg subsamples for each barley line 

from each experiment. For the leaf tissue, samples were washed with 75% (v/v) ethanol 

for 10 min at 95 ˚C to remove monosaccharides and chlorophyll, and analysis was 

conducted for one 20-mg sample from each inoculated leaf. 

3.2.7 Quantitative PCR 

Samples of cDNA were subjected to quantitative PCR (Q-PCR) analysis for HvCslF6, 

with glyceraldehyde 3-phosphate dehydrogenase (GAPDH), heat shock protein 

(HSP70), cyclophilin and α-tubulin genes as controls for normalisation as used by 

Burton et al. (2008). Q-PCR reactions and normalisation were performed essentially as 

described by Burton et al. (2008), with three replicate amplifications carried out for 

each cDNA sample. 

3.2.8 Analysis of the 3' untranslated region of HvCslF6 

To obtain the 3' untranslated region of HvCslF6 from CDC Bold and TR251, 3' RACE 

(rapid amplification of cDNA ends; (Scotto–Lavino et al., 2007)) was performed using 

cDNA tagged with the 3'-PCR primer (5'-ATT CTA GAG GCC GAG GCG GCC GAC 

ATG-3') and a 5' internal primer within exon 3 of HvCslF6 (5'-CAG CAC ATA CCT 

CCA CCC GCT G-3'), with the following thermocycling conditions: initial denaturation 

at 95°C for 2 min, 5 cycles of denaturation at 94°C for 30 s and annealing at 72°C for 1 

min, 5 cycles of denaturation at 94°C for 30 s and annealing at 70°C for 1 min, 25 

cycles of denaturation at 94°C for 30 s and final annealing at 60°C for 30 s, and a final 

extension at 68°C for 1 min. Nucleotide sequencing of 3' RACE amplicons was 

conducted using a BigDye™ Terminator Sequencing v3.1 Ready Reaction Kit (Perkin 

Elmer, USA) and an ABI3730 DNA Analyser (Applied Biosystems) at the Australian 
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Genomics Research Facility (AGRF, Adelaide, Australia). The resulting sequences 

were used as BLAST queries against genomic sequence databases 

(assembly_WGSMorex, assembly_WGSBarke and assembly_WGSBowman) at the IPG 

Barley BLAST Server (http://webblast.ipk-gatersleben.de/barley/). 

3.2.9 Analysis of a putative promoter region of HvCslF6 

To obtain the promoter region of HvCslF6, PCR primers designed based on sequence 

upstream from the open reading frame of the cultivar Morex were used to amplify a 

products of 2996 bp from genomic DNA of CDC Bold and TR251. Amplicons were 

sequenced by the Australian Genome Research Facility (Adelaide, SA, Australia). 

Sequences were assembled and aligned using Geneious 6.1 (Biomatters, available from 

http://www.geneious.com). 

3.2.10 Development of KASP markers for HvCslF6 sequence 

polymorphisms 

Using Kraken
TM

 software (LGC Limited, London, UK), primers were designed to 

develop KASP
TM

 marker assays for six of the HvCslF6 sequence polymorphisms that 

were reported by Taketa et al. (2012): the SNP in the A590T codon, two SNPs and an 

insertion-deletion (indel) for which Cory et al. (2012) had designed gel-based assays 

(designated SNP7, indel 2 and SNP10 by Taketa et al. (2012) and SNP_1028, 

Indel_1176_1189 and SNP_1228, by Cory et al. (2012) and two other SNPs (those 

designated SNP12 and SNP 18 by Taketa et al. (2012) and SNP_1398 and SNP_3111 

by Cory et al. (2012). The resulting assays were applied to genomic DNA of CDC Bold, 

TR251, Beka, Logan, Harrington, TR306, Steptoe and Morex in an automated SNPLine 

system (DNA stamping with an OKTOPURE robot, KASP™ assay dispensing with a 

Meridian dispenser, plate sealing with KUBE and FUSION3 instruments and 

thermocycling in a HydroCycler16 using the standard KASP™ thermocycling PCR 

http://www.geneious.com/
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protocol as per the manufacturer’s instructions), using a dried DNA protocol with a total 

reaction volume of 2 µL. 

3.3 Results 

3.3.1 Secondary structural predictions 

Mapping of the two previously identified alanine-to-threonine substitutions in the 

HvCSLF6 protein onto a two-dimensional representation of the protein (Figure 3.1) 

confirmed that the A849T mutation is located in a trans-membrane helix, in a region in 

which it could affect the stability of the protein in the plasma membrane and/or its 

interactions with other (as yet unidentified) partner proteins. In contrast, the A590T 

mutation lies in an alpha helix close to the surface of the cytosolic region and away 

from the catalytic site. 

3.3.2 Grain (1,3;1,4)-β-glucan concentration 

The concentration of (1,3;1,4)-β-glucan in mature grain was consistently higher for 

TR251 than for CDC Bold (Figure 3.2). In the experiment in which two other pairs of 

mapping parents were included, the (1,3;1,4)-β-glucan concentration was higher for 

Harrington than for TR306 and higher for Beka than for Logan. 
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Figure 3.1 Structural prediction of HvCSLF6 estimating the positions of two alanine-to-

threonine substitutions (A590T and A849T) relative to putative transmembrane helices 

(dark cylinders) and cytosolic helices (light cylinders) and the location a core catalytic 

motif (QXXRW) 
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Figure 3.2 Mean concentration (w/w) of (1,3;1,4)-β-glucan (± standard error) in mature 

barley grain harvested from glasshouse experiments sown in February 2010 

(Experiment 1) and March 2012 (Experiment 2) and June 2012 (Experiment 3). 
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3.3.3 Transient expression of HvCslF6 in Nicotiana benthamiana leaves 

In leaves of N. benthamiana infiltrated with Agrobacterium strain AGL1, the mean 

concentration of β-glucan was less than 0.02% (w/w). Significantly (p < 0.0001) higher 

concentrations were found in leaves infiltrated with AGL1:pDEST-F6-CB (1.9% w/w) 

or Agl1:pDEST-F6-TR (2.0 % w/w) (Figure 3.3), with no significant difference (p > 

0.05) between the mean concentration in leaves expressing the product of the CDC Bold 

allele of HvCslF6 and those expressing the product of the TR251 allele. 

3.3.4 Transcript profiles during grain development 

In endosperm tissues sampled late in grain development (at 30 DAP in the first 

experiment, from 30 to 34 DAP in the second experiment and from 34 to 38 DAP in the 

third experiment), HvCslF6 transcript levels were much higher in TR251 (the line with 

higher grain (1,3;1,4)-β-glucan concentration) than in CDC Bold (Figure 3.4). In the 

third experiment, in which Beka, Logan, Harrington and TR306 were also included, a 

similar difference was observed between Beka and Logan (between 28 and 38 DAP) but 

not between Harrington and TR306 (Figure 3.5).  

3.3.5 Analysis of a 3'-untranslated region 

Using 3' RACE, identical 204-bp 3'-UTR regions of HvCslF6 were sequenced from 

CDC Bold and TR251. Use of this sequence as a query in a BLASTN search against the 

assembly_WGSMorex, assembly_WGSBarke and assembly_WGSBowman databases 

at the IPK Barley BLAST Server (http://webblast.ipk-gatersleben.de/barley/) retrieved 

three contigs (morex_contig_41513, barke_contig_1801451 and 

bowman_contig_1981203), each of which also contained an identical 204-bp region 

(Appendix A: Online Resource 1). 

  

http://webblast.ipk-gatersleben.de/barley/
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Figure 3.3 Mean (± standard error) concentration of (1,3;1,4)-β-glucan in leaves of 

Nicotiana benthamiana after infiltration with Agrobacterium tumefaciens strains AGL1 

(a negative control), AGL1:pDEST-F6-CB (carrying the CDC Bold allele of HvCslF6) 

and AGL1:pDEST-F6-TR (carrying the TR251 allele of HvCslF6). 
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Figure 3.4 Mean normalised transcript levels (± standard deviation) of HvCslF6 in 

developing endosperm of CDC Bold and TR251 barley (a) between 6 and 30 days after 

pollination in a glasshouse experiment sown in February 2010 and (b) between 8 and 34 

days after pollination in a glasshouse experiment sown in March 2012 
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Figure 3.5 Mean normalised transcript levels (± standard deviation) of HvCslF6 in 

developing endosperm of (a) CDC Bold and TR251, (b) Beka and Logan and (c) 

Harrington and TR306 barley, between 24 and 38 days after pollination in a glasshouse 

experiment sown in June 2012  
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3.3.6 Analysis of a putative promoter of HvCslF6 

Within a 2,996-bp putative promoter region upstream from the ATG translation start 

site of HvCslF6, the sequence of TR251 was found to differ from that of CDC Bold by 

12 single-nucleotide polymorphisms and one eight-nucleotide insertion (Appendix B: 

Online Resource 2). The Beka, Logan and TR306 sequences in this region were 

identical to those of CDC Bold, while Harrington differed from CDC Bold by one SNP. 

3.3.7 Marker assays for HvCslF6 polymorphisms 

KASP assays (Table 3.2) were developed to assay six sequence polymorphisms within 

HvCslF6. Five of these assays distinguish TR251 from CDC Bold, but only two 

distinguish Beka from Logan (Table 3.3). 

3.4 Discussion 

Given that QTL affecting grain (1,3;1,4)-β-glucan concentration have been mapped at 

the HvCslF6 locus in numerous populations of barley (Han et al., 1995; Igartua et al., 

2002; Molina-Cano et al., 2007; Li et al., 2008; Kim et al., 2011; Cory et al., 2012; 

Islamovic et al., 2013; Steele et al., 2013), there must be one or more DNA sequence 

polymorphisms in or near HvCslF6 that influence either the synthesis or degradation of 

grain (1,3;1,4)-β-glucan. Given the evidence that CSLF6 enzymes are themselves 

essential for (1,3;1,4)-β-glucan synthesis (Taketa et al., 2012; Vega-Sanchez et al., 

2012), it is reasonable to hypothesise that the causal polymorphism(s) are within 

HvCslF6 itself or at some closely linked sequence that plays a role in regulating 

HvCslF6 transcription or translation.  
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Table 3.2 KASP
TM

 marker assays designed to detect six DNA polymorphisms within the HvCslF6 gene of barley 

Marker Polymorphism
a
 Region Primers Primer sequences 

wri51 1028 (SNP7) Intron 1 wri51_F1 GAAGGTGACCAAGTTCATGCTCAAGATGAGAAAAAGCAAGTAACATGG 

wri51_F2 GAAGGTCGGAGTCAACGGATTGACAAGATGAGAAAAAGCAAGTAACATGT 

wri51_R CGTACATAGGATTTCCGTCGCACCCGTCGCCCTATTCGGTGCCAA 

wri52 1176-1189 (indel2) Intron 1 wri52_F1 GAAGGTGACCAAGTTCATGCTAAAAGAGAAAAATATTATCATGTCATGTCATGA 

wri52_F2 GAAGGTCGGAGTCAACGGATTAGAGAAAAATATTATCATGTCATGTCATGC 

wri52_R ATTCGAGCGGTGGCAACACTTCTTT 

wri53 1228 (SNP10) Intron 1 wri53_F1 GAAGGTGACCAAGTTCATGCTGCCACCGCTCGAATGCCTC 

wri53_F2 GAAGGTCGGAGTCAACGGATTGCCACCGCTCGAATGCCTT 

wri53_R ATGACTYACGCATCCTTCCGAAAGAAA 

wri54 1398 (SNP12) Intron 1 wri54_F1 GAAGGTGACCAAGTTCATGCTTCTACCGCTAATCATTACTACTTTC 

wri54-F2 GAAGGTCGGAGTCAACGGATTCCTTCTACCGCTAATCATTACTACTTTT 

wri54_R GTGTACTCTCTGTATCTAAATAATTATAAT 

wri55 3111 (SNP 18) Intron 2 wri55_F1 GAAGGTGACCAAGTTCATGCTGTGACGAGGGAGGAATGGTG 

wri55_F2 GAAGGTCGGAGTCAACGGATTCTGTGACGAGGGAGGAATGGTA 

wri55_R CTGTAGTGCTGTCGGGGGGAAA 

wri56 4105 (SNP23)
b
 Exon 3 wri56_F1 GAAGGTGACCAAGTTCATGCTCCCTCAGCCGCCGCGGT 

wri56_F2 GAAGGTCGGAGTCAACGGATTCCTCAGCCGCCGCGGC 

wri56_R CGTCGCACCCGTCGCCCTA 

a
 Nucleotide position in CDC Bold HvCslF6 sequence, with SNP or indel designation from Taketa et al. (2011) given in parentheses 

b 
This SNP causes an alanine-threonine substitution at position 590 of the translated protein  
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Table 3.3 Marker genotypes detected in eight barley mapping parents using KASP™ assays designed to detect six DNA polymorphisms within the HvCslF6 

gene of barley 

Marker Polymorphism
a
 CDC Bold TR251 Beka Logan Harrington TR306 Steptoe Morex 

wri51 1028 (SNP7) T G T T G G G T 

wri52 1176-1189 (indel2)
b
 no ∆14 no no no ∆14 ∆14 no 

wri53 1228 (SNP10) T C T T C C C T 

wri54 1398 (SNP12) G G G G A G G G 

wri55 3111 (SNP 18) A G G A G A G A 

wri56 4105 (SNP23) G A G G G A A G 

a
 Nucleotide position in CDC Bold HvCslF6 sequence, with SNP or indel designation from Taketa et al. (2011) given in parentheses 

b
 The sequence of this 14-bp indel is CCATGAGAAGGAGG 
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While there is good evidence that certain induced mutations within HvCslF6 are responsible 

for the β-glucanless phenotype in the mutants OUM125, KM27 and KM30 (Taketa et al., 

2012) and for the low-(1,3;1,4)-β-glucan phenotype of the mutant m351 (Hu et al., 2014), the 

evidence for effects of naturally occurring HvCslF6 sequence differences is less convincing. 

Although there are numerous naturally occurring sequence polymorphisms (Taketa et al., 

2012) within HvCslF6, only one of these affects the protein sequence, and none are 

consistently present in the parental combinations for which QTL have been mapped at 

HvCslF6. Among populations in which QTL have been mapped at HvCslF6, some (CDC 

Bold × TR251 and H93174006 × Merit) segregate for a SNP that causes an A590T 

substitution, while others (Beka × Logan and Derkado × B83-12/21/5) do not. Cory et al. 

(2012) noted that other pairs of mapping parents (Steptoe and Morex; Harrington and TR306) 

also exhibit the A590T polymorphism. They interpreted this as supportive of the causal effect 

of the A590T difference, citing Han et al. (1995) and Mather et al. (1997) for reports of 

(1,3;1,4)-β-glucan QTL on chromosome 7H. However, those QTL were for (1,3;1,4)-β-glucan 

extracted from malt, not unmalted grain. Given the potential effects of differential (1,3;1,4)-β-

glucanase activity during malting, differences in malt (1,3;1,4)-β-glucan concentration cannot 

be assumed to be due to differences in grain (1,3;1,4)-β-glucan concentration. In the Steptoe × 

Morex population, QTL for grain (1,3;1,4)-β-glucan concentration were mapped on 

chromosomes 1H and 2H but not 7H (Han et al., 1995). In the Harrington × TR306 

population, grain (1,3;1,4)-β-glucan concentration was not measured (Mather et al., 1997).  

Without an X-ray crystal structure of the HvCSLF6 protein or reliable means of modelling 

large membrane-bound proteins, it is difficult to predict whether specific amino-acid 

substitutions would affect enzyme activity. Nevertheless, the position of the A849T 

substitution within a predicted transmembrane domain makes it likely that this difference 

could affect protein stability and thus enzyme functionality. This region could also be 

involved in interactions with other partner proteins, if the CSL proteins, like other cellulose 
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synthase proteins, act in complex. In contrast, the A590T substitution seems conservative in 

that it is not located in any of the eight predicted trans-membrane helices of the protein, nor is 

it close to the D,D,D,QXXRW amino acid residues that are believed to be involved in 

catalysis (Richmond and Somerville, 2000) or a region of the protein that is found in 

HvCSLF6 but not in other HvCSLF proteins (Burton et al., 2008). Although it is possible that 

alanine-threonine substitutions could create N-glycosylation, phosphorylation (as suggested 

by Cory et al. 2012) or other post-translational modification sites, such sites are numerous in a 

protein of this size.  

Consistent with the idea that A590T substitution does not directly affect (1,3;1,4)-β-glucan 

synthesis, we found that transient expression of the CDC Bold and TR251 alleles led to 

similar amounts of (1,3;1,4)-β-glucan accumulation in the leaves of N. benthamiana.  

