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ABSTRACT 

The focus of this thesis was on characterizing β-glucans and arabinoxylans in selected 

Canadian malting barley genotypes, and on investigating the effects of different grain 

hydration levels during steeping on the content and physicochemical properties of these 

polysaccharides in malt and wort. The results of the first study revealed that Canadian 

malting barley genotypes differed not only in the content but also in the fine molecular 

features and properties of -glucans and arabinoxylans. In the second study, grain 

hydration levels showed significant differences in the concentration of -glucans in malt 

and wort. The impact of variable grain hydration levels on the concentration of 

arabinoxylans in malt and wort was less pronounced. Grain hydration levels affected the 

fine molecular structure and molar mass of β-glucans and arabinoxylans isolated from 

wort, and showed differences between genotypes. The information generated in this thesis 

about molecular properties of -glucans and arabinoxylans may be useful to breeders and 

end users of Canadian malting barley.  
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1.0  INTRODUCTION 

Barley (Hordeum vulgare) is a versatile cereal crop used for animal feed, human food, and 

malting. Malting barley is essential to beer production because of its ability to synthesize 

ample amounts of various hydrolytic enzymes to efficiently destroy the cell walls and 

protein matrix of the endosperm, as well as completely convert starch into fermentable 

sugars. Fermentable sugars and free amino acids are required by yeast during brewing to 

produce alcohol (Swanston et al., 2014). Technologically, malting is divided into three 

stages, namely, steeping, germination, and kilning, but the biochemical processes are 

interconnected and often not confined to a single stage (Briggs et al, 1981). Hydration of 

barley grain is an essential step in the malting process accomplished during steeping. The 

role of steeping is to provide adequate moisture and oxygen to the grain to initiate 

germination. Germination involves the production and release of hormones, synthesis of 

various hydrolytic enzymes for breakdown of the endosperm cell walls and protein matrix, 

and the formation of hydrolytic enzymes to carry out degradation of starch granules in the 

subsequent stages of the brewing process (Eskin, 1990). Inadequate grain hydration is 

known to have detrimental effects on overall malt quality and to result in incomplete 

degradation of cell walls during malting (Palmer, 2006).  

Barley intended for malting accounts for over 50 % of barley seeded area in Western 

Canada. CDC Copeland and AC Metcalfe are currently the most popular hulled, two-row 

malting cultivars grown across the prairie provinces (Canadian Grain Commission, 2016). 

Barley varieties that are suitable for malting must meet several quality attributes, including 

high kernel weight and plumpness, low contents of proteins and β-glucans, high potential 

to germinate and synthesize high levels of various hydrolytic enzymes (MacGregor, 1991; 
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Nischwitz et al., 1999). Differences in malting quality parameters can be attributed 

primarily to genetic factors, although the environment can also have significant effects. The 

content of β-glucans is particularly influenced by barley genotype, and a proper choice of 

barley variety is important in avoiding problems associated with β-glucans during malting 

and brewing (Zhang et al., 2001; Holtekjolen et al., 2008; Henry, 1986).  New barley 

varieties are developed to meet the needs of growing brewing market segments. These 

markets, such as craft brewing, may have different needs than the conventional adjunct 

brewing industry (Brewing and Malting Barley Research Institute-BMBRI, 2017; Brouwer 

et al., 2016). The presence of high content of β-glucans in barley genotypes may limit the 

demand for them (Alberta Economic and Competitiveness Division, 2015).  

β-Glucans are one of two major non-starch polysaccharides found in barley. A high content 

of β-glucans in barley and malt can impact extract potential, impede access of hydrolytic 

enzymes to their substrates, lengthen filtration time, and cause haze in beer (Bamforth, 

1994). Inadequate hydrolysis of -glucans during malting elevates their levels in wort and 

beer (Palmer, 2006). Although β-glucans in barley have been extensively researched, their 

content in the endosperm cell walls alone cannot completely predict the negative impact on 

malting quality. The molecular structure of β-glucans and interactions with other polymers 

in the cell walls may also contribute to various quality issues (Lazaridou et al., 2008). The 

role of arabinoxylans, the other major cell wall polysaccharides in barley, during the 

malting and brewing processes has not been studied extensively. However, their impact 

may be similar to that of β-glucans in causing various processing problems (Egi et al., 2004; 

Kanauchi et al., 2011). Arabinoxylans are more resistant to degradation during malting 

(Viëtor et. al., 1991), and their content in commercial beers can be several times higher 
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than that of β-glucans (Schwarz and Han, 1995).  The presence of arabinoxylans in wort or 

beer is of concern because of their ability to form viscous solutions and gels, due to their 

unique molecular properties (Kanauchi et al., 2011; Egi et al., 2004; Debyser et al., 1998). 

There has been little research on the variance of the complex molecular features of 

arabinoxylans among malting barley genotypes.  

The objectives of this study were to examine the content, molecular structure, and 

physicochemical properties of non-starch polysaccharides in several recently developed in 

Canada malting barley genotypes and to determine the effects of different grain hydration 

levels during steeping on the content and physicochemical properties of β-glucans and 

arabinoxylans in malt and wort. The influence of different barley genotypes and mashing 

conditions on the extent of modification of β-glucans and arabinoxylans in malt and wort 

was also investigated. 
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2.0    LITERATURE REVIEW 

2.1 Barley 

Barley (Hordeum vulgare) was first cultivated about 10,000 years ago in regions of early 

agricultural settlement including south-western Asia, China, northern Africa, and South 

America (Sun & Gong, 2010). Barley is part of the grass family like other cereal crops such 

as wheat and rye. It grows best in relatively dry, temperate regions with long growing 

seasons (Palmer, 2006). Barley has the ability to withstand drought and high soil salinity 

(Izydorczyk & Edney, 2016). Barley for cultivation is classed as either two-row or six-row. 

In six-row cultivars, six rows of kernels develop on the plant spike or inflorescence. In two-

rowed barley cultivars, only two rows of symmetrical kernels develop in the inflorescence. 

Barley grown for malting purposes is usually a two-row type because the kernels generally 

contain more starch (MacGregor, 2003; Palmer, 2006). Malting is one of three main uses of 

barley; the others are for food and for animal feed. Feed use has experienced the largest 

increase in demand and is the leading use of barley worldwide (Izydorczyk & Edney, 2016). 

Barley is desirable to use as feed for ruminants because it is a major source of energy, 

protein, and fibre (Zhou, 2010). There is increasing interest in barley for human 

consumption because of its nutritional qualities. Barley utilized for malting and brewing 

demands high quality standards. In recent decades the production of barley in North 

America has declined; it is thought than an increased incidence of Fusarium graminearum 

has contributed to the decreased interest in growing barley among producers (Izydorczyk 

& Edney, 2016). Total production of barley in western Canada was 8.3 million tonnes in 

2016, a decrease of 1.8 % from the 10 year average (2006-2015). In 2016, 56.2 % of barley 

planted in western Canada were 2-row malting varieties. CDC Copeland and AC Metcalfe 
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were the most commonly cultivated malting barley varieties in Canada (Canadian Grain 

Commission, 2016). 

The main structural components of a barley kernel are the husk, pericarp, testa, aleurone, 

starchy endosperm, and the embryo (Fig. 2.1). The husk or hull tissue is the outermost 

layer and remains intact when harvested. The husk completely covers the kernel and 

consists of two parts: the lemma on the dorsal side, and the palea on the ventral side 

(Briggs, 1998). The husk contains silica, cellulose, arabinoxylans, lignin, a cuticle waxy 

layer, and other substances in smaller quantities (MacGregor, 1991). The husk protects the 

kernel from physical damage, and limits the entry of water and other substances (Palmer, 

2006). The pericarp and testa are the next inner layers of the kernel and are semi-

permeable. Like the husk, the pericarp and testa are non-living tissues (Briggs, 1998). The 

outer pericarp cements to the husk and inner kernel. The testa, or seed coat, contains 

phenolic substances (MacGregor, 1991).  

Figure 2.1. Longitudinal Section of a Mature Barley Grain Showing Component Tissues. 

Reprinted with permission from Izydorczyk & Edney, 2003.  
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The aleurone layer in barley surrounds the endosperm two to three cells deep, except 

where the endosperm meets the scutellar epithelium, and there the aleurone layer is only a 

single cell deep (Palmer, 2006; MacGregor, 1991). The aleurone cells are living tissue 

containing protein, lipids, and starch.  The aleurone cell walls contain β-glucans, 

arabinoxylans, and phenolic acids. Approximately 75 % of the aleurone cell walls are 

arabinoxylans (Fox, 2010).  

The embryo, like the aleurone layer, is a living tissue. In general, the embryo structure 

consists of the axis and the scutellum. The scutellum has a layer of cells next to the 

endosperm called the scutellar epithelium. The axis is made up of the acrospire, coleorhiza, 

and the scutellar node. The micropyle is at the base of the embryo, and the kernel absorbs 

water through this region (MacGregor, 1991). Although the embryo is a relatively small 

portion of the kernel, it has a proportionally high concentration of protein and lipids. It is 

also composed of starch, minerals and simple sugars (Palmer, 2006; Izydorczyk & Edney, 

2003). The embryo initially uses its own nutrients to begin the germination process. Once 

depleted, it requires energy from the endosperm (MacGregor, 1991; Fox, 2010).  

The endosperm is the largest storage tissue of the barley kernel. Starch comprises the 

majority of the endosperm and provides energy for the kernel during germination. The two 

types of starch polymers present in the endosperm are amylose and amylopectin (Palmer, 

2006). Amylose is mostly a linear polymer of glucose residues linked by α-(1,4) glycosidic 

bonds. Amylopectin has a branched structure and is the larger of the two starch polymers. 

It consists of glucose residues linked via both α-(1,4) and α-(1,6) bonds (Fox, 2010). 

Endosperm cell walls surround starch granules embedded within a protein matrix. The cell 
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walls of the endosperm are composed of approximately 70 % mixed-linkage β-glucans, 20 

% arabinoxylans, and 5 % protein (Fox, 2010). 

The protein content of barley ranges from 9 to 15 %. Hordeins are the major storage 

protein of the endosperm (Izydorczyk & Edney, 2016). Hordeins also makes up 50 % of the 

entire kernel protein content. Storage proteins comprise the matrix that surrounds the 

endosperm starch granules and serves as a nitrogen source for the embryo during 

germination (Fox, 2010).  

  

The quality requirements for barley depend on its end use. Barley quality is affected by 

genotype, the growth environment, storage, and processing. Barley for malting must meet a 

number of specific requirements. Analysis of barley suitability for malting includes 

evaluation for varietal purity, germination potential, physical kernel traits, protein content, 

and microbial load. The American Society of Brewing Chemists (ASBC) standardizes barley 

analysis methods in North America (Izydorczyk & Edney, 2016). Several tests are designed 

to assess germination potential of barley; they include germinative energy, germinative 

index, water sensitivity, evaluation of pre-germination, and germinative capacity by the 

peroxide or tetrazolium methods (Izydorczyk & Edney, 2016).  

2.2 Malt and Malting 

Barley is converted into malt by the process of malting, which is divided into three general 

stages: steeping, germination and kilning. Barley does not possess the enzymes necessary 

for the production of beer, and malting is required to produce these enzymes. The 
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biochemical changes that occur in malting are complex and not confined to a single malting 

stage (Izydorczyk & Edney, 2003; Lalor & Goode, 2010).  

  2.2.1 Steeping 

Steeping is the first stage in the conversion of barley to malt. The objective of steeping is to 

hydrate the endosperm to initiate germination and to prepare the kernel for enzymatic 

modification (Palmer, 2006). Sufficient hydration in the steep stage is very important to 

producing good quality malt. Inadequate levels of final steep-out moisture result in under-

hydrated endosperm and incomplete modification (Bryce et al., 2010). During steeping, 

kernel moisture is raised from about 11 % in the stored grain to approximately 46 % 

moisture after 2 days, depending on the quality of barley, and the type of malt desired. 

Periods of steeping or wetting are alternated with periods of aeration or air rest, the length 

of each depending on the type of malt desired and the quality of malt. Temperature and 

duration of wetting periods are the most important variables in steeping (Palmer, 2006).  

The ability of kernels to hydrate during steeping is dependent on kernel size, the initial 

moisture, and the nitrogen content. Larger kernels absorb more water initially than smaller 

kernels; however, smaller kernels reach the desired moisture content more rapidly. 

Steeping effectiveness can be hampered by kernel dormancy and water sensitivity 

(Brookes et al., 1976). There is a rapid uptake of water in the first 10 hours of steeping. 

Water enters through the micropyle region at the base of the kernel. The root sheath, or 

chit, will partially emerge from the kernel in fully steeped grain (Swanston et al., 2014). 

The rate of water uptake slows until it reaches a plateau (Brookes et al., 1976). Kernel 

respiration increases during steeping, causing the rate of oxygen uptake and carbon 
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dioxide emission to increase. Changes to carbohydrate and nitrogen metabolism also occur 

(Brookes et al., 1976). Aeration raises the concentration of oxygen and displaces carbon 

dioxide from the grain bed, increasing respiration (Kelly & Briggs, 1992). Aeration reduces 

the incidence of grain water sensitivity that can decrease germination ability, and helps 

regulate oxygen and carbon dioxide (Swanston et al., 2014).  

 2.2.2 Germination  

Germination is the second stage of the malting process and functions to render starch 

available for brewing. In commercial malting, it is the controlled sprouting of kernels at 

pre-defined conditions of temperature and humidity. Germination is controlled to limit the 

uptake of fermentable sugars by the embryo (Swanston et al., 2014). Hydration of kernels 

during steeping permits germination and malt modification to take place. Adequate 

steeping moisture, a relatively cool grain bed, and long germination time are needed for 

formation of sufficient enzymes and kernel modification (Müller et al., 2014). Germination 

conditions used in malting vary depending on the equipment, malt moisture after steeping, 

and the desired type of malt. Typically, the hydrated kernels are placed in beds to 

germinate at 15 °C for 4 to 5 days. The germination beds are kept continually wetted with 

both forced humid air and by spraying with water (Hoseney, 1994). This is to prevent 

endosperm moisture loss and to prevent the embryo from drawing moisture away to 

maintain its own growth (Swanston et al., 2014). The moisture content of kernels 

decreases from about 46 % at the end of steeping, to approximately 43 % over 5 days of 

germination (Palmer, 2006).  
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During germination, the plant hormone family known as gibberellins are synthesized in the 

embryo. Gibberellins affect the metabolism of the germinating kernel and help to regulate 

enzyme synthesis (Izydorczyk & Edney, 2003; Enari & Sopanen, 1986). Gibberellins diffuse 

through the grain during germination, activating gene expression in the aleurone from 

scutellum to the distal end (Swanston et al., 2014). In the aleurone layer, gibberellins 

stimulate the production and release of hydrolytic enzymes needed to breakdown the 

starchy endosperm. The activity and termination of gibberellins may be affected by 

scutellum sugar concentration, but the exact mechanism is unknown (Izydorczyk & Edney, 

2003).  

The aleurone layer and the scutellar epithelium both release hydrolytic enzymes, although 

the enzymes produced by the scutellar epithelium may be different than those produced by 

the aleurone layer. The aleurone layer releases α-amylase, β-(1,3-1,4)-glucanase, β-(1,3)-

glucanase, proteases, and other hydrolytic enzymes. The enzymes known to be released by 

the scutellar epithelium include various α-amylase, carboxypeptidase, and β-(1,3-1,4)-

glucanase isoenzymes. Table 2.1 summarizes the enzymes synthesized during germination. 
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Table 2.1. Major Enzymes Developed during Barley Germination (adapted from Lalor & Goode, 2010) 
  

 

araw barley: exists in barley before germination 
baleurone: produced in the aleurone layer during germination 

 

 

        

Enzyme Source Substrate Activity 

β-Glucan solubilases raw barleya & aleuroneb endosperm cell walls improve β-glucan accessibility 

β-Glucanases aleurone solubilized β-glucan hydrolyze β-(1,3) and β-(1,4) glycosidic linkages  

Endoxylanases raw barley & aleurone solubilized arabinoxylans hydrolyze β-(1,4) xylosidic linkages  

Exoxylanases raw barley & aleurone solubilized arabinoxylans hydrolyze β-(1,4) xylosidic linkages  

α-Arabinofuranosidases raw barley & aleurone solubilized arabinoxylans cleave α-L-arabinofuranose residues 

α-Amylases aleurone starch  hydrolyze α-(1,4) internal linkages of starch grains 

β-Amylases raw barley   starch  hydrolyze α-(1,4) linkages two glucose units at chain end 

Limit dextrinase raw barley & aleurone starch   hydrolyze α-(1,6) linkages of amylopectins 

Endopeptidases aleurone insoluble hordeins  degrade protein matrix 

Exopeptidases raw barley soluble oligopeptides cleave amino acids from protein chain ends 
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The physical degradation of the endosperm during germination is measured as the degree 

of modification. Modification of the kernel takes place as enzymes synthesized during 

germination hydrolyze endosperm components. The acrospire or shoot grows 

progressively during malting under the husk, providing a visual indication of the degree of 

modification. The length of the acrospire in fully modified malt will be 75 to 100 percent of 

the seed length. The progression of modification is influenced by the rate enzymes are 

synthesized, the endosperm hydration rate, and the extent to which the enzymes diffuse 

throughout the endosperm (Swanston et al., 2014; Aastrup & Erdal, 1980; Izydorczyk & 

Edney, 2003). Modification of the endosperm by the hydrolytic enzymes begins at the 

region next to the scutellum and progresses towards the distal end of the kernel. The 

enzymes need to degrade the cell walls before reaching the contents of the starchy 

endosperm (Izydorczyk & Edney, 2003; Enari & Sopanen, 1986). 

 2.2.3 Biochemical Processes during Germination 

The solubilization of β-glucans from the endosperm cell walls is initiated by β-glucan 

solubilases. β-Glucan solubilases are composed primarily of carboxypeptidases (Bamforth, 

2010; Bamforth et al., 1997). β-Glucan solubilases are present in raw barley and are also 

produced in the aleurone layer. They break the ester linkages between β-glucans and 

proteins in the cell walls, solubilizing β-glucans near the embryo and scutellum (Enari & 

Sopanen, 1986; Lalor & Goode, 2010). β-Glucan solubilases likely release both β-glucans 

and arabinoxylans from the endosperm cell walls due to the possible linkage of the two 

polysaccharides with protein and/or each other. Arabinoxylans, therefore, may limit the 

release of β-glucans (Bamforth et al., 1997; Kanauchi & Bamforth, 2001).  
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Once released from the endosperm cell walls by the action of the solubilase enzymes, β-

glucans become the substrate for a series of hydrolytic enzymes. The main enzyme 

responsible for hydrolysis of β-glucans is endo-β-(1,3-1,4)-glucanase (endo-β-glucanase or 

lichenase) (Kanauchi & Bamforth, 2001). This enzyme develops during germination and is 

produced in the aleurone. Endo-β-(1,3-1,4)-glucanase specifically acts on the β-(1,4) 

linkages on the reducing side of β-(1,3) linkages of β-glucans (Kanauchi & Bamforth, 2008). 

Two isoenzymes of endo-β-(1,3-1,4)-glucanase are expressed in different tissues at various 

times (Jamar et al., 2011). Other β-glucanases involved in the hydrolysis of β-glucans are 

endo-β-(1,3)-glucanases and endo-β-(1,4)-glucanases (Lalor & Goode, 2010). Most 

hydrolysis of β-glucans, following release from the endosperm cell walls, occurs during the 

malting phase of the brewing process (Kanauchi & Bamforth, 2008). The main products of 

β-glucan hydrolysis by the β-glucanases are 3-O-β-cellobiosyl-D-glucose (DP3), 3-O-β-

cellotriosyl-D-glucose (DP4), and larger β-linked oligosaccharides (Lazaridou & Biladeris, 

2007). The β-(1,4)-linked oligosaccharides hydrolyzed from β-glucans can be further 

degraded by β-glucan exohydrolase and β-glucosidase, which release glucose from the non-

reducing end of the β-glucan molecule (Kanauchi & Bamforth, 2008; Jamar et al., 2011). 

The content of β-glucans will decrease during malting as they are released and degraded 

into smaller sugars (Bamforth, 2010).  

In contrast to β-glucans, arabinoxylans are not extensively solubilized or hydrolyzed 

during malting. Degradation of arabinoxylans in malting is limited due to their solubility 

and covalent bonding to β-glucans and/or other cell wall components. Arabinoxylans 

bound in the endosperm cell walls may not be readily available to arabinoxylan-degrading 

enzymes (Egi et al., 2004; Voragen et al., 1987). Esterase enzymes and β-glucan solubilases 
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are likely involved in the initial release of arabinoxylan from the endosperm cell-walls (Egi 

et al., 2004). These enzymes may also contribute to the partial solubility of arabinoxylans 

(Izydorczyk, 2014; Debyser et al., 1997).  

The main enzymes involved in the hydrolysis of arabinoxylans released from the cell walls  

are endo-β-1,4-xylanase (endoxylanase), exo-β-1,4-xylanase (exoxylanase), α-

arabinofuranosidase, ferulic acid esterase, and β-xylopyranosidase (Egi et al., 2004). 

Arabinoxylan-hydrolyzing enzymes are primarily synthesized in the aleurone layer during 

germination. However, ferulic acid esterase, α-arabinofuranosidase, and the xylanases are 

also detectable in raw barley (Lalor & Goode, 2010). α-Arabinofuranosidase catalyzes the 

separation of α-L-arabinofuranose residues linked α-(1,2) or α-(1,3) to the xylan backbone. 

As these residues are removed, endoxylanases and exoxylanases degrade arabinoxylans 

into smaller xylose oligosaccharides and xylobioses. Endoxylanases cleave the β-(1,4)-

xylosidic linkages on the xylan backbone, while exoxylanases also cleave β-(1,4) linkages 

on the xylan backbone from the reducing end of the molecule. β-Xylopyranosidases 

produce xylose from xylo-oligosaccharides.  The ferulic acid esterases release esterified 

ferulic acid residues. (Egi et al., 2004).  

The activities of the arabinoxylan-degrading enzymes collectively increase during malting, 

reaching the highest rate after 3 to 5 days of germination (Briggs, 1998; Egi et al., 2004). 

Although arabinoxylan-hydrolyzing enzymes increase during the malting process, actual 

degradation of arabinoxylans is minimal. Therefore, the content of arabinoxylans in malt is 

similar to that in barley. However, there is some increase in the water-soluble portion of 

arabinoxylans during malting. This is likely due to the release and hydrolysis of other cell-



15 
 

wall polysaccharides, specifically β-glucans (Izydorczyk, 2014). Li et al. (2005) found that 

total arabinoxylan content decreased slightly during malting from 6.34 to 5.16 % in 

measured samples, and water-extractable arabinoxylan content increased from 0.12 to 

0.37 %. 

Starch degradation becomes possible as the endosperm cell walls and protein matrix are 

broken down during germination, allowing enzyme access to the starch granules (Enari & 

Sopanen, 1986). The main enzymes involved in starch degradation are the α-amylases, β-

amylases, limit dextrinase, and α-glucosidase. α-Amylases are produced in the aleurone 

layer and initiate starch degradation during malting. There are two isoenzymes of α-

amylase, I and II, with α-amylase II having the most activity during germination. α-

Amylases cleave internal α-(1,4) glucosyl linkages of amylose and amylopectin. However, 

α-amylases are unable to hydrolyze the α-(1,6) branch points of amylopectin nor are they 

able to cleave α-(1,4) linkage in close proximity to α-(1,6) linkages. The products of α-

amylase degradation of amylose are glucose, maltose, linear α-dextrins and 

oligosaccharides; amylopectin degrades to branched α-dextrins, oligosaccharides, maltose 

and glucose (Izydorczyk & Edney, 2003). β-Amylases are present in raw barley and do not 

develop during germination. The four isoenzymes of β-amylases, which occur in free or 

protein-bound forms, release maltose from the non-reducing end of the starch chain. Like 

α-amylase, β-amylase does not hydrolyze at α-(1,6) branch points of amylopectin and 

cannot hydrolyze  α-(1,4) linkages in close proximity to α-(1,6) linkages. β-amylases 

produce maltose and β-limit dextrins. Limit dextrinase, although detectable in raw barley, 

is mainly produced by the aleurone during germination. Limit dextrinase cleaves α-(1,6) 

branch points in amylopectin. It also hydrolyzes branched dextrins produced by α-
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amylases and β-amylases. The resulting linear chains of α-(1,4) linkages produced by limit 

dextrinase can be further degraded by α-amylases and β-amylases into maltose and 

glucose. α-Glucosidase hydrolyzes both α-(1,4) and α-(1,6) linkages from the non-reducing 

end of starch or dextrins, to produce glucose (Lalor & Goode, 2010; Izydorczyk & Edney, 

2003). 

During malting, modification is controlled in order to limit starch degradation, and 

preserve sugar reserves for brewing. Starch is typically limited to 15 to 18 % degradation 

during malting. During germination, starch granules closer to the embryo experience more 

degradation than those near the distal end of the kernel. This is due to cell-wall 

degradation beginning adjacent to the embryo and subsequently spreading throughout the 

endosperm (Izydorczyk & Edney, 2003).  

The germinating barley kernel contains several types of proteases and peptidases (Briggs, 

1998). Exopeptidases are present in raw barley, whereas endopeptidases are produced 

during germination by the aleurone layer. Endopeptidases cleave chains of protein from 

insoluble hordein, in order to degrade the protein matrix surrounding the starch granules 

in the endosperm. Exopeptidases hydrolyze the soluble oligopeptides into smaller peptides 

and amino acids (Lalor & Goode, 2010). 

 2.2.4 Kilning 

Kilning is the last step of malting, during which the green malt is exposed to dry air of 

increasing temperature. The temperature and duration of kilning depend on the final 

product desired. Kilning commences at lower temperature in order to retain enzyme 

activities (Swanston et al., 2014). The activity of hydrolytic enzymes decreases during 
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kilning. Some malt enzymes are more sensitive to kiln temperatures and experience more 

heat inactivation. For example, β-glucanases and limit dextrinase are more impacted than 

α-amylases. However, some activity in malt remains and continues during mashing 

(Palmer, 2006). Initially, water evaporates quickly during kilning initially, but kernel 

modification continues slowly until all excess moisture is removed. Malt is dried from 

approximately 45 % to 5 % moisture content (Izydorczyk & Edney, 2003). Kilning prepares 

malt to be stored for long periods of time, arrests modification, preserves enzyme activity, 

generates malt flavours, and adds colour. Malt colour develops during kilning due to 

Maillard reactions. Browning results from the reaction between reducing sugars and amino 

acids at elevated temperatures (Swanston et al., 2014). Other compounds that develop 

during kilning include dimethylsulfide (DMS), which contributes to flavour in beer (Palmer, 

2006). 

 2.2.5 Malt Quality 

Following the malting process, the quality of malt can be evaluated for its brewing 

suitability. Malt quality evaluation encompasses measurement for the degree of 

modification, the starch-degrading enzyme activity, and the sugars available for brewing. 

Other important parameters that may impact brewing are also measured, including β-

glucan content in wort, wort viscosity, and amino acids available for yeast metabolism 

(Izydorczyk & Edney, 2016). The extract potential of wort is a very important quality 

indicator, as it measures the sugars available for conversion to alcohol during brewing. The 

degree of malt modification can be measured directly by the friability test as well as 

indirectly by determining β-glucan content and viscosity of wort (Canadian Grain 

Commission, 2016).  
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2.3 Mashing 

Mashing is the second stage of brewing. It involves the solubilization of malt, gelatinization 

and hydrolysis of starch, the hydrolysis of storage proteins, and the hydrolysis of 

solubilized non-starch polysaccharides. Milling the malt prior to mashing separates the 

starchy endosperm from the husk and reduces the particle size, thus allowing the starch-

degrading enzymes to access the starch granules more easily. The size of the particles will 

affect the saccharification time, the malt extract yield, fermentability, filterability, and 

overall character of the beer. Malt that is fully modified will have more starch available for 

conversion to sugars during mashing compared to malt that is undermodified (Lalor & 

Goode, 2010; Briggs et al, 1981). The mashing conditions (temperature and duration) 

enable malt solubilization and conversion to fermentable sugars (Swanston et al., 2014). 

During mashing, the temperature is usually increased from 40 to 75 °C and the duration is 

from 1 to 2 hours. Mashing programs can be designed to include temperature rests to allow 

biochemical conversions to occur or can be isothermal (constant single temperature). The 

water-to-grist (milled malt) ratio, mashing-in or starting temperature, mashing 

temperature, and mashing duration are optimized for maximum enzymatic activity and 

extract production. The product of mashing, after separating out the spent grain materials, 

is called wort. Wort contains the fermentable sugars, amino acids, and other minerals for 

alcohol production by yeast (Swanston et al., 2014). 

In general, there are four main enzymatic reactions occurring in mashing: proteins are 

hydrolyzed into peptides and free amino acids by proteolytic enzymes; β-glucans are 

hydrolyzed into smaller sugars by glucanolytic enzymes; arabinoxylans are solubilized and 

hydrolyzed into oligosaccharides, arabinose and xylose by pentosanolytic enzymes; and 
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gelatinized starch is converted into fermentable carbohydrates by the amylolytic enzymes 

(Lalor & Goode, 2010).  

 2.3.1 Degradation of Non-Starch Polysaccharides during Mashing 

Solubilisation and hydrolysis of β-glucans should ideally be completed during malting, but 

commonly continues into mashing. Several enzymes are involved in the hydrolysis of β-

glucans as discussed previously; however, the most important is endo-β-(1,3-1,4)-

glucanase. Endo-β-(1,3-1,4)-glucanase is very heat sensitive and is denatured quickly at a 

mashing temperature of 65 °C (Bamforth, 2003; Kanauchi & Bamforth, 2008). In general, β-

glucanases have optimal temperatures between 37 and 56 °C, and optimal pH values from 

4.5 to 6.0 (Lalor & Goode, 2010). 

Solubilization and hydrolysis of arabinoxylans continues during mashing. Arabinoxylans 

that are released from the cell walls are hydrolyzed by endoxylanases, exoxylanases, α-

arabinofuranosidases, ferulic acid esterases, and β-xylopyranosidases. In general, 

arabinoxylans are not significantly degraded during the mashing stage of brewing due to 

limited enzyme activity and hindrance of enzymatic access to arabinoxylans. As a result, 

wort and spent grain contain substantial amounts of arabinoxylans (Izydorczyk, 2014).  

During mashing, the arabinoxylan-degrading enzymes initially increase in activity and then 

decrease as mash temperatures rise. Activity of endoxylanases declines rapidly as mashing 

temperature increase above 55 °C (Li et al., 2005a; Debyser et al., 1997). α-

Arabinofuranosidases activity is similar to that of endoxylanase activity during mashing 

and decreases as mash temperatures increase. β-Xylopyranosidases are less affected by 

mash temperature and remain active at 72 °C (Debyser et al., 1998).  
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    2.3.2 Starch Degradation during Mashing 

The degradation of starch occurs mostly during the mashing stage of brewing. As discussed 

previously, the major enzymes involved in the degradation of starch are α-amylases, β-

amylases, limit dextrinase and α-glucosidase. α-Amylases are aided in the degradation of 

starch granules by surface erosion, which allows access to the interior of the granules. α-

Amylase solubilizes both the amorphous and crystalline regions of starch granules during 

mashing (Enari & Sopanen, 1986; Briggs, 1998). α-Amylase is relatively heat stable and 

remains active for over an hour at 65 °C, working most efficiently in the range 64-68 °C. It 

is denatured at 78 °C. β-Amylase is sensitive to mashing temperatures above 68 °C, but is 

not completely denatured until temperatures reach above 70 °C (Gupta et al., 2010; Lalor & 

Goode, 2010).  

Fermentable sugars and dextrins produced from starch during mashing are the primary 

source of sugars in brewing (Swanston et al., 2014). Endosperm starch granules are not 

accessible to starch-degrading enzymes until the surrounding cell walls and protein matrix 

are removed (Briggs, 1998). The degradation of starch to sugars during mashing is a multi-

step process, involving gelatinization, liquefaction, and saccharification. Gelatinization is 

the complete dissolution of starch granules after undergoing heating, swelling, disordering 

of crystalline structure, and leaching of soluble material.  Starch gelatinization is necessary 

because degradation and solubilization of granules facilitate hydrolysis by the starch-

degrading enzymes (Swanston et al., 2014). Liquefaction occurs as the starch solution thins 

due to the action of α-amylases. Saccharification is the completion of starch 

depolymerisation, to produce fermentable sugars by the combined action of the starch-
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degrading enzymes. Mash temperatures of 60 to 65 °C are needed to ensure complete 

hydrolysis of starch (Lalor & Goode, 2010). 

    2.3.3 Hydrolysis of Proteins during Mashing 

Protein hydrolysis that began in the germination phase of malting continues during 

mashing. During mashing, proteolytic enzymes further degrade the protein matrix in the 

endosperm to produce amino acids and peptides. Amino acids are important nutrients for 

yeast fermentation. The two major groups of proteolytic enzymes involved in protein 

degradation are the endoproteases and exopeptidases. Carboxypeptidases are the most 

prominent and heat-stable of the exopeptidases (Lalor & Goode, 2010). They hydrolyze 

protein chains from the carboxyl end, and produce amino acids from peptides during 

mashing (Lewis & Bamforth, 2006).  

Although most proteolysis takes place during malting, mashing temperatures of 45 to 50 °C 

favour protease activity and additional release of amino acids. Limited proteolysis occurs at 

high mashing temperatures (Lalor & Goode, 2010). As mash temperatures reach 60-70 °C, 

proteins precipitate upon reaction with polyphenols. The presence of protein precipitates 

may impact wort filtration after mashing is completed (Lewis & Bamforth, 2006). 

2.4 Brewing 

Brewing is the final stage of producing beer, following malting and mashing. Beer consists 

of water (90-95 %), ethanol (3.5-5.5 %), carbon dioxide and other minor constituents such 

as calcium, polypeptides, polyphenols, tannins, lipids, phenolic acids, and dextrins not 

utilized by yeast (Bamforth, 2003). Boiling the wort and adding hops are the first steps of 

the brewing stage. Boiling sterilizes wort, extracts compounds from the hops, denatures 
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any remaining enzymes, coagulates proteins to form trub, evaporates water, and 

evaporates undesired volatiles (Miedaner, 1986). Hops are added for aroma, bitter flavour, 

colour, and for their preservative properties. The goal of beer fermentation is to metabolize 

wort constituents, including sugars, into ethanol and other by-products that produce 

flavour (Stewart, 2003). Although fermentation is an anaerobic process in general, 

dissolved oxygen is added and removed by yeast within a few hours after pitching. 

Saccharomyces cerevisiae is the most common yeast strain used in brewing. Yeasts 

metabolize the sugars and other wort constituents to ethanol and carbon dioxide during 

fermentation, over a period of 7 to 9 days. The performance of yeast is influenced by the 

condition of yeast at pitching, the pitching rate, wort sugar concentration, the 

concentration and type of assimilable nitrogen available, temperature, oxygen 

concentration, and the concentration of ions (Stewart, 2003). Yeast cells utilize fermentable 

sugars sequentially. Maltose and maltotriose, which are the most abundant sugars, will 

typically only be taken up after depletion of glucose (Gupta et al., 2010). Sugars containing 

4 or more linked glucoses cannot be fermented. Metabolizing yeast can also produce esters, 

sulfur compounds, and other miscellaneous by-products that contribute flavour to the beer. 

Fermentation is complete as the desired sugar or alcohol content has been reached. The 

final stages of making beer involve filtration and bottling (Stewart, 2003). 

Carbohydrates remaining in beer are those that were not converted to ethanol by yeast 

including maltotetraose, larger dextrins and non-starch polysaccharides. β-Glucans and 

arabinoxylans remaining in beer can interfere with filtration and may produce haze and 

precipitates in beer. Very little proteins and lipids are present in beer. The presence of 
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polypeptides in the final beer promotes foam production; however, these proteins can also 

cause undesirable haze (Bamforth, 2003). 

2.5 β-Glucans 

 2.5.1 Molecular Structure and Content of β-Glucans in Barley 

β-(1,3-1,4)-Glucans (β-glucans) are unbranched non-starch polysaccharides composed of 

D-glucose residues linked by β-(1,3) and β-(1,4) glycosidic bonds (Tiwari & Cummins, 

2009). In general, β-glucans contain approximately 70 % of β-(1,4) and 30 %  of β-(1,3) 

linkages. The arrangement of β-(1,3) and β-(1,4) linkages is not random. Individual β-(1,3) 

linkages separate blocks of consecutive β-(1,4) linked glucose residues (Fig. 2.2). These β-

(1,4) blocks are most commonly 3 (cellotriose) or 4 (cellotetraose) residues long, but 

longer cello-oligosaccharide blocks may also occur (Trafford and Fincher, 2014). Variance 

in linkage patterns, as well as the ratio of cellotriose to cellotetraose units, will affect the 

physicochemical properties of β-glucans (Edney et al., 1991; Trafford & Fincher, 2014). The 

presence of two different linkages causes kinks in the chain and decreases intermolecular 

association between β-glucan chains (Edney et al., 1991). 
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Figure 2.2. General Molecular Structure of β-Glucans and Hydrolysis Products Obtained 

upon Digestion of β-Glucans with Lichenase. Reprinted with permission from Izydorczyk & 

Dexter, 2008.  

 

  

The majority of β-glucans in barley are found in the cell walls of the endosperm. The 

endosperm cell walls are approximately 75 % β-glucans (Burton et al., 2010). The amount 

of β-glucans in the barley kernel is approximately 3-6 % (Tiwari & Cummins, 2009). The 

content of β-glucans changes as barley is malted and manufactured into beer. Both total β-

glucans and the content of water-soluble β-glucans will decrease during malting (Marconi 

et al., 2014). The concentration of β-glucans can be over 1000 mg/L in wort and anywhere 

from 0 to 1100 mg/L in beer (Jin et al., 2004a). Generally, the content of β-glucans in raw 

barley is not an accurate predictor of the residual concentration later found in beer (Edney 

et al., 1998). Six-row barley varieties contain more β-glucans than 2-row varieties 

(Bamforth, 1982; Tiwari & Cummins, 2009).  
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Barley variety and environmental factors influence the content of β-glucans found in barley 

(Bamforth, 1982). Environmental factors, including growing conditions and growing 

locations, affect the concentration of β-glucans in barley (Redaelli et al., 2013; Dickin et al., 

2011). Periods of water stress or drought during growth cause β-glucan levels in the grain 

to increase (Tiwari & Cummins, 2009). Weather conditions and the timing of harvest are 

also factors that influence the content of β-glucans (Dickin et al., 2011). In addition, 

agricultural practices such as nitrogen fertilizer application, crop irrigation, and seeding 

rate can affect the amount of β-glucans in barley independent of environment or genetic 

factors (Tiwari & Cummins, 2009).  

β-Glucans have potential as functional food ingredients and a source of soluble fibre. Food 

products that are rich in soluble fibre may have a positive effect on lowering glycemic 

response and improving gut health (Thondre et al., 2011; Brennan & Cleary, 2005). Other 

health benefits of β-glucans involve lowering cholesterol and the risk of coronary heart 

disease (Cui & Wang, 2009). 

2.5.2 Physicochemical Properties of Barley β-Glucans  

The presence of β-(1,3) glucosyl linkages generates kinks and irregularities in the 

polymeric chains, and increases their flexibility and water solubility. Kinks in the β-glucan 

chain due to intermittent β-(1,3) linkages minimize intermolecular hydrogen bonding and 

limits aggregation of individual polymeric chains (Izydorczyk & Dexter, 2008). Continuous 

blocks of β-(1,4) linked residues render that portion of β-glucans rigid and increase 

intermolecular association via hydrogen bonds. β-(1,3) linkages break up the blocks of β-

(1,4) insoluble linkages and increase flexibility of the molecule (Lazaradou & Biliaderis, 
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2007). The molecular weight of cereal β-glucans is affected by variety, environmental 

factors, genotype and environmental interactions, agricultural practices, and food 

processing techniques (Tiwari & Cummins, 2009). The molecular weight values of barley β-

glucans range from 31 x103 to 2700 x103 (Lazaridou & Biliaderis, 2007). Different 

extraction methods and/or techniques used to determine the molecular weight of β-

glucans account for the wide range reported in the literature (Lazaridou & Biliaderis, 2007; 

Izydorczyk & Dexter, 2008; Beer et al., 1997).  

β-Glucans have the ability to occupy large hydrodynamic volumes due to their specific 

structure and conformation. The specific molecular structure of β-glucans may contribute 

to viscosity and gel-forming abilities of β-glucans (Izydorczyk & Dexter, 2008; Lazaridou et 

al., 2003; Irakli et al., 2004; Trafford & Fincher, 2014).  

    2.5.3 β-Glucans in Malting and Brewing 

High content of β-glucans can have a negative effect on overall malt quality. One study 

demonstrated that the β-glucan content of different barley varieties correlated with malt 

quality parameters such as wort viscosity and activity of starch-degrading enzymes (Wang 

et al., 2004). The presence of excess β-glucans may be problematic for brewers because of 

decreased availability of fermentable extract for alcohol production, increased processing 

time due to reduced rate of lautering and beer filtration, the formation of gels and 

precipitates, and the production of undesirable haze (Bamforth, 1982; Bamforth, 1994). 

Elevated content of β-glucans in wort or beer may become problematic during filtration 

because of the formation of aggregates or gelatinous particles. Cool temperatures used in 

beer filtration will exacerbate the tendency of β-glucans to aggregate and produce haze or 
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clog membrane filters. In addition to β-glucans, these aggregates or particles may be 

composed of arabinoxylans, proteins, or polyphenols (Bamforth, 1994; Speers et al., 2003).   

External enzymes can be used to alleviate specific issues relating to β-glucans in brewing. 

Commercial enzyme products that aid in brewing will vary according to the production 

issue targeted, the enzyme package, and the host organism. For problems relating to β-

glucans, these enzymes are typically β-glucanases and are meant to be applied during 

mashing. Some commercial products marketed to aid hydrolysis of β-glucans also contain 

xylanases and β-glucosidases. In general, exogenous enzymes can be utilized in brewing to 

compensate for poor quality malt, to improve productivity, or to compensate for the use of 

brewing adjuncts (Sammartino, 2015). 

2.6 Arabinoxylans 

     2.6.1 The Content of Arabinoxylans in Barley  

Arabinoxylans are the other major non-starch polysaccharide found in barley cell walls. 

The content of arabinoxylans in barley typically ranges from 4.0 to 7.0 %, depending on the 

barley type (Izydorczyk, 2014). Six-rowed hulled Canadian barley varieties have slightly 

higher arabinoxylan content than 2-row varieties. Like β-glucans, arabinoxylans are 

unevenly distributed in the barley kernel. Approximately 50 % of arabinoxylans present in 

barley grain are located in the hull, with the remainder distributed in the cell walls of the 

aleurone layer and endosperm (Egi et al., 2004). Arabinoxylans comprise 25 % of the 

endosperm cell walls and 65 % of the aleurone cell walls (Voragen et al., 1987). The 

content of arabinoxylans is lower in hulless barley than in hulled varieties (Izydorczyk & 

Dexter, 2008). This difference is due to the high concentration of arabinoxylan present in 
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the hulls (Izydorczyk, 2014). The content of arabinoxylans in barley is influenced by 

genotype and environment (Lu & Li, 2006; Fleury et al., 1997). 

Only a small portion of arabinoxylans present in barley grain is water-extractable (Lu & Li, 

2006). The degree of branching, substitution patterns, and inter- and intra-molecular 

covalent crosslinking may affect the solubility of arabinoxylans (Izydorczyk & Dexter, 

2008). The content of arabinoxylans in malt may vary from 3.6 to 6.9 %, depending on 

malting conditions (Li et al., 2005). It has been reported that wort produced from barley 

malt by mashing may contain 792 to 996 mg/L of arabinoxylans, whereas beer contains 

between 866 to 1805 mg/L (Kanauchi et al., 2011).  

    2.6.2 Molecular Structure and Physicochemical Properties of Barley Arabinoxylans 

Arabinoxylans consist of a linear chain backbone of β-1,4-D-xylopyranosyl (Xylp) units 

linked by β-(1,4)-glycosidic linkages, substituted with α-L-arabinofuranosyl (Araf) residues 

at O-2, O-3, or O-2,3 positions of Xylp residues (Fig. 2.3) (Krahl et al., 2010; Izydorczyk, 

2014). The arrangement of Araf along the xylan backbone is not entirely random. It is 

postulated that densely substituted regions are separated by unsubstituted xylan blocks 

(Izydorczyk and Dexter, 2008). The number of arabinose residues and other substitutions 

along the xylan backbone affects the physicochemical properties of arabinoxylans. Less 

common substituents that may be attached to the xylan backbone are α-D-glucuronic acid 

and galacto-pyranosyl (Galp) residues (Izydorczyk, 2014). Phenolic acid residues, such as 

ferulic acid and p-coumaric acids, are linked to arabinoxylans during cell wall development 

(Izydorczyk, 2014). Ferulic acid residues are linked to Araf residues at O-5 by ester linkage 

(Nino-Medina et al., 2010).  
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Figure 2.3. Main Structural Features of Arabinoxylans from Barley Endosperm.  A = 

arabinose, X = xylose, F = ferulic acid, uX = unsubstituted xylose residues, dX = 

disubstituted xylose at C(O)-2,3 positions, mX3 = C(O)-3 monosubstituted xylose residues, 

mX2 = C(O)-2 monosubstituted xylose residues. Reprinted with permission from 

Izydorczyk, 2014.  