Considering all of the points discussed above, it seems unlikely that the A590T substitution is 

responsible for QTL detected at or near HvCslF6. Another way in which the HvCslF6 gene 

could affect grain (1,3;1,4)-β-glucan concentration is through differential expression. Here, 

this possibility was investigated by comparing the abundance of HvCslF6 gene transcripts in 

developing endosperm of CDC Bold and TR251. Based on the transcript levels detected here, 

it seems that quite low levels of full-length HvCslF6 transcript are sufficient to support the 

synthesis of significant amounts of (1,3;1,4)-β-glucan, which in turn constitutes about 70% by 

weight of the starchy endosperm walls of barley (Fincher, 1975). There is some precedence 

for this situation, insofar as Dhugga et al. (2004) reported that very low levels of CslA mRNA 

(15 transcripts from a total of 15,000 ESTs) supported the synthesis of very large amounts of 

mannans in developing guar grains. If the HvCSLF6 enzyme has a long half-life in the 

endomembrane system of the cell, slow but steady transcription of the gene could result in the 

gradual accumulation of high levels of the enzyme. Consistent with this, when rice OsCslF 

genes were expressed in transgenic Arabidopsis plants, it took several weeks before (1,3;1,4)-

β-glucan could be detected in young leaves (Burton et al., 2006).  
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In each of three experiments conducted here, HvCslF6 transcripts were more abundant for 

TR251 than for CDC Bold during very late stages of endosperm development. A similar 

difference was observed between Beka and Logan, but not between Harrington and TR306. 

Based on these results, it seems that the quantitative effects detected for grain (1,3;1,4)-β-

glucan concentration at or near HvCslF6 in the CDC Bold × TR251 and Beka × Logan 

populations could be due to cis-regulated differences in HvCslF6 transcript abundance late in 

endosperm development. Such differences could be due to differential transcription of 

HvCslF6 and/or to differential degradation of HvCslF6 transcripts. Although it is somewhat 

surprising to observe such differences very late in grain development, when the grain would 

be starting to dry out and starchy endosperm cells would be senescing, they are consistent 

with previous reports (Coles, 1979; Wilson et al., 2012) of (1,3;1,4)-β-glucan accumulation 

accelerating late in grain development (more than 25 days after pollination). 

To investigate possible causes of the observed differential transcript abundance, we isolated a 

204-bp 3'-UTR and a putative promoter region for HvCslF6, and sequenced them for several 

mapping parents. The 3'-UTR sequence was completely conserved across all of the lines 

sequenced. Within the putative promoter, there were 11 SNPs between CDC Bold and TR251, 

but none between Beka and Logan. 

Thus, although we have shown that differential abundance of HvCslF6 transcripts late in 

endosperm development could be involved in a QTL effect for grain (1,3;1,4)-β-glucan 

concentration in barley, we have been unable to attribute either the QTL or the differential 

transcript levels to any particular sequence polymorphism within HvCslF6. It is possible that 

the causal sequence difference is not within HvCslF6 itself, and may be in some other closely 

linked gene or regulatory sequence. 

Despite the lack of proof that any specific HvCslF6 sequence polymorphism determines 

quantitative differences in grain (1,3;1,4)-β-glucan concentration, molecular markers based on 

HvCslF6 polymorphisms could be useful for selection of the desired QTL alleles in barley 
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breeding. As there are no sequence polymorphisms in common across all parental 

combinations for which a QTL has been detected on 7H, no single HvCslF6-based molecular 

marker will be useful in all genetic backgrounds. Cory et al. (2012) has already reported on 

several gel-based assays, but such assays may not be suitable for high-throughput application 

in breeding. The KASP™ markers presented here provide a set of fluorescence-based assays 

from which barley breeders can select appropriate assays for different cross combinations. 
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Chapter 4 Transcriptional profiling of cell wall related genes during 

endosperm development 

4.1 Introduction 

As discussed earlier in this thesis, the cellulose synthase-like gene HvCslF6 on chromosome 

7H of barley plays an essential role in the synthesis of (1,3;1,4)-β-glucans. Mutations in 

HvCslF6 have been reported that either eliminate or reduce the accumulation of (1,3;1,4)-β-

glucan (Taketa et al., 2012; Hu et al., 2014). In numerous mapping populations, QTL for 

(1,3;1,4)-β-glucan in barley grain have been found to co-locate with HvCslF6 (Meyer et al., 

2000; Igartua et al., 2002; Molina-Cano et al., 2007; Li et al., 2008; Taketa et al., 2012; 

Islamovic et al., 2013; Hu et al., 2014). In Chapter 3 of this thesis, evidence was presented to 

indicate that these QTL effects could be associated with differences in HvCslF6 expression 

late in endosperm development. However, it was not possible to attribute these differences to 

any specific sequence polymorphism in HvCslF6, indicating the possible involvement of one 

or more closely linked regulatory sequences or genes, which may be unveiled through a co-

expression study of (1,3;1,4)-β-glucan synthase related gene with HvCslF6. 

Among the genes that are known to be closely linked with HvCslF6 at the centromere region 

of chromosome 7H, HvUxe3, encoding UDP-D-xylose-4-epimerase, is a possible candidate 

due to several considerations. UDP-D-xylose-4-epimerases catalyse the reversible 

interconversion of UPD-α-D-xylose and UDP-β-L-arabinose (Feingold and Avigad, 1980). As 

both UDP-Xyl and UDP-Ara substrates are drawn from a pool of sugar nucleotides that 

originate from UDP-glucose (UDP-Glc), it has been suggested that HvUXE and UDP-xylose-

synthase (UXS) are involved in the control of carbon flux to cell wall components and the 

deposition of arabinoxylans into cell walls (Zhang et al., 2010). Since UDP-Glu is the 

substrate for (1,3;1,4)-β-glucan synthesis, HvUXE3 enzyme activity might affect the 
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(1,3;1,4)-β-glucan accumulation by affecting the availability of UDP-Glu. HvUxe3 transcripts 

have been shown to be present early in the development of barley endosperm tissues, from 2 

DAP to 11 DAP (Zhang et al., 2010).  

The HvCslF6 position on chromosome 7H is only one of several genomic positions at which 

QTL have been detected for grain (1,3;1,4)-β-glucan level. Some of the others co-locate with 

other cellulose synthase-like genes (HvCslF9 on chromosome 1H; HvCslF3, HvCslF4, 

HvCslF8, HvCslF10 and HvCslH1 on chromosome 2H) and/or with other genes that could be 

involved in metabolic pathways involved in the accumulation and/or breakdown of (1,3;1,4)-

β-glucans (e.g. HvGlb1 on chromosome 1H) (Han et al., 1995; Burton et al., 2008).  

Among the (1,3;1,4)-β-glucan synthase genes, HvCslF9 is of some potential interest. Even 

though its transcripts are not as abundant as those of HvCslF6, they have nevertheless been 

found at a high level early in endosperm development (Burton et al., 2008; Christensen and 

Scheller, 2012). HvCslF4 is also of interest given that its overexpression has been shown to 

increase the grain (1,3;1,4)-β-glucan level in transgenic barley (Burton et al., 2011) while 

HvCslH1 has been shown to drive (1,3;1,4)-β-glucan synthesis in transgenic Arabidopsis 

plants.  

Here, to investigate genes other than HvCslF6 that may be responsible for reported (1,3;1,4)-

β-glucan QTL, transcript profiles of selected cell wall genes in developing endosperm were 

compared between the parental lines.  

4.2 Materials and Methods 

4.2.1 Plant Materials 

The CDC Bold and TR251 cDNA samples from the experiments described in Chapter 3 were 

used, as were similar samples from plants of Sloop, Steptoe and Morex that were grown in the 

first of these experiments, sowed on 16 February 2010. Sloop is a two-rowed malting barley 
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cultivar developed at the University of Adelaide, Australia. Seeds of Sloop were obtained 

from Dr. Ursula Langridge-Reimold of the Australian Centre for Plant Functional Genomics. 

Steptoe (pedigree Washington Selection 3546/Unitan) is a six-rowed, feed type spring barley 

cultivar (Muir and Nilan, 1973) that was jointly released by the Washington, Oregon and 

Idaho Agriculture Experiment Stations. Morex (Cree/Bonanza) is a six-rowed malting-type 

spring barley cultivar that was developed at the University of Minnesota, St. Paul Minnesota 

(Rasmusson and Wilcoxson, 1979). Seeds of Steptoe and Morex were obtained from Mr 

Stewart Coventry of the University of Adelaide. 

4.2.2 Plant growth, tissue sampling, (1,3;1,4)-β-glucan quantification, RNA 

extraction, cDNA synthesis 

Plant growth, tissue sampling, quantification of (1,3;1,4)-β-glucan of harvested grains, total 

RNA extraction and cDNA synthesis protocols from collected endosperm tissues were the 

same as described in Chapter 3. 

4.2.3 Quantitative PCR 

Synthesised cDNA samples were subjected to Q-PCR analysis, using primer sets that have 

been described by Burton et al., (2008), Doblin et al., (2009) and Zhang et al. (2010), as 

summarized in Table 4.1. 

Q-PCR reactions were carried out as described in Chapter 3. For each cDNA sample, three 

replicate amplifications were carried out, using the acquisition temperatures listed in Table 

4.1. The transcript levels of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), heat 

shock protein 70 (HSP70), cyclophilin and α-tubulin genes were used as controls for 

normalisation following Burton et al., (2004) where geometric averaging of multiple internal 

control genes was used for accurate normalisation (Vandesompele et al., 2002). 
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Table 4.1 Primer sequences, expected amplicon lengths and acquisition temperatures used for quantitative PCR for 15 genes in developing endosperm tissues 

of barley. 

Gene Forward Primer Reverse Primer Amplicon 

length 

Acquisition  

temperature C 

GAPDH GTGAGGCTGGTGCTGATTACG TGGTGCAGCTAGCATTTGAGAC 198 80 

HSP70 CGACCAGGGCAACCGCACCAC ACGGTGTTGATGGGGTTCATG 108 83 

α-Tubulin AGTGTCCTGTCCACCCACTC AGCATGAAGTGGATCCTTGG 248 80 

Cyclophilin CCTGTCGTGTCGTCGGTCTAAA ACGCAGATCCAGCAGCCTAAAG 122 79 

HvCslF3  CTTGTTGCCGGTTGCCTTTACA TCAATTGGCTAAAATGGAAGAAAACTA 90 72 

HvCslF4  CCGTCGGGCTCGTGTATGTC TTGCAGTGACTCTGGCTGTACTTG 144 81 

HvCslF6  TGGGCATTCACCTTCGTCAT TGTCCGGGCAAACTCATCAA 157 82 

HvCslF7  CCCTGCTCTTGCTTGTCGTAG TAGCCAAGCAATTGCATTT 122 76 

HvCslF8  GCGTGGATTCTGGTGCTGATCTA CCACCAATGCGATCAAAATAAAC 119 80 

HvCslF9  CTGCCACCGCGTCCGTGTA AGGTTTTGCAGCATTACTTGA 101 80 

HvCslF10  GGCTATTGTTCAACCTGTGGATTA TGGCCAAGAAAGCAATGGGTAGT 120 77 

HvCslH1 TGCTGTGGCTGGATGGTGTT GCTTTATTATTGAGAGAGATTGGGAGA 295 82 

HvEndoE1 AACGAGAACCAGAAGGACAAC TACGGACATACGGGCACTA 122 80 

HvUxe3 CTTTACTAGGCTTTGCCTTGTTGAGT ATGCTTTGATGCAGCACTAGGAGTCA 155 75 

*All the primer sequences, expected amplicon lengths and acquisition temperatures used for quantitative PCR were from Burton et al., (2008) except those 

for HvCslH1 (Doblin et al., 2009) and HvUxe3 (Zhang et al., 2010). 
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4.3 Results  

For the three cultivars that were not included in Chapter 3, grain (1,3;1,4)-β-glucan content 

percentage was 4.30±0.17% (Sloop), 6.17±0.27% (Steptoe) and 5.50±0.15% (Morex).  

In Sloop, HvCslF6 transcripts were abundant throughout endosperm development, while 

HvCslF9 transcripts were abundant early in endosperm development and diminished to very 

low levels after 16 DAP (Figure 4.1). Transcript levels for HvGlb1 peaked at 8 DAP, and 

declined to a very low level by 16 DAP. HvUxe3 transcript levels were detected at similar 

levels to HvGlb1 and were fairly constant. Transcripts of other members of the HvCslF family 

(HvCslF3, HvCslF4, HvCslF7, HvCslF8 and HvCslF10) and of HvCslH1 were detected at 

much lower levels.  

In Steptoe and Morex, HvCslF6 transcript levels increased from 12 DAP and were maintained 

at relatively high levels throughout endosperm development (Figure 4.2). At 30 DAP, 

HvCslF6 transcripts in Steptoe remained at a high level (as found at 20 DAP), while HvCslF6 

transcripts in Morex were lower than at 20 DAP. Transcript levels of HvCslF9 were high 

early in endosperm development and diminished after 16 DAP for both of these cultivars. 

HvGlb1 transcript levels for Steptoe and Morex peaked at 8 DAP and 12 DAP respectively, 

and declined to a very low level by 16 DAP. In both Steptoe and Morex, levels of HvCslF3, 

HvCslF4, HvCslF8, HvCslF10, HvCslH1 and HvUxe3 transcripts were lower than those of 

HvCslF6 and HvCslF9 transcripts. 

In the endosperm tissues that were sampled from the CDC Bold and TR251 plants sown at the 

same time as the plants of Sloop, Steptoe and Morex (on 16 February 2010) and for which 

differential transcript levels had been observed for HvCslF6 (Chapter 3), none of the other 

genes investigated (HvCslF3, HvCslF4, HvCslF7, HvCslF8, HvCslF9, HvCslF10, HvCslH1, 

HvGlb1 and HvUxe3) were found to have differential transcript levels (Figure 4.3). HvCslF9 

transcripts were abundant at early in endosperm development in both lines, but diminished 
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thereafter. HvGlb1 transcript levels peaked at 12 and 16 DAP for CDC Bold and TR251, and 

both diminished at 20 DAP. Transcript levels were relatively low for the remaining HvCslF 

genes, HvCslH1 and HvUxe3. 

4.4 Discussion 

The transcript profiles of cell wall related genes in developing endosperm of the cultivar 

Sloop were similar to those previously reported by Burton et al. (2008). This demonstrates the 

robustness of the quantitative PCR used in current research as well as the consistency of cell 

wall gene expression in developing endosperm. 

In the Steptoe/Morex population, (1,3;1,4)-β-glucan QTL are co-located with HvCslF9, 

HvCslH1 and HvGlb1 on chromosome 1H and with the HvCslF gene cluster (HvCslF3, 

HvCslF4, HvCslF8 and HvCslF10) on chromosome 2H (Burton et al., 2008; Doblin et al., 

2009). However, Steptoe and Morex did not differ from each other in the transcript levels of 

any of these genes. The only significant difference between the transcript profiles of Steptoe 

and Morex was that the transcript level of HvCslF6 remained higher at 30 DAP in Steptoe 

than in Morex.  

In addition to the QTL on chromosome 7H (already discussed in Chapter 3), Li et al. (2008) 

also mapped (1,3;1,4)-β-glucan QTL on chromosomes 2H, 3H, and 5H in the CDC 

Bold/TR251 population. The transcript profiling conducted here did not provide any insights 

into the causal factors for those three QTL; as HvCslF6 (co-located with the QTL on 7H) was 

the only gene for which transcript levels differed between CDC Bold and TR251. 
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Figure 4.1 Normalised transcript levels of HvCslF3, HvCslF4, HvCslF6, HvCslF7, HvCslF8, 

HvCslF9, HvCslF10, HvCslH1, HvGlb1 and HvUxe3 genes in developing endosperm at 

various days after pollination. The data sets are for the barley cultivar Sloop sown on 16 

February 2010. Error bar = SD. 
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Figure 4.2 Normalised transcript levels of HvCslF3, HvCslF4, HvCslF6, HvCslF7, HvCslF8, 

HvCslF9, HvCslF10, HvCslH1, HvGlb1 and HvUxe3 genes in developing endosperm at 

various days after pollination. The two data sets are for the barley cultivars Steptoe and 

Morex sown on 16 February 2010. Error bar = SD.  

H v C s lF 3

0 1 0 2 0 3 0 4 0

0

1 0 0

2 0 0

3 0 0
H v C s lF 4

0 1 0 2 0 3 0 4 0

0

1 0 0

2 0 0

3 0 0

H v C s lF 6

0 1 0 2 0 3 0 4 0

0

5 0 0 0 0

1 0 0 0 0 0

1 5 0 0 0 0

2 0 0 0 0 0
H v C s lF 7

0 1 0 2 0 3 0 4 0

0

5 0 0

1 0 0 0

1 5 0 0

H v C s lF 8

0 1 0 2 0 3 0 4 0

0

2 0 0

4 0 0

6 0 0
H v C s lF 9

0 1 0 2 0 3 0 4 0

0

1 0 0 0 0

2 0 0 0 0

3 0 0 0 0

4 0 0 0 0

H v C s lF 1 0

0 1 0 2 0 3 0 4 0

0

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

5 0 0 0
H v C s lH 1

0 1 0 2 0 3 0 4 0

0

2 0 0

4 0 0

6 0 0

8 0 0

H v G lb 1

0 1 0 2 0 3 0 4 0

0

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0
H v U X E 3

0 1 0 2 0 3 0 4 0

0

2 0 0 0

4 0 0 0

6 0 0 0

8 0 0 0

N
o

r
m

a
li

s
e

d
 t

r
a

n
s

c
r
ip

t 
le

v
e

ls
 (

a
r
b

it
r
a

r
y

 u
n

it
s

)

D a y s  a fte r  p o llin a t io n D a y s  a fte r  p o llin a t io n

S te p to e

M o rex



64 

 

 

Figure 4.3 Normalised transcript levels of HvCslF3, HvCslF4, HvCslF6, HvCslF7, HvCslF8, 

HvCslF9, HvCslF10, HvCslH1, HvGlb1 and HvUxe3 genes in developing endosperm at 

various days after pollination. The two data sets are for the barley lines CDC Bold and TR251 

sown on 16 February 2010. Error bar = SD.  
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The apparent lack of co-expression among the HvCslF/H genes is in sharp contrast to what 

has been observed for the HvCesA gene family (Burton et al., 2004) in which family members 

can be classified into two groups of co-expressed genes that are implicated in primary and 

secondary cell wall synthesis. Transcript levels of all of the HvCslF/H genes, except for 

HvCslF6 and HvCslF9, were very low, consistent with the findings of Burton et al. (2008). 