 

 

The molecular features of arabinoxylans that can vary depending on their genotypic or 

cellular origin include the ratio of arabinose to xylose residues (Ara/Xyl), the substitution 

pattern, the average degree of polymerization (DP) of the xylan backbone, and the presence 

of other substituents. The ratio of Ara/Xyl residues indicates a degree of branching in the 

polymer chain. Barley arabinoxylans in the outer pericarp, scutellum, and embryonic axis 

are relatively highly substituted with arabinose (Ara/Xyl > 1), whereas those of aleurone 

(Ara/Xyl < 0.5) are poorly substituted. The ratio of Ara/Xyl in the barley endosperm 

generally varies from 0.50 to 0.71 (Izydorczyk & Dexter, 2008; Izydorczyk, 2014).  

Arabinoxylans are high molecular weight polysaccharides; however, the molecular weights 

reported in the literature can vary due to different extraction and determination methods 

used in various studies (Izydorczyk, 2014; Egi et al., 2004). Also, a range of molecular 

weights is usually reported for arabinoxylans because of their polydispersed nature. 

Arabinoxylans can be isolated from barley by water or alkali extraction (Izydorczyk, 2014). 
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The content of water-soluble (extractable) arabinoxylans is lower in barley than in wheat 

or rye, and ranges from 0.5 to 1.0 % (Egi et al., 2004; Izydorczyk & Dexter, 2008). Water-

extractable arabinoxylans are structurally different from alkali-extractable arabinoxylans, 

which make up the majority of arabinoxylans in barley. Alkali-extractable arabinoxylans 

have a higher Ara/Xyl ratio and a lower degree of substitution on the xylan backbone, than 

do water-extractable arabinoxylans (Izydorczyk et al., 1998). The water extractability of 

barley arabinoxylans is low compared to the extractability of β-glucans. The initial partial 

insolubility and/or poor extractability of arabinoxylans from the cell walls is related to the 

extent of non-covalent and covalent crosslinking (via the diferulic acid bridges) of 

arabinoxylan chains, among themselves or with other cell wall components. The 

extractability of arabinoxylans can be improved by increasing solution temperature, 

increasing the extraction time, increasing the ionic strength, and adjusting the pH of the 

solution (Izydorczyk & Dexter, 2008; Krahl et al., 2010). The β-solubilases may play a role 

during malting by helping to release arabinoxylans from the endosperm cell walls 

(Izydorczyk et al., 1998). The water-soluble arabinoxylan content of barley increases 

during the germination stage of malting (Krahl et al., 2010). 

Arabinoxylans can form highly viscous solutions. They occupy large hydrodynamic 

volumes in solution because of their stiff, semi-flexible coil-conformation. The viscosity of 

arabinoxylan solutions is affected by the molecular weight of these polymers, their 

concentration, and the degree of branching (Izydorczyk, 2014). Sadosky and others (2002) 

determined that increasing arabinoxylan concentration of solutions results in increased 

viscosity. Increase of arabinoxylan molecular weight also increased viscosity in model 

preparations. The capability of arabinoxylans to form covalently-linked gels is influenced 
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by the presence of ferulic acid residues (Izydorczyk, 2014). Intrinsic viscosity is also a 

factor in the gelling potential of arabinoxylans (Dervilly-Pinel et al., 2001). 

    2.6.3 Arabinoxylans in Malting and Brewing 

The biochemical changes that affect arabinoxylans during malting and brewing have not 

been studied extensively. However, there is a growing interest in barley arabinoxylans 

because of their potential impact on wort viscosity, wort and beer filterability, and other 

malt quality parameters (Egi et al., 2004). Several studies showed a negative influence of 

arabinoxylans on the viscosity and filterability of worts and beer made from barley malt 

(Lee et al., 1998; Sadosky et al., 2002; Li et al., 2005), and on the phenomenon of premature 

yeast flocculation (Koizumi et al., 2008). It has been suggested that the 

aggregating/gelation properties of arabinoxylans could potentially contribute to filtering 

problems, especially during the industrial brewing processes, where temperature changes 

may enhance the formation of aggregates. It has also been suggested that malting 

conditions that are more favourable to the solubilization of water-extractable 

arabinoxylans can cause a greater breakdown of these polymers and formation of shorter 

chain lengths. These shorter chain length arabinoxylans do not have a significant effect on 

wort viscosity (Lee et al., 1998; Sadosky et al., 2002; Li et al., 2005). Debyser et al. (1997) 

studied the impact of mashing on the arabinoxylan content of worts. The partial 

solubilization of arabinoxylans during mashing originates from the water extractable 

arabinoxylans in malt. The amount of solubilization is also due to the malting and mashing 

conditions of the malt and wort, respectively. The authors also reported that endoxylanases 

active during mashing might degrade arabinoxylans to small oligomers, thereby reducing 

filtration problems. Arabinoxylans have a tendency to remain in beer as complete 
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polysaccharides. This is much less likely to occur with β-glucans, which are degraded more 

completely during malting and mashing (Kanauchi et al., 2011).  

Arabinoxylans may also have some positive effects on the quality of beer as they contribute 

to the body and mouth feel of this beverage. As constituents of dietary fibre, arabinoxylans 

and their breakdown products have been shown to have several health benefits. These 

arabinoxylo- and xylo-oligosaccharides display prebiotic properties. Prebiotics are 

beneficial for human gut health and can be fermented by colonic bacteria to produce short-

chain fatty acids. They result in lower occurrence of colon cancer, reduced intestinal 

infections, and better absorption of nutrients. Animal and human trials have confirmed the 

benefits of arabinoxylo- and xylo-oligosaccharides in the diet (Broekaert et al., 2011). 

There is an interest, therefore, in determining favourable malting and mashing conditions 

for the production of beverages with a high content of arabinoxylans and arabino-

oligosaccharides that might improve their nutritive value. 

2.7 Effects of Malting Conditions on the Composition of Malt 

Steeping and germination conditions can substantially affect the quality parameters of malt 

including the extract potential, levels of hydrolytic enzymes and contents of non-starch 

polysaccharides in malting barley (Palmer, 2006; Muller & Methner, 2015; Brookes et al, 

1976; Baxter et al., 1980). Maltsters generally use conventional temperatures (13 to 15 °C 

for steeping and 15 to 18 °C for germination) and lengths of steeping (44-50 hours) and 

germination phases (72 hours) in order to obtain malt of good quality. A steep-out 

moisture level between 43 and 46 % is targeted because it is thought to be the optimal for 

barley germination, and is known to produce adequate kernel modification (Brookes et al., 
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1976). Cost savings, in terms of lower water and energy usage, could be achieved by 

manipulating malting conditions (Muller & Methner, 2015; Gianinetti, 2009). The steep 

cycles are generally expensive since they generate large quantities of wastewater. 

Shortening steeping time and spraying water rather than full immersion may help to 

reduce water usage (Palmer, 2006). However, shortening the amount of time in steeping 

may decrease endosperm hydration and interrupt the modification process. Decreasing 

steep time by half may result in reduced grain hydration and poor malt friability, indicating 

incomplete endosperm modification. Decreased steep time may be compensated by higher 

steep temperatures, while still achieving normal steep-out moistures that provides good 

modification (Baxter et al., 1980). 

Elevated steeping temperatures have been observed to have a detrimental effect on the 

development and activity of endopeptidases and β-glucan solubilases (Baxter et al., 1980). 

However, modern malting barley varieties tend to be less heat sensitive and may, therefore, 

tolerate increased steeping or germination temperatures (Muller and Methner, 2015). 

Steeping for a longer period of time was observed to improve filterability (Bryce et al., 

2010). Swanston and Taylor (1990) tested four steeping regimes at 17 °C with various 

steep durations, as well as variation between continuous steeping and steeping with an 

aeration period. Optimal grain hydration occurred with a 3 day long steep with aeration, 

and resulted in the highest extract potential. 

Elevated steeping temperatures have been observed to affect the development and activity 

of storage protein and cell wall solubilization enzymes, such as endopeptidases and β-

glucan solubilases (Baxter et al., 1980). However, modern malting barley varieties tend to 
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be less heat sensitive and may, therefore, tolerate increased steeping or germination 

temperatures (Muller and Methner, 2015).  

Variation of malting conditions may also affect the content of non-starch polysaccharides in 

malt. The barley endosperm usually requires 2 to 4 days for complete hydration 

(Gianinetti, 2009). Increasing steeping temperatures and extending steeping duration will 

cause a marked decrease in wort β-glucan content; however, these effects are also 

influenced by genetic factors (Nischwitz et al., 1999). Increasing grain hydration level 

during steeping will also decrease β-glucan content in malt (Bourne & Wheeler, 1984). 

The content of β-glucans in malt is also affected by the duration of germination. Previous 

studies showed that germination of barley at 15 °C for 1.5 days degraded 73 % of β-

glucans, whereas germination for 3 days decreased the content of β-glucans by 92 % 

(Marconi et al., 2014). However, Hubner and others (2010) reported that altering 

germination temperature and duration did not significantly affect the content of β-glucans 

in malt. The authors observed that increasing germination time resulted in β-glucanase 

activity, however, the amount of β-glucans in malt was not affected. Although the content of 

arabinoxylans in barley, malt, wort, or beer have been reported in the literature, relatively 

little is known about the effects of malting conditions on their content and properties (Han 

& Schwarz, 1996; Li et al., 2005; Debyser et al., 1997).  

2.8 Effect of Mashing Conditions on the Composition of Wort 

The goal of the mashing process is to produce wort from malted barley. Mashing conditions 

that can be adjusted include mashing duration, mashing temperature, malt particle (grist) 

size, and grist to water ratio. Altering these conditions may affect the activity of various 
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hydrolytic enzymes and, therefore, the extent of hydrolysis of proteins, starch, and non-

starch polysaccharides (Evans et al., 2012). Mashing temperatures above 65 °C may slightly 

lower the extract potential and decrease wort fermentability, likely due to the decline of α- 

and β-amylases at elevated mash temperatures (Muller, 1991).  

Modification level of the malt and mashing conditions will directly influence the 

concentration of β-glucans in wort. Mashing temperature and duration, and grist particle 

size are thought to affect the amount of β-glucans remaining in wort (Bamforth, 1994). 

Multiple studies have demonstrated the effect of different mash temperatures on β-glucan 

content. Mashing temperatures of 45 °C or lower resulted in lower content of β-glucans in 

wort. Mashing temperatures greater than 60 °C may also result in increased content of β-

glucans (Kuhbeck et al., 2005; Palmer & Agu, 1999). Evans and co-workers showed that the 

content of wort β-glucans did not change significantly when the mashing temperatures 

ranged from 62.5 to 75 °C (Evans et al., 2012). The effect of mashing temperature on β-

glucan concentration in wort may be explained by changes to hydrolytic enzyme activity 

due to temperature. β-Glucanases are thermo-liable and have limited activity above 62.5 °C 

during mashing (Evans et al., 2012). Conversely, β-glucan solubilases are very heat stable 

and continue solubilizing β-glucans at higher mash temperatures (Bamforth, 1994). 

Consequently, β-glucan solubilases are able to release β-glucans into wort at higher 

temperatures where heat-inactivated β-glucanases are no longer able to hydrolyze β-

glucans. Therefore, the continued activity of  β-glucan solubilases at elevated mashing 

temperatures may result in high concentrations of β-glucans in wort (Kuhbeck et al., 2005).  
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The solubilization and hydrolysis of arabinoxylans are limited during mashing. The 

solubilization of arabinoxylans during mashing is highest at 55 °C or greater. Li and others 

(2005) found that wort concentration of arabinoxylans in an 80 °C isothermal mash was 

1638 mg/L, whereas wort concentration of arabinoxylans in a 40 °C isothermal mash was 

996 mg/L. The activity of endoxylanases in mashing is important for the hydrolysis of 

arabinoxylans released into wort. Endoxylanases are rapidly inactivated above 55 °C, and 

their absence would likely account for the increase in wort arabinoxylans concentration at 

higher mashing temperatures. Longer mashing durations and grist particle size are also 

thought to contribute to the release of arabinoxylans into wort (Li et al., 2005b; Lu & Li, 

2006). 
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3.0    Molecular Structure and Physicochemical Properties of Water-Extractable Non-Starch 

Polysaccharides in Selected Canadian Malting Barley Varieties 

3.1 Abstract 

The molecular structure and physicochemical properties of water-extractable β-glucans 

and arabinoxylans from selected hulled and hulless Canadian malting barley genotypes 

were examined in this study. The selection included two commonly grown hulled varieties, 

AC Metcalfe and CDC Copeland, three recently developed varieties, CDC Meredith, CDC 

Kindersley, AAC Synergy, and a hulless variety, CDC Clear. The water-extractable extracts 

were prepared by sequential extraction of barley with water at 40 °C (WE40) and 65 °C 

(WE65). The WE40 material was further fractionated by graded precipitation with 

ammonium sulphate at 35 and 95 % saturation, resulting in two fractions designated 

WE40F1 and WE40F2, respectively. The WE65 material was fractionated in a similar 

manner, resulting in two fractions designated WE65F1 and WE65F2. The content of β-

glucans in the barley ranged from 3.68 % (CDC Kindersley) to 4.70 % (CDC Clear), whereas 

the arabinoxylan content ranged from 4.76 % (CDC Clear) to 6.88 % (AC Metcalfe). β-

Glucans were more water-extractable than arabinoxylans. The WE40F1 and WE65F1 

fractions were composed mainly of β-glucans, whereas WE40F2 and WE65F2 fractions were 

composed of both β-glucans and arabinoxylans. The molar ratio of DP3/DP4 in β-glucans 

was generally higher in fractions extracted at 65 °C (WE65F1 and WE65F2) compared to 

those extracted at 40 °C (WE40F1 and WE40F2). In general, the arabinose to xylose ratio 

(Ara/Xyl) in arabinoxylans was lower in WE65F2 than in WE40F2 for all barley genotypes. 

The highest degree of branching was observed for arabinoxylans in WE40F2, for CDC Clear 

and CDC Copeland. Methylation analysis revealed that the majority of the Araf residues was 
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linked to Xylp residues as single units; only small quantities of short arabinan chains were 

detected. Arabinoxylans isolated from different barley genotypes differed in the 

proportions of unsubstituted Xylp (U-Xylp), monosubstituted Xylp at O-2 (2-Xylp), 

monosubstituted Xylp at O-3 (2-Xylp), and disubstituted Xylp at O-2,3 (2,3-Xylp) residues. 

In general, arabinoxylans in WE65F2 were less substituted than arabinoxylans in WE40F2. 

The weight average molar mass (Mw) of β-glucans in WE40F1 ranged from 432,000 (AAC 

Synergy) to 1.1 x 106 g/mol (CDC Clear). The average Mw of β-glucans extracted at 65 °C 

(WE65F1) was much higher and ranged from 1.0 x 106 (CDC Meredith) to 1.5 x 106 g/mol 

(CDC Clear). In general, the average Mw of arabinoxylans was higher than the average Mw of 

β-glucans. The average Mw of arabinoxylans in WE40F2 ranged from 632,000 (CDC Clear) to 

2.0 x 106 g/mol (AAC Synergy). The average Mw of arabinoxylans that required higher 

temperature for their extraction (WE65F2) ranged from 1.2 x 106 (CDC Kindersley) to 5.2 x 

106 g/mol (AAC Synergy) and was higher compared to the Mw of arabinoxylans in WE40F2. 

The average Mw of β-glucans that required 95 % saturation of ammonium sulphate to 

precipitate from water extracts (WE40F2 and WE65F2) was lower than that of β-glucans, 

which precipitated at 35 % saturation of the salt. These results may indicate that a high 

molecular mass contributes to the tendency of β-glucans to precipitate from water extracts 

at a lower saturation level of ammonium sulphate.  
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3.2 Introduction 

Barley (Hordeum vulgare) is a versatile cereal crop used for animal feed, human food, and 

malting. The preferred and most profitable end use for barley is malting; however, barley 

bred and selected for malting must meet specific characteristics and stringent quality 

requirements. Malting barley is unique in its ability to synthesize ample amount of various 

hydrolytic enzymes to efficiently destroy the cell walls and protein matrix of the 

endosperm during malting, and completely convert starch into fermentable sugars during 

mashing. Complex biochemical changes occur during the malting process to produce 

fermentable sugars and free amino acids, which are required by yeast during brewing 

(Swanston et al., 2014). Barley intended for malting accounts for over 50 % of barley 

seeded area in Western Canada. CDC Copeland and AC Metcalfe are currently the most 

popular hulled, two-row malting cultivars grown in Western Canada (Canadian Grain 

Commission, 2016). However, the development and release of new barley varieties 

continue as various changes in technology and trends are occurring. For example, the use 

of adjuncts and high gravity brewing or liquid sugar brewing could affect malt demand and 

malt quality requirements. The growth of the craft brewing sector with its all-malt beers 

has already increased malt demand and changed the targets for the desirable malting 

barley traits compared to characteristics required by the mainstream adjunct brewing 

(Brewing and Malting Barley Research Institute-BMBRI, 2017; Brouwer et al., 2016). 

Commercial demand for hulless barley varieties, despite having good malting quality, 

remains limited. The reluctance to use hulless varieties likely originates from concerns 

regarding potential processing issues related to β-glucans and economic disincentives to 
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use hulless varieties like CDC Clear (Alberta Economic and Competitiveness Division, 

2015).  

Barley varieties that are suitable for malting must meet several quality attributes including 

high kernel weight and plumpness, low contents of proteins and β-glucans, high potential 

to germinate and synthesize high levels of various hydrolytic enzymes (MacGregor, 1991; 

Nischwitz et al., 1999). Differences in malting quality parameters can be attributed 

primarily to genetic factors, although the environment can also significantly affect them. 

The content of β-glucans is particularly influenced by barley genotype and a proper choice 

of barley variety is important in avoiding problems associated with β-glucans during 

malting and brewing (Zhang et al., 2001; Holtekjolen et al., 2008; Henry, 1986). Continuous 

efforts are being made to minimize β-glucans in barley genotypes and consequently in wort 

and beer. 

β-(1,3;1,4)-D-Glucans (β-glucans) are unbranched non-starch polysaccharides composed of 

D-glucose residues linked by β-(1,3) and β-(1,4) glycosidic bonds. The concentration of β-

glucans in the barley kernel ranges from 3 to 6 % (Tiwari & Cummins, 2009). The majority 

of β-glucans in barley is found in the cell walls of the endosperm, which are approximately 

75 % β-glucans (Burton et al., 2010). A high content of β-glucans in barley, and malt can 

impact extract potential, impede access of hydrolytic enzymes to their substrates, lengthen 

filtration time, and cause haze in beer (Bamforth, 1994). Although β-glucans in barley have 

been extensively researched, their content in the endosperm cell walls alone cannot 

completely predict the negative impact on malting quality. The molecular structure of β-
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glucans and interactions with other polymers in the cell walls may also contribute to 

various quality issues (Lazaridou et al., 2008). 

The role of arabinoxylans, the other major cell wall polysaccharides in barley, during the 

malting and brewing processes has not been studied extensively. However, their impact 

may be similar to that of β-glucans in causing various processing problems (Egi et al., 2004; 

Kanauchi et al., 2011). The content of arabinoxylans in barley typically ranges from 4.0 to 

7.0 %, depending on the barley type (Izydorczyk, 2014). Approximately 50 % of 

arabinoxylans present in barley grain is located in the hull, with the remainder in the cell 

walls of the aleurone layer and endosperm (Egi et al., 2004). Arabinoxylans consist of a 

linear chain backbone of D-xylopyranosyl (Xylp) units linked by β-(1,4) glycosidic linkages, 

substituted with α-L-arabinofuranosyl (Araf) residues at O-2, O-3, or O-2,3 positions  of the 

Xylp units (Krahl et al., 2010; Izydorczyk, 2014). The number of Araf residues and other 

substituents on the xylan backbone will affect the physicochemical properties of 

arabinoxylans (Izydorczyk, 2014). In addition to the number of Araf residues and their 

pattern of substitution, the molecular features of arabinoxylans that can vary include the 

average degree of polymerization (DP) of the xylan backbone, and the presence of other 

substituents such as ferulic acid residues (Izydorczyk & Dexter, 2008; Izydorczyk, 2014). 

There is little research on the variance of these molecular features among malting barley 

genotypes. 

The objective of this study was to determine the effects of barley genotype on the content, 

molecular structure, and physicochemical properties of water-extractable β-glucans and 

arabinoxylans in selected Canadian malting barley varieties. The barley varieties examined 
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in this study included several newer genotypes, such as CDC Meredith, CDC Kindersley , 

AAC Synergy, and CDC Clear as well as the two most commonly grown and utilized 

genotypes,  AC Metcalfe and CDC Copeland. 

3.3 Materials and Methods 

3.3.1 Barley Samples  

Five two-row spring covered malting barley varieties (CDC Meredith, CDC Kindersley, AC 

Metcalfe, CDC Copeland, AAC Synergy) and one two-row spring hulless malting barley 

variety (CDC Clear) were selected for analysis. Characteristics of the selected varieties are 

listed in Table 3.1. AC Metcalfe, registered as a Canadian Western Malting barley variety in 

1997, is the oldest barley genotype studied; while AAC Synergy and CDC Clear are the 

newest developed genotypes studied. The varieties chosen may be suitable for different 

malting purposes based on the quality traits listed (Table 3.1). For example, most malting 

barley varieties are desired for low levels of β-glucans but CDC Meredith and CDC Clear 

have inherently higher content of β-glucans. However, CDC Meredith and CDC Clear may 

possess other quality traits that meet the needs of maltsters.  

Barley samples were selected from the same region in Saskatchewan under similar 

growing conditions, in order to minimize the influence of environment on the study. 
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Table 3.1: Characteristics of Selected Barley Varieties (Canadian Malting Barley Technical Centre, 2017). 

Barley Variety Crop Type 
Year 

Registered 

% Area 
Seeded with 

Malting 
Barley in 

W.Canada 

Quality Traits 

AC Metcalfe 2-row, Hulled 1997 34.2 High yield, good disease resistance, high extract, low β-glucan 

CDC Copeland 2-row, Hulled 1999 44.7 High yield, early maturing, good modification, low β-glucan 

CDC Meredith 2-row, Hulled 2008 1.84 Good disease resistance, good fermentability, higher β-glucan 

CDC Kindersley 2-row, Hulled 2010 0.91 Good disease resistance, high extract, good enzyme levels, low β-glucan 

AAC Synergy 2-row, Hulled 2012 5.19 Plump kernels, high extract, good fermentability, low β-glucan 

CDC Clear 2-row, Hulless 2012 na High extract, high β-glucan, low enzymes 
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3.3.2 Sample Preparation 

Barley samples were ground in a Retsch mill at 14000 rpm with a 0.5 mm screen. Ground 

barley samples were refluxed to inactivate endogenous enzymes. 80 % ethanol (2 L) was 

added to the samples (200 g) and boiled for 60 minutes. After cooling, the mixture was 

centrifuged (6500 x g) for 20 minutes. The supernatant was discarded and the residue 

washed with 95 % ethanol. The residue was broken-up, suspended in 95 % ethanol (1 L), 

and re-centrifuged. The supernatant was discarded again and the residue was transferred 

to a tray to dry. The dry refluxed material was then passed through a 0.5 mm sieve. 