HvCslF9 transcripts were detected only at early endosperm development stages and decreased 

rapidly during grain maturation, as observed previously by Burton et al. (2008) and 

Christensen et al. (2012). Since HvCslF9 is expressed only at early stages of endosperm 

development and (1,3;1,4)-β-glucan accumulation has been reported to be low at these stages 

(Wilson et al., 2012), it seems unlikely that HvCslF9 plays a major role in the regulation of 

(1,3;1,4)-β-glucan synthesis. 

The (1,3;1,4)-β-glucan endohydrolase EI, which is encoded by HvGlb1, has been extensively 

characterised (Stuart et al., 1986; Loi et al., 1987; Stuart et al., 1987; Loi et al., 1988; Hrmova 

and Fincher, 2001; Burton et al., 2008). Due to its endosperm-specific expression and its 

function as a (1,3;1,4)-β-glucan endohydrolase, isoenzyme EI has been hypothesised to be 

required for normal grain (1,3;1,4)-β-glucan synthesis. However, despite the co-location of 

HvGlb1 with a grain (1,3;1,4)-β-glucan QTL in the Steptoe/Morex population (Han et al., 

1995), no high or differential transcript levels were found for this gene. The possibility of co-

expression of HvUxe3 with HvCslF6 was investigated due to the close proximity of HvUxe3 

to HvCslF6 as well as the potential of HvUxe3 involvement in the substrate availability for 

(1,3;1,4)-β-glucan synthesis. However, no co-expression patterns between HvUxe3 and 

HvCslF6 were found in any of the cultivars tested. 

Lack of co-expression patterns may be due to bias associated with qPCR priming locations 

being in the 3’-end of the selected transcripts and/or failure to consider the possibility of 

alternative splicing of individual genes. Thus, an unbiased approach utilising RNA-seq might 
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provide further insight in the search of co-expressed genes for (1,3;1,4)-β-glucan synthesis 

(Martin et al., 2013), as RNA-seq can unveil alternatively spliced transcripts. 

 

4.5 Conclusion 

None of the selected cell wall genes were found to be as highly expressed as HvCslF6. Of all 

of the genes investigated, only HvCslF6 (already discussed in Chapter 3) exhibited 

differential transcript levels between the parental lines tested. There was no co-expression 

pattern observed among the candidate genes, suggesting each individual HvCslF/H may 

function independently. 
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Chapter 5 Co-expression of HvExoIV with HvCslF6 supports the 

potential role of HvEXOIV as an accessory protein in (1,3;1,4)-β-glucan 

synthesis 

5.1 Introduction 

Until recently, no accessory genes other than HvCslF/H genes have been confirmed to be 

involved in (1,3;1,4)-β-glucan synthesis, but it has been suggested that the (1,3;1,4)-β-glucan 

endohydrolase EI encoded by HvGlb1 might act as an accessory protein for (1,3;1,4)-β-glucan 

synthesis (Burton et al., 2008). However, the dissimilarity of the transcription profiles of 

HvGlb1 with HvCslF6 reported in Chapter 4 of this thesis raise some doubt regarding the 

involvement of HvGlb1 in (1,3;1,4)-β-glucan synthesis.  

Recently, a newly discovered putative (1,3;1,4)-β-glucan exohydrolase gene, HvExoIV, was 

found be highly expressed in developing endosperm tissues (Yap, 2010). Comparison of the 

transcript profiles for HvExoIV (Figure 5 in Yap, 2010) with those for HvCslF6 and HvCslF9 

(Figure 11C in Wilson et al. 2012) (all from the same cDNA sample set from the barley 

cultivar Sloop) reveals an abundance of HvExoIV transcripts coinciding with those of both 

HvCslF9 (early in endosperm development) and those of HvCslF6 (later in endosperm 

development) (Figure 5.1). This could indicate a role for HvExoIV in (1,3;1,4)-β-glucan 

synthesis. 

Here, to investigate the potential role of HvExoIV in (1,3;1,4)-β-glucan synthesis, transcript 

profiles of HvExoIV were compared to those of HvCslF6 in developing endosperm using the 

cDNA sets generated in two of the experiments that were described in Chapter 3. 
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Figure 5.1 Normalised transcript levels of HvCslF6, HvCslF9 and HvExoIV genes in 

developing endosperm of the barley cultivar Sloop. The data sets for HvCslF6 and HvCslF9 

are from Wilson et al. (2012) while data set for HvExoIV is from Yap (2010). Error bar = SD.  
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5.2 Materials and Methods 

5.2.1 Plant Materials 

The CDC Bold, TR251, Beka, Logan, Harrington and TR306 cDNA samples from the two of 

the experiments described in Chapter 3 (those sown in 14 March 2012 and in 5 June 2012) 

were used. 

5.2.2 Plant growth, tissue sampling, (1,3;1,4)-β-glucan quantification, RNA 

extraction, cDNA synthesis 

Plant growth and tissue sampling were as described in Chapter 3, except that in one set of 

plants (those sown in March 2012), some plants were used to make reciprocal crosses 

between CDC Bold and TR251. The F1 grains from these CDC Bold/TR251 and TR251/CDC 

Bold crosses were harvested at 16, 20, 24, 28 and 32 DAP. Quantification of (1,3;1,4)-β-

glucan of harvested grains, total RNA extraction and cDNA synthesis protocols from 

collected endosperm tissues were the same as described in Chapter 3. 

5.2.3 Quantitative PCR 

Synthesised cDNA samples were subjected to Q-PCR analysis, using primer sets that have 

been described in Chapter 4, plus a primer set that was designed for HvExoIV by Yap (2010) 

(forward primer, GTTGTAAAAGAGAAATAATGCCTTGCTGC; reverse primer, 

TTCTCTTTTACATAACCCAGTACC; acquisition temperature 75C; full amplicon length 

144 bp). Q-PCR reactions were carried out as described in Chapter 3. For each cDNA sample, 

three replicate amplifications were carried out, using the acquisition temperatures listed in 

Table 4.1. The transcript levels of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 

heat shock protein 70 (HSP70), cyclophilin and α-tubulin genes were used as controls for 

normalisation. 
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5.3 Results 

Among the (1,3;1,4)-β-glucan hydrolase genes (HvGlb1, HvGlb2 and HvExoIV), HvExoIV 

had the highest transcript levels. In all experiments, and in each of the parental lines, the 

transcript levels of HvExoIV were much lower than those of HvCslF6 but exhibited similar 

developmental profiles to those of HvCslF6.  

In the developing endosperm tissues sampled from TR251 and CDC Bold sown on 14 March 

2012, the HvExoIV transcript level from TR251 reached an exceptionally high value at 34 

DAP, following the transcript profile of HvCslF6 (Figure 5.2). No such increase was found in 

CDC Bold, in which the HvExoIV transcript profile also followed that of HvCslF6. These 

differences between CDC Bold and TR251were confirmed in subsequent experiments with 

more frequent sampling (every 2 days from 24 DAP to 38 DAP) (Figure 5.3). 

After 30 DAP, HvExoIV transcript profiles also differed from between Beka and Logan, 

following the transcript profile pattern seen for HvCslF6, with Beka having higher transcript 

levels of both HvCslF6 and HvExoIV than Logan (Figure 5.3). Meanwhile, in Harrington and 

TR306, there was no evidence of differential transcript level of HvCslF6 or HvExoIV.  

In the developing endosperm of F1 grains from reciprocal crosses between CDC Bold and 

TR251, the HvCslF6 transcript levels (Figure 5.4) were much higher than in the parental lines 

(Figure 5.2). The transcript levels of HvCslF6 and HvExoIV were both highest at 32 DAP in 

CDC Bold/TR251 F1 grains and at 24 DAP in TR251/CDC Bold F1 grains, At maturity, the 

grain (1,3;1,4)-β-glucan level was significantly higher in CDC Bold/TR251 F1 grains (3.21± 

0.02%) than in TR251/CDC Bold F1 grains ( 2.68±0.07%).  

Transcript profiles for HvGlb1 were not always similar to those of HvCslF6 (Figure 5.5) and 

levels of HvGlb2 transcripts were extremely low (Figure 5.6).  
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Figure 5.2 Comparison of normalised transcript levels of HvExoIV and HvCslF6 genes in 

developing endosperm at various days after pollination. The data sets are for the barley 

cultivar CDC Bold and TR251 sown on 14 March 2012. Error bar = SD. 
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Figure 5.3 Comparison of normalised transcript levels of HvExoIV and HvCslF6 genes in 

developing endosperm at various days after pollination. The data sets are for the barley 

cultivar CDC Bold, TR251, Beka, Logan, Harrington and TR306 sown on 5 June 2012. Error 

bar = SD. 
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Figure 5.4 Comparison of normalised transcript levels of HvExoIV and HvCslF6 genes in 

developing endosperm from reciprocal cross between CDC Bold and TR251 at various days 

after pollination, sown on 14 March 2012. Error bar = SD.  
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Figure 5.5 Comparison of normalised transcript levels of HvGlb1 and HvCslF6 genes in 

developing endosperm at various days after pollination. The data sets are for the barley 

cultivar CDC Bold, TR251, Beka, Logan, Harrington and TR306 sown on 5 June 2012. The 

transcript profiles shown for HvCslF6 are based on the same data as those shown in Figure 

5.3. Error bar = SD. 
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Figure 5.6 Comparison of normalised transcript levels of HvGlb2 and HvCslF6 genes in 

developing endosperm at various days after pollination. The data sets are for the barley 

cultivar CDC Bold, TR251, Beka, Logan, Harrington and TR306 sown on 5 June 2012. The 

transcript profiles shown for HvCslF6 gene are based on the same data as those shown in 

Figures 5.3 and 5.4. Error bar = SD. 
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5.4 Discussion 

In each of the barley cultivars and lines examined here, the transcript levels of HvExoIV were 

intermediate between those of HvCslF6 and those of other HvCslF genes (HvCslF3, HvCslF4, 

HvCslF7, HvCslF8 and HvCslF10) and the HvExoIV transcript profile was similar to that of 

HvCslF6. Between CDC Bold and TR251, differential transcript level of HvExoIV was 

observed late in endosperm development, similar to the differential HvCslF6 transcript level 

reported in Chapter 3 (Figure 5.2, Figure 5.3 and Figure 5.4). To further investigate co-

expression of HvExoIV and HvCslF6, transcript profiling was performed in the endosperm 

tissues of F1 grains from reciprocal crosses between CDC Bold and TR251 (Figure 5.4). Once 

again, HvExoIV and HvCslF6 had similar profiles. The HvCslF6 transcript levels in the 

endosperm tissue of these grains increased sharply between 14 and 20 days, much earlier than 

any increase seen in the self-pollinated grains of the parental lines. The early increases in 

HvCslF6 transcript levels may be attributable to physiological stress associated with 

dehydration, due to the removal of the parts of the palea and lemma from the floret during the 

hand pollination process (Coles, 1979; Papageorgiou et al., 2005). This early increase was 

more pronounced in the TR251/CDC Bold grains, in which the triploid endosperm carries two 

doses of the TR251 allele, than in the CDC Bold/TR251 grains, in which the endosperm 

carries only one dose of the TR251 allele. Accordingly, it is possible that the early increase in 

HvCslF6 transcript abundance in the F1 grains is due to dessication-induced upregulation of 

the TR251 allele, consistent with what was observed much later in the self-pollinated grains 

of TR251.  

As discussed in Chapter 3, HvCslF6 co-locates with a QTL for grain (1,3;1,4)-β-glucan that 

has been mapped in the CDC Bold/TR251 population (Li et al. 2008), and cis-regulated 

differential regulation of HvCslF6 could be the underlying cause of that QTL. In contrast, 

HvExoIV is on chromosome 1H, on which Li et al. (2008) did not detect any QTL. It is 

possible that the differential expression of HvExoIV is trans-regulated by a polymorphism in 
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the HvCslF6 region, but investigation of this possibility might require an expression QTL 

(eQTL) analysis of the mapping population.  

The exact role of HvExoIV, if any, in (1,3;1,4)-β-glucan synthesis is yet to be determined. 

HvExoIV has been assigned to the (1,3;1,4)-β-glucan exohydrolase family based on available 

sequence data and the exact protein activity has not been tested. However, it is possible that it 

functions as an component in a (1,3;1,4)-β-glucan synthase complex, similar to the (1,4)-β-

glucan endoglucanase encoded by the Arabidopsis KOR gene, which is required for normal 

cellulose assembly (Sato et al., 2001; Szyjanowicz et al., 2004). Determination of the exact 

function of HvExoIV might be achieved by cloning it into an expression vector and explicitly 

assessing its catalytic activity, as was done by Hrmova et al. (1997) for HvExoI and HvExoII. 

The finding that HvExoIV and HvCslF6 have similar temporal transcript profiles in grain 

development may provide a new target for regulation of grain (1,3;1,4)-β-glucan synthesis. 

Until now, efforts to regulate the grain (1,3;1,4)-β-glucan level have concentrated on CslF6, 

either by down-regulation (Nemeth et al., 2010) or mutation (Tonooka et al., 2009; Taketa et 

al., 2012) of CslF6 to reduce the grain (1,3;1,4)-β-glucan level or by over-expression of 

HvCslF6 to increase the grain (1,3;1,4)-β-glucan level (Burton et al., 2011). It would be 

informative to use RNAi to down-regulate HvExoIV and look for effects on grain (1,3;1,4)-β-

glucan level. Over-expression of HvCslF6 using a grain specific promoter increased the grain 

(1,3;1,4)-β-glucan level by only 50% (Burton et al., 2011). This might be due to the lack of 

some accessory protein(s) in the (1,3;1,4)-β-glucan synthase complex. HvExoIV may thus be 

one of the missing links needed to further increase the grain (1,3;1,4)-β-glucan level.  

Here, increased transcript levels were found at much earlier sampling points (at 10 to 20 

DAP) for HvGlb1 than for HvCslF6. This is similar to what was reported by Burton et al. 

(2008). This lack of coexpression does not necessarily exclude HvGlb1 from a role in normal 

(1,3;1,4)-β-glucan synthesis, as the HvGlb1-encoded (1,3;1,4)-β-glucan endohydrolase EI 

may have a longer half-life than HvCslF6 and HvExoIV. HvGlb2 transcript profiles followed 
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those of HvCslF6 but were not further examined in detail because the HvGlb2 transcript 

levels were negligible in developing endosperm tissues. The HvGlb2 protein product, 

(1,3;1,4)-β-glucan endohydrolase EII, was not found in developing endosperm tissues in a 

previous proteomic study by Finnie et al. (2006). 

5.5 Conclusion 

The transcript profile of the recently discovered putative (1,3;1,4)-β-glucan exohydrolase 

gene HvExoIV was found to be similar to that of HvCslF6 in several lines and in F1 grains. 

Thus it is possible that HvExoIV encodes an essential accessory protein for (1,3;1,4)-β-glucan 

synthesis by HvCslF6 in endosperm tissues.  
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Chapter 6 Identification of genes involved in (1,3;1,4)-β-glucan 

regulation in barley leaf tissues during light-dark cycles 

6.1 Introduction 

Although most of our understanding regarding the synthesis of (1,3;1,4)-β-glucans in barley is 

derived from the study of endosperm tissues, (1,3;1,4)-β-glucans are also present in the cell 

walls of leaves and other vegetative tissues, where they are thought to be important for 

structural integrity. Barley mutants that lack (1,3;1,4)-β-glucans have leaves with thin cell 

walls and are sensitive to chilling (Tonooka et al., 2009; Taketa et al., 2012). Similarly, the 

leaves of the (1,3;1,4)-β-glucan-deficient cslf6 rice mutant are brittle and inflexible (Vega-

Sanchez et al., 2012).  