Water-extractable barley fractions were obtained by a multiple step process (Fig. 3.1) 

(Izydorczyk et al., 1998). Refluxed ground barley samples (150 g) were extracted by 

stirring with water (1.2 L) at 40 °C for 75 minutes. The slurry was centrifuged (9500 rpm 

for 20 minutes) and the supernatant purified with Celite (15 g/L), followed by purification 

with Fuller’s Earth (20 g/L). α-Amylase (type 1-A from porcine, 1.8 mg/L) was added to the 

purified supernatant and incubated at 35 °C overnight. The sample was centrifuged (9500 

rpm for 20 minutes) and the supernatant filtered (Whatman G6). After filtering, ammonium 

sulphate was added to the supernatant to reach 35 % saturation. The precipitated material 

was centrifuged (9500 rpm for 20 minutes). The resulting residue was re-solubilized in 85 

°C water, placed in dialysis tubes (Spectra Por Dialysis Membrane MWCO 3500 diameter 29 

mm) for 3 days, and freeze-dried. This water-extractable fraction was labelled WE40F1. 

Ammonium sulphate was also added to the resulting supernatant to reach 95 % saturation. 

The precipitated material was centrifuged, re-solubilized in water, dialyzed, and freeze-

dried. This fraction was labelled WE40F2. The residue remaining after the 40 °C slurry was 
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centrifuged, was re-extracted by stirring with water (1.2 L) at 65 °C for 105 minutes with 

the presence of heat-stable α-amylase (4500 U). The slurry from the 65 °C extraction was 

centrifuged (9500 rpm for 20 minutes). The supernatant was purified with Celite (15 g/L) 

and Fuller’s Earth (20 g/L). As with the 40 °C purified supernatant, α-amylase (type 1-A 

from porcine, 1.8 mg/L) was added to the 65 °C purified supernatant and incubated at 35 

°C. The 65 °C purified supernatant was centrifuged (9500 rpm for 20 minutes) and the 

supernatant filtered (Whatman G6). Ammonium sulphate was added to the filtered 

supernatant to reach 35 % saturation. The precipitated material was centrifuged (9500 

rpm for 20 minutes). The resulting residue was re-solubilized in 85 °C water, dialyzed, and 

freeze-dried. This water-extractable fraction was labelled WE65F1. Ammonium sulphate 

was also added to the resulting supernatant to reach 95 % saturation. The precipitated 

material was centrifuged, re-solubilized in water, dialyzed, and freeze-dried. This final 

fraction was labelled WE65F2. 
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Figure 3.1. Process of Obtaining 40 °C and 65 °C Water-Extractable Barley Fractions  
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3.3.3 Analytical Methods 

 

The content of total β-glucan in grain and water-extractable barley fractions (WE40F1, 

WE40F2, WE65F1, WE65F2) was determined by following the Mixed-Linkage β-glucan Assay 

Procedure (Megazyme International, Ireland). Samples were suspended in 20 mM sodium 

phosphate buffer (pH 6.5), incubated first with lichenase, and followed by incubation with 

β-glucosidase. The resulting D-glucose was assayed with glucose oxidase/peroxidase 

(GOPOD) reagent (McCleary and Nurthen, 1986).  

The content of total arabinoxylans in grain and water-extractable barley fractions was 

determined by hydrolyzing the polysaccharides to monosaccharides (1 M H2SO4, 100 °C, 

2h), followed by reduction and acetylation of the monosaccharides to alditol acetates and 

analysis by GC-FID (SP2380 column 30m 0.25mm ID, hydrogen carrier gas, allose internal 

standard, injector 270 °C, detector 270 °C) (Izydorczyk et al, 2014).  

The contents of β-glucans and arabinoxylans were also analyzed in the water extractable 

portion of barley grain at 40 °C and at 65 °C. Refluxed ground barley (1.5 g) was solubilized 

and extracted in 22.5 mL of 40 °C water for a total of 75 minutes. After water extraction at 

40 °C, the sample was centrifuged and the pellet dissolved in 22.5 mL of 65 °C water with 

the addition of thermostable α-amylase (60U). Stirring continued at 65 °C for a total of 105 

minutes. The soluble extracts were then precipitated at 85 % ammonium sulphate 

saturation, and washed twice with 80 % ethanol before analysis.  
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Protein content of water extractable barley fractions was measured by nitrogen 

combustion with a LECO protein analyzer (AACC 46-30.01, 1999). 

The fine molecular structure of β-glucans in water-extractable barley fractions was 

determined by analysis of oligomers, after enzymatic degradation with endo-(1,3-1,4)-β-D-

glucanase (lichenase). Samples were dissolved in sodium phosphate buffer (20 mM pH 6.5) 

and digested with 2 U/mg of lichenase (Bacillus subtilis, EC 3.2.1.73, Megazyme) at 40 °C. 

After the lichenase was inactivated, samples were filtered with 0.45 µm syringe discs.  

Oligomers of β-glucan were analyzed by high-performance anion exchange 

chromatography with pulsed amperometric detection (HPAEC-PAD, PA1 column 4x250 

mm, PA1 guard column, gold electrode) (Izydorczyk et al., 1998). 

The molecular weight, intrinsic viscosity, and polydispersity of water-extractable barley 

fractions were investigated. Samples were fractionated by high-performance size-exclusion 

chromatography (HPSEC, Waters Alliance 2695, Milford, MA) and characterized by online 

refractive index (Optilab TrEX RI), multiangle laser light-scattering (Dawn Heleos II), and 

viscosity (Viscostar II) detectors (Wyatt Technology, Santa Barbara, CA). The HPSEC 

system was comprised of a guard column (SB-G) and two OH-packed columns (SB 804 HQ, 

SB 806M HQ; Shodex Denko K.K., Tokyo, Japan). Samples were dissolved in buffer (0.075 M 

sodium nitrate 0.02 % sodium azide) using heat and filtered through 1.0μm GF/B glass 

fiber syringe filters (13 mm, Whatman Inc., Clifton, NJ). Solutions (1-2 mg/ml) were 

injected and eluted with a flow rate of 0.5 ml/min with 0.075 M sodium nitrate containing 

0.02 % sodium azide at 30 °C. The determination of the weight average molar mass (Mw), 

intrinsic viscosity [η], polydispersity (Mw/Mn), radius of gyration (Rw), Mark-Houwink 
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parameter (α) was performed using Astra software 6 (Wyatt Technology, Santa Barbara, 

CA) with a dn/dc value of 0.145 or 0.146 for β-glucans and arabinoxylans, respectively. The 

analyses were conducted in triplicate. Related definitions are included in the appendix. 

Ferulic acid content of the water-extractable barley fractions precipitated with 95 % 

ammonium sulphate saturation (WE40F2 and WE65F2) was determined. Samples were 

saponified under nitrogen with 2N NaOH, acidified with 6N HCl, and extracted three times 

with ethyl acetate/diethyl ether (1:1). The organic phase was removed, dried, and 

reconstituted with 50 % methanol. Total phenolic and ferulic acid content was then 

determined by reverse phase HPLC (Kinetex 2.6µ C18 100A column, PDA detector, Dionex 

ICS 5000 system) (Hernanz et al., 2001).  

The linkage patterns of β-glucans and arabinoxylans of the water-extractable barley 

fractions were determined by methylation analysis. Samples were dried under vacuum at 

80 °C then dissolved in anhydrous dimethyl sulfoxide (DMSO) at 100 °C. Sodium hydroxide 

and methyl iodide were added to the dissolved samples for methylation to occur. DMSO 

and excess sodium hydroxide were removed by washing samples with methylene chloride 

and water. Methylated polysaccharides in the samples were hydrolyzed in 4M 

trifluoroacetic acid (TFA) at 100 °C for 6 hours. After TFA has been evaporated from the 

hydrolyzed sample, sodium borodeuteride was added and mixed for 12 hours. The partially 

methylated alditols were acetylated with acetic anhydride to give partially methylated 

alditol acetates. Analysis by GC-FID followed (Column Supelco SP2330 60m x 0.25mm, film 

thickness 0.2 µm, injection 1 µL, hydrogen carrier gas, injection temperature 250 °C, initial 

oven temperature 100 °C) (Lazaridou et al., 2008). 
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Analytical tests were conducted in duplicate and reported on a dry weight basis where 

applicable. 

3.4 Results  

3.4.1 Content of Total and Water-Extractable β-glucans and Arabinoxylans in 

Barley Genotypes 

 

The contents of total and water-extractable β-glucans in various barley genotypes are 

summarized in Table 3.2. Among the five covered barley genotypes used in this study, CDC 

Kindersley exhibited the lowest, whereas AC Metcalfe the highest content of total β-

glucans. The content of total β-glucans in the hulless genotype, CDC Clear, was higher than 

in the covered cultivars. The water-extractability of β-glucans was measured at 40 °C and 

subsequently at 65 °C. The polysaccharides were extracted with water (grist to water ratio 

1 to 1.5) for 75 min at 40 °C followed by extraction for 105 min at 65 °C in the presence of 

α-amylase. The water-extractability of β-glucans ranged from 33 to 37 % at 40 °C and from 

23 to 29 % at 65 °C. The results indicate that although a considerable portion of β-glucans 

was extractable with water at 40 °C, another population of these polysaccharides was 

extracted once the temperature was raised to 65 °C. CDC Copeland exhibited the lowest 

content of water-extractable β-glucans (combined extractions) among the covered 

genotypes used in this study. CDC Clear exhibited relatively low water-extractability of β-

glucans at 65 °C. The content of total arabinoxylans in barley ranged from 4.76 % in CDC 

Clear to 6.88 % in AC Metcalfe. Since there is a high concentration of arabinoxylans in the 

hulls, it was expected that the hulless genotype, CDC Clear, would contain lower amount of 

arabinoxylans compared to the hulled genotypes. Compared to β-glucans, the water-  
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Table 3.2. Content of Total and Water-Extractable β-Glucans and Arabinoxylans of Malting Barley Varieties 

              
  

    

Barley Variety 
Total β-
glucans  

(% dwb
a
) 

Water-
Extractable     
β-glucans  
at 40 °C  
(% dwb) 

Water-
Extractable     
β-glucans  
at 65 °C  
(% dwb) 

β-glucans  
Extractability 

40 °C  
(%) 

β-glucans  
Extractability 

65 °C  
(%) 

Total AX
b
  

(% dwb) 

Water-
Extractable  
AX at 40 °C  

(% dwb) 

Water-
Extractable 
AX at 65 °C  

(% dwb) 

AX  
Extractability 

40 °C (%) 

AX  
Extractability 

65 °C (%) 

AC Metcalfe 4.48 ± 0.02 1.60 ± 0.03 1.20 ± 0.01 35.8 26.8 6.88 ± 0.24 0.30 ± 0.00 0.07 ± 0.00 4.4 1.0 

CDC Copeland 3.80 ± 0.01 1.25 ± 0.01 0.96 ± 0.01 32.9 25.4 6.70 ± 0.40 0.30 ± 0.00 0.05 ± 0.00 4.5 0.8 

CDC Meredith 4.06 ± 0.07 1.46 ± 0.00 1.19 ± 0.00 36.0 29.3 6.55 ± 0.03 0.31 ± 0.00 0.07 ± 0.00 4.7 1.1 

CDC Kindersley 3.68 ± 0.05 1.37 ± 0.00 1.01 ± 0.00 37.2 27.4 6.37 ± 0.30 0.34 ± 0.00 0.07 ± 0.00 5.3 1.1 

AAC Synergy 4.27 ± 0.07 1.45 ± 0.07 1.15 ± 0.01 34.0 26.9 6.42 ± 0.19 0.30 ± 0.00 0.06 ± 0.00 4.7 0.9 

CDC Clear 4.70 ± 0.13 1.71 ± 0.03 1.10 ± 0.01 36.3 23.4 4.76 ± 0.10 0.33 ± 0.00 0.07 ± 0.00 4.5 1.4 

           adwb: dry weight basis 
bAX: arabinoxylans 
 
N=2 ±  SD  
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extractability of arabinoxylans was very low (Table 3.2). CDC Kindersley exhibited the 

highest extractability of arabinoxylans with water at 40 °C.   

3.4.2 Composition of 40 °C and 65 °C Water-Extractable Fractions and Sub-

Fractions 

Sequential extraction of barley with water at 40 °C followed by extraction at 65 °C yielded 

two water-extractable fractions designated WE40 and WE65, respectively. The WE40 

material was further fractionated by graded precipitation with ammonium sulphate at 35 

and 95 % saturation, resulting in two sub-fractions designated WE40F1 and WE40F2, 

respectively. The WE65 material was fractionated in a similar manner, resulting in two 

sub-fractions designated WE65F1 and WE65F2. The extensive purification and fractionation 

procedures, outlined in Figure 3.1, fairly efficiently eliminated proteins from the WE40F1 

and WE65F1 fractions. The content of proteins in WE40F1 and WE65F1 ranged from 3.5 to 

6.5 %. The content of proteins in the fractions precipitated with ammonium sulphate at 95 

% saturation, WE40F2 and WE65F2, was substantially higher and ranged from 7 to 35 %. 

The content of α-glucans was below 4 % in all fractions.  

The monosaccharide composition of the WE40F1 and WE40F2 fractions for all barley 

genotypes used in this study is presented in Table 3.3. The results indicated that the 

WE40F1 fractions consisted primarily of glucose with much smaller amounts of other 

monosaccharides, such as arabinose, xylose, mannose and galactose. The enzymatic assay 

specific for determination of β-glucans confirmed that the WE40F1 fractions consisted 

primarily of β-glucans (Table 3.4). The arabinoxylan content in WE40F1, deduced from the 

monosaccharide analysis, was very low (< 2.2 %), indicating that precipitation of WE40 

material with ammonium sulphate at 35 % saturation effectively separated β-glucans from 
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other polysaccharides. The WE40F2 fractions, on the other hand, consisted mainly of xylose 

and arabinose with much smaller amounts of glucose. The monosaccharide and enzymatic 

analyses confirmed that the WE40F2 fractions consisted primarily of arabinoxylans with 

much smaller amounts of β-glucans (Table 3.4). Small amounts of mannose (~1.5-3 %) and 

galactose (0.9-1.5 %) might indicate the presence of arabinogalactans, glucomannans 

and/or (galacto)glucomannans in the WE40F2 fractions. However, since the ratios of 

glucose/mannose in glucomannans or arabinose/galactose in arabinogalactans in barley 

are not known, their exact amount cannot be accurately determined from the 

monosaccharide analysis. 

The monosaccharide composition of the WE65F1 and WE65F2 fractions for all barley 

genotypes used in this study is presented in Table 3.5. The monosaccharide analysis 

combined with the enzymatic assay confirmed that the WE65F1 fractions consisted 

primarily of β-glucans with very little arabinoxylans (≤1 %) (Table 3.6). The WE65F2 

fractions contained both polysaccharides, β-glucans and arabinoxylans, but their content 

differed depending on barley genotypes (Table 3.6). The WE65F2 fraction of CDC Clear 

consisted primarily of β-glucans with much smaller amount of arabinoxylans (Table 3.6).  

The WE65F2 fractions of CDC Copeland and AAC Synergy consisted primarily of 

arabinoxylans (Table 3.6). The WE65F2 fractions contained higher amounts of mannose 

than WE40F2 fractions. In general, the water-extractable fractions of CDC Copeland 

contained more mannose than other genotypes.  
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Table 3.3. Monosaccharide Composition of the WE40F1 and WE40F2 Fractions Obtained by Extraction of Barley with Water at 

40 °C and Sequential Precipitation of the Purified Water Extract with Ammonium Sulphate at 35 % (WE40F1) and 95 % 

Saturation (WE40F2). 

 
WE40F1 (mg/100mg) 

 
WE40F2 (mg/100mg) 

Barley Variety Arabinose Xylose Mannose Galactose Glucose 

 

Arabinose Xylose Mannose Galactose Glucose 

AC Metcalfe 0.85 ± 0.01 0.92 ± 0.02 0.22 ± 0.00 0.18 ± 0.03 97.80 ± 0.57 
 

27.73 ± 0.91 40.06 ± 1.16 1.65 ± 0.05 1.53 ± 0.07 20.09 ± 0.68 

CDC Copeland 1.21 ± 0.08 1.30 ± 0.00 0.97 ± 0.10 0.30 ± 0.01 93.52 ± 7.28 
 

21.37 ± 2.51 29.22 ± 3.25 3.00 ± 0.37 1.24 ± 0.13 20.18 ± 2.48 

CDC Meredith 1.14 ± 0.12 1.18 ± 0.04 1.04 ± 0.01 0.14 ± 0.01 81.33 ± 1.08 
 

21.37 ± 1.59 32.60 ± 2.42 2.17 ± 0.15 1.34 ± 0.13 25.96 ± 2.00 

CDC Kindersley 0.99 ± 0.08 1.04 ± 0.06 0.35 ± 0.02 0.13 ± 0.01 85.02 ± 6.92 
 

18.62 ± 0.63 28.72 ± 0.99 1.54 ± 0.04 1.04 ± 0.03 25.25 ± 1.04 

AAC Synergy 0.91 ± 0.01 0.94 ± 0.01 0.13 ± 0.00 0.11 ± 0.01 90.49 ± 2.37 
 

19.99 ± 0.44 28.47 ± 0.46 1.23 ± 0.02 1.05 ± 0.00 26.80 ± 0.32 

CDC Clear 0.80 ± 0.09 0.97 ± 0.08 0.06 ± 0.00 0.14 ± 0.01 84.73 ± 2.94 
 

24.43 ± 0.28 33.62 ± 0.03 2.73 ± 0.03 0.90 ± 0.02 14.68 ± 0.34 

N=2 ±  SD  

 

Table 3.4. Content of β-Glucans and Arabinoxylans in the WE40F1 and WE40F2 Fractions Obtained by Extraction of Barley with 

Water at 40 °C and Sequential Precipitation of the Purified Water Extract with Ammonium Sulphate at 35 % (WE40F1) and 95 

% Saturation (WE40F2). 

 

 
WE40F1 

 
WE40F2 

Barley Variety 
β-glucans % 

dwb 
Arabinoxylans 

% dwb  
β-glucans % 

dwb 
Arabinoxylans 

% dwb 

AC Metcalfe 78.18 ± 1.69 1.60 ± 0.02 
 

11.11 ± 0.01 59.66 ± 1.82 

CDC Copeland 77.97 ± 3.36 2.21 ± 0.06 
 

13.98 ± 0.25 44.52 ± 5.07 

CDC Meredith 78.17 ± 2.15 2.04 ± 0.14 
 

19.47 ± 0.48 47.49 ± 3.53 

CDC Kindersley 81.48 ± 0.59 1.78 ± 0.12 
 

20.91 ± 0.57 41.66 ± 1.43 

AAC Synergy 81.97 ± 2.63 1.63 ± 0.00 
 

17.65 ± 1.65 42.65 ± 0.79 

CDC Clear 79.17 ± 0.89 1.56 ± 0.15 
 

6.63 ± 0.38 51.09 ± 0.28 

N=2 ±  SD
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Table 3.5. Monosaccharide Composition of the WE65F1 and WE65F2 Fractions Obtained by Extraction of Barley with Water at 
65 °C and Sequential Precipitation of the Purified Water Extract with Ammonium Sulphate at 35 % (WE65F1) and 95 % 
Saturation (WE65F2). 
 

 
WE65F1 (mg/100mg) 

 
WE65F2 (mg/100mg) 

Barley Variety Arabinose Xylose Mannose Galactose Glucose 

 

Arabinose Xylose Mannose Galactose Glucose 

AC Metcalfe 0.46 ± 0.02 0.55 ± 0.01 0.17 ± 0.01 0.23 ± 0.00 95.59 ± 1.13 
 

8.97 ± 0.13 13.81 ± 0.07 2.07 ± 0.00 0.97 ± 0.00 42.45 ± 0.02 

CDC Copeland 0.44 ± 0.01 0.46 ± 0.01 0.16 ± 0.01 0.23 ± 0.00 95.12 ± 0.11 
 

9.05 ± 0.78 12.60 ± 1.14 5.15 ± 0.36 1.25 ± 0.08 26.82 ± 1.60 

CDC Meredith 0.50 ± 0.03 0.51 ± 0.02 0.13 ± 0.08 0.28 ± 0.01 79.02 ± 0.00 
 

11.89 ± 1.06 19.35 ± 1.34 3.08 ± 0.26 0.93 ± 0.09 34.93 ± 3.34 

CDC Kindersley 0.50 ± 0.04 0.50 ± 0.02 0.00 ± 0.00 0.20 ± 0.00 93.78 ± 8.58 
 

7.37 ± 1.28 11.74 ± 1.91 2.50 ± 0.43 0.82 ± 0.13 46.09 ± 9.32 

AAC Synergy 0.34 ± 0.01 0.41 ± 0.03 0.10 ± 0.01 0.15 ± 0.01 93.64 ± 4.15 
 

9.00 ± 0.62 13.06 ± 0.92 2.90 ± 0.16 1.26 ± 0.08 30.25 ± 1.11 

CDC Clear 0.53 ± 0.01 0.65 ± 0.03 0.08 ± 0.00 0.18 ± 0.01 98.57 ± 0.89 
 

3.62 ± 0.31 5.27 ± 0.50 1.00 ± 0.09 0.48 ± 0.03 74.75 ± 3.23 

N=2 ±  SD  

 

Table 3.6. Content of β-Glucans and Arabinoxylans in the WE65F1 and WE65F2 Fractions Obtained by Extraction of Barley with 

Water at 65 °C and Sequential Precipitation of the Purified Water Extract with Ammonium Sulphate at 35 % (WE65F1) and 95 

% Saturation (WE65 F2). 