In addition to serving a structural role, the (1,3;1,4)-β-glucan in leaf tissues may act as a 

carbon source for tissue metabolism (Vega-Sanchez et al., 2013). According to Fincher 

(2009a), cell walls of young barley leaves consist of cellulose (63%), (1,3;1,4)-β-glucans 

(16%), heteroxylans (11%), pectin (5%) and trace amounts of xyloglucan but mature leaves 

have much lower levels of (1,3;1,4)-β-glucan (Buchala and Wilkie, 1974). Starvation of 

barley and wheat leaves through prolonged dark incubation has been reported to induce the 

expression of (1,3;1,4)-β-glucan endohydrolases and exohydrolases and to reduce the 

concentration of (1,3;1,4)-β-glucan (Roulin and Feller, 2001; Roulin et al., 2002; Kimpara et 

al., 2008). When sucrose was added to leaf tissues that had been incubated in the dark for 

prolonged periods, the (1,3;1,4)-β-glucan endohydrolase activity disappeared (Roulin and 

Feller, 2001; Walti et al., 2002; Takeda et al., 2010). Similarly, in barley coleoptiles, addition 

of sucrose has been observed to inhibit auxin-induced expression of (1,3;1,4)-β-glucan 

endohydrolase, without suppressing auxin-induced elongation (Takeda et al., 2010). With 

prolonged incubation of plants in darkness, (1,3;1,4)-β-glucans were not completely depleted 

and upon re-exposure of those plants to light, (1,3;1,4)-β-glucans were rapidly resynthesised 



80 

 

(Roulin et al., 2002). Although (1,3;1,4)-β-glucans are generally considered to play a 

structural role in cell walls, these observations are consistent with the idea that (1,3;1,4)-β-

glucans in vegetative tissues are dynamically regulated and might act as an alternative energy 

source. 

In contrast to the recent advances in understanding genes involved in (1,3;1,4)-β-glucan 

synthesis in endosperm tissues (Burton et al., 2011; Taketa et al., 2012; Hu et al., 2014), little 

is known about what genes might be involved in the dynamic regulation of (1,3;1,4)-β-

glucans in leaf tissue. Most of the work described in the previous paragraph was performed 

before the identities of the (1,3;1,4)-β-glucan synthase genes were established. Among the 

cellulose-synthase-like gene superfamily, HvCslF6 and HvCslH1 genes were considered as 

prime candidates. Both have now been shown to be involved in (1,3;1,4)-β-glucan synthesis 

(Burton et al., 2006; Doblin et al., 2009; Taketa et al., 2012) and both are expressed in 

vegetative tissues (Burton et al., 2008; Doblin et al., 2009; Christensen et al., 2010).  

Mutation of HvCslF6 in barley plants prevents or reduces accumulation of (1,3;1,4)-β-glucans 

in leaf tissues (Tonooka et al., 2009; Taketa et al., 2012). In rice, submergence of young 

seedlings down-regulates OsCslF6 expression, reduces (1,3;1,4)-β-glucan synthase activity 

and decreases the (1,3;1,4)-β-glucan content in seedling cell walls (Kimpara et al., 2008). 

HvCslH1 transcript levels are relatively high in leaf tips of 10-day-old barley seedlings and 

this gene is able to induce (1,3;1,4)-β-glucan synthesis in transgenic Arabidopsis (Doblin et 

al., 2009). Another cereal-specific Csl group, HvCslJ, may also be involved in (1,3;1,4)-β-

glucan synthesis (Fincher, 2009a) in barley leaf tissues, as HvCslJ transcript levels are similar 

to those of HvCslH1 in barley seedling tissues (Christensen et al., 2010). In wheat seedling 

tissues, TaCslJ transcript levels have been found to be 10-fold higher than those of TaCslH 

(Christensen et al., 2010), further supporting the possible role of CslJ in (1,3;1,4)-β-glucan 

synthesis in vegetative tissues. 
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Among genes that encode accessory proteins that may be required for (1,3;1,4)-β-glucan 

synthesis in leaf tissues, HvExoII and HvExoIV are of interest, as microarray transcript 

profiling across a range of barley tissues has showed that HvExoII and HvExoIV are the 

dominant transcripts among the detected HvExoI, HvExoII, HvExoIII and HvExoIV transcripts 

in all of the tissues tested (Yap, 2010). HvExoII and HvExoIV may play a role similar to that 

of the (1,4)-β-glucanase encoded by the KOR gene in Arabidopsis (Szyjanowicz et al., 2004; 

Farrokhi et al., 2006), which is required for cellulose synthesis.  

The observation that the (1,3;1,4)-β-glucan in leaf tissues is degraded during prolonged dark 

incubation and subsequently regenerated upon re-exposure to light (Roulin et al., 2002) 

provides opportunities to study the roles of genes and enzymes that may be involved in 

(1,3;1,4)-β-glucan synthesis in leaves and its regulation. Previous research established that the 

(1,3;1,4)-β-glucan endohydrolase isoenzyme EI (encoded by HvGlb1) is involved in the 

degradation of (1,3;1,4)-β-glucans in leaves and that isoenzyme EII (encoded by HvGlb2) is 

not (Roulin et al., 2002). When that research was done, there were no gene-specific probes for 

the (1,3;1,4)-β-glucan exohydrolase genes HvExoI and HvExoII. Three other putative 

(1,3;1,4)-β-glucan exo-hydrolase genes (HvExoIII, HvExoIV and HvExoV; Yap, 2010) had not 

yet been discovered, nor had the HvCslF, HvCslH and HvCslJ gene families.  

In this work, prolonged incubation in darkness and subsequent re-exposure to normal 

day/night cycles were employed as environmental conditions to stimulate (1,3;1,4)-β-glucan 

degradation and re-synthesis in young barley seedlings and transcript profiles of candidate 

genes for (1,3;1,4)-β-glucan regulation were studied.  

6.2 Materials and Methods 

6.2.1 Dark incubation of barley seedlings and harvesting 

Twenty-three 100-cell trays (10 × 10 cells) measuring 28.5 cm (width) × 34.5 (length) cm × 

4.5 cm (depth) were filled with coco peat. One seed of the barley cultivar Sloop was sown 
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into each cell on 17 January 2012. The trays were watered and kept for 14 days in a 

greenhouse under a day/night temperature regime of 23°C/18°C.  

On the 14
th

 day (mid-day), each individual tray was placed in an opaque black container 

measuring 56 cm (width) × 40 cm (length) × 32 cm (depth). The 23 containers were assigned 

at random to three treatments: 6 to a control treatment (LD) with alternation between 12 h of 

natural daylight and 12 h of darkness for a total of 78 h, 12 to a continuous-darkness treatment 

(DD), also for a total of 78 h and 5 to a treatment (DD-LD) involving a 42-h period of 

continuous darkness followed by a 36-h period of control (LD) conditions. In all treatments, 

the periods of darkness were imposed by covering the containers with opaque black lids. In 

the LD treatment and in the later part of the DD-LD treatment, these lids were put in place at 

6 pm each evening and removed at 6 am the following morning.  

Samples were collected from the LD and DD treatments at 6-h intervals throughout the 78-h 

treatment period and from the DD-LD treatment at 6-h intervals from 48 h to 78 h. Trays from 

which samples had been taken during light-exposure periods were retained for further 

sampling at future sampling times. Trays from which samples had been taken during periods 

of darkness had to be discarded because they had been exposed to light during sampling. At 

each sampling time, three replicate samples were collected, with each sample consisting of 

pieces of the first leaf from at least 10 seedlings. The collected samples were frozen 

immediately in liquid nitrogen and stored at -80°C. Each sample was used for total RNA 

extraction, for analysis of (1,3;1,4)-β-glucan endohydrolase activity as well as for 

determination of sucrose and (1,3;1,4)-β-glucan concentration. 

6.2.2 Total RNA extraction and cDNA synthesis 

Leaf tissue sampled from each of the three biological replicates taken at the same time from 

the same treatment was pooled and used for total RNA extraction. The leaf tissue was ground 

to powder using a mortar and pestle cooled with liquid nitrogen. Total RNA extraction and 



83 

 

cDNA synthesis were performed as in Chapter 3, except that Ambion Plant RNA Isolation 

Aid (PRIA) was not added during the total RNA extraction process.  

6.2.3 Quantitative PCR (Q-PCR) of genes of interest 

Quantitative PCR (Q-PCR) of samples was performed as described in Chapter 3, section 

3.2.7. The genes of interest were the cellulose synthase-like genes HvCslF6, HvCslH1 and 

HvCslJ1, the (1,3;1,4)-β-glucan endohydrolase EI and EII (HvGlbI and HvGlbII), and the 

(1,3;1,4)-β-glucan exohydrolases II and IV (HvExoII and HvExoIV). Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH), heat shock protein 70 (HSP70), cyclophilin and α-

tubulin genes were used as controls for normalisation. Primers and optimal acquisition 

temperatures used for each gene in Q-PCR were as listed in Table 6.1.  

6.2.4 (1,3;1,4)-β-Glucan endohydrolase activity analysis 

Activities of (1,3;1,4)-β-glucan endohydrolases were measured using Megazyme Malt & 

Bacterial (1,3;1,4)-β-glucanase & Cellulase Kits (K-MBGL, Megazyme International Ireland) 

with modifications to permit assays to be conducted using small amounts of tissue. Briefly, 

50-mg subsamples of freshly ground leaf tissue were ground to powder using a mortar and 

pestle cooled with liquid nitrogen, and the powder from each sample was added to a 2-mL 

centrifuge tube. For enzyme extraction, 800 µL Buffer A (40 mM sodium acetate, 40 mM 

sodium phosphate, pH 4.6, 0.001% sodium azide) was added into each sample tube. The 

samples were mixed by vortex and incubated for 15 min on a Thermomixer® Comfort 

(Eppendorf, Hamburg, Germany) at 20 °C and 1000 rpm (rotations per min). The sample 

tubes were centrifuged for 10 min at 16,000 g to remove the cell debris, leaving the enzyme 

extract in the supernatant. The supernatant containing the enzyme extract from each tube 

(around 600 µL) was transferred into a fresh 2-mL centrifuge tube, and incubated for 5 min 

on a Thermomixer® Comfort at 30 °C and 1000 rpm. A 200-µL supernatant sub-sample from 

each sample was added to 200 µL Azo-Barley glucan substrate (also pre-warmed to 30 °C) in 
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a 2-mL centrifuge tube, and the tubes were incubated for 30 min on a Thermomixer® 

Comfort at 30 °C at 1000 rpm. 
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Table 6.1 Q-PCR primer sequences, amplicon lengths and optimal acquisition temperatures 

Genes Forward Primer Reverse Primer Amplicon length Acquisition 

temperature °C 

GAPDH GTGAGGCTGGTGCTGATTACG TGGTGCAGCTAGCATTTGAGAC 198 80 

HSP70 CGACCAGGGCAACCGCACCAC ACGGTGTTGATGGGGTTCATG 108 83 

α-Tubulin AGTGTCCTGTCCACCCACTC AGCATGAAGTGGATCCTTGG 248 80 

HvCslF6  TGGGCATTCACCTTCGTCAT TGTCCGGGCAAACTCATCAA 157 82 

HvCslH1 TGCTGTGGCTGGATGGTGTT GCTTTATTATTGAGAGAGATTGGGAGA 295 82 

HvCslJ1 GAGGAGGTCGGCTTCTTGTA CCATGAAGGCGTAGTAGGC 280 83 

HvEI AACGAGAACCAGAAGGACAAC TACGGACATACGGGCACTA 122 82 

HvEII CTACAACCAGCACCTCATCAA CGAGTAGCTCGTCAAGTTCG 253 83 

HvExoII TCGGGTGAGATGGGATGT CAACAGAACCAACACGACAAC 142 80 

HvExoIV GTTGTAAAAGAGAAATAATGCCTTGCTGC TTCTCTTTTACATAACCCAGTACC 144 75 

*All the primer sequences, expected amplicon lengths and acquisition temperatures used for quantitative PCR were from Trafford et al., (2013) except for 

HvExoIV (Yap, 2010).
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After incubation of the samples, the enzyme reaction was terminated by adding 1.2 mL 

Precipitation Solution B (30 g/L sodium acetate, 3 g/L zinc acetate, pH 5.0, 70% ethanol) to 

each tube. The samples were kept at room temperature for 5 min, and centrifuged for 10 min 

at 16,000 g. The supernatant from each tube was transferred into a cuvette and the absorbance 

value at 590 nm was measured. A reaction blank was prepared by adding 1.2 mL Precipitation 

Solution B into 200 µL Azo-Barley glucan substrate with the addition of 200 µL control malt 

enzyme extract. A set of serially diluted control malt enzyme extracts (Megazyme Malt-

(1,3;1,4)-β-glucanase: malt flour control, 540 U/kg) was used to construct an enzyme-activity 

standard curve.  

6.2.5 Analysis of the concentration of sucrose and (1,3;1,4)-β-glucan in leaf 

tissue 

Samples of leaf tissue were ground to powder using a mortar and pestle cooled with liquid 

nitrogen and freeze dried for simultaneous analysis of sucrose and (1,3;1,4)-β-glucan 

concentrations. Briefly, 20-mg subsamples were placed in 2-mL centrifuge tubes and 1 mL 

ethanol (70%) was added. To dissolve free sugars from the leaf tissues, samples were 

incubated for 30 min on a Thermomixer® Comfort at 30 °C and 1000 rpm. The sample tubes 

were centrifuged for 10 min at 16,000 g. Aliquots of 500 uL supernatant were transferred into 

fresh tubes and analysed for sucrose using gradient HPLC (conditions: Prevail Carbohydrate 

ES 150 × 4.6 mm column, 20°C, gradient of 85% acetonitrile aqueous – 70% acetonitrile 

aqueous in 10 minutes, flow rate of 1.0 mL per minute, with detection via an evaporative light 

scattering detector). The remaining material at the bottom of the tubes was used for (1,3;1,4)-

β-glucan concentration analysis following methods as described in Chapter 3. 
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6.3 Results 

6.3.1 (1,3;1,4)-β-Glucan and sucrose concentrations and (1,3;1,4)-β-glucan 

endohydrolase enzyme activity  

The mean (1,3;1,4)-β-glucan concentrations measured in barley leaf tissue samples were very 

low, ranging from just 0.06 % (w/w) to 0.11 % (w/w) (Figure 6.1). The only significant 

differences observed between treatments were at the 24, 30 and 36-h sampling times, at which 

the (1,3;1,4)-β-glucan concentration was higher for the DD treatment than for the LD control 

treatment.  

The (1,3;1,4)-β-glucan endohydrolase enzyme activity in leaf tissue sampled from plants in 

the control LD treatment was low (mean = 37 U/kg) and was quite stable throughout the 78-h 

sampling period (Figure 6.1). In contrast, the activity of the same enzyme in leaves sampled 

from plants in the DD treatment (continuous darkness) increased steadily after 24 h of dark 

incubation, peaking after 48 h of dark incubation and maintaining a consistently high level for 

the remaining 24 h of the experiment (Figure 6.1). In plants kept in darkness for 42 h and 

subsequently transferred to control conditions (the DD-LD treatment), the (1,3;1,4)-β-glucan 

endohydrolase activity declined significantly during the first 12 h after re-exposure to light, 

and thereafter remained slightly above the level observed in the control (LD) treatment 

(Figure 6.1). 

The mean sucrose concentration measured in barley leaf tissue sampled from plants in the 

control LD treatment exhibited a diurnal pattern, peaking at 6 pm in the evening. In the DD 

treatment (continuous darkness) the sucrose concentration in the leaf tissues declined 

immediately after the onset of darkness, reaching undetectable levels [<0.2 % (w/w)] within 6 

h and remaining undetectable throughout the 72-h sampling period. When plants that had 

been kept in darkness for 42 h were transferred to control conditions (DD-LD), the sucrose 
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concentration in the leaf tissues initially rose above that in the control treatment but was 

similar to that in the control treatment after 18 h. 

6.3.2 Transcript profiles of (1,3;1,4)-β-glucan endohydrolases (HvGlb1 and 

HvGlb2), exohydrolases (HvExoII and HvExoIV) and cellulose synthase-like 

genes (HvCslF6, HvCslH1 and HvCslJ1) 

In leaves sampled from plants in the LD control treatment, transcript levels were negligible 

for HvGlb1 (encoding (1,3;1,4)-β-glucan endohydrolase EI) and low for HvExoII (encoding 

(1,3;1,4)-β-glucan exohydrolase II) and HvExoIV (encoding putative (1,3;1,4)-β-glucan 

exohydrolase IV) (Figure 6.2). In leaves sampled from plants exposed to complete darkness 

(the DD treatment), transcript levels of HvGlb1, HvExoII and HvExoIV were significantly 

higher than in the control treatment. In the DD treatment, transcript levels of HvGlb1, 

HvExoII and HvExoIV all exhibited a prominent diurnal cycle, increasing sharply after 18 

hours in darkness, peaking at 24, 48 and 72 hours of darkness. Upon re-exposure to normal 

day/night cycle after 48 hours of darkness, the transcript levels of HvGlb1 and HvExoIV 

returned to their normal control values within 6 hours of exposure to daylight (DD-LD 

treatment), while the HvExoII transcript level initially declined below the control level (LD 

treatment) and reached the control level after 72 hours of day/night cycle.  

Transcript levels for HvGlb2 (encoding (1,3;1,4)-β-glucan endohydrolase EII) were very low 

in all three treatments. 

No consistent differences among treatments or diurnal patterns were observed for the 

transcript profiles of HvCslF6 and HvCslJ1. In contrast, transcript levels of HvCslH1 

exhibited a prominent diurnal pattern in all treatments. In continuous darkness (the DD 

treatment), transcripts of HvCslH1 peaked at 24, 48 and 72 hours. In plants that were 

transferred back to control conditions after 42 h of darkness (the DD-LD treatment), HvCslH1 
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transcripts returned to the control level within the first 6 h of re-exposure to light, (Figure 

6.2).  
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Figure 6.1 Means and standard deviations for (1,3;1,4)-β-glucan concentration, (1,3;1,4)-β-

glucan endohydrolase enzyme activity and sucrose concentration in the first seedling leaves of 

the barley cultivar Sloop sampled at 6-h intervals from a control (LD) treatment exposed to 

alternating periods of 12 h of natural light and 12 h of darkness, from a treatment of 

continuous darkness (DD) and from a treatment (DD-LD) involving 42 h of continuous 

darkness followed by alternating periods of 12 h of natural light and 12 h of darkness. Black 

and white regions of the bar underneath the horizontal axis indicate periods of exposure to 

darkness and light, respectively, in the control (LD) treatment and in the DD-LD treatment 

after 42 h.   
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Figure 6.2 Means and standard deviations for HvCslF6, HvCslH1, HvCslJ1, HvGlb1, 

HvGlbII, HvExoII and HvExoIV transcript levels in the first leaf of seedlings of the barley 

cultivar Sloop sampled at 6-h intervals from a control (LD) treatment exposed to alternating 
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periods of 12 h of natural light and 12 h of darkness, from a treatment of continuous darkness 

(DD) and from a treatment (DD-LD) involving 42 h of continuous darkness followed by 

alternating periods of 12 h of natural light and 12 h of darkness. Black and white regions of 

the bar underneath the horizontal axis indicate periods of exposure to darkness and light, 

respectively, in the control (LD) treatment and in the DD-LD treatment after 42 h. 
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6.4 Discussion 

In all three treatments, exclusion of light (at night in the LD control treatment and in the first  

part of the LD-DD treatment and continuously during the DD treatment and the second part of 

the LD-DD treatment) led to the expected depletion of sucrose in the leaf tissues. The 

observed diurnal fluctuation of the sucrose content in leaf tissues is consistent with previous 

reports (Gordon et al., 1980; Gordon et al., 1982).  

In the control LD treatment, the transcript profile of HvCslH1 exhibited a diurnal pattern, 

peaking at or just after the re-exposure to light (24, 42-48 and 72 hours). In each case, the 

increase in transcript level began before the sucrose concentration started to increase, 

indicating that this diurnal increase is not a response to availability of photosynthates. Rather, 

it may be an adaptation that positions the HvCslH1 gene product to use photosynthates as 

soon as they become available. Consistent with this, the HvCslH1 transcript profile 

maintained a diurnal pattern even in continuous darkness (DD), indicating that HvCslH1 is 

under the rhythmic control of circadian clock, which is rather common in plants. As an 

example, in maize plants, approximately 10 percent of the over 13,000 transcripts examined 

has maintained circadian rhythm upon transferring from 12 hours light/ 12 hours dark cycle to 

48 hours continuous light (Khan et al., 2010). 

In contrast, the HvCslF6 transcript profile had no obvious diurnal pattern. Considering the 

substantial previous evidence for the importance of HvCslF6 in developing endosperm 

(Christensen and Scheller, 2012; Taketa et al., 2012; Hu et al., 2014), and indications that 

HvCslF6 is important in young leaf tissue (leaf bases) while HvCslH1 is important in mature 

leaf tissue (leaf tips) (Burton et al., 2008; Doblin et al., 2009), it seems possible that the 

HvCslF6 expression pattern is adapted to conditions under which substrate is supplied by 

translocation while the HvCslH1 expression pattern is adapted to conditions under which 

substrate comes directly from photosynthesis within the same cell or tissue. The differential 

regulation mechanism of HvCslH1 and HvCslF6, which both encode the (1,3;1,4)-β-glucan 
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synthase, is not alone. Furet et al. (2012) reported two sucrose transporters in perennial 

ryegrass, LpSUT1 and LpSUT2, that are regulated differentially. LpSUT1 is regulated by 

sucrose content availability during early regrowth after defoliation while LpSUT2 is regulated 

by light condition and is unaffected by defoliation. 

In the control LD treatment, HvCslJ1 transcript levels were similar to those of HvCslH1, 

which is in agreement with the findings of Christensen et al. (2010). However, HvCslJ1 

transcript levels had no obvious diurnal pattern, with reduced transcript levels in continuous 

darkness. The exact role of HvCslJ1 in (1,3;1,4)-β-glucan synthesis is yet to be determined 

and transgene expression in Arabidopsis or tobacco will need to be performed in future to 

determine the (1,3;1,4)-β-glucan synthesis. 

In continuous darkness (DD), the transcript levels of HvCslH1, HvGlb1, HvExoII and 

HvExoIV rose sharply between 18 and 24 hours as did the (1,3;1,4)-β-glucan endohydrolase 

activity. The increase for HvCslH1 may be a response to reduction in available substrate, 

while the increases for the hydrolase genes may allow the plant to use cell wall 

polysaccharides as an alternative source of energy. The increase in HvGlb1 transcript level is 

consistent with previous reports of HvGlb1 expression being suppressed by sucrose and 

glucose. Given that (1,3;1,4)-β-glucan endohydrolase is very substrate specific, an increase in 

the activity of this enzyme would be expected to result in breakdown of (1,3;1,4)-β-glucans.  

In continuous darkness, transcript profiles of HvGlb1, HvExoII and HvExoIV assumed diurnal 

patterns that were not evident in their control profiles. As for HvCslH1, the peak transcript 

levels occurred at 24, 48 and 72 hours. One possible explanation for the co-expression of 

these hydrolase genes with HvCslH1 under ‘starvation’ conditions, is that there is a feedback 

mechanism that ensures a continued supply of new substrate for the biosynthetic activity of 

the HvCslH1 gene product. Although it seems inefficient to ‘recycle’ breakdown products 

into new polysaccharides under ‘starvation’ conditions, it may be that ongoing HvCSLH1 

activity is part of an essential process. Perhaps ongoing resynthesis of (1,3;1,4)-β-glucans is 
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part of an carbon recycling process involving continuous and concurrent degradation and 

resynthesis of carbohydrates. Such processes have often been observed in plants. For 

example, in sugarcane, sucrose accumulation in maturing internode tissues is not a single-

direction process. Instead, sucrose has been found to be metabolised while at the same time 

being actively synthesised from hexose, suggesting substantial carbon cycling between 

hexose and sucrose pools (Whittaker and Botha, 1997). 

The leaf (1,3;1,4)-β-glucan concentration levels measured here were all very low relative to 

those that have been reported previously and they did not change substantially in response to 

light conditions. The very low values may be due to the measurement method used. This 

could be due to the use of different extraction methods. Roulin et al., (2002) used a high-pH 

KOH solution, which would have been able to disrupt weak linkages between polysaccharide 

molecules and release (1,3;1,4)-β-glucans that are bound to other structural carbohydrates or 

to proteins, as different extraction methods have been shown to alter the total recovered 

(1,3;1,4)-β-glucans from vegetative tissues (Vega-Sanchez et al., 2013). In contrast, the 

aqueous buffer used here may extract only (1,3;1,4)-β-glucans that are not tightly bound to 

other structural molecules or proteins. If so, it could be that any net reduction in (1,3;1,4)-β-

glucans is occurring in fractions that were not readily extracted (possibly (1,3;1,4)-β-glucans 

that are bound to other cell wall components). Yet it does not seem logical for relatively 

insoluble (unextractable) fractions to be broken down more readily than highly soluble 

(extractable) fractions. If anything, the opposite would be expected.  

6.5 Conclusion 

Although this research has not provided a definitive mechanistic explanation of the dynamics 

of (1,3;1,4)-β-glucan synthesis and degradation in leaf tissues, it has provided some 

interesting new insights that provide a basis for further investigation. Notably, the results 

indicate a role for HvCslH1 and demonstrate that HvCslH1 expression follows a constitutive 

diurnal pattern with upregulation after prolonged exclusion of light. Further, they show the 
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co-expression of three hydrolase genes with HvCslH1 and indicate that the net amount of 

(1,3;1,4)-β-glucan in mature leaf tissues is likely the result of a dynamic regulation process 

that involves both hydrolysis and synthesis. 
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Chapter 7 General discussion and suggestions for future research 

7.1 General discussion 

Through comparative genomic analysis, HvCslF and HvCslH genes were identified as 

candidate genes that may be involved in (1,3;1,4)-β-glucan synthesis in barley endosperm 

tissues (Burton et al., 2006). Subsequently, some of these genes have been confirmed to be 

able to direct (1,3;1,4)-β-glucan synthesis through transgenic expression in Arabidopsis and 

over-expression in barley (Burton et al., 2006; Burton et al., 2008; Doblin et al., 2009; Burton 

et al., 2011). In particular, HvCslF6 has been confirmed to be essential for (1,3;1,4)-β-glucan 

synthesis. This has been proven through a series of mutation studies, in which plants with 

mutated CslF6 contained no (1,3;1,4)-β-glucan in the mature grain (Tonooka et al., 2009; 

Taketa et al., 2012; Vega-Sanchez et al., 2012). The exact roles of other HvCslF genes and of 

HvCslH1 are yet to be determined, but HvCslF4 and HvCslH1 have been found to be able to 

direct (1,3;1,4)-β-glucan synthesis in transgenic plants (Doblin et al., 2009; Burton et al., 

2011).  

In several mapping populations of barley, QTL for the level of (1,3;1,4)-β-glucan in grain 

have been mapped on chromosome 7H, at the same position as HvCslF6 on chromosome 7H 

(Igartua et al., 2002; Molina-Cano et al., 2007; Li et al., 2008; Dickin et al., 2011; Cory et al., 

2012; Islamovic et al., 2013; Steele et al., 2013; Hu et al., 2014). The QTL mapped by Hu et 

al. (2014) was apparently due to an induced non-synonymous substitution (A849T) mutation 

in HvCslF6. It is less clear whether any of the other QTL can be attributed to sequence 

differences in HvCslF6. Cory et al. (2012) suggested that a naturally occurring non-

synonymous polymorphism (A590T) between CDC Bold and TR251 might affect the 

(1,3;1,4)-β-glucan by changing the phosphorylation status of the HvCSLF6 protein. However, 

this polymorphism is not segregating in all of the mapping populations with QTL at or near 

HvCslF6 gene on chromosome 7H. 
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Based on the research results reported in Chapter 3 of this thesis, it seems unlikely that the 

A590T substitution is the cause of CDC Bold/TR251 QTL on chromosome 7H. Firstly, 

structural modelling confirmed the transmembrane position of the A849T substitution but 

indicated that the A590T substitution is not in a transmembrane domain and is not near the 

catalytic site. Further, when the CDC Bold and TR251 alleles were transiently expressed in 

Nicotiana benthamiana, no significant difference in the enzyme activity was detected between 

them. Even though N. benthamiana (a dicot) is quite different from barley (a monocot), the 

accumulation of (1,3;1,4)-β-glucan accumulation in N. benthamiana leaf tissues upon 

infiltration with HvCslF6 was remarkably high, both in the research reported here and in 

previous research (Vega-Sanchez et al., 2012). This indicates that 1,3; 1,4)-β-glucan synthesis 

is not substrate limited in HvCslF6-infiltrated leaves of N. benthamiana. Accordingly, the 

system should provide a large dynamic range of (1,3;1,4)-β-glucan level accumulation within 

which impaired synthetic ability of any particular gene product would be detectable. The 

transient expression system employed here is more specific than in vitro enzymatic activity 

analysis systems using radio-labelled [
14

C]Glc as a substrate. Previous research (Gibeaut and 

Carpita, 1993; Becker et al., 1995; Urbanowicz et al., 2004; Tsuchiya et al., 2005; Carpita and 

McCann, 2010; Carpita, 2011) has shown most of the radio-labelled [
14

C]Glc is incorporated 

into (1,3)-β-glucan and very little is incorporated into (1,3;1,4)-β-D-glucans  

If the quantitative differences in grain (1,3;1,4)-β-glucan level that are associated with the 

HvCslF6 region of chromosome 7H are not due to sequence differences between HvCslF6 

alleles, perhaps they are due to cis-regulated differential expression. To investigate this, 

transcriptional profiling was undertaken using developing endosperm tissues from mapping 

parents. In such results, the choice of sampling times is important. Generally, it is assumed 

that endosperm cells are most active early in endosperm development, that they become 

progressively less active and that there is not much metabolism at late stages (>25 DAP). 

While this may be true for some metabolic processes, the transcriptional profiling results 
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presented in Chapter 3 indicate that the transcript level of HvCslF6 can be very high even at 

very late stages of endosperm development. Further, at these late stages, substantial 

upregulation of HvCslF6 was observed in the high-(1,3;1,4)-β-glucan parents TR251 and 

Beka but not in their low-(1,3;1,4)-β-glucan counterparts (CDC Bold and Logan, 

respectively). In contrast, Cory et al. (2012) had reported no major differences in transcript 

levels of HvCslF6 between CDC Bold and TR251. This may be because they did not sample 

from very late stages of endosperm development.  

Given the co-location of HvCslF6 with a grain (1,3;1,4)-β-glucan QTL in the CDC 

Bold/TR251 population and the different transcript amount of HvCslF6 between CDC Bold 

and TR251, it seems reasonable to suggest that the upregulation of HvCslF6 in TR251 late in 

endosperm development is cis-regulated and that it is the cause of the QTL. Accordingly, it 

would be reasonable to isolate and compare promoter sequences from CDC Bold, TR251 and 

other parental combinations for which a QTL has been mapped in the centromeric region of 

chromosome 7H. An attempt to do this (reported in Chapter 3) led to the discovery of a 

number of upstream sequence polymorphisms between CDC Bold and TR251, but none 

between Beka and Logan. Possibly, the region sequenced did not contain the true promoter. 

Alternatively, perhaps the key polymorphism is a transcription factor that is genetically linked 

with HvCslF6.  

One possible way to confirm cis-regulatory control of the differential transcription would be 

to conduct eQTL analysis on a mapping population. This would require a large experiment 

with all lines of the mapping population subjected to transcriptional profiling, in order to 

determine whether an eQTL would co-locate with HvCslF6 and the trait QTL. However, this 

would still not pinpoint the cause of the differential transcription. Another approach would be 

to conduct allele-specific transcriptional profiling on developing endosperm tissue from 

heterozygous grain. This was the original rationale for producing and sampling reciprocal F1 

grain in one of the experiments conducted here. Unfortunately, the CDC Bold and TR251 
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allele sequences (which were not available at the time that the research was planned) do not 

differ sufficiently in the 3’ region of the gene to support the design of allele-specific QPCR 

primers. Even without allele-specific profiling, comparison of the reciprocal F1s could be 

informative, as the dosage of the TR251 allele (and any linked regulatory sequences) should 

be twice as high in the endosperm of TR251/CDC Bold F1 grain as in the endosperm of CDC 

Bold/TR251 F1 grain. Thus, if the differential transcription is cis-regulated, there might be a 

greater upregulation in TR251/CDC Bold than in the reciprocal cross. At first glance, this is 

not evident, as the F1 grain matured quite early and their late-endosperm transcription patterns 

differed from those observed for grain derived from self-pollination. The early maturation 

may be due to dehydration due to removal of the lemma and palea during emasculation. 

Accordingly, it may be appropriate to consider the period between 16 and 24 DAP as late 

endosperm development. During that period, the TR251/CDC Bold grain did exhibit a much 

greater increase in HvCslF6 transcript levels than did the grain from the reciprocal cross. 

Without allele-specific analysis, it is not possible to assess whether this is due to the greater 

dosage of the TR251 allele.  

The cDNA libraries prepared for the transcript profiling of HvCslF6 in mapping parents 

provided a resource that could also be used for the investigation of other genes that may be 

involved in grain (1,3;1,4)-β-glucan synthesis or hydrolysis. Prior to the research presented 

here, no other HvCsl genes had been found to be co-transcribed with HvCslF6 in the 

endosperm tissues (Burton et al., 2008; Doblin et al., 2009) and the transcription profile of the 

(1,3;1,4)-β-glucan endohydrolase genes HvGlb1 and HvGlb2 had been shown to differ from 

that of HvCslF6 (Burton et al., 2008). This is in contrast to the genes involved in cellulose 

synthesis, for which transcript analysis had revealed two groups of co-expressed CesA genes, 

(Burton et al., 2004) and hydrolase gene (KOR) with an essential role (Szyjanowicz et al., 

2004). As presented in the introduction to Chapter 5, comparison of existing data from Wilson 

et al. (2012) and Yap (2010) indicated the possibility that the recently discovered putative 
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(1,3;1,4)-β-glucan exohydrolase, HvExoIV, is co-transcribed with functional HvCslF genes. 

Consistent with this, HvExoIV exhibited differential transcript level late in endosperm 

development, similar to that seen for HvCslF6. Unfortunately, it was not possible to 

investigate the co-transcription of HvExoIV with HvCslF9 early in endosperm development, 

as by the time the HvExoIV QPCR experiments were completed, there was no cDNA 

remaining from the early-stage endosperm samples from the first experiment, and the second 

and third experiments had been designed and conducted to focus on late stages of endosperm 

development.  