 

 
WE65F1 

 
WE65F2 

Barley Variety 
β-glucans % 

dwb 
Arabinoxylans 

% dwb  
β-glucans % 

dwb 
Arabinoxylans 

% dwb 

AC Metcalfe 74.63 ± 1.43 0.89 ± 0.03 
 

28.25 ± 1.36 20.05 ± 0.18 

CDC Copeland 77.22 ± 1.49 0.80 ± 0.00 
 

7.49 ± 0.17 19.06 ± 1.69 

CDC Meredith 74.79 ± 1.54 0.89 ± 0.00 
 

22.39 ± 0.94 27.49 ± 2.46 

CDC Kindersley 72.36 ± 4.77 0.88 ± 0.05 
 

12.00 ± 0.20 16.81 ± 2.81 

AAC Synergy 75.18 ± 0.93 0.65 ± 0.04 
 

5.97 ± 0.01 19.41 ± 1.36 

CDC Clear 73.62 ± 0.85 1.06 ± 0.04 
 

51.18 ± 4.11 7.83 ± 0.71 

N=2 ±  SD
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3.4.3 Molecular Structure of Water-Extractable β-Glucans in Selected Canadian 

Malting Barley Genotypes 

The molecular features of water-extractable β-glucans, present in all fractions (WE40F1, 

WE40F2, WE65F1, and WE65F2), were determined by the enzymatic hydrolysis of these 

polymers with lichenase, the enzyme that specifically cleaves the β-(1,4) linkage of the 3-O-

substituted glucose unit in the β-glucan chain. The hydrolysis generates mostly 

oligosaccharides with degrees of polymerization (DP) of three and four: 3-O-β-cellobiosyl-

D-glucose (DP3) and 3-O-β-cellotriosyl-D-glucose (DP4), which originate from the 

cellotriose and cellotetraose units in the polymeric chain. Longer cellulose-like fragments 

with DP ≥ 5 are also generated during the enzymatic hydrolysis. DP3 and DP4 fragments 

accounted for the majority of oligomers released by lichenase digestion of β-glucans 

extracted at 40 °C and precipitated with ammonium sulphate at 35 % saturation (WE40F1). 

The molar ratios of DP3/DP4 of β-glucans in WE40F1 ranged from 2.65 to 2.89 indicating 

some differences in the molecular structure of these polysaccharides associated with 

barley genotype. β-Glucans in WE40F1 of CDC Kindersley exhibited the highest ratio of 

DP3/DP4, whereas β-glucans in WE40F1 of CDC Clear the lowest.   

The molar ratios of DP3/DP4 in β-glucans also extracted at 40 °C but requiring a higher 

saturation level of ammonium sulphate to be precipitated from the aqueous extract 

(WE40F2) were, in most cases, slightly lower compared to DP3/DP4 ratio of β-glucans in 

WE40F1. β-Glucans in WE40F2 also contained slightly higher amounts of longer cello-

oligosaccharides (DP5-9) compared to β-glucans in WE40F1. β-Glucans in WE40F2 of CDC 

Kindersley exhibited higher ratio of DP3/DP4 compared to other genotypes (Table 3.7). 
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β-Glucans extracted with water at higher temperature (present in the WE65 fractions), 

following the extraction at 40 °C, generally exhibited higher DP3/DP4 ratios than their 

counterparts in the WE40 fractions (Tables 3.7 and 3.8). β-Glucans in WE65F2 contained 

relatively low amount of DP3 and DP4 fragments and the highest amount of cello-oligomers 

with DP ≥5 (Table 3.8). The linkage composition analysis revealed that β-glucans in WE65F2 

exhibited the highest ratio of β-(1,4)/β-(1,3) linkages, which corroborated with a high 

content of cello-oligosaccharides (DP ≥5) in this fraction (Table 3.8). These results indicate 

that the molecular structure of β-glucans requiring higher temperature for their extraction 

from barley grain differ from their more readily extractable counterparts. Storsley et al. 

(2003) also showed that β-glucans extracted from hulless food barley genotypes at 95 °C 

had higher β-(1,4)/β-(1,3) linkage ratios than their counterparts extracted at 45 °C. The 

authors surmised that the decreased solubility of β-glucans extracted at 95 °C was partly a 

result of longer regions of β-(1,4) linked glucose residues. A higher β-(1,4)/β-(1,3) ratio 

may contribute to increased intermolecular associations of β-glucan chains with each other 

or with other cell wall polysaccharides rendering them more insoluble (Storsley et al., 

2003; Lazaridou et al., 2008). 
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Table 3.7. Molecular Features of β-Glucans in the WE40F1 and WE40F2 Fractions Obtained by Extraction of Barley with Water 

at 40 °C and Sequential Precipitation of the Purified Water Extract with Ammonium Sulphate at 35 % (WE40F1) and 95 % 

Saturation (WE40F2). 

 
WE40F1 

 
WE40F2 

Barley Variety 
DP3/DP4 

(Molar 
Ratio) 

DP3 + 
DP4 

DPa 5-9 DP>10 
β(1-4)/ 
β(1-3) 
Ratio 

 

DP3/DP4 
(Molar 
Ratio) 

DP3 + 
DP4 

DP 5-9 DP>10 
β(1-4)/ 
β(1-3) 
Ratio 

AC Metcalfe 2.71 93.28 6.27 0.45 2.70 
 

2.68 90.57 8.37 1.03 2.51 

CDC Copeland 2.67 91.47 7.91 0.62 2.32 
 

2.64 90.42 8.64 0.89 2.98 

CDC Meredith 2.75 91.34 7.74 0.93 2.61 
 

2.77 89.50 8.85 1.70 2.78 

CDC Kindersley 2.89 91.29 7.98 0.73 2.54 
 

2.89 90.01 8.47 1.56 2.65 

AAC Synergy 2.70 91.59 7.32 1.10 2.50 
 

2.65 90.65 8.53 0.82 2.58 

CDC Clear 2.65 92.19 7.32 0.50 2.85 
 

2.65 89.72 9.28 1.00 2.38 

 

aDP: degree of polymerization 

N=2 ±  SD 
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Table 3.8. Molecular Features of β-Glucans in the WE65F1 and WE65F2 Fractions Obtained by Extraction of Barley with Water 

at 65 °C and Sequential Precipitation of the Purified Water Extract with Ammonium Sulphate at 35 % (WE65F1) and 95 % 

Saturation (WE65F2). 

 

 
WE65F1 

 
WE65F2 

Barley Variety 
DP3/DP4 

(Molar 
Ratio) 

DP3 + 
DP4 

DPa 5-9 DP>10 
β(1-4)/ 
β(1-3) 
Ratio 

 

DP3/DP4 
(Molar 
Ratio) 

DP3 + 
DP4 

DP 5-9 DP>10 
β(1-4)/ 
β(1-3) 
Ratio 

AC Metcalfe 2.73 91.22 7.93 0.86  3.14 
 

2.77 85.73 8.71 5.99 3.63 

CDC Copeland 2.83 91.38 7.87 0.76  2.70 
 

2.68 75.75 14.23 11.42 4.68 

CDC Meredith 2.83 90.63 8.36 1.01 2.66 
 

2.84 86.50 10.78 2.90 3.11 

CDC Kindersley 2.98 91.19 7.86 0.96  2.54 
 

2.90 79.81 9.86 11.30 4.04 

AAC Synergy 2.81 91.22 7.90 0.87  2.76 
 

2.71 72.27 12.36 16.78 3.97 

CDC Clear 2.77 90.04 8.56 1.40  2.32 
 

2.74 87.16 8.98 4.07 2.74 

 
 

           aDP: degree of polymerization 

N=2 ±  SD
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3.4.4 Molecular Structure of Water-Extractable Arabinoxylans in Selected 

Canadian Malting Barley Genotypes 

The degree of branching and mode of substitution in arabinoxylans were investigated by 

monosaccharide and glycosidic linkage analyses. The molecular features of barley 

arabinoxylans sequentially extracted with water at 40 °C and 65 °C and present mostly in 

the WE40F2 and WE65F2 fractions are summarized in Tables 3.9 and 3.10. In general, the 

arabinose to xylose (Ara/Xyl) ratio was lower in WE65F2 than in WE40F2 for all barley 

genotypes. A lower Ara/Xyl ratio in arabinoxylans extracted at 65 °C compared to those 

extracted at 40 oC indicated a lower degree of branching in the former, likely associated 

with their lower extractability. Arabinoxylans in both fractions, WE40F2 and WE65F2, of 

CDC Kindersley, CDC Meredith and AC Metcalfe exhibited slightly lower degree of 

branching compared to other genotypes. The highest degree of branching was observed for 

arabinoxylans in WE40F2 from CDC Clear and CDC Copeland.   

The methylation analysis revealed that most of the Ara residues were linked to Xyl residues 

as single units, as indicated by the presence terminal Araf residues [(Araf) 1]. Only very 

small quantities of [2 (Araf) 1] and [3 (Araf) 1], which indicate the presence of 

short arabinan chains, were detected in arabinoxylans present in the WE40F2 and WE65F2 

fractions. Four structural elements, namely unsubstituted Xylp (U-Xylp), monosubstituted 

Xylp at O-2 (2-Xylp), monosubstituted Xylp at O-3 (2-Xylp), and disubstituted Xylp at O-2,3 

(2,3-Xylp) residues were identified in the structure of arabinoxylans as evidenced by the 

occurrence of [4 (Xylp) 1], [2,4 (Xylp) 1], [3,4 (Xylp) 1] and [2,3,4 (Xylp) 

1] linkages, respectively. Arabinoxylans in WE40F2 of CDC Kindersley and CDC Meredith 

contained substantially more unsubstituted Xylp (U-Xylp), but lower proportions of doubly 



61 
 

(2,3-Xylp) and singly substituted Xylp (2-Xylp and 3-Xylp) residues compared to other 

genotypes (Table 3.9). The higher proportion of unsubstituted Xylp in WE40F2 agrees with 

the lower degree of arabinoxylan substitution in these genotypes. Arabinoxylans in WE40F2 

of CDC Clear and CDC Copeland contained the lowest proportions of U-Xylp and higher 

singly (2-Xylp and 3-Xylp) and doubly substituted Xylp compared to other genotypes (Table 

3.9).  Interestingly, arabinoxylans in WE40F2 of AAC Synergy contained relatively small 

proportion of 2-Xylp compared to other genotypes.  

In general, arabinoxylans in WE65F2 were less substituted than their counterparts in 

WE40F2 and contained higher proportions of U-Xylp, but lower proportions of 2,3-Xylp.  

Interestingly, arabinoxylans in WE65F2 contained higher proportions of singly substituted 

Xylp at O-3 compared to arabinoxylans in WE40F2 (Table 3.9 and 3.10).  Arabinoxylans in 

WE65F2 of CDC Kindersley and CDC Meredith, exhibited the lowest degree of branching and 

contained substantially more unsubstituted Xylp (U-Xylp), but lower proportions of doubly 

(2,3-Xylp) and singly substituted Xylp (2-Xylp and 3-Xylp) compared to other genotypes 

(Table 3.10). Arabinoxylans in WE65F2 of CDC Clear contained the lowest proportions of U-

Xylp and higher singly (2-Xylp and 3-Xylp) and doubly substituted Xylp compared to other 

genotypes (Table 3.10). 

The content of ferulic acid residues was slightly higher in arabinoxylans present in WE40F2 

compared to those in WE65F2 fractions (Table 3.9 and 3.10). Arabinoxylans in WE40F2 of 

CDC Copeland contained more ferulic acid residues compared to other genotypes.  

Arabinoxylans in WE65F2 of CDC Meredith and CDC Kindersley contained slightly lower 

amounts of ferulic acid residues than other genotypes. The presence of ferulic acid residues  
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Table 3.9. Degree of Branching, Proportions (% mol) of Un-, Mono-, and Di-Substituted Xylose Residues, and Concentration of 

Ferulic Acid Residues in Arabinoxylans in WE40F2 Fractions Obtained by Extraction of Barley with Water at 40 °C and 

Precipitation of the Water Extract with Ammonium Sulphate at 95 % Saturation. 

 

WE40F2 

Barley Variety 
Ara/Xyla 

Ratio 
U-Xylpb 2-Xylpc 3-Xylpd 2,3-Xylpe 

Ferulic Acid 
(µg/mg AX) 

AC Metcalfe 0.69 60.9 8.1 12.8 18.2 8.76 ± 0.06 

CDC Copeland 0.73 52.2 10.8 16.1 21.0 10.19 ± 1.08 

CDC Meredith 0.66 71.7 6.3 11.2 10.8 8.67 ± 0.03 

CDC Kindersley 0.65 72.4 5.8 11.7 10.1 9.29 ± 0.04 

AAC Synergy 0.70 64.5 4.2 12.7 18.6 9.45 ± 0.68 

CDC Clear 0.73 53.1 11.9 14.5 20.6 9.27 ± 0.61 

 
aAra/Xyl: arabinose to xylose ratio 
bU-Xylp: unsubstituted Xylp, [4 (Xylp) 1] 
c2-Xylp: singly substituted Xylp, [2,4 (Xylp) 1]  
d3-Xylp: singly substituted Xylp, [3,4 (Xylp) 1] 
e2,3-Xylp: doubly substituted Xylp, [2,3,4 (Xylp) 1] 

 

N=2 ±  SD  
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Table 3.10. Degree of Branching, Proportions (% mol) of Un-, Mono-, and Di-Substituted Xylose Residues, and Concentration of 

Ferulic Acid Residues in Arabinoxylans in WE65F2 Fractions Obtained by Extraction of Barley with Water at 65 °C and 

Precipitation of the Water Extract with Ammonium Sulphate at 95 % Saturation. 

 

WE65F2 

Barley Variety 
Ara/Xyla 

Ratio 
U-Xylpb 2-Xylpc 3-Xylpd 2,3-Xylpe 

Ferulic Acid 
(µg/mg AX) 

AC Metcalfe 0.65 63.6 7.3 13.6 15.5 7.40 ± 0.25 

CDC Copeland 0.72 57.7 7.9 17.0 17.4 7.08 ± 0.36 

CDC Meredith 0.61 75.9 5.4 10.0 8.7 5.99 ± 0.07 

CDC Kindersley 0.63 75.5 5.4 11.3 7.7 5.56 ± 0.06 

AAC Synergy 0.67 65.4 5.9 12.2 16.5 6.77 ± 0.09 

CDC Clear 0.69 56.0 8.8 17.8 17.4 7.41 ± 0.14 

 

aAra/Xyl: arabinose to xylose ratio 
bU-Xylp: unsubstituted Xylp, [4 (Xylp) 1] 
c2-Xylp: singly substituted Xylp, [2,4 (Xylp) 1]  
d3-Xylp: singly substituted Xylp, [3,4 (Xylp) 1] 
e2,3-Xylp: doubly substituted Xylp, [2,3,4 (Xylp) 1] 

N=2 ±  SD 
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in water-extractable arabinoxylans can influence the gelation potential of these 

polysaccharides via formation of covalent cross-linking.   

3.4.5 Molecular Mass of Water-Extractable β-Glucans and Arabinoxylans 

The molecular properties of β-glucans and arabinoxylans present the water-extractable 

fractions were investigated by high performance size exclusion chromatography (HPSEC) 

with refractive index, multi-angle light scattering, and viscosity detectors. The 

polysaccharides contained in the WE40F1 and WE65F1 fractions eluted as broad, somewhat 

asymmetrical, but single peaks (Fig. 3.2 and Fig. 3.3, respectively). Since the WE40F1 and 

WE65F1 fractions consisted mostly of β-glucans with less than 2.2 % and 1 % of 

arabinoxylans, respectively, the molecular properties measured for these fractions were 

assigned predominantly to β-glucans. The weight average molar mass (Mw) and other 

molecular properties of β-glucans in fractions sequentially extracted with water at 40 °C 

(WE40F1) and 65 °C (WE65F1) and precipitated from the aqueous extracts with ammonium 

sulphate at 35 % saturation are summarized in Table 3.11. The average Mw of β-glucans in 

WE40F1 ranged from 432,000 to 1,146,000 g/mol, indicating substantial differences in Mw 

of -glucans among genotypes. The molar mass at the peak (Mp), radius of gyration (Rw), 

and intrinsic viscosity values [η] also differed among genotypes and followed the same 

ranking as Mw. β-Glucans extracted at 40 oC from the hulless genotype CDC Clear exhibited 

substantially higher Mw compared to -glucans in other hulled malting genotypes. The Mw 

of β-glucans extracted at 40 oC from AAC Synergy was the lowest, followed by CDC 

Meredith, and CDC Kindersley. The Mw of β-glucans in the most commonly used malting 

barley cultivars, AC Metcalfe and CDC Copeland was higher than in the newer genotypes.  
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Figure 3.2. High Performance Size Exclusion Chromatography (HPSEC) Profiles of β-Glucans in WE40F1 Fractions Obtained by 

Extraction of Barley with Water at 40 oC and Precipitation of the Water Extract with Ammonium Sulphate at 35 % Saturation. 
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Figure 3.3. High Performance Size Exclusion Chromatography (HPSEC) Profiles of β-Glucans in WE65F1 Fractions Obtained by 

Extraction of Barley with Water at 65 oC and Precipitation of the Water Extract with Ammonium Sulphate at 35 % Saturation. 
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Table 3.11.  Weight Average Molar Mass (Mw) and Other Molecular Properties of β-Glucans 

in Fractions Sequentially Extracted with Water at 40 °C (WE40F1) and 65 °C (WE65F1) and 

Precipitated from the Purified Extracts with Ammonium Sulphate at 35 % Saturation. 

       
Barley Variety 

Mp
a   

(g/mol) 
Mw 

(g/mol) 
Mw/Mn 

Rw                
(nm) 

[η]        
(ml/g) 

α 

       
 WE40F1

 

AC Metcalfe 721,600 870,700 2.20 56.6 736 0.532 

       CDC Copeland 519,900 717,200 1.40 54.9 637 0.536 

       CDC Meredith 467,100 519,000 1.65 42.2 484 0.522 

       CDC Kindersley 567,600 600,400 1.50 55.3 445 0.531 

       AAC Synergy 389,300 432,000 1.43 40.1 465 0.576 

       CDC Clear 829,300 1,146,000 1.36 65.9 891 0.564 

       

 
WE65F1 

AC Metcalfe 1,090,000 1,266,000 1.36 68.1 950 0.507 

       CDC Copeland 869,800 1,077,000 1.35 65.4 851 0.507 

       CDC Meredith 679,000 1,002,000 1.56 47.9 394 0.422 

       CDC Kindersley 900,000 1,309,000 1.71 45.8 418 0.401 

       AAC Synergy 940,000 1,156,000 1.33 64.5 800 0.550 

       CDC Clear 1,294,000 1,553,000 1.24 90.1 1,160 0.520 

 
 

aMeans of triplicate analyses; coefficient of variation was less than 5 %. Mp: molar 

mass peak; Mw: weight average molar mass; Mw/Mn: polydispersity index; Rw: radius 

of gyration; [ƞ]: intrinsic viscosity; α: exponent from Mark-Houwink equation ([η]=k 

Mwα). 
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Figure 3.4. Cumulative Molar Mass Distribution of β-Glucans in WE40F1 Fractions Obtained 

by Extraction of Barley with Water at 40 oC and Precipitation of the Purified Water Extract 

with Ammonium Sulphate at 35 % Saturation. 
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Barley β-glucans are polydispersed polysaccharides as indicated by relatively high values 

of the polydispersity index (Mw/Mn). The cumulative weight distribution (Fig. 3.4) also 

showed a broad distribution of molar masses for β-glucans in WE40F1. For example, the 

molar mass of β-glucans in WE40F1 of CDC Clear ranged from 400,000 to 5 x 106 g/mol. The 

cumulative molar mass distribution also allows for the determination of the weight 

fractions of polymers below or above certain molar mass values. The results showed that 

about 50 % of -glucan molecules in WE40F1 of CDC Clear had molar mass above 1,000,000 

g/mol, whereas 50 % of β-glucans in WE40F1 of AAC Synergy had molar mass above 

300,000 (Fig. 3.4).  

The average Mw of β-glucans that required higher temperature for their extraction 

(WE65F1) ranged from 1 x 106 to 1.5 x 106 g/mol and was much higher compared to the Mw 

of these polysaccharides in WE40F1. The differences in the molar mass distribution 

between -glucans in WE40F1 and WE65F1 for each genotype are depicted in Figure 3.5. The 

differential molar mass distribution (Fig. 3.5) can be used to determine molar mass 

minimums and maximums as well as the molar mass of the most abundant fraction.  The 

substantially higher molar masses observed for -glucans extracted at 65 oC (WE65F1) 

compared to those extracted at 40 oC (WE40F1) likely contributed to the lower 

extractability of the former. Some differences in the average Mw, Mp, Rw, and [η] of -

glucans in WE65F1 were observed among genotypes (Table 3.11). β-Glucans in WE65F1 of 

CDC Clear again exhibited higher Mw compared to -glucans in other genotypes (Table 3.11 

and Fig. 3.6). The polydispersity indices for -glucans in WE65F1 were in most cases slightly 

lower than for -glucans in WE40F1 (Table 3.11). The exponent ‘’ derived from the Mark-
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Houwink equation ([η]=kMw
) was slightly lower for -glucans in WE65F1 compared to 

WE40F1, indicating slightly more extended random coil conformation for the latter.  

The HPSEC elution profiles of the intact WE40F2 and WE65F2 fractions are shown in 

Figures 3.7 and 3.8, respectively. Both fractions demonstrated the presence of at least two 

polymeric species, as indicated by two, although not entirely separated peaks.  The identity 

of each peak was determined by separate digestion of the fractions with lichenase and 

endoxylanase followed by HPSEC. Digestion of the fractions with lichenase eliminated the 

lower molar mass peak eluting between 28 and 36 min, whereas digestion with xylanase 

eliminated the high molar mass peak eluting largely between 22 and 28 min (Fig. 3.7 and 

3.8).  The molecular mass of arabinoxylans was, therefore, determined by hydrolyzing the 

fractions with lichenase, whereas the molecular mass of β-glucans was determined after 

hydrolysis with endoxylanase.    

Tables 3.12 and 3.13 summarize the weight average molar mass (Mw) and other molecular 

properties of arabinoxylans (peak I) and -glucans (peak II) in WE40F2 and WE65F2. The 

results indicated that the average Mw, Mp, and [η] of arabinoxylans were consistently higher 

than those of β-glucans for both fractions. The average Mw of arabinoxylans in WE40F2 

ranged from 632,000 g/mol for CDC Clear to 1.992 x 106 g/mol for AAC Synergy, indicating 

substantial differences in Mw of arabinoxylans among genotypes.  Arabinoxylans in WE40F2 

of CDC Clear exhibited much lower Mw compared to arabinoxylans in other genotypes. The 

average Mw of β-glucans in WE40F2 ranged from 207,000 to 546,000 g/mol and was 

generally lower than the average Mw of -glucans in WE40F1 (432,000 to 1,146,000 g/mol). 
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These results indicate that a high molecular mass contributes to the tendency of -glucans 

to precipitate from water extracts at lower saturation level of ammonium sulphate.   

The average Mw of arabinoxylans that required higher temperature for their extraction 

(WE65F2) ranged from 1.233 x 106 to 5.167 x 106 g/mol and was higher compared to the 

Mw of these polysaccharides in WE40F2 (Tables 3.12 and 3.13). Interestingly, the average 

Mw of arabinoxylans in WE40F2 and WE65F2 of AAC Synergy was the highest among 

genotypes investigated in this study. The exponent ‘α’ was generally lower for -glucans 

than for arabinoxylans in WE40F2 and WE65F2, indicating more extended, semi-flexible 

random coil conformation for arabinoxylans compared to more compact or folded random 

coil for -glucans.   
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Figure 3.5. Differential Molar Mass Distribution of β-Glucans in Fractions Sequentially 

Extracted with Water at 40 °C (WE40F1) and 65 °C (WE65F1) and Precipitated from the 

Purified Extracts with Ammonium Sulphate at 35 % Saturation. 
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Figure 3.6. Cumulative Molar Mass Distribution of β-Glucans in WE65F1 Fractions Obtained 

by Extraction of Barley with Water at 65 oC and Precipitation of the Purified Water Extract 

with Ammonium Sulphate at 35 % Saturation. 
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Figure 3.7. High Performance Size Exclusion Chromatography (HPSEC) Profiles of Intact, 

and Digested with Lichenase or Xylanase, WE40F2 fraction of AC Metcalfe Obtained by 

Extraction of Barley with Water at 40 oC and Sequential Precipitation of the Water Extract 

with Ammonium Sulphate at 95 % Saturation. 
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Figure 3.8. High Performance Size Exclusion Chromatography (HPSEC) Profiles of Intact, 

and Digested with Lichenase or Xylanase, WE65F2 fraction of AC Metcalfe Obtained by 

Extraction of Barley with Water at 65 oC and Sequential Precipitation of the Water Extract 

with Ammonium Sulphate at 95 % Saturation. 
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Table 3.12. Weight Average Molar Mass (Mw) and Other Molecular Properties of β-Glucans and Arabinoxylans in WE40F2 

Fractions Obtained by Extraction of Barley with Water at 40 oC and Sequential Precipitation of the Water Extract with 

Ammonium Sulphate at 95 % Saturation. 

Barley Variety 
Mp

a                  
x10-6  

(g/mol) 

Mw         
x10-6    

(g/mol) 
Mw/Mn 

[η]        
(ml/g) 

α 

  

Mp                  
x10-6  

(g/mol) 

Mw         
x10-6    

(g/mol) 
Mw/Mn 

[η]        
(ml/g) 

α 

WE40F2 
           

 
Peak Ib 

 
Peak IIb 

AC Metcalfe 
              +lichenase 1.341 1.041 1.74 475 0.649 

         +xylanase           
 

0.271 0.310 1.52 141 0.487 

CDC Copeland 
              +lichenase 1.652 1.286 1.68 432 0.643 

         +xylanase           
 

0.270 0.327 1.46 148 0.463 

CDC Meredith 
              +lichenase 1.131 1.260 1.95 370 0.621 

         +xylanase           
 

0.198 0.546 1.24 99 0.540 

CDC Kindersley 
              +lichenase 1.200 1.389 2.20 362 0.450 

         +xylanase           
 

0.260 0.207 1.48 123 0.450 

AAC Synergy 
              +lichenase 1.920 1.992 1.29 426 0.622 

         +xylanase           
 

0.288 0.46 1.5 105 0.478 

CDC Clear 
              +lichenase 0.781 0.632 1.45 479 0.748 

         +xylanase             0.359 0.24 1.21 160 0.600 
aMeans of triplicate analyses; coefficient of variation was less than 5 %. Mp: molar mass peak; Mw: weight average molar mass; Mw/Mn: polydispersity index; [ƞ]: intrinsic 

viscosity; α: exponent from Mark-Houwink equation ([η]=k Mwα). 
bPeak I: refers to species (arabinoxylans) eluting between 22 and 28 minutes, as shown in Fig. 3.7. Peak II refers to species (β-glucans) eluting between 28 and 36 

minutes as shown in Fig. 3.7. 
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Table 3.13. Weight Average Molar Mass (Mw) and Other Molecular Properties of β-Glucans and Arabinoxylans in WE65F2 

Fractions Obtained by Extraction of Barley with Water at 65 oC and Sequential Precipitation of the Water Extract with 

Ammonium Sulphate at 95 % Saturation. 

Barley Variety 
Mp

a                  
x10-6  

(g/mol) 

Mw         
x10-6    

(g/mol) 
Mw/Mn 

[η]        
(ml/g) 

α 

  

Mp                  
x10-6  

(g/mol) 

Mw         
x10-6    

(g/mol) 
Mw/Mn 

[η]        
(ml/g) 

α 

WE65F2 
           

 
Peak I 

 
Peak II 

AC Metcalfe 
              +lichenase 1.512 2.810 1.49 595 0.583 

         +xylanase             0.632 0.365 1.75 223 0.537 

CDC Copeland 
              +lichenase 3.190 3.445 1.47 507 0.774 

         +xylanase             0.831 0.538 1.54 140 0.568 

CDC Meredith 
              +lichenase 1.621 2.112 1.64 298 0.600 

         +xylanase             0.270 0.388 1.51 119 0.550 

CDC Kindersley 
              +lichenase 1.200 1.233 1.65 267 0.620 

         +xylanase             0.516 0.652 1.17 114 0.606 

AAC Synergy 
              +lichenase 2.100 5.167 1.51 556 0.645 

         +xylanase             0.707 0.811 1.10 1.58 0.673 

CDC Clear 
              +lichenase 2.000 3.057 1.15 736 0.766 

         +xylanase 
      

1.074 1.289 1.20 980 0.727 
aMeans of triplicate analyses; coefficient of variation was less than 5 %. Mp: molar mass peak; Mw: weight average molar mass; Mw/Mn: polydispersity index; [ƞ]: intrinsic 

viscosity; α: exponent from Mark-Houwink equation ([η]=k Mwα). 
bPeak I: refers to species (arabinoxylans) eluting between 22 and 28 minutes, as shown in Fig. 3.8. Peak II refers to species (β-glucans) eluting between 28 and 36 

minutes as shown in Fig. 3.8. 
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3.5 Discussion 

The objective of this study was to determine the effects of barley genotype on the content, 

molecular structure, and physicochemical properties of water-extractable β-glucans and 

arabinoxylans in selected malting barley varieties. The results indicated that barley 

genotypes differed not only in the content of β-glucans and arabinoxylans, but also in the 

molecular properties of these non-starch polysaccharides.  

CDC Kindersley exhibited the lowest content of total β-glucans of the five hulled genotypes 

used in this study. The highest content of total β-glucans among the hulled varieties was in 

AC Metcalfe. The content of β-glucans in the hulless genotype, CDC Clear, was higher than in 

the covered cultivars. The content of total arabinoxylans in barley was lowest in CDC Clear 

and highest in AC Metcalfe. Since there is a high concentration of arabinoxylans in the hulls, 

it was expected that the hulless genotype, CDC Clear, would contain lower amount of 

arabinoxylans compared to the hulled genotypes. The water-extractability of β-glucans was 

higher at 40 °C than at 65 °C. The results indicate that although a considerable portion of β-

glucans was extractable with water at 40 °C, another population of these polysaccharides 

was extracted once the temperature was raised to 65 °C. CDC Copeland exhibited the 

lowest overall water-extractable content of β-glucans among the hulled genotypes. CDC 

Clear also exhibited relatively low water-extractability of β-glucans. Compared to β-

glucans, the water-extractability of arabinoxylans was very low.  

The WE40F1 fractions consisted primarily of β-glucans, which was confirmed by 

monosaccharide analysis. The arabinoxylan content in WE40F1, deduced from the 

monosaccharide analysis, was very low, indicating that precipitation of WE40 material with 
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ammonium sulphate at 35 % saturation effectively separated β-glucans from other 

polysaccharides. The WE40F2 fractions consisted primarily of arabinoxylans. The WE65F1 

fractions consisted primarily of β-glucans with very little arabinoxylans. The WE65F2 

fractions contained both polysaccharides, β-glucans and arabinoxylans, but their content 

differed depending on barley genotypes. The WE65F2 fraction of CDC Clear consisted 

primarily of β-glucans with much smaller amount of arabinoxylans, whereas the WE65F2 

fractions of CDC Copeland and AAC Synergy consisted primarily of arabinoxylans.  

DP3 and DP4 fragments accounted for the majority of oligomers released by lichenase 

digestion of β-glucans WE40F1. β-Glucans in WE40F1 of CDC Kindersley exhibited the 

highest ratio of DP3/DP4, whereas β-glucans in WE40F1 of CDC Clear the lowest.  The molar 

ratios of DP3/DP4 in β-glucans in WE40F2 were, in most cases, slightly lower compared to 

DP3/DP4 ratio of β-glucans in WE40F1. β-Glucans in WE40F2 also contained slightly higher 

amounts of longer cello-oligosaccharides (DP5-9) compared to β-glucans in WE40F1. β-

Glucans in WE40F2 generally exhibited higher DP3/DP4 ratios than in WE40F2. β-Glucans in 

WE65F2 contained relatively low amount of DP3 and DP4 fragments and the highest 

amount of cello-oligomers with DP ≥5. The linkage composition analysis revealed that β-

glucans in WE65F2 exhibited the highest ratio of β-(1,4)/β-(1,3) linkages. These results 

indicate that the molecular structure of β-glucans requiring higher temperature for their 

extraction from barley grain differ from their more readily extractable counterparts. 

In general, the arabinose to xylose (Ara/Xyl) ratio in arabinoxylans was lower in WE65F2 

than in WE40F2 for all barley genotypes. A lower Ara/Xyl ratio in WE65F2 compared to 

WE40F2 indicated a lower degree of branching in WE65F2. Arabinoxylans in both fractions, 
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WE40F2 and WE65F2, of CDC Kindersley, CDC Meredith and AC Metcalfe exhibited slightly 

lower degree of branching compared to other genotypes. The highest degree of branching 

was observed for arabinoxylans in WE40F2 from CDC Clear and CDC Copeland. Methylation 

analysis revealed that most of the Araf residues were linked to Xylp residues as single units. 

Arabinoxylans in WE40F2 of CDC Kindersley and CDC Meredith contained substantially 

more unsubstituted Xylp (U-Xylp), but lower proportions of doubly (2,3-Xylp) and singly 

substituted Xylp (2-Xylp and 3-Xylp) residues compared to other genotypes. Arabinoxylans 

in WE40F2 of CDC Clear and CDC Copeland contained the lowest proportions of U-Xylp and 

higher singly (2-Xylp and 3-Xylp) and doubly substituted Xylp compared to other 

genotypes. In general, arabinoxylans in WE65F2 were less substituted than their 

counterparts in WE40F2 and contained higher proportion of U-Xylp, but lower proportions 

of 2,3-Xylp. The average Mw of β-glucans in WE40F1 ranged from 432,000 to 1,146,000 

g/mol, indicating substantial differences in Mw of -glucans among genotypes. The molar 

mass at the peak (Mp), radius of gyration (Rw), and intrinsic viscosity values [η] also 

differed among genotypes. The relatively high values of the polydispersity index (Mw/Mn) 

showed that barley β-glucans are very polydispersed polysaccharides. The average Mw of β-

glucans of WE65F1 ranged from 1 x 106 to 1.5 x 106 g/mol and was much higher compared 

to β-glucans in WE40F1. β-Glucans in WE65F1 of CDC Clear exhibited higher Mw compared to 

-glucans in other genotypes. The polydispersity indices for -glucans in WE65F1 were 

slightly lower overall than for -glucans in WE40F1. The exponent ‘’ derived from the 

Mark-Houwink equation ([η]=kMw
) was slightly lower for -glucans in WE65F1 compared 

to WE40F1, indicating slightly more extended random coil conformation for the latter.  
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Both the WE40F2 and WE65F2 fractions demonstrated the presence of at least two 

polymeric species as indicated by two peaks that were not completely separated. The 

identity of each peak was determined by separate digestion of the fractions with lichenase 

and endoxylanase. The average Mw, Mp, and [η] of arabinoxylans were consistently higher 

than that of β-glucans for both fractions. The average Mw of arabinoxylans in WE40F2 

ranged from 632,000 g/mol for CDC Clear to 1.992 x 106 g/mol for AAC Synergy, indicating 

substantial differences in Mw of arabinoxylans among genotypes.  Arabinoxylans in WE40F2 

of CDC Clear exhibited much lower Mw compared to arabinoxylans in other genotypes. The 

average Mw of arabinoxylans in WE65F2 ranged from 1.233 x 106 to 5.167 x 106 g/mol and 

was higher compared to the Mw of arabinoxylans in WE40F2.  
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4.0    Effects of Variable Grain Hydration during Steeping on the Content and 

Physicochemical Properties of Non-Starch Polysaccharides in Malt and Wort  

4.1 Abstract 

The effects of variable grain hydration during steeping on the content and physicochemical 

properties of β-glucans and arabinoxylans in malt and wort were examined in this study. 

Two Canadian malting barley varieties, CDC Meredith and CDC Kindersley, were steeped 

during malting to six different grain hydration levels ranging from 38.4 to 45.9 %. The 

content of β-glucans in barley of CDC Kindersley was lower than in barley of CDC Meredith, 

and remained lower at each malting phase. The rate and extent of β-glucan hydrolysis were 

significantly higher for the grain hydrated to 45.9 % compared to 38.7 %. Contrary to the 

extensive degradation of β-glucans, arabinoxylans were relatively unaffected by the 

malting process. The malts were mashed according to two different programs, Congress 

mashing and 65 °C isothermal mashing. The concentration of β-glucans in both types of 

wort decreased significantly with increasing grain hydration levels. Similar trends were 

observed for both varieties; however, the concentration of β-glucans in wort of CDC 

Kindersley was significantly lower than in wort of CDC Meredith. Isothermal mashing at 65 

°C resulted in wort with higher concentration of β-glucans than Congress mashing at all 

levels of grain hydration. The concentration of arabinoxylans in wort increased slightly 

with increasing grain hydration levels. The molecular properties of β-glucans and 

arabinoxylans present in wort were characterized after their precipitation with ammonium 

sulphate (85 % saturation). The precipitated material from wort prepared from grain 

hydrated to the lowest level during steeping was dominated by β-glucans, whereas the 

precipitate from wort prepared from malted grain hydrated to the highest level contained 

more arabinoxylans. β-Glucan content in wort precipitates decreased considerably with 
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increasing grain hydration during steeping for both mashing programs and both barley 

varieties. The molar ratio of DP3/DP4 in wort β-glucans increased with increasing grain 

hydration, and was higher for β-glucans in Congress wort compared to β-glucans in 65 °C 

isothermal wort. The arabinose to xylose (Ara/Xyl) ratio and the content of ferulic acid 

residues in wort arabinoxylans generally increased with grain hydration level. The Ara/Xyl 

ratio and ferulic acid content was higher for arabinoxylans in Congress wort than in 65 oC 

isothermal wort. Generally, the average Mw of non-starch polysaccharides (NSP) in 

Congress wort was slightly lower than that of NSP in 65 oC isothermal wort. The Mw of β-

glucans in Congress wort was lower than 65 °C isothermal wort. The average Mw of wort 

arabinoxylans was higher than that of β-glucans. 

4.2 Introduction  

Malting is a natural, value adding process whereby barley is germinated and then dried 

under controlled conditions to yield a stable product called malt (Briggs et al., 1981). 

Barley malt has been used primarily for the production of beer and, to a lesser extent, as an 

ingredient in certain food products. Recently, interest in malting as a means to enhance 

nutritional properties of cereal grains has increased (Rimsten et al., 2002; Hubner et al., 

2010; Teixeira et al., 2016). Malting involves complex biochemical processes. Traditionally, 

the main purpose of malting is to render the barley kernel more soluble in hot water and 

susceptible to fermentation by yeast during brewing. Technologically, malting is divided 

into three stages, namely steeping, germination, and kilning, but the biochemical processes 

are interconnected and often not confined to a single stage (Briggs et al., 1981). Hydration 

of barley grain is an essential step in the malting process, and is accomplished during 

steeping by applying appropriate regimes of repeated submersion of grain in water 
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followed by air rest. The role of steeping is to provide adequate moisture and oxygen to the 

grain to initiate germination. Germination involves the production and release of 

hormones, synthesis of various hydrolytic enzymes for breakdown of the endosperm cell 

walls and protein matrix, and the formation of hydrolytic enzymes to carry out degradation 

of starch granules in the subsequent stages of the brewing process (Eskin, 1990). 

Inadequate grain hydration is known to have detrimental effects on the overall malt 

quality, and is responsible for incomplete cell wall degradation during malting (Palmer, 

2006). Intact cell walls constitute an effective barrier to the movement of hydrolytic 

enzymes in the endosperm of barley during malting, causing low extract yields (Brown and 

Morris, 1890; Bamforth, 1982). β-Glucans and arabinoxylans are the most important non-

starch polysaccharides in barley with -glucans being predominant (75 %) in the 

endosperm cell walls (Fincher, 1975), while arabinoxylans constitute the majority (70 %) 

of the aleurone cell walls (Bacic and Stone, 1981). Inadequate hydrolysis of -glucans 

during malting elevates their levels in wort and beer (Palmer, 2006). High levels of -

glucans have been associated with various processing problems, including slow wort and 

beer filtration, development of beer haze, and formation of gels and precipitates (Bamforth, 

1982, 1994; Wang et al., 2004). β-Glucans suspended in beer can aggregate or form 

gelatinous particles that clog membrane filters; they may also produce haze or precipitate 

in beer (Bamforth, 1994; Speers et al., 2003). Extensive degradation of β-glucans is 

therefore, a prerequisite for successful beer production. However, changes affecting 

arabinoxylans during malting appear to be more complex and still not fully understood. 

The presence of arabinoxylans in wort or beer is of concern because of specific molecular 

properties of these polysaccharides that predispose them for forming viscous solutions or 
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even gels (Kanauchi et al., 2011; Egi et al., 2004; Debyser et al., 1998). Arabinoxylans are 

more resistant to degradation during malting (Viëtor et. al., 1991), and their content in 

commercial beers (514-4211 mg/L) can be several times higher than that of β-glucan (0.3-

248 mg/L) (Schwarz and Han, 1995). In contrast to β-glucans, whose hydrolysis is achieved 

by the action of two major hydrolyzing enzymes, endo-(1,3;1,4)--glucanase and exo--

glucanase, arabinoxylans require synergistic action of several different hydrolyses for their 

complete hydrolysis. The main enzymes involved in hydrolytic breakdown of these 

polysaccharides include endo-(1,4)--xylanase, -xylopyranosidase, -

arabinofuranosidase, and ferulic acid esterase (Fincher and Stone, 1993).  

While the ultimate goal of malting is to generate malt with quality compatible with beer 

production, there is an interest in modifying the malting processes in view of 

environmental concerns and potential economic benefits (Runavot et al., 2011; Muller et 

al., 2014; Muller and Methner, 2015). Steeping at lower hydration level may offer economic 

benefits not only by reducing the energy necessary for kilning, but also by reducing the 

water consumption and effluent generated (Runavot et al., 2011). While interest in using 

less water during malting is attractive; the understanding of the impact of low grain 

hydration on solubilization, hydrolysis or the molecular structure of -glucans and 

arabinoxylans remaining in malt and wort is still relatively limited (Bryce et al., 2010).  

The present work is part of a broader investigation into details of the molecular structure 

of non-starch polysaccharides (NSP) in barley and into their fate during malting and 

mashing. The objectives of this research were to determine the impact of different grain 

hydration levels during steeping on the content and molecular properties of β-glucans and 
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arabinoxylans in malt and wort. The influence of different barley genotypes and mashing 

conditions on the extent of NSP modification in malt and wort were also investigated.  

4.3 Materials and Methods  

4.3.1 Barley Samples 

Two malting barley varieties, CDC Meredith and CDC Kindersley, used in this study were 

grown in Saskatchewan and provided by the Cereal Research Centre at the University of 

Saskatchewan. 

4.3.2 Malting  

 

CDC Meredith and CDC Kindersley were steeped to six different grain hydration levels. This 

was achieved by immersing grain in water at 13 °C, followed by lifting the grain and air 

rest. The wet and dry cycles were repeated. The duration of the wet and dry cycles ranged 

from 5 to 8 hours and 12 to 17 hours respectively, for a total steep time of 41 to 44 hours. 

Grain hydration was determined by weighing the samples after steeping. All samples were 

germinated and kilned in the same manner in a micromalting system (Phoenix Biosystems, 

Australia). Germination continued for 96 hours at 15 °C. Kilning consisted of heating the 

green malts for 12 hours at 60 °C, followed by 6 hours at 65 °C, 2 hours at 75 °C, and ending 

with 4 hours at 85 °C. Subsamples of 30.0 g were taken during the malting process at the 

following intervals: end of steeping, after 24h, 48h, 72h, and 96h of germination, and after 

kilning. Subsamples were freeze-dried and ground on Retsch mill with a 0.5 mm screen.  

 

4.3.3 Mashing 

Malt samples (50.0 g) were ground on fine setting with a Buhler laboratory mill (ASBC Malt 

4, 2011) and mixed with distilled water in an automated mash bath equipped with 



87 
 

continuous stirring. Malt samples were mashed using two different mash programs; 

Congress mash and an isothermal 65 °C mash. Congress mashing involved mixing the 

ground malt with distilled water at 45 °C for 25 minutes, then increasing the temperature 

by 1 °C per minute for 30 minutes, and ending at 70 °C for one hour. The total mashing time 

was 115 minutes (ASBC Malt 4, 2011). Isothermal mashing involved mixing the ground 

malt with distilled water for 1 hour at 65 °C.  The total volume of water added for both 

mash programs was 400 mL. Water was added after mashing to correct for evaporation 

(total sample and water weight equaled 450.0 g). The wort was separated from the grist by 

filtering through pleated filter paper (Whatman 802) at room temperature.  

Wort samples were precipitated with ammonium sulfate at 85 % saturation.  The samples 

were left overnight at 5 °C after the addition of salt. The saturated wort was centrifuged at 

10000 rpm for 20 minutes at 10 °C. The supernatant was filtered and the pellet re-

suspended in water, heated, and dialyzed (Spectra Por Dialysis Membrane MWCO 3500 

diameter 29 mm), and freeze-dried. The freeze-dried precipitates were weighed and the 

precipitate yields from the original wort were expressed in milligrams per litre of wort. 