In the research presented in Chapter 6, contrasting light-dark regimes were imposed on young 

barley plants and responses of HvCsl and hydrolase genes were tracked. Prior to undertaking 

this experiment, a number of pilot experiments had been conducted. In an initial pilot 

experiment, barley plants incubated in darkness for 72 hours extended dark incubation 

exhibited chlorosis. Some of these plants did not recover upon exposure to a normal day/night 

cycle. In contrast, plants incubated in darkness for 42 hours remained green and were able to 

recover. An experiment was also done to select the method for measurement of (1,3;1,4)-β-

glucan endohydrolase activity. Because the viscometric method, as utilised by Roulin et al. 

(2002), could not be applied to more than one sample at a time, the Megazyme β-Glucanase 

(Malt and Microbial) Assay Kit was selected and was scaled down to reduce the amount of 

sample required. The use of the scaled down protocol greatly accelerated the measurement of 

(1,3;1,4)-β-glucan endohydrolase activity as measurements could be conducted for batches of 

multiple samples. However, additional experimentation maybe needed to address the 

discrepancies between the (1,3;1,4)-β-glucan mobilisation and resynthesis profiles reported 

here and the results published Roulin et al. (2002). 
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7.2 Suggestions for future research 

7.2.1 Identification of the cause of HvCslF6 upregulation in TR251  

Although the experiments conducted here confirmed that HvCslF6 is consistently up-

regulated late in endosperm development in TR251 but not in CDC Bold, the cause of this 

difference was not determined. In future research, the hypothesis of cis-regulation could be 

more definitively tested with allele-specific transcript analysis of heterozygotes (possibly 

using TaqMan probes or RNAseq methods) or, if necessary, by eQTL analysis of a mapping 

population. If cis-regulation is confirmed, then the molecular cause could be further 

investigated by isolation and testing of putative promoter regions and by resequencing of 

other linked sequences to identify possible transcription factors. Currently, the promoter used 

for transgene expression in endosperm tissue is the oat globulin promoter, AsGlo1 (Vickers et 

al., 2006), which is specifically and constitutively expressed in endosperm tissues. Its 

endosperm specificity prevents the “vascular suffocation” and premature death of seedlings, 

but its ability to drive transgene expression early in endosperm development may interfere 

with the normal endosperm cell metabolism, leading to small and deformed grains (Burton et 

al., 2011). Thus, an understanding of how HvCslF6 is up-regulated late in endosperm 

development in lines such as TR251 and Beka, could be useful in designing improved 

systems for transgene expression in endosperm tissue.  

7.2.2 Investigation of the role of HvExoIV in (1,3;1,4)-β-glucan synthesis 

Even though HvExoIV has been shown to be co-transcribed with the (1,3;1,4)-β-glucan 

synthase genes HvCslF9 and HvCslF6 in endosperm tissues as well as HvCslH1 in mature 

leaves, the exact role of HvExoIV is yet to be determined. In future research, the hypothesis of 

HvEXOIV as an accessory protein required for (1,3;1,4)-β-glucan synthesis could be tested by 

suppression of HvExoIV through RNAi. This hypothesis can also be tested by co-infiltration 

of both HvCslF6 and HvExoIV into the N. benthamiana leaves, as coupling of HvEXOIV and 



103 

 

HvCSLF6 activities might increase the total (1,3;1,4)-β-glucan content in leaf tissues upon 

transformation. 

The enzymatic activity and the respective substrates of the HvEXOIV protein are unknown 

(Yap, 2010). In future research, the enzyme activity can be investigated by expressing the 

HvEXOIV protein in bacteria or yeast to identify the hydrolytic characteristics as well as the 

substrate specificity, as demonstrated by Hrmova and Fincher (1997) on the substrate 

specificity of the enzyme HvEXOI and HvEXOII. 

To investigate the possibility that HvEXOIV may function as a component in the (1,3;1,4)-β-

glucan synthase complex, similar to the cellulase KORRIGAN that forms part of the cellulose 

synthase complex in Arabidopsis (Vain et al., 2014), single and double transformants with a 

green fluorescent protein (GFP)-labelled HvEXOIV and a YFP-labelled HvCSLF6/HvCSLH1 

construct would be required. 

7.2.3 Comparison of the effects of HvCslF6 and HvCslH1 on the fine structure 

of synthesised (1,3;1,4)-β-glucan 

It is known that the fine structure of (1,3;1,4)-β-glucan affects its solubility, and it has been 

hypothesised that the products of different HvCslF/H genes may synthesise (1,3;1,4)-β-glucan 

with different fine structures (Burton et al., 2011). However, this hypothesis has not been 

proven. Thus, future work will need to compare fine structure of the (1,3;1,4)-β-glucan 

(DP3:DP4 ratio) from endosperm tissues (in which HvCslF6 transcripts predominate), young 

leaf tips (in which HvCslH1 transcripts predominate), young leaf base (in which HvCslF6 

transcripts predominate) and mature leaves (in which both HvCslF6 and HvCslH1 transcripts 

are present under control conditions but in which HvCslH1 predominates after prolonged 

darkness). Given the low levels of (1,3;1,4)-β-glucan measured in leaf tissues after extraction 

with an aqueous solvent, it would be advisable to use exhaustive KOH extraction method. 
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Vega-Sanchez et al., (2013) has reported an exhaustive KOH extraction method is required to 

extract total (1,3;1,4)-β-glucan from vegetative tissues. 

7.3 Conclusions 

The research conducted for this thesis leads to the following conclusions: 

The grain (1,3;1,4)-β-glucan QTL that coincide with the HvCslF6 gene located on 

chromosome 7H in CDC Bold x TR251 and Beka x Logan mapping populations are more 

likely to be due to differential transcript levels of HvCslF6 than to differential enzymatic 

activity of the HvCSLF6 protein. 

The barley gene HvExoIV is co-transcribed with (1,3;1,4)-β-glucan synthase genes and may 

be involved in (1,3;1,4)-β-glucan synthesis in endosperm and leaf tissues.  

The barley gene HvCslH1 gene exhibits a diurnal transcription profile in mature leaves even 

when plants are kept in continuous darkness. Following prolonged dark incubation treatment, 

HvCslH1 is upregulated as are the hydrolase genes HvGlb1, HvGlb2 and HvExoIV, all three 

of which assume a diurnal pattern of transcript abundance in synchrony with HvCslH1. These 

observations indicate that the (1,3;1,4)-β-glucan regulation in mature leaf tissues of barley 

plants involves a complex and dynamic balance between synthesis and degradation. 
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Chapter 8 Contributions to knowledge 

 

The objectives of the work reported in current thesis were to explain factors that lead to the 

barley grain (1,3;1,4)-β-glucan QTL that is co-located with the HvCslF6 gene on chromosome 

7H, to determine the accessory genes that are required for (1,3;1,4)-β-glucan synthesis and to 

determine the genes that involved in (1,3;1,4)-β-glucan synthesis in leaf tissues. The 

contributions to knowledge generated from this research are: 

1. Evidence that the QTL for differential grain (1,3;1,4)-β-glucan content mapped on 

chromosome 7H in CDC Bold/ TR251 and Beka/Logan mapping populations could be 

due to different transcript levels of the HvCslF6 genes late in endosperm development.  

2. Discovery that HvCslF6 alleles from CDC Bold and TR251 are equally capable of 

driving (1,3;1,4)-β-glucan synthesis in a heterologous system. 

3. Discovery that the HvExoIV gene is co-transcribed with (1,3;1,4)-β-glucan synthase 

genes, with HvCslF9 early in endosperm development and with HvCslF6 at later 

stages of endosperm development , and with HvCslH1 in leaf tissues under prolonged 

dark incubation, indicating that HvEXOIV may function as an accessory protein in 

(1,3;1,4)-β-glucan synthesis. 

4. Discovery that HvCslF6 transcript levels are up-regulated in barley endosperm tissues 

in developing F1 grains from manual cross pollination.  

5. Discovery that under conditions of carbon starvation, HvCslH1 is active in leaf tissues, 

but HvCslF6 is not. 

6. Discovery that HvGbl1, HvExoII, HvExoIV and HvCslH1 in leaf tissues all show 

diurnal transcription profiles in prolonged dark incubation. 
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Appendices 

Appendix 1: Online Resource 1 and 2 for the manuscript presented in Chapter 3. 

Online Resource 1 Annotated sequence of a 204-bp pre-mRNA 3' untranslated region of HvCslF6 obtained by 3' RACE from cDNA of CDC Bold and TR251 barley 

 

Article Differential expression of the HvCslF6 gene late in grain development may explain quantitative differences in (1,3;1,4)-β-glucan concentration in barley 

Journal Molecular Breeding 

Authors Sie Chuong Wong, Rachel A Burton, Neil J Shirley, Alan Little, Julian Schwerdt, Kelvin H.P. Khoo, Geoffrey B Fincher and Diane E. Mather 

Corresponding author Diane E. Mather 

School of Agriculture, Food and Wine and ARC Centre of Excellence in Plant Cell Walls, Waite Research Institute, University of Adelaide 

diane.mather@adelaide.edu.au 

 

mailto:diane.mather@adelaide.edu.au
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Fig. S1 Annotated sequence of a 204-bp 3' untranslated region of HvCslF6 obtained by 3' RACE from cDNA of CDC Bold and TR251 barley 

Annotated sequence of a 204-bp pre-mRNA 3’ untranslated region of HvCslF6 obtained by 3’ RACE from cDNA of CDC Bold and TR251 barley. The far upstream element (FUE, green 

block) region contains multiple ambiguous UG motifs and is generally located 29 bp upstream of the mRNA cleavage site (CS, red blocks). The poly(A) signal (Poly(A), orange block) of 

HvCslF6 is a AAAAAA hexamer. The U-rich tract (blue block) contains multiple putative mRNA cleavage sites which are detonated by TA di-nucleotide motifs at positions 187-188, 192-

193, 194-195, or 198-199. 

 

  



108 

 

Online Resource 2 Alignment of sequences from TR251, CDC Bold, Beka, Logan, TR306 and Harrington for a putative promoter region of HvCslF6. 

 

Article Differential expression of the HvCslF6 gene late in grain development may explain quantitative differences in (1,3;1,4)-β-glucan concentration in barley 

Journal Molecular Breeding 

Authors Sie Chuong Wong, Rachel A Burton, Neil J Shirley, Alan Little, Julian Schwerdt, Kelvin H.P. Khoo, Geoffrey B Fincher and Diane E. Mather  

Corresponding author Diane E. Mather 

School of Agriculture, Food and Wine and ARC Centre of Excellence in Plant Cell Walls, Waite Research Institute, University of Adelaide 

diane.mather@adelaide.edu.au 
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Fig. S2 Alignment of sequences from TR251, CDC Bold, Beka, Logan, TR306 and Harrington for a putative promoter region of HvCslF6. 
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Appendix 2: Transcript profile of genes involved in starch synthesis in the first leaf of 

seedlings of the barley cultivar upon prolonged dark incubation. 

The cDNA samples used for the work described in Chapter 6 were also used for 

transcriptional profiling of genes related to starch synthesis, using the primers listed in Table 

A2.1. These results were not included in the Chapter 6 as the focus of that chapter is on 

(1,3;1,4)-β-glucan mobilisation and resynthesis. Nevertheless, these results may be of some 

use for guiding future studies on starch synthesis in leaf tissues. Accordingly, the transcript 

profiles for the starch synthesis genes are shown in Figure A2.2.  
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Table A2.1: Q-PCR primer sequences, amplicon lengths and optimal acquisition temperatures of genes involved in starch synthesis. 

Genes Forward Primer Reverse Primer Amplicon 

length 

Acquisition 

temperature °C 

HvSusy1 GTACGTGAGCAACCTGGAGAG AATGTGCCGAGACATCAAATC 258 85 

HvSusy2 GCTTTACTCCGAGAGGCTGAT CCAAGGCATTCTCAAATCTCA 246 85 

HvSusy3 AGCGCATTGAGGAGAAGTACA GACACTCTCCGATCTGTGCTC 288 84 

HvSSI GGGGAATAAGGAAGGGAGGTG CATCGCTAAGGCTAAAGAGAC 126 80 

HvSSII GCATGAGAGGATGGAAATGC CCATATACCTCCCTCGCAAA 209 83 

HvISA1 AGATGAAACAAAAGGCGAGAT AGGGCGTGATACAAGGATGAC 247 83 

HvPUL AAGTGAAAAGAACGAAGATAA CCATCTCGGGGCTCTCACCTC 264 77 

HvAPL3 CCACATTCACCGCACCTACCT GTCCTCAAGCACCCAGATAAA 151 83 

HvAPS2 GGTACAATTGAGGCATTCTAT TGTCTGTCACATCAGCATCAA 148 76 

HvBEIIb CGGAAACACGAGGAAGATAAG TGGAGCATAGACAACACAGGT 276 79 

All the primer sequences, expected amplicon lengths and acquisition temperatures used for quantitative PCR were from Trafford et al., (2013)
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Figure A2.2: Transcript profiles of HvSusy, HvSusy2, HvSusy3, HvSS1, HvSS2, HvAPL3, 

HvAPS2, HvBeIIb, HvPUL and HvISA1 in the first leaf of seedlings of the barley cultivar 

Sloop sampled from a control (LD), continuous darkness (DD) and alternating dark-light 

treatment (DD-LD).Means and standard deviations for HvSusy, HvSusy2, HvSusy3, HvSS1, 

HvSS2, HvAPL3, HvAPS2, HvBeIIb, HvPUL and HvISA1 transcript levels in the first leaf of 

seedlings of the barley cultivar Sloop sampled at 6-h intervals from a control (LD) treatment 

exposed to alternating periods of 12 h of natural light and 12 h of darkness, from a treatment 

of continuous darkness (DD) and from a treatment (DD-LD) involving 42 h of continuous 

darkness followed by alternating periods of 12 h of natural light and 12 h of darkness. Black 

and white regions of the bar underneath the horizontal axis indicate periods of exposure to 

darkness and light, respectively, in the control (LD) treatment and in the DD-LD treatment 

after 42 h. 

 



116 

 

 

  

H v S u s y 1

0 6 1 2 1 8 2 4 3 0 3 6 4 2 4 8 5 4 6 0 6 6 7 2 7 8

0

5 0 0 0 0 0

1 0 0 0 0 0 0
H v S u s y 2

0 6 1 2 1 8 2 4 3 0 3 6 4 2 4 8 5 4 6 0 6 6 7 2 7 8

0

5 0 0 0

1 0 0 0 0

1 5 0 0 0

H v S u s y 3

0 6 1 2 1 8 2 4 3 0 3 6 4 2 4 8 5 4 6 0 6 6 7 2 7 8

0

2 0 0 0

4 0 0 0

6 0 0 0
H v S S I

0 6 1 2 1 8 2 4 3 0 3 6 4 2 4 8 5 4 6 0 6 6 7 2 7 8

0

2 0 0 0 0

4 0 0 0 0

6 0 0 0 0

8 0 0 0 0

H v S S II

0 6 1 2 1 8 2 4 3 0 3 6 4 2 4 8 5 4 6 0 6 6 7 2 7 8

0

1 0 0 0

2 0 0 0

3 0 0 0
H v A P L 3

0 6 1 2 1 8 2 4 3 0 3 6 4 2 4 8 5 4 6 0 6 6 7 2 7 8

0

5 0 0 0

1 0 0 0 0

1 5 0 0 0

H v A P S 2

0 6 1 2 1 8 2 4 3 0 3 6 4 2 4 8 5 4 6 0 6 6 7 2 7 8

0

5 0 0 0 0

1 0 0 0 0 0

1 5 0 0 0 0
H v B E IIb

0 6 1 2 1 8 2 4 3 0 3 6 4 2 4 8 5 4 6 0 6 6 7 2 7 8

0

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

H v P U L

0 6 1 2 1 8 2 4 3 0 3 6 4 2 4 8 5 4 6 0 6 6 7 2 7 8

0

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

5 0 0 0
H v IS A 1

0 6 1 2 1 8 2 4 3 0 3 6 4 2 4 8 5 4 6 0 6 6 7 2 7 8

0

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

L D

D D

D D -L D

N
o

r
m

a
li

z
e

d
 t

r
a

n
s

c
r
ip

t 
le

v
e

ls
 (

a
r
b

it
r
a

r
y

 u
n

it
s

)



117 

 

References 

Almirall M, Francesch M, Perez-Vendrell AM, Brufau J, Esteve-Garcia E (1995) The 

differences in intestinal viscosity produced by barley and β-glucanase alter digesta 

enzyme activities and ileal nutrient digestibilities more in broiler chicks than in cocks. 

The Journal of Nutrition 125: 947-955 

Arantes V, Saddler J (2010) Access to cellulose limits the efficiency of enzymatic 

hydrolysis: the role of amorphogenesis. Biotechnology for Biofuels 3: 4 

Armougom F, Moretti S, Poirot O, Audic S, Dumas P, Schaeli B, Keduas V, Notredame 

C (2006) Expresso: automatic incorporation of structural information in multiple 

sequence alignments using 3D-Coffee. Nucleic Acids Research 34: W604-W608 

Bamforth C (1982) Barley β-glucans: their role in malting and brewing. Brewers Digest 57: 

22-27 

Becker M, Vincent C, Grant Reid JS (1995) Biosynthesis of (1,3)(1,4)-β-glucan and (1,3)-

β-glucan in barley (Hordeum vulgare L.). Planta 195: 331-338 

Braaten JT, Wood PJ, Scott FW, Wolynetz MS, Lowe MK, Bradley-White P, Collins 

MW (1994) Oat β-glucan reduces blood cholesterol concentration in 

hypercholesterolemic subjects. European Journal of Clinical Nutrition 48: 465-474 

Brennan CS, Cleary LJ (2005) The potential use of cereal (1->3,1->4)-β-d-glucans as 

functional food ingredients. Journal of Cereal Science 42: 1-13 

Brennan MA, Derbyshire EJ, Brennan CS, Tiwari BK (2012) Impact of dietary fibre-

enriched ready-to-eat extruded snacks on the postprandial glycaemic response of non-

diabetic patients. Molecular Nutrition & Food Research 56: 834-837 

Buchala AJ, Wilkie KCB (1974) Total hemicelluloses from Hordeum vulgare plants at 

different stages of maturity. Phytochemistry 13: 1347-1351 



118 

 

Buckeridge M, Vergara C, Carpita N (1999) The mechanism of synthesis of a mixed-

linkage (1,3;1,4)-β-D-glucan in maize. Evidence for multiple sites of glucosyl transfer 

in the synthase complex. Plant Physiology 120: 1105 

Buckeridge MS, Vergara CE, Carpita NC (2001) Insight into multi-site mechanisms of 

glycosyl transfer in (1->4)-β-D-glucans provided by the cereal mixed-linkage (1-

>3),(1->4)-β-D-glucan synthase. Phytochemistry 57: 1045-1053 

Burnett GS (1966) Studies of viscosity as the probable factor involved in the improvement of 

certain barleys for chickens by enzyme supplementation. British Poultry Science 7: 55 

- 75 

Burton R, Shirley N, King B, Harvey A, Fincher G (2004) The CesA gene family of barley. 

Quantitative analysis of transcripts reveals two groups of co-expressed genes. Plant 

Physiology 134: 224 - 236 

Burton RA, Collins HM, Fincher GB (2010) The role of endosperm cell walls in barley 

malting quality. In G Zhang, C Li, eds, Genetics and Improvement of Barley Malt 

Quality. Springer Berlin Heidelberg, pp 190-237 

Burton RA, Collins HM, Kibble NA, Smith JA, Shirley NJ, Jobling SA, Henderson M, 

Singh RR, Pettolino F, Wilson SM, Bird AR, Topping DL, Bacic A, Fincher GB 

(2011) Over-expression of specific HvCslF cellulose synthase-like genes in transgenic 

barley increases the levels of cell wall (1,3;1,4)-β-d-glucans and alters their fine 

structure. Plant Biotechnology Journal 9: 117-135 

Burton RA, Fincher GB (2009) (1,3;1,4)--D-Glucans in cell walls of the poaceae, lower 

plants, and fungi: a tale of two linkages. Molecular Plant 2: 873-882 

Burton RA, Fincher GB (2012) Current challenges in cell wall biology in the cereals and 

grasses. Frontiers in Plant Science 3: 130 

Burton RA, Gidley MJ, Fincher GB (2010) Heterogeneity in the chemistry, structure and 

function of plant cell walls. Nature Chemical Biology 6: 724-732 



119 

 

Burton RA, Jobling SA, Harvey AJ, Shirley NJ, Mather DE, Bacic A, Fincher GB (2008) 

The genetics and transcriptional profiles of the cellulose synthase-like HvCslF gene 

family in barley. Plant Physiology 146: 1821-1833 

Burton RA, Shirley NJ, King BJ, Harvey AJ, Fincher GB (2004) The CesA gene family of 

barley. Quantitative analysis of transcripts reveals two groups of co-expressed genes. 

Plant Physiology 134: 224-236 

Burton RA, Wilson SM, Hrmova M, Harvey AJ, Shirley NJ, Stone BA, Newbigin EJ, 

Bacic A, Fincher GB (2006) Cellulose synthase-like CslF genes mediate the 

synthesis of cell wall (1,3;1,4)-beta-D-glucans. Science 311: 1940-1942 

Carpita NC (2011) Update on mechanisms of plant cell wall biosynthesis: how plants make 

cellulose and other (1->4)-beta-D-glycans. Plant Physiology 155: 171-184 

Carpita NC, McCann MC (2010) The maize mixed-linkage (1->3),(1->4)-β-D-glucan 

polysaccharide is synthesized at the Golgi membrane. Plant Physiology 153: 1362-

1371 

Christensen U, Alonso-Simon A, Scheller HV, Willats WG, Harholt J (2010) 

Characterization of the primary cell walls of seedlings of Brachypodium distachyon--a 

potential model plant for temperate grasses. Phytochemistry 71: 62-69 

Christensen U, Scheller HV (2012) Regulation of (1,3;1,4)-β-d-glucan synthesis in 

developing endosperm of barley lys mutants. Journal of Cereal Science 55: 69-76 

Coles G (1979) Relationship of mixed-link beta-glucan accumulation to accumulation of free 

sugars and other glucans in the developing barley endosperm. Carlsberg Research 

Communications 44: 439-453 

Collins HM, Burton RA, Topping DL, Liao M-L, Bacic A, Fincher GB (2010) Variability 

in fine structures of noncellulosic cell wall polysaccharides from cereal grains: 

Potential importance in human health and nutrition. Cereal Chemistry 87: 272-282 



120 

 

Cory AT, Båga M, Anyia A, Rossnagel BG, Chibbar RN (2012) Genetic markers for 

CslF6 gene associated with (1,3;1,4)-β-glucan concentration in barley grain. Journal 

of Cereal Science 56: 332-339 

Coutinho PM, Deleury E, Davies GJ, Henrissat B (2003) An evolving hierarchical family 

classification for glycosyltransferases. Journal of Molecular Biology 328: 307-317 

Cseh A, Soós V, Rakszegi M, Türkösi E, Balázs E, Molnár-Láng M (2013) Expression of 

HvCslF9 and HvCslF6 barley genes in the genetic background of wheat and their 

influence on the wheat β-glucan content. Annals of Applied Biology 163: 142-150 

Dhugga KS, Barreiro R, Whitten B, Stecca K, Hazebroek J, Randhawa GS, Dolan M, 

Kinney AJ, Tomes D, Nichols S, Anderson P (2004) Guar seed β-mannan synthase 

is a member of the cellulose synthase super gene family. Science 303: 363-366 

Dickin E, Steele K, Frost G, Edwards-Jones G, Wright D (2011) Effect of genotype, 

environment and agronomic management on β-glucan concentration of naked barley 

grain intended for health food use. Journal of Cereal Science 54: 44-52 

Doblin MS, Kurek I, Jacob-Wilk D, Delmer D (2002) Cellulose biosynthesis in plants: 

from genes to rosettes. Plant and Cell Physiology 43: 1407 

Doblin MS, Pettolino FA, Wilson SM, Campbell R, Burton RA, Fincher GB, Newbigin 

E, Bacic A (2009) A barley cellulose synthase-like CSLH gene mediates (1,3;1,4)-β-

D-glucan synthesis in transgenic Arabidopsis. Proceedings of the National Academy 

of Sciences of the United States of America 106: 5996-6001 

Driouich A, Faye L, Staehelin A (1993) The plant Golgi apparatus: a factory for complex 

polysaccharides and glycoproteins. Trends in Biochemical Sciences 18: 210-214 

Driouich A, Follet-Gueye ML, Bernard S, Kousar S, Chevalier L, Vicré-Gibouin M, 

Lerouxel O (2012) Golgi-mediated synthesis and secretion of matrix polysaccharides 

of the primary cell wall of higher plants. Frontiers in Plant Science 3:79 



121 

 

Fan C, Han X, Xu Z, Wang L, Shi L (2009) Effects of β-glucanase and xylanase 

supplementation on gastrointestinal digestive enzyme activities of weaned piglets fed 

a barley-based diet. Journal of Animal Physiology and Animal Nutrition 93: 271-276 

Farrokhi N, Burton RA, Brownfield L, Hrmova M, Wilson SM, Bacic A, Fincher GB 

(2006) Plant cell wall biosynthesis: genetic, biochemical and functional genomics 

approaches to the identification of key genes. Plant Biotechnology Journal 4: 145-167 

Feingold DS, Avigad G (1980) Sugar nucleotide transformations in plants. In PK Stumpf, EE 

Conn, eds, The Biochemistry of Plants: A Comprehensive Treatise, Vol 3. New York: 

Academic Press, pp 101-170 

Fincher GB (1975) Morphology and chemical composition of barley endosperm cell walls. 

Journal of the Institute of Brewing 81: 116-122 

Fincher GB (2009a) Revolutionary times in our understanding of cell wall biosynthesis and 

remodeling in the grasses. Plant Physiology 149: 27-37 

Fincher GB (2009b) Exploring the evolution of (1,3;1,4)-β-D-glucans in plant cell walls: 

comparative genomics can help! Current Opinion in Plant Biology 12: 140-147 

Fincher GB, Stone BA (2004) Cereals | chemistry of nonstarch polysaccharides. In W Colin, 

ed, Encyclopedia of Grain Science. Elsevier, Oxford, pp 206-223 

Finnie C, Bak-Jensen KS, Laugesen S, Roepstorff P, Svensson B (2006) Differential 

appearance of isoforms and cultivar variation in protein temporal profiles revealed in 

the maturing barley grain proteome. Plant Science 170: 808-821 

Fry SC, Nesselrode BHWA, Miller JG, Mewburn BR (2008) Mixed-linkage (1→3,1→4)-

β-d-glucan is a major hemicellulose of Equisetum (horsetail) cell walls. New 

Phytologist 179: 104-115 

Furet PM, Berthier A, Decau ML, Morvan-Bertrand A, Prud'homme MP, Noiraud-

Romy N, Meuriot F (2012) Differential regulation of two sucrose transporters by 

defoliation and light conditions in perennial ryegrass. Plant Physiology and 

Biochemistry 61: 88-96 



122 

 

Gibeaut DM, Carpita NC (1993) Synthesis of (1-->3), (1-->4)-β-D-glucan in the Golgi 

apparatus of maize coleoptiles. Proceedings of the National Academy of Sciences 90: 

3850-3854 

Gordon AJ, Ryle GJA, Mitchell DF, Powell CE (1982) The dynamics of carbon supply 

from leaves of barley plants grown in long or short days. Journal of Experimental 

Botany 33: 241-250 

Gordon AJ, Ryle GJA, Powell CE, Mitchell D (1980) Export, mobilization, and respiration 

of assimilates in uniculm barley during light and darkness. Journal of Experimental 

Botany 31: 461-473 

Haggard L, Andersson M, Punga AR (2013) β-Glucans reduce LDL cholesterol in patients 

with myasthenia gravis. Eur J Clin Nutr 67: 226-227 

Han F, Ullrich S, Chirat S, Menteur S, Jestin L, Sarrafi A, Hayes P, Jones B, Blake T, 

Wesenberg D (1995) Mapping of β-glucan content and β-glucanase activity loci in 

barley grain and malt. Theoretical and Applied Genetics 91: 921-927 

Hecker KD, Meier ML, Newman RK, Newman CW (1998) Barley beta-glucan is effective 

as a hypocholesterolaemic ingredient in foods. Journal of the Science of Food and 

Agriculture 77: 179-183 

Henry R, Brown A (1987) Variation in the carbohydrate composition of wild barley 

(Hordeum spontaneum) grain. Plant breeding 98: 97-103 

Honegger R, Haisch A (2001) Immunocytochemical location of the (1→3) (1→4)-β-glucan 

lichenin in the lichen-forming ascomycete Cetraria islandica (Icelandic moss). New 

Phytologist 150: 739-746 

Hrmova M, De Gori R, Smith BJ, Fairweather JK, Driguez H, Varghese JN, Fincher 

GB (2002) Structural basis for broad substrate specificity in higher plant β-d-glucan 

glucohydrolases. The Plant Cell Online 14: 1033-1052 

Hrmova M, Fincher G (1997) Barley β-D-glucan exohydrolases. Substrate specificity and 

kinetic properties. Carbohydrate Research 305: 209-221 



123 

 

Hrmova M, Fincher GB (2001) Structure-function relationships of β-D-glucan endo- and 

exohydrolases from higher plants. Plant Molecular Biology 47: 73-91 

Hrmova M, Harvey A, Wang J, Shirley N, Jones G, Stone B, Høj P, Fincher G (1996) 

Barley β-D-glucan exohydrolases with β-D-glucosidase activity. Journal of Biological 

Chemistry 271: 5277 

Hu G, Burton C, Hong Z, Jackson E (2014) A mutation of the cellulose-synthase-like 

(CslF6) gene in barley (Hordeum vulgare L.) partially affects the β-glucan content in 

grains. Journal of Cereal Science 59: 189-195 

Igartua E, Edney M, Rossnagel BG, Spaner D, Legge WG, Scoles GJ, Eckstein PE, 

Penner GA, Tinker NA, Briggs KG, Falk DE, Mather DE (2000) Marker-based 

selection of QTL affecting grain and malt quality in two-row barley. Crop Science 40: 

1426-1433 

Igartua E, Hayes P, Thomas W, Meyer R, Mather D (2002) Genetic control of quantitative 

grain and malt quality traits in barley. Journal of Crop Production 5: 131-164 

Islamovic E, Obert DE, Oliver RE, Harrison SA, Ibrahim A, Marshall JM, Miclaus KJ, 

Hu GS, Jackson EW (2013) Genetic dissection of grain beta-glucan and amylose 

content in barley (Hordeum vulgare L.). Molecular Breeding 31: 15-25 

Kato T, Sasaki A, Takeda G (1995) Genetic variation of beta-glucan contents and beta-

glucanase activities in barley, and their relationships to malting quality. Breeding 

Science 45: 471-477 

Kim H-S, Park K-G, Baek S-B, Kim J-G (2011) Inheritance of (1–3)(1–4)-beta-D-glucan 

content in barley (Hordeum vulgare L). Journal of Crop Science and Biotechnology 

14: 239-245 

Kimpara T, Aohara T, Soga K, Wakabayashi K, Hoson T, Tsumuraya Y, Kotake T 

(2008) β-1,3:1,4-Glucan Synthase Activity in Rice Seedlings under Water. Annals of 

Botany 102: 221-226 



124 

 

Khan S, Rowe S, Harmon F (2010) Coordination of the maize transcriptome by a conserved 

circadian clock. BMC Plant Biology 10: 126 

Kleinhofs A, Kilian A, Saghai Maroof MA, Biyashev RM, Hayes P, Chen FQ, Lapitan N, 

Fenwick A, Blake TK, Kanazin V, Ananiev E, Dahleen L, Kudrna D, Bollinger J, 

Knapp SJ, Liu B, Sorrells M, Heun M, Franckowiak JD, Hoffman D, Skadsen R, 

Steffenson BJ (1993) A molecular, isozyme and morphological map of the barley 

(Hordeum vulgare) genome. Theoretical and Applied Genetics 86: 705-712 

Laidò G, Barabaschi D, Tondelli A, Gianinetti A, Stanca AM, Nicosia OLD, Fonzo ND, 

Francia E, Pecchioni N (2009) QTL alleles from a winter feed type can improve 

malting quality in barley. Plant Breeding 128: 598-605 

Li JZ, Baga M, Rossnagel BG, Legge WG, Chibbar RN (2008) Identification of 

quantitative trait loci for β-glucan concentration in barley grain. Journal of Cereal 

Science 48: 647-655 

Li W, Feng J, Xu Z, Yang C (2004) Effects of non-starch polysaccharides enzymes on 

pancreatic and small intestinal digestive enzyme activities in piglet fed diets 

containing high amounts of barley. World Journal of Gastroenterology 10: 856-859 

Loi L, Ahluwalia B, Fincher GB (1988) Chromosomal location of genes encoding barley (1-

>3,1->4)-β-glucan 4-glucanohydrolases. Plant Physiology 87: 300-302 

Loi L, Barton PA, Fincher GB (1987) Survival of barley (1->3, 1->4)-β-glucanase 

isoenzymes during kilning and mashing. Journal of Cereal Science 5: 45-50 

Maloney VJ, Samuels AL, Mansfield SD (2012) The endo-1,4-β-glucanase Korrigan 

exhibits functional conservation between gymnosperms and angiosperms and is 

required for proper cell wall formation in gymnosperms. New Phytologist 193: 1076-

1087 

Martin LBB, Fei Z, Giovannoni JJ, Rose JKC (2013) Catalyzing plant science research 

with RNA-seq. Frontiers in Plant Science 4: 66 



125 

 

Mather D, Tinker N, LaBerge D, Edney M, Jones B, Rossnagel B, Legge W, Briggs K, 

Irvine R, Falk D (1997) Regions of the genome that affect grain and malt quality in a 

North American two-row barley cross. Crop Science 37: 544-554 

Mayer KFX, Martis M, Hedley PE, Šimková H, Liu H, Morris JA, Steuernagel B, 

Taudien S, Roessner S, Gundlach H, Kubaláková M, Suchánková P, Murat F, 

Felder M, Nussbaumer T, Graner A, Salse J, Endo T, Sakai H, Tanaka T, Itoh T, 

Sato K, Platzer M, Matsumoto T, Scholz U, Doležel J, Waugh R, Stein N (2011) 

Unlocking the Barley Genome by Chromosomal and Comparative Genomics. The 

Plant Cell 23: 1249-1263 

McCleary BV, Codd R (1991) Measurement of (1→ 3),(1→ 4)-β-D-glucan in barley and 

oats: A streamlined enzymic procedure. Journal of the Science of Food and 

Agriculture 55: 303-312 

McIntosh G, Whyte J, McArthur R, Nestel P (1991) Barley and wheat foods: influence on 

plasma cholesterol concentrations in hypercholesterolemic men. American Journal of 

Clinical Nutrition 53: 1205 

Meyer R, Swanston J, Young G, Lawrence P, Bertie A, Ritchie J, Wilson A, Brosnan J, 

Pearson S, Bringhurst T (2000) Genetic approaches to improving distilling quality in 

barley. In L S., ed, Proceedings of the eighth international barley genetics symposium, 

Vol 1, Adelaide, pp 107–114 

Mohammed A (1995) Barley varieties, enzyme supplementation, and broiler performance. 