4.3.4 Analytical Methods 

The content of β-glucan in grain was determined using the Mixed-Linkage (1,3;1,4)-β-

Glucan kit (Megazyme International, Ireland; McCleary and Nurthen, 1986). The content of 

β-glucan in wort was determined by measuring increased fluorescence from calcofluor 

binding with β-glucan polymers by segmented flow analysis (Skalar, Netherlands) (ASBC 

Wort 18B, 2011). The content of arabinoxylans in grain was determined by hydrolyzing the 

polysaccharides to monosaccharides (1M H2SO4, 100 °C, 2h), followed by reduction and 
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acetylation of the monosaccharides to alditol acetates and analysis by GC-FID (SP2380 

column 30m 0.25mm ID, hydrogen carrier gas, allose internal standard, injector 270 °C, 

detector 270 °C)  (Izydorczyk et al., 2014). The water-soluble β-glucans and arabinoxylans 

were extracted from germinated grain and malt after inactivation of endogenous enzymes 

(refluxed in 75 % ethanol) with water at 40 oC for 2h. β-Glucanase activity in germinating 

grain was measured according to the Megazyme Assay of endo-β-glucanases using β-

glucazyme Tablets (McCleary, 1986). Endo-xylanase activity was determined according to 

the Megazyme Endo-1,4-β-D-xylanase activity using Xylazyme AX Tablets Assay Procedure 

(McCleary, 1992). 

Malt analysis was performed according to the procedures outlined in the ASBC Methods.  

Malt samples were analyzed for moisture content (ASBC Malt 3, 1958) and friability with a 

Pfeuffer friabilimeter (ASBC Malt 12, 2011). Wort viscosity was determined with an Anton 

Paar Lovis ME rolling-ball viscometer (ASBC Wort 13B, 2013). Wort free amino nitrogen 

concentration was determined by segmented flow analysis (ASBC Wort 12, 2011). Protein 

in unhopped wort (soluble protein) was determined by spectrophotometer (ASBC Wort 17, 

2010). Malt protein content was measured by nitrogen combustion with a LECO protein 

analyzer (AACC 46-30.01, 1999). Wort filterability was determined by the small-scale wort 

rapid filtration test (SWIFT) (Stewart et al., 2000). SWIFT filterability is the maximum wort 

volume passed through a 0.45 µm nylon membrane with a downward displacement 

pressure from a 10 mL syringe. SWIFT filterability is expressed as grams of filtrate per 3 

minutes. 
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The fine molecular structure of β-glucans in wort precipitates was determined by analysis 

of oligomers, after enzymatic degradation with endo-(1,3-1,4)-β-D-glucanase (lichenase). 

Samples were dissolved in sodium phosphate buffer (20 mM pH 6.5) and digested with 2 

U/mg of lichenase (Bacillus subtilis, EC 3.2.1.73, Megazyme) at 40 °C. After the lichenase 

was inactivated, samples were filtered with 0.2 µm syringe discs.  Oligomers of β-glucan 

were analyzed by high-performance anion exchange chromatography with pulsed 

amperometric detection (HPAEC-PAD, PA1 column 4x250 mm, PA1 guard column, gold 

electrode) (Izydorczyk et al., 1998). 

Total phenolic and ferulic acid content was determined in wort precipitates.  Samples were 

saponified with 2N NaOH, acidified with 6N HCl, and extracted with ethyl acetate/diethyl 

ether (1:1). The organic phase was removed, dried, and reconstituted with 50 % methanol. 

Total phenolic and ferulic acid content was then determined by reverse phase HPLC 

(Kinetex 2.6µ C18 100A column, PDA detector, Dionex ICS 5000 system) (Hernanz et al., 

2001). 

4.3.5 Determination of Molar Mass and Other Molecular Properties of NSP 

 

Non-starch polysaccharides precipitated from wort samples were fractionated by high-

performance size-exclusion chromatography (HPSEC, Waters Alliance 2695, Milford, MA) 

and characterized by online refractive index (Optilab TrEX RI), multiangle laser light-

scattering (Dawn Heleos II), and viscosity (Viscostar II) detectors (Wyatt Technology, Santa 

Barbara, CA). The HPSEC system was comprised of a guard column (SB-G) and two OH-

packed columns (SB 804 HQ, SB 806M HQ; Shodex Denko K.K., Tokyo, Japan). Samples were 

dissolved in buffer (0.075 M sodium nitrate 0.02 % sodium azide) at 80 °C and filtered 
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through 1.0μm GF/B glass fiber syringe filters (13 mm, Whatman Inc., Clifton, NJ). Solutions 

(1-2 mg/ml) were injected and eluted with a flow rate of 0.5 ml/min with 0.075 M sodium 

nitrate containing 0.02% NaN3 at 30 oC. The determination of the average molar mass (Mw), 

intrinsic viscosity [η], polydispersity (Mw/Mn), radius of gyration (Rw), Mark-Houwink 

parameter (α) was performed using Astra software 6 (Wyatt Technology, Santa Barbara, 

CA) with a dn/dc value of 0.145 or 0.146 for β-glucans and arabinoxylans, respectively. The 

analyses were conducted in triplicate.  

4.3.6 Statistical Analysis  

 

Statistical analysis was performed using SAS Enterprise Guide version 7.13.  

 

4.4 Results  

4.4.1 Effects of Variable Grain Hydration on the Content of Non-Starch 

Polysaccharides (NSP) during Malting 

Two Canadian malting barley varieties, CDC Meredith and CDC Kindersley, were hydrated 

to six different levels ranging from 38 to 46 % by modifying the immersion and aeration 

periods during steeping. All samples were subsequently germinated and kilned in the same 

manner. The effects of the lowest and highest grain hydration levels on the content of total 

β-glucans during the consecutive malting stages are shown in Figure 4.1. The concentration 

of β-glucans decreased from 4.13 % in barley of CDC Meredith to 1.73 and 0.42 % in kilned 

malt for grain hydrated to the lowest (38.7 %) and highest (45.9 %) levels, respectively 

(Fig. 4.1a). The rate and extent of β-glucan hydrolysis were significantly higher for the 

grain hydrated to 45.9 % compared to 38.7 % (Fig. 4.1a). Some hydrolysis of β-glucans was 

observed after the steeping phase, but the majority occurred by the end of the third day of 

germination. The greatest extent of -glucans hydrolysis, reflected in a large decrease of 
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their content in the germinating grain, occurred during the first two days of germination, 

which also paralleled the rapid development of β-endoglucanase activity (Fig. 4.1a). -D-

endoglucanase activity was generally higher in grain samples hydrated to a higher level, 

although the differences were not statistically significant at each stage of the malting 

process. Generally, similar trends were observed for CDC Kindersley (Fig. 4.1b). The 

content of β-glucans in CDC Kindersley (3.71 %) was lower than in CDC Meredith (4.13 %) 

and remained lower at each malting phase (Fig. 4.1a and b). β-D-endoglucanase activity 

was higher in CDC Kindersley than in CDC Meredith at the corresponding phases of the 

malting process.    

The concentration of water-extractable β-glucans in both varieties also decreased during 

malting indicating that β-glucans were simultaneously solubilized and hydrolyzed during 

malting (Fig. 4.2).  

The content of residual (non-hydrolyzed) β-glucans in kilned malt progressively decreased 

with increasing grain hydration during steeping (Table 4.1). For CDC Meredith, the extent 

of β-glucan hydrolysis ranged from 58.1 to 89.8 % when the hydration level during 

steeping increased from 38.7 to 45.9 %. For CDC Kindersley, the extent of β-glucan 

hydrolysis ranged from 62.5 to 97.0 % when the hydration level during steeping increased 

from 38.4 to 45.7 %. These results demonstrate the vast impact of grain hydration level 

during steeping on the extent of hydrolysis of β-glucans during malting.  

Contrary to the extensive degradation of β-glucans, arabinoxylans were relatively 

unaffected by the malting process (Fig. 4.3). When reported on a dry grain basis, their 

content at various malting stages appeared to be slightly higher than in the original grain.  
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Compared to other grain constituents, such as β-glucans, starch and proteins, 

arabinoxylans appear not to be utilized by the germinating grain, resulting in their higher 

concentration, especially in the well-modified malt. The content of arabinoxylans at various 

stages of malting was higher for the grain hydrated to a higher level during steeping (Fig. 

4.3). Endoxylanase activity was minimal at low levels at steep, and for the first two days of 

germination and rose between the second and fourth days of germination (Fig. 4.3). A 

higher level of grain hydration during steeping augmented the development of 

endoxylanase activity, especially in CDC Meredith (Fig. 4.3). 

The increased activity of endo-xylanase observed in this study did not seem to contribute 

to any substantial hydrolysis of arabinoxylans during malting. It is known that the 

degradation of arabinoxylans requires synergistic action of several distinct classes of 

enzymes (Fincher and Stone, 1993). These enzymes are likely to be targets for various 

inhibitors, which can hinder degradation of these cell wall polysaccharides (Andriotis et al., 

2016).
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Figure 4.1. Effects of Low (~38 %) and High (~46 %) Grain Hydration Levels during Steeping on the Content of β-Glucans (BG)  

and β-Glucanase Activity in Grain during Various Stages of the Malting Process of CDC Meredith (a) and CDC Kindersley (b).  

G1, G2, G3, and G4 Indicate 1st, 2nd, 3rd, and 4th Day of Germination, Respectively. Malt Refers to Kilned Malt. 

 

N=2 ±  SD 
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Another factor contributing to a very limited hydrolysis of arabinoxylans during 

germination could be a restricted access of hydrolytic enzymes to these polysaccharides. 

Compared to -glucans, arabinoxylans present in the cell walls of barley grain are relatively 

water-insoluble. Multiple reasons contribute to their low water-solubility (extractability), 

including specific molecular features that make them prone to both covalent and non-

covalent interactions among themselves or with other cell wall constituents (Izydorczyk, 

2014). The differences in water solubility between -glucans and arabinoxylans are also 

likely associated with different functions of these polysaccharides in the cell walls. It has 

been proposed that -glucans form a thick hydrogel that either coats the surfaces of and/or 

acts as filler among other insoluble cell wall constituents, including arabinoxylans (Kiemle 

et al., 2014). It has also been postulated that a primary metabolic role of -glucans is to act 

as a source of glucose for the growing embryo following germination, whereas 

arabinoxylans may have an important structural function.  

Interestingly, the concentration of water-soluble arabinoxylans increased during the 

malting process, and their solubilization corresponded with the rising activity of endo-

xylanase (Fig. 4.4). The extent of arabinoxylan solubilization for CDC Meredith was higher 

for the grain hydrated to 45.9 % compared to 38.7 % (Fig. 4.4a). Similar trends were 

observed for CDC Kindersley (Fig. 4.4b). In kilned malt, the concentration of water-

extractable arabinoxylans increased with increasing grain hydration levels (Table 4.1). 

These results indicate that higher moisture levels in grain after steeping support partial 

solubilization of arabinoxylan polysaccharides from cell walls, but not their extensive 

hydrolysis during the subsequent malting phases.   
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Figure 4.2. Effects of Grain Hydration during Steeping on Content of Soluble β-Glucans of CDC Meredith (a) and CDC Kindersley 

(b) in the Malting Process. Malting Stages: Raw Barley, End of Steeping (Steeped Grain), 1 day of Germination (G1), 2 days 

(G2), 3 Days (G3), 4 Days (G4), and Malt. 

 

N=2 ±  SD 
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Table 4.1. Effects of Variable Grain Hydration Levels during Steeping on the Content of β-

Glucans and Arabinoxylans in Kilned Malt. 

              

Barley Variety 

Grain 
Hydration  

during 
Steeping       
(% mc) 

Malt Total 
β-Glucans              
(% dwb) 

Extent of β-
glucan 

Hydrolysis 
during 

Malting (%) 

Malt 
Water-
Soluble 

β-Glucans                 
(% dwb) 

Malt Total 
Arabinoxylans 

(% dwb) 

Malt Water-
Soluble 

Arabinoxylans 
(% dwb) 

CDC Meredith 38.7 1.73 ± 0.03 58.1 0.53 ± 0.01 6.29 ± 0.07 0.25 ± 0.00 

 
39.2 1.59 ± 0.04 61.5 0.49 ± 0.01 6.87 ± 0.08 0.29 ± 0.00 

 
40.2 1.41 ± 0.02 65.9 0.43 ± 0.01 6.46 ± 0.15 0.26 ± 0.00 

 
41.3 0.98 ± 0.05 76.3 0.27 ± 0.02 6.79 ± 0.27 0.31 ± 0.00 

 
44.4 0.45 ± 0.00 89.1 0.14 ± 0.00 6.63 ± 0.01 0.26 ± 0.00 

 
45.9 0.42 ± 0.03 89.8 0.13 ± 0.00 7.34 ± 0.06 0.36 ± 0.00 

       
CDC Kindersley 38.4 1.39 ± 0.05 62.5 0.43 ± 0.01 5.82 ± 0.26 0.28 ± 0.01 

 
39.3 1.14 ± 0.03 69.3 0.36 ± 0.00 6.24 ± 0.03 0.28 ± 0.00 

 
39.9 0.88 ± 0.00 76.3 0.27 ± 0.00 5.85 ± 0.40 0.29 ± 0.00 

 
41.4 0.55 ± 0.03 85.2 0.18 ± 0.01 6.67 ± 0.16 0.29 ± 0.00 

 
44.2 0.22 ± 0.01 94.1 0.07 ± 0.00 6.38 ± 0.40 0.32 ± 0.00 

 
45.7 0.11 ± 0.00 97.0 0.06 ± 0.02 7.12 ± 0.11 0.30 ± 0.00 

N=2 ±  SD 
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Figure 4.3. Effects of Grain Hydration during Steeping on Arabinoxylans Content and Xylanase Activity of CDC Meredith (a) and 

CDC Kindersley (b) in the Malting Process. Malting Stages: Raw Barley, End of Steeping (Steeped Grain), 1 Day of Germination 

(G1), 2 Days (G2), 3 Days (G3), 4 Days (G4), and Malt. 

 

 

N=2 ±  SD 
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Figure 4.4. Effects of Grain Hydration during Steeping on Content of Soluble Arabinoxylans of CDC Meredith (a) and CDC 

Kindersley (b) in the Malting Process. Malting Stages: Raw Barley, End of Steeping (Steeped Grain), 1 Day of Germination (G1), 

2 Days (G2), 3 Days (G3), 4 Days (G4), and Malt. 

 

N=2 ±  SD 
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4.4.2 Effects of Grain Hydration on the Content of NSP in Wort Prepared by 

Different Mashing Programs 

The malt samples obtained from grain hydrated to various degrees were mashed according 

to two different programs. Congress mashing involves stepwise solubilization and 

conversion of malt to fermentable sugars over a period of 2 hours (with grist to water ratio 

of 1:8). The stepwise temperature increase from 45 °C to 70 °C during this program allows 

various hydrolytic enzymes to work in their optimum temperature range. In contrast, the 

isothermal mashing program involves solubilization and conversion of malt for 1 hour at 

one specific temperature (65 oC). The isothermal mashing process, commonly used by the 

brewing industry, effectively converts starch to fermentable sugars, but may contribute to 

excess non-starch polysaccharides in the wort, especially for lower quality malt.  

The quality parameters of malt and wort samples are reported in Tables 4.2 and 4.3. The 

grain hydration levels substantially affected the malting quality attributes. Malt 

modification, as indicated by malt friability, increased with increasing grain hydration 

levels for both CDC Meredith and CDC Kindersley (Table 4.2). The concentration of wort 

proteins and hydrolytic enzymes increased with increasing grain hydration levels in both 

types of wort (Tables 4.2 and 4.3). The viscosity of wort progressively decreased with 

increasing grain hydration levels (Table 4.2 and 4.3). Viscosity was greater for worts 

prepared by 65 °C isothermal mashing than in worts prepared by Congress mashing. The 

viscosity of CDC Meredith wort was improved with increasing grain hydration to a greater 

extent than the viscosity of CDC Kindersley wort, for both mashing processes. Wort 

filterability also improved as grain hydration levels increased (Table 4.2 and 4.3).   
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Table 4.2. Effects of Variable Grain Hydration Levels during Steeping on the Malting Quality 

Parameters of Malt and Wort Prepared by Congress Mashing. 

Barley Variety 

Grain 
Hydration 

During 
Steeping 
(% mc) 

Malt 
Friability 

(%) 

Wort 
Soluble 

Protein (%) 

Wort FANa 
(mg/L) 

Wort 
Viscosity 

(cP) 

Wort 
Filterability                          
(g/3 min) 

CDC Meredith 38.7 31.1 ± 0.7 3.77 ± 0.00 164 ± 0.00 1.84 ± 0.02 5.48 ± 0.12 

 39.2 50.2 ± 0.4 3.48 ± 0.01 151 ± 2.12 1.72 ± 0.01 6.26 ± 0.10 

 40.2 42.6 ± 0.2 4.28 ± 0.00 186 ± 0.00 1.69 ± 0.01 5.85 ± 0.34 

 41.3 64.0 ± 1.0 3.88 ± 0.07 183 ± 3.54 1.57 ± 0.02 7.04 ± 0.76 

 44.4 69.7 ± 0.8 4.93 ± 0.00 231 ± 0.00 1.51 ± 0.01 7.67 ± 0.05 

 45.9 86.6 ± 0.6 4.76 ± 0.14 239 ± 7.07 1.43 ± 0.01 8.80 ± 0.50 

   
  

  

CDC Kindersley 38.4 28.3 ± 0.1 3.97 ± 0.00 169 ± 0.00 1.64 ± 0.00 6.55 ± 0.32 

 39.3 50.1 ± 0.2 3.69 ± 0.02 160 ± 1.41 1.60 ± 0.01 8.00 ± 0.66 

 39.9 38.9 ± 1.7 4.34 ± 0.00 189 ± 0.00 1.54 ± 0.01 6.58 ± 0.16 

 41.4 63.7 ± 1.1 4.20 ± 0.14 190 ± 4.95 1.46 ± 0.03 9.00 ± 0.32 

 44.2 60.7 ± 1.6 5.43 ± 0.00 235 ± 0.00 1.45 ± 0.00 8.68 ± 0.03 

  45.7 79.5 ± 0.6 5.29 ± 0.13 242 ± 8.49 1.42 ± 0.00 9.04 ± 0.33 
aFAN:  free amino nitrogen 

N=2 ±  SD 
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Table 4.3. Effects of Variable Grain Hydration during Steeping on the Quality Parameters of 

Malt and Wort Prepared by Isothermal (65 °C) Mashing. 

Barley Variety 

Grain 
Hydration 

During 
Steeping 
(% mc) 

Malt 
Friability 

(%) 

Wort 
Soluble 

Protein (%) 

Wort FANa  
(mg/L) 

Wort 
Viscosity 

(cP) 

Wort 
Filterability                          
(g/3 min) 

CDC Meredith 38.7 31.1 ± 0.7 3.26 ± 0.11 144 ± 2.12 3.48 ± 0.12 3.55 ± 0.08 

 39.2 50.2 ± 0.4 2.85 ± 0.13 133 ± 7.78 2.52 ± 0.01 2.53 ± 0.17 

 40.2 42.6 ± 0.2 3.70 ± 0.04 161 ± 1.41 2.60 ± 0.05 3.37 ± 0.53 

 41.3 64.0 ± 1.0 3.20 ± 0.11 159 ± 4.95 1.96 ± 0.05 4.41 ± 0.81 

 44.4 69.7 ± 0.8 4.64 ± 0.13 201 ± 4.24 1.72 ± 0.02 4.90 ± 0.05 

 45.9 86.6 ± 0.6 4.05 ± 0.06 194 ± 0.71 1.50 ± 0.01 8.26 ± 0.62 

   
  

  

CDC Kindersley 38.4 28.3 ± 0.1 3.42 ± 0.05 147 ± 0.00 2.39 ± 0.04 4.66 ± 0.06 

 39.3 50.1 ± 0.2 2.99 ± 0.06 143 ± 6.36 2.03 ± 0.05 5.90 ± 0.27 

 39.9 38.9 ± 1.7 3.94 ± 0.10 165 ± 0.71 1.94 ± 0.00 5.46 ± 0.14 

 41.4 63.7 ± 1.1 3.53 ± 0.06 173 ± 4.95 1.61 ± 0.00 7.88 ± 0.20 

 44.2 60.7 ± 1.6 4.93 ± 0.04 202 ± 0.71 1.55 ± 0.00 7.02 ± 0.21 

  45.7 79.5 ± 0.6 4.32 ± 0.02 204 ± 5.66 1.46 ± 0.00 8.40 ± 0.01 

aFAN:  free amino nitrogen 
N=2 ±  SD 

The effects of variable grain hydration levels during steeping on the content of NSP in wort 

prepared by Congress and 65 oC isothermal mashing are presented in Figures 4.5 and 4.6. 

The concentration of β-glucans in both types of wort decreased significantly with 

increasing grain hydration levels. Similar trends were observed for both varieties; 

however, the concentration of -glucans in wort of CDC Kindersley (Fig. 4.6) was 

significantly lower than in wort of CDC Meredith (Fig. 4.5). These results indicate that 

genetic factors play an important role in determining the concentration of un-hydrolyzed 

β-glucans in wort. They also suggest that usage of lower hydration levels during steeping 

may be possible with selected genotypes. Isothermal mashing at 65 °C resulted in wort 

with higher concentration of β-glucans than Congress mashing at all levels of grain 
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hydration. These differences are likely due to lower and limited activity of β-glucanase and 

other hydrolytic enzymes at elevated temperature (65 oC) of the isothermal program.  

These results confirm previous findings that lower temperatures (45-55 oC) during the 

initial stages of mashing support the activity of hydrolytic enzymes and favours intense 

degradation of the cell wall component, especially of -glucans (Palmer and Agu, 1999).  

Interestingly, the concentration of arabinoxylans in wort samples increased slightly with 

increasing grain hydration levels and was inversely proportional to the concentration of β-

glucans in wort (Fig. 4.5 and 4.6; Table 4.4). Congress mashing resulted in wort with a 

higher concentration of arabinoxylans than isothermal mashing at 65 °C at all levels of 

grain hydration. It appears, therefore, that the conditions during the Congress mashing 

program effectively prolong the action of various hydrolytic enzymes and thus enhance 

solubilization of arabinoxylans into wort. The concentration of arabinoxylans in wort of 

CDC Kindersley was higher than in wort of CDC Meredith, except at the two highest grain 

hydration levels for which the trend was reversed.  
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Figure 4.5. Effects of Increasing Grain Hydration Levels during Steeping on the Content of 

β-Glucans (BG) and Arabinoxylans (AX) in Wort Prepared by Congress Mashing and 65 °C 

Isothermal Mashing for CDC Meredith. 

 

* means of Congress wort and 65 °C isothermal wort are significantly different (p <0.05)  



104 
 

Figure 4.6. Effects of Increasing Grain Hydration Levels during Steeping on the Content of 

β-Glucans (BG) and Arabinoxylans (AX) in Wort Prepared by Congress Mashing and 65 °C 

Isothermal Mashing for CDC Kindersley. 