The Journal of Applied Poultry Research 4: 230 

Molina-Cano J, Moralejo M, Elia M, Munoz P, Russell J, Pérez-Vendrell A, Ciudad F, 

Swanston J (2007) QTL analysis of a cross between European and North American 

malting barleys reveals a putative candidate gene for β-glucan content on chromosome 

1H. Molecular Breeding 19: 275-284 

Morgan JL, Strumillo J, Zimmer J (2013) Crystallographic snapshot of cellulose synthesis 

and membrane translocation. Nature 493: 181-186 



126 

 

Morrall P, Briggs DE (1978) Changes in cell wall polysaccharides of germinating barley 

grains. Phytochemistry 17: 1495-1502 

Muir C, Nilan R (1973) Registration of Steptoe barley. Crop Science 13: 770 

Nemeth C, Freeman J, Jones HD, Sparks C, Pellny TK, Wilkinson MD, Dunwell J, 

Andersson AA, Aman P, Guillon F, Saulnier L, Mitchell RA, Shewry PR (2010) 

Down-regulation of the CSLF6 gene results in decreased (1,3;1,4)-β-D-glucan in 

endosperm of wheat. Plant Physiology 152: 1209-1218 

Nicol F, His I, Jauneau A, Vernhettes S, Canut H, Höfte H (1998) A plasma membrane‐

bound putative endo-1,4-β-d-glucanase is required for normal wall assembly and cell 

elongation in Arabidopsis. The EMBO Journal 17: 5563-5576 

Olafsdottir ES, Ingólfsdóttir K (2001) Polysaccharides from lichens: structural 

characteristics and biological activity. Planta Medica 67: 199-208 

Pallotta MA, Graham RD, Langridge P, Sparrow D, Barker SJ (2000) RFLP mapping of 

manganese efficiency in barley. Theoretical and Applied Genetics 101: 1100-1108 

Papageorgiou M, Lakhdara N, Lazaridou A, Biliaderis CG, Izydorczyk MS (2005) Water 

extractable (1→3,1→4)-β-d-glucans from barley and oats: An intervarietal study on 

their structural features and rheological behaviour. Journal of Cereal Science 42: 213-

224 

Patron NJ, Greber B, Fahy BF, Laurie DA, Parker ML, Denyer K (2004) The lys5 

mutations of barley reveal the nature and importance of plastidial ADP-Glc 

transporters for starch synthesis in cereal endosperm. Plant Physiology 135: 2088-

2097 

Pettolino FA, Walsh C, Fincher GB, Bacic A (2012) Determining the polysaccharide 

composition of plant cell walls. Nature Protocols 7: 1590-1607 

Popper ZA, Fry SC (2003) Primary cell wall composition of bryophytes and charophytes. 

Annals of Botany 91: 1-12 



127 

 

Powell W, Caligari PDS, Swanston JS, Jinks JL (1985) Genetical investigations into β-

glucan content in barley. Theoretical and Applied Genetics 71: 461-466 

Rasmusson D, Wilcoxson R (1979) Registration of Morex barley. Crop Science 19: 293 

Reiter W-D, Vanzin G (2001) Molecular genetics of nucleotide sugar interconversion 

pathways in plants. Plant Molecular Biology 47: 95-113 

Richmond TA, Somerville CR (2000) The cellulose synthase superfamily. Plant Physiology 

124: 495-498 

Rogowsky P, Guidet F, Langridge P, Shepherd K, Koebner R (1991) Isolation and 

characterization of wheat-rye recombinants involving chromosome arm 1DS of wheat. 

Theoretical and Applied Genetics 82: 537-544 

Roulin S, Buchala AJ, Fincher GB (2002) Induction of (1->3,1->4)-β-D-glucan hydrolases 

in leaves of dark-incubated barley seedlings. Planta 215: 51-59 

Roulin S, Feller U (2001) Reversible accumulation of (1->3,1->4)-β-glucan endohydrolase in 

wheat leaves under sugar depletion. Journal of Experimental Botany 52: 2323-2332 

Sainsbury F, Thuenemann EC, Lomonossoff GP (2009) pEAQ: versatile expression 

vectors for easy and quick transient expression of heterologous proteins in plants. 

Plant Biotechnology Journal 7: 682-693 

Šali A, Blundell TL (1993) Comparative protein modelling by satisfaction of spatial 

restraints. Journal of Molecular Biology 234: 779-815 

Sato S, Kato T, Kakegawa K, Ishii T, Liu Y-G, Awano T, Takabe K, Nishiyama Y, Kuga 

S, Sato S, Nakamura Y, Tabata S, Shibata D (2001) Role of the putative 

membrane-bound endo-1,4-β-glucanase KORRIGAN in cell elongation and cellulose 

synthesis in Arabidopsis thaliana. Plant and Cell Physiology 42: 251-263 

Scheller HV, Ulvskov P (2010) Hemicelluloses. Annual Review of Plant Biology 61: 263-

289 

Schreiber M, Wright F, MacKenzie K, Hedley PE, Schwerdt JG, Little A, Burton RA, 

Fincher GB, Marshall D, Waugh R (2014) The barley genome sequence assembly 



128 

 

reveals three additional members of the CslF (1,3; 1,4)-β-glucan synthase gene family. 

PLOS ONE 9: e90888 

Scotto–Lavino E, Du G, Frohman MA (2007) 3’ end cDNA amplification using classic 

RACE. Nature protocols 1: 2742-2745 

Shimizu C, Kihara M, Aoe S, Araki S, Ito K, Hayashi K, Watari J, Sakata Y, Ikegami S 

(2008) Effect of high β-glucan barley on serum cholesterol concentrations and visceral 

fat area in Japanese men—a randomized, double-blinded, placebo-controlled trial. 

Plant Foods for Human Nutrition 63: 21-25 

Slakeski N, Baulcombe DC, Devos KM, Ahluwalia B, Doan DNP, Fincher GB (1990) 

Structure and tissue-specific regulation of genes encoding barley (1→3, 1→4)-β-

glucan endohydrolases. Molecular and General Genetics 224: 437-449 

Slakeski N, Fincher GB (1992) Developmental regulation of (1->3, 1->4)- β-glucanase gene 

expression in barley : tissue-specific expression of individual isoenzymes. Plant 

Physiology 99: 1226-1231 

Sørensen I, Pettolino FA, Wilson SM, Doblin MS, Johansen B, Bacic A, Willats WGT 

(2008) Mixed-linkage (1→3),(1→4)-β-D-glucan is not unique to the Poales and is an 

abundant component of Equisetum arvense cell walls. The Plant Journal 54: 510-521 

Staudte RG, Woodward JR, Fincher GB, Stone BA (1983) Water-soluble (1->3,1->4)-β-d-

glucans from barley (Hordeum vulgare) endosperm. III. Distribution of cellotriosyl 

and cellotetraosyl residues. Carbohydrate Polymers 3: 299-312 

Steele K, Dickin E, Keerio MD, Samad S, Kambona C, Brook R, Thomas W, Frost G 

(2013) Breeding low-glycemic index barley for functional food. Field Crops Research 

154: 31-39 

Stuart IM, Loi L, Fincher GB (1986) Development of (1->3,1->4)-β-D-glucan 

endohydrolase isoenzymes in isolated scutella and aleurone layers of barley (Hordeum 

vulgare). Plant Physiology 80: 310-314 



129 

 

Stuart IM, Loi L, Fincher GB (1987) Immunological comparison of (1->3,1->4)-β-glucan 

endohydrolases in germinating cereals. Journal of Cereal Science 6: 45-52 

Szyjanowicz PMJ, McKinnon I, Taylor NG, Gardiner J, Jarvis MC, Turner SR (2004) 

The irregular xylem 2 mutant is an allele of korrigan that affects the secondary cell 

wall of Arabidopsis thaliana. The Plant Journal 37: 730-740 

Takeda H, Sugahara T, Kotake T, Nakagawa N, Sakurai N (2010) Sugar treatment 

inhibits IAA-induced expression of endo-1,3:1,4-β-glucanase EI transcripts in barley 

coleoptile segments. Physiologia Plantarum 139: 413-420 

Taketa S, Yuo T, Tonooka T, Tsumuraya Y, Inagaki Y, Haruyama N, Larroque O, 

Jobling SA (2012) Functional characterization of barley betaglucanless mutants 

demonstrates a unique role for CslF6 in (1,3;1,4)- β-D-glucan biosynthesis. Journal of 

Experimental Botany 63: 381-392 

Tan H-T (2013) Analysis of cellulose synthase genes and regulatory elements in barley and 

Arabidopsis. Thesis. Unversity of Adelaide, Adelaide, Australia 

Tonooka T, Aoki E, Yoshioka T, Taketa S (2009) A novel mutant gene for (1-3,1-4)-β-D-

glucanless grain on barley (Hordeum vulgare L.) chromosome 7H. Breeding Science 

59: 47-54 

Trafford K, Haleux P, Henderson M, Parker M, Shirley NJ, Tucker MR, Fincher GB, 

Burton RA (2013) Grain development in Brachypodium and other grasses: possible 

interactions between cell expansion, starch deposition, and cell-wall synthesis. Journal 

of Experimental Botany 64: 5033-5047 

Trethewey JAK, Harris PJ (2002) Location of (1->3)- and (1->3),(1->4)- β-D-glucans in 

vegetative cell walls of barley (Hordeum vulgare) using immunogold labelling. New 

Phytologist 154: 347-358 

Tsuchiya K, Urahara T, Konishi T, Kotake T, Tohno-oka T, Komae K, Kawada N, 

Tsumuraya Y (2005) Biosynthesis of (1->3),(1->4)-β-glucan in developing 

endosperms of barley (Hordeum vulgare). Physiologia Plantarum 125: 181-191 



130 

 

Urbanowicz B, Rayon C, Carpita N (2004) Topology of the maize mixed linkage (1->3),(1-

>4)-β-D-glucan synthase at the Golgi membrane. Plant Physiology 134: 758 

Vain T, Crowell EF, Timpano H, Biot E, Desprez T, Mansoori N, Trindade LM, Pagant 

S, Robert S, Höfte H (2014) The cellulase KORRIGAN is part of the cellulose 

synthase complex. Plant physiology 165: 1521-1532  

Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, Speleman F 

(2002) Accurate normalization of real-time quantitative RT-PCR data by geometric 

averaging of multiple internal control genes. Genome Biology 3: research0034.0031-

research0034.0011 

Vega-Sanchez M, Verhertbruggen Y, Scheller HV, Ronald P (2013) Abundance of mixed 

linkage glucan in mature tissues and secondary cell walls of grasses. Plant Signaling & 

Behavior 8: e23143 

Vega-Sanchez ME, Verhertbruggen Y, Christensen U, Chen X, Sharma V, Varanasi P, 

Jobling SA, Talbot M, White RG, Joo M, Singh S, Auer M, Scheller HV, Ronald 

PC (2012) Loss of Cellulose synthase-like F6 function affects mixed-linkage glucan 

deposition, cell wall mechanical properties, and defense responses in vegetative 

tissues of rice. Plant Physiology 159: 56-69 

Vickers CE, Xue G, Gresshoff PM (2006) A novel cis-acting element, ESP, contributes to 

high-level endosperm-specific expression in an oat globulin promoter. Plant Molecular 

Biology 62: 195-214 

Vis RB, Lorenz K (1997) β-Glucans: importance in brewing and methods of analysis. 

Lebensmittel-Wissenschaft und-Technologie 30: 331-336 

Walti M, Roulin S, Feller U (2002) Effects of pH, light and temperature on (1->3,1->4)- β-

glucanase stability in wheat leaves. Plant Physiology and Biochemistry 40: 363-371 

Wei K, Xue DW, Huang YZ, Jin XL, Wu FB, Zhang GP (2009) Genetic mapping of 

quantitative trait loci associated with beta-amylase and limit dextrinase activities and 



131 

 

β-glucan and protein fraction contents in barley. Journal of Zhejiang University 

Science B 10: 839-846 

Welch RW, Lloyd JD (1989) Kernel (1->3)(1->4)-β-D-glucan content of oat genotypes. 

Journal of Cereal Science 9: 35-40 

Whittaker A, Botha FC (1997) Carbon Partitioning during Sucrose Accumulation in 

Sugarcane Internodal Tissue. Plant Physiology 115: 1651-1659 

Wiederstein M, Sippl MJ (2007) ProSA-web: interactive web service for the recognition of 

errors in three-dimensional structures of proteins. Nucleic Acids Research 35: W407-

W410 

Wilson S, Burton R, Doblin M, Stone B, Newbigin E, Fincher G, Bacic A (2006) 

Temporal and spatial appearance of wall polysaccharides during cellularization of 

barley (Hordeum vulgare) endosperm. Planta 224: 655-667 

Wilson SM, Burton RA, Collins HM, Doblin MS, Pettolino FA, Shirley N, Fincher GB, 

Bacic A (2012) Pattern of deposition of cell wall polysaccharides and transcript 

abundance of related cell wall synthesis genes during differentiation in barley 

endosperm. Plant Physiology 159: 655-670 

Woodward JR, Phillips DR, Fincher GB (1988) Water-soluble (1->3,1->4)-β-d-glucans 

from barley (Hordeum vulgare) endosperm. IV. Comparison of 40°C and 65°C 

soluble fractions. Carbohydrate Polymers 8: 85-97 

Xue X, Fry SC (2012) Evolution of mixed-linkage (1->3,1->4)-β-d-glucan (MLG) and 

xyloglucan in Equisetum (horsetails) and other monilophytes. Annals of Botany 109: 

873-886 

Yap KC (2010) The βGlucan Exohydrolase Gene Family in Barley. Thesis. The University 

of Adelaide, Adelaide 

Zablackis E, Huang J, Muller B, Darvill AG, Albersheim P (1995) Characterization of the 

cell-wall polysaccharides of Arabidopsis thaliana leaves. Plant Physiology 107: 1129-

1138 



132 

 

Zhang G, Junmei W, Jinxin C (2002) Analysis of β-glucan content in barley cultivars from 

different locations of China. Food Chemistry 79: 251-254 

Zhang Q, Shirley NJ, Burton RA, Lahnstein J, Hrmova M, Fincher GB (2010) The 

genetics, transcriptional profiles, and catalytic properties of UDP-α-d-xylose 4-

epimerases from barley. Plant Physiology 153: 555-568 

Zhang Y (2008) I-TASSER server for protein 3D structure prediction. BMC bioinformatics 

9: 40 

 

 


	TITLE: Regulation of (1,3;1,4)-beta-glucan synthesis in barley (Hordeum vulgare L.) endosperm and leaf tissues
	List of Abbreviations
	Table of Contents
	List of Tables
	List of Figures
	List of Appendices
	Abstract
	Declaration
	Acknowledgements

	Chapter 1 General introduction
	Chapter 2 Literature review
	Chapter 3 Differential expression of the HvCslF6 gene late in grain development may explain quantitative differences in (1,3;1,4)-β-glucan concentration in barley
	Manuscript

	Chapter 4 Transcriptional profiling of cell wall related genes during endosperm development
	Chapter 5 Co-expression of HvExoIV with HvCslF6 supports the potential role of HvEXOIV as an accessory protein in (1,3;1,4)-β-glucan synthesis
	Chapter 6 Identification of genes involved in (1,3;1,4)-β-glucan regulation in barley leaf tissues during light-dark cycles
	Chapter 7 General discussion and suggestions for future research
	Chapter 8 Contributions to knowledge
	Appendices
	Appendix 1: Online Resource 1 and 2 for the manuscript presented in Chapter 3.
	Appendix 2: Transcript profile of genes involved in starch synthesis in the first leaf of seedlings of the barley cultivar upon prolonged dark incubation.

	References