 

* means of Congress wort and 65 °C isothermal wort are significantly different (p <0.05)  
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Table 4.4. Effects of Grain Hydration Levels during Steeping on the Concentration of β-

Glucans and Arabinoxylans in Worts of CDC Meredith and CDC Kindersley Prepared by 

Congress and 65°C Isothermal Mashing.   

  Congress Wort 

 
CDC Meredith CDC Kindersley 

Grain hydration 
during Steeping 

(% mc) 

β-Glucans 
(mg/L) 

Arabinoxylans 
(mg/L) 

β-Glucans 
(mg/L) 

Arabinoxylans 
(mg/L) 

38.7 1412 ± 175a 890 ± 0c 962 ± 3b 960 ± 14c 

39.2 1099 ± 45a 930 ± 0c 677 ± 12b 915 ± 35c 

40.2 977 ± 75a 955 ± 7c 532 ± 5a 985 ± 7c 

41.3 606 ± 30a 985 ± 7c 243 ± 23b 1005 ± 35c 

44.4 244 ± 13a 1070 ± 14c 97 ± 8b 1015 ± 7c 

45.9 67 ± 1a 1080 ± 28c 32 ± 0b 970 ± 42c 

       65 °C Isothermal Wort 

 
CDC Meredith CDC Kindersley 

Grain hydration 
during Steeping 

(% mc) 

β-Glucans 
(mg/L) 

Arabinoxylans 
(mg/L) 

β-Glucans 
(mg/L) 

Arabinoxylans 
(mg/L) 

38.7 1811 ± 1a 705 ± 7c 1457 ± 20b 780 ± 0d 

39.2 1283 ± 21a 785 ± 7c 966 ± 8b 790 ± 14c 

40.2 1421 ± 7a 805 ± 7c 963 ± 17b 840 ± 14c 

41.3 868 ± 30a 845 ± 21c 418 ± 2b 880 ± 28c 

44.4 436 ± 10a 1000 ± 0c 183 ± 3b 915 ± 7d 

45.9 146 ± 9a 995 ± 7c 52 ± 7b 925 ± 7d 

N=2 ±  SD; β-glucans in the same row with the same letter (a) are not significantly different, β-glucans in 

the same row with different letters (a,b) are significantly different (p <0.05); arabinoxylans in the same 

row with the same letter (c) are not significantly different, arabinoxylans in the same row with different 

letters (c,d) are significantly different (p <0.05). 

 

4.4.3 Characterization of Wort Polymeric Non-Starch Polysaccharides (NSP) 

In order to characterize the molecular properties of NSP present in the finished wort, the 

polysaccharides were isolated by precipitation with ammonium sulphate (85 % 

saturation). The yield and composition of the material precipitated from Congress and 65 
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oC isothermal worts are presented in Tables 4.5 and 4.6, respectively. The polymers 

precipitated from wort upon addition of ammonium sulphate are presumably those that 

have a tendency to aggregate either due to their high molecular weight and/or to specific 

molecular features that support intra- or intermolecular interactions. These polymers may 

potentially contribute to high viscosity, problems during filtration, formation of haze or 

precipitates during storage of beer. As expected, the yield of the polymeric material was 

higher for wort prepared from low- than high-hydrated malt. The composition of the 

polymeric material also differed drastically depending on the level of grain hydration 

during steeping. In general, the precipitated material from wort prepared from malted 

grain hydrated to the lowest level during steeping was dominated by -glucans, followed 

by proteins, and a relatively small proportion of arabinoxylans (Tables 4.5 and 4.6). 

Conversely, the precipitate from wort prepared from malted grain hydrated to the highest 

level was dominated by proteins and contained a substantial amount of arabinoxylans; the 

content of -glucans was relatively small. Generally, the content of -glucans in wort 

precipitates decreased drastically with increasing grain hydration during steeping. The 

content of -glucans in wort precipitate was higher for CDC Meredith than for CDC 

Kindersley, and higher for wort prepared by 65 oC isothermals mashing than by Congress 

mashing. Interestingly, nearly all β-glucans present in worts prepared either by 65 °C 

isothermal or by Congress mashing precipitated when saturated with ammonium sulphate, 

whereas only a portion of the total wort arabinoxylans exhibited a tendency for 

precipitation (Tables 4.5 and 4.6). 
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Table 4.5. Effects of Variable Grain Hydration during Steeping on the Yield and Composition 

of Material Precipitated from Congress Worts by Saturation with Ammonium Sulphate (85 

%). 

            

Barley Variety 

Grain 
Hydration  

during 
Steeping    
(% mc) 

Congress Wort PPT 

Yield of 
Wort 
PPT 

(mg/L) 

Protein                   
(% w/w) 

β-glucans                       
(% w/w) 

Arabinoxylans             
(% w/w) 

CDC Meredith 38.7 2871 35.43 (25.7 %)a 48.98 ± 1.10 (99.5 %) 8.77 ± 0.11 (28.3 %) 

 
39.2 2449 40.51 (27.1 %) 40.86 ± 0.04 (91.0 %) 10.65 ± 0.11 (28.1 %) 

 
40.2 2508 43.19 (24.8 %) 39.00 ± 1.92 (100 %) 9.76 ± 0.24 (25.7 %) 

 
41.3 2040 52.09 (26.0 %) 26.28 ± 0.31 (88.4 %) 11.95 ± 0.30 (24.8 %) 

 
44.4 1659 65.31 (20.5 %) 12.42 ± 0.57 (84.4 %) 12.42 ± 0.28 (19.3 %) 

 
45.9 1440 67.24 (19.1 %) 4.88 ± 0.01 (100 %) 15.20 ± 0.78 (20.3 %) 

      CDC Kindersley 38.4 2324 43.67 (24.3 %) 38.86 ± 1.00 (93.9 %) 10.06 ± 0.00 (24.3 %) 

 
39.3 2302 42.93 (25.4 %) 28.24 ± 0.35 (96.0 %) 10.72 ± 0.18 (27.0 %) 

 
39.9 2021 55.39 (24.4 %) 24.22 ± 0.25 (91.9 %) 11.27 ± 0.37 (23.1 %) 

 
41.4 1864 65.89 (27.7 %) 11.76 ± 0.03 (90.1 %) 11.83 ± 0.38 (21.9 %) 

 
44.2 1673 71.03 (20.8 %) 4.79 ± 0.01 (82.5 %) 14.20 ± 0.09 (23.3 %) 

  45.7 1525 72.89 (19.8 %) 1.29 ± 0.06 (62.5 %) 13.19 ± 0.54 (20.7 %) 

      aValues in brackets indicate the percentage of total wort β-glucans that precipitated from 

wort by saturation with ammonium sulphate 

N=2 ±  SD 
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Table 4.6. Effects of variable grain hydration during steeping on the yield and composition 

of material precipitated from 65 °C isothermal worts by saturation with ammonium 

sulphate (85 %). 

      

Barley Variety 

Grain 
Hydration  

during 
Steeping    
(% mc) 

65 °C Isothermal Wort PPT 

Yield of 
Wort 
PPT 

(mg/L) 

Protein                   
(% w/w) 

β-glucans                       
(% w/w) 

Arabinoxylans             
(% w/w) 

CDC Meredith 38.7 2920 30.26 (25.9 %)a 52.28 ± 1.07 (84.3 %) 9.72 ± 0.07 (40.2 %) 

 
39.2 2203 34.21 (25.2 %) 45.70 ± 0.15 (78.5 %) 12.30 ± 0.09 (34.5 %) 

 
40.2 2785 38.81 (27.8 %) 43.45 ± 1.54 (85.2 %) 10.96 ± 0.07 (37.9 %) 

 
41.3 1918 41.51 (23.6 %) 35.56 ± 0.62 (78.6 %) 14.70 ± 0.01 (33.4 %) 

 
44.4 1969 56.55 (22.7 %) 20.83 ± 0.78 (94.0 %) 14.23 ± 0.40 (28.0 %) 

 
45.9 1433 60.85 (20.2 %) 8.75 ± 0.16 (85.6 %) 19.44 ± 0.57 (28.0 %) 

      CDC Kindersley 38.4 2679 38.21 (28.5 %) 43.39 ± 0.86 (79.8 %) 10.78 ± 0.03 (37.1 %) 

 
39.3 2157 51.85 (35.5 %) 36.34 ± 0.25 (81.2 %) 13.37 ± 0.07 (36.5 %) 

 
39.9 2363 46.42 (26.4 %) 33.33 ± 0.40 (81.7 %) 12.33 ± 0.27 (34.6 %) 

 
41.4 1863 55.44 (27.8 %) 21.44 ± 0.04 (95.5 %) 14.63 ± 0.40 (30.9 %) 

 
44.2 1856 67.11 (23.9 %) 8.37 ± 0.41 (84.7 %) 15.35 ± 0.06 (31.1 %) 

  45.7 1484 68.31 (22.1 %) 3.21 ± 0.04 (92.3 %) 17.68 ± 0.06 (28.3 %) 

      aValues in brackets indicate the percentage of total wort β-glucans that precipitated from 

wort by saturation with ammonium sulphate 

N=2 ±  SD 

The molar ratio of 3-O-β-cellobiosyl-D-glucose (DP3) and 3-O-β-cellotriosyl-D-glucose 

(DP4), the predominant building blocks of β-glucans, in the wort precipitate increased with 

increasing grain hydration (Table 4.7). A higher ratio of DP3/DP4 may indicate a greater 

occurrence of consecutive cellotriose units in the β-glucan chains. Long sequences of 

consecutive cellotriosyl units may form conformationally stable motifs (helical segments) 

capable of aggregation through inter-chain cooperative H-bonding, leading to aggregation 

of β-glucan chains and possibly to their resistance to enzymatic hydrolysis. The DP3/DP4 

ratio was higher in β-glucans precipitated from Congress wort compared to those from 65 
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°C isothermal wort. These results indicate that a small fraction of -glucans that resists 

degradation even after applying relatively favourable malting conditions (e.g., high grain 

hydration, Congress mashing possess some specific molecular structure.  

The arabinose/xylose (Ara/Xyl) ratio and the content of ferulic acid residues in 

arabinoxylans present in wort precipitate generally increased with grain hydration level 

(Table 4.7). The Ara/Xyl ratio was slightly higher for arabinoxylans in Congress wort than 

in 65 oC isothermal wort precipitates. Ferulic acid substitution of arabinoxylans was higher 

in Congress wort precipitates than 65 °C isothermal wort precipitates. These results 

indicate that arabinoxylans that remain in wort resist enzymatic hydrolysis due to their 

highly branched structure (high ratio of Ara/Xyl) and the presence of other substituents 

along the xylan chains. 

The molecular properties of wort polymers with a tendency to precipitate were 

investigated by high performance size exclusion chromatography with refractive index, 

multi-angle light scattering, and viscosity detectors. The solubilized precipitates eluted as 

multiple peaks over a relatively long elution time, indicating their complex constitution 

(Fig. 4.7). It appeared that NSP eluted as high molecular mass species between 25 and 35 

minutes, whereas proteins at longer times between 35 to 42 minutes. Hydrolysis of the 

wort precipitate with proteinase K appeared not to affect the high molecular weight peak, 

but shifted the peaks eluting between 35 and 42 minutes to lower molecular weight, thus 

demonstrating the differential elution times for NSP and proteins (Fig. 4.8). Also, the 

relative intensity of polymers eluting within 25-35 min and 35-42 min (Fig. 4.7) 

corresponded fairly well with the relative amount of NSP and proteins in wort precipitates 
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obtained from malted grain steeped to various hydration levels (Table 4.5). The weight 

average molar mass (Mw) of polymeric NSP in worts of CDC Meredith is presented in Table 

4.7. Because β-glucans and arabinoxylans were not effectively separated by size exclusion 

chromatography and eluted in the same time frame (between 25 and 35 minutes), the 

values given in Table 4.8 offer general indications of the average molar mass of wort NSP 

with a tendency to precipitate. 

Figure 4.7. Effects of Low-, Moderate-, and High-Hydration Levels of Grain during Steeping 

on the High Performance Size Exclusion Chromatography (HPSEC) Profiles of Polymeric 

Species Precipitated from 65 °C Isothermal Wort of CDC Kindersley. 
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Table 4.7. Effects of Variable Grain Hydration Levels during Steeping on the Molecular Characteristics of β-Glucans and 

Arabinoxylans Precipitated from Congress and 65 °C Isothermal Worts by Saturation with Ammonium Sulphate (85 %). 

              
    

  

Congress Wort PPTa 

 

65 °C Isothermal Wort PPT 

Barley Variety 

Grain 
Hydration  

during 
Steeping 
(% mc) 

 DP3/DP4 
Ratio in          

β-glucans 

 
Ara/Xyl 

Ratio  

Ferulic Acid 
(µg/mg PPT) 

Ferulic & 
DiFA     

(µg/mg AX ) 

 

 DP3/DP4 
Ratio in          

β-glucans 

 
Ara/Xyl 

Ratio  

Ferulic Acid 
(µg/mg PPT) 

Ferulic & 
DiFA     

(µg/mg AX ) 

CDC Meredith 38.7 2.96 ± 0.01 0.82 1.851 ± 0.049 24.26 

 

2.86 ± 0.01 0.73 1.890 ± 0.007 22.48 

 

39.2 2.98 ± 0.03 0.85 2.298 ± 0.058 24.79 

 

2.86 ± 0.02 0.77 2.397 ± 0.002 22.65 

 

40.2 3.01 ± 0.01 0.84 2.252 ± 0.045 26.78 

 

2.90 ± 0.04 0.73 2.286 ± 0.090 24.16 

 

41.3 3.03 ± 0.02 0.87 2.809 ± 0.040 27.58 

 

2.95 ± 0.01 0.78 3.129 ± 0.048 24.98 

 

44.4 3.16 ± 0.01 0.89 3.333 ± 0.012 31.45 

 

3.00 ± 0.02 0.75 3.260 ± 0.074 27.07 

 

45.9 3.18 ± 0.00 0.91 4.359 ± 0.070 33.38 

 

3.05 ± 0.01 0.80 4.846 ± 0.077 29.02 

  
  

 
 

 
  

 
 

CDC Kindersley 38.4 3.01 ± 0.01 0.88 2.386 ± 0.039 28.20 

 

2.91 ± 0.01 0.76 2.195 ± 0.037 24.23 

 

39.3 3.02 ± 0.03 0.89 2.670 ± 0.069 29.43 

 

2.94 ± 0.02 0.78 2.736 ± 0.032 24.02 

 

39.9 2.98 ± 0.01 0.90 2.706 ± 0.068 28.56 

 

2.94 ± 0.01 0.78 2.574 ± 0.015 24.93 

 

41.4 3.09 ± 0.02 0.92 3.148 ± 0.020 31.31 

 

2.97 ± 0.03 0.80 3.194 ± 0.043 26.15 

 

44.2 3.12 ± 0.01 0.89 3.561 ± 0.039 29.79 

 

3.00 ± 0.01 0.79 3.372 ± 0.008 25.95 

  45.7 3.15 ± 0.01 0.93 4.004 ± 0.003 35.44   3.09 ± 0.01 0.81 4.261 ± 0.110 28.12 

           aPPT: wort precipitates 

N=2 ±  SD 
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Figure 4.8. Effects of Proteinase K Hydrolysis on the HPSEC Profile of Polymeric Species 

Precipitated from 65 °C Isothermal Wort of CDC Kindersley Prepared from Low-Hydrated 

(39 % mc) Malt. 

 

 

For CDC Meredith, the Mw and intrinsic viscosity [η] values of polymeric NSP were slightly 

higher in isothermal wort prepared from low-hydrated malts compared to those from high-

hydrated (Table 4.7). The polydispersity indices of the eluting NSP were relatively high and 

not affected by the malt hydration levels. The differential molar mass distributions of NSP, 

shown in Figure 4.9a, illustrate the effect of malt hydration levels on the relative amount of 

species with high and low molar mass. The molar mass of the most abundant fraction 

shifted towards lower values with increasing malt hydration levels (Fig. 4.9a). The molar 



113 
 

masses of the most abundant fractions were 180 x 103, 125 x 103, and 70 x 103 for NSP in 

worts prepared from low-, moderate-, and high-hydrated malts, respectively. The minimum 

(~60 x 103g/mol) and maximum (900 x 103g/mol) molar masses of the NSP species were 

relatively unaffected by the malt hydration levels and indicated the presence of species 

with a wide distribution of molar masses. For CDC Kindersley, differences in the average 

Mw of NSP in 65 oC isothermal wort prepared from malt hydrated to various degrees were 

less pronounced (Table 4.8). The differential molar mass distribution (Fig. 4.9b) showed 

the changes in distribution of molar masses of wort NSP with varying malt hydration levels 

in finer detail. Even though the molar mass of the most abundant fraction of NSP in wort 

prepared from high-hydrated malt (90 x 103 g/mol) was slightly lower than from low-

hydrated malt (130 x 103g/mol), the former appeared to contain a higher proportion of 

very high molar mass species that affected the average Mw as shown in Table 4.7. Generally, 

the average Mw of NSP in Congress wort was slightly lower than that of NSP in 65 oC 

isothermal wort, especially for the low-hydrated malts (Tables 4.7 and 4.8).   

An attempt was made to determine the specific molar masses of wort -glucans and 

arabinoxylans by hydrolysis of individual polysaccharides with suitable enzymes.  

Accordingly, the molecular mass of arabinoxylans was determined by hydrolyzing the 

polymeric wort NSP with lichenase, whereas the molecular mass of -glucans was deduced 

after hydrolysis with endoxylanase. The results indicated that the average Mw of wort 

arabinoxylans (170-293 x 103 g/mol) was consistently higher than that of -glucans (110-

180 x 103 g/mol) (Tables 4.8 and 4.9; Fig. 4.10). Recently, Tomasi et al (2017) reported a 

slightly lower average Mw of 88 x 103 for wort β-glucans. Although the polydispersity 

indices of individual polysaccharides decreased slightly after enzymatic hydrolyses, their 



114 
 

values remained relatively high indicating the polydisperse nature of both polysaccharides 

(Tables 4.8 & 4.9). The exponent ‘α’, derived from the Mark-Houwink equation ([η]=k Mwα), 

ranged from 0.62 to 0.82 for wort -glucans, and was slightly higher compared to values 

usually published for barley -glucans (0.5-0.8) (Gomez et al., 1997a, 1997b; Wang et al., 

2002, 2003). However, higher values of the exponent ‘α’ were reported previously (0.6-1.1) 

(Lazaridou et al., 2006). Li and colleagues (Li et al., 2012) postulated that the chain stiffness 

and ‘moderately extended sinuous chain conformation’ are related to an increasing 

DP3/DP4 ratio in β-glucans. The exponent ‘α’ for wort arabinoxylans ranged from 0.67 to 

0.88 in agreement with the generally recognized locally stiff, semi-flexible random coils 

conformation for arabinoxylans in aqueous solution (Dervilly-Pinel et al., 2001; Picout and 

Ross-Murphy, 2002). 

For CDC Meredith, the Mw and molar mass distribution of wort arabinoxylans and β-

glucans shifted slightly towards lower values with increasing malt hydration (Table 4.8; 

Fig. 4.11a, b). For CDC Kindersley, changes in the molar mass distribution or in the Mw of 

arabinoxylans and -glucans with increasing malt hydration were generally small (Table 

4.9). The Mw of -glucans and arabinoxylans in wort prepared from high-hydrated malt 

appeared to be slightly higher than in wort prepared from low-hydrated malt. These results 

may indicate that in worts prepared from high-hydrated malts the remaining -glucans and 

arabinoxylans represent the populations of these polysaccharides that are the most 

resistant to enzymatic hydrolysis and exhibit high molar masses in solution.  
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Table 4.8.  Weight Average Molar Mass and Molecular Properties of Polymeric Non-Starch Polysaccharides (NSP) Precipitated 

from 65 °C Isothermal and Congress Worts of CDC Meredith. 

  65 °C Isothermal Wort PPT 
 

Congress Wort PPT 

Barley Variety/ Grain 
Hydration Level During 
Steeping 

 
Mw

a 

(x10-3) 
(g/mol) 

Mw/Mn
 [η] 

(ml/g) 

 
Rw 

(nm) 
α 
 

  
Mw 

(x10-3) 
 

Mw/Mn 
[η] 

(ml/g) 

 
Rw 

(nm) 
α 
 

            

CDC Meredithb            

Low-hydrated (39%mc)            

    Intact NSP (AX +BG) 246 1.74 300 
nd nd  216 2.51 190 nd nd 

   +lichenase (AX) 239 1.75 270 30.7 0.74  293 2.45 220 30.1 0.67 

   +endo-xylanase (BG) 142 1.64 245 22.8 0.74  110 2.33 130 15.7 0.63 

 

           

Moderate-hydrated (41%mc)   
  

 

 

      

    Intact NSP (AX +BG) 177 1.70 280 nd nd  163 2.30 170 nd nd 

   +lichenase (AX) 176 1.80 240 23.5 0.88  170 1.71 168 21.4 0.83 

   +endo-xylanase (BG) 133 1.60 220 20.9 0.75  120 2.00 123 15.6 0.71 

            

High-hydrated  (45%mc)            

    Intact NSP (AX +BG) 162 1.80 200 nd nd  190 2.20 120 nd nd 

   +lichenase (AX) 177 1.71 193 23.8 0.81  183 1.70 149 24.1 0.85 

   +endo-xylanase (BG) 120 1.72 139 16.7 0.74  124 1.90 108 16.0 0.79 
 

aMeans of triplicate analyses; coefficient of variation was less than 5 %. Mw: weight average molar mass; Mw/Mn : 

polydispersity. [η]: intrinsic viscosity; Rw: radius of gyration; α: the exponent ‘α’, derived from the Mark-Houwink equation 

([η]=k Mwα). 
bIntact NSP indicate polymeric wort polysaccharides before digestion with lichenase or endo-xylanase. 
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Table 4.9.  Weight Average Molar Mass and Molecular Properties of Polymeric Non-Starch Polysaccharides (NSP) Precipitated 

from 65 °C Isothermal and Congress Worts of CDC Kindersley. 

  65 °C Isothermal Wort PPT 
 

Congress Wort PPTb 

Barley Variety/ Grain 
Hydration Level During 
Steeping 

 
Mw

a 

(x10-3) 
(g/mol) 

Mw/Mn 
[η] 

(ml/g) 

 
Rw 

(nm) 
α 
 

  
Mw 

(x10-3) 
 

Mw/Mn 
[η] 

(ml/g) 

 
Rw 

(nm) 
α 
 

            

CDC Kindersleyb            

Low-hydrated (39%mc)            

    Intact NSP (AX +BG) 220 2.20 280 
nd nd  182 1.74 240 nd nd 

   +lichenase (AX) 187 1.80 202 24.8 0.76  204 1.87 214 23.9 0.78 

   +endo-xylanase (BG) 136 2.00 156 18.9 0.62  120 1.56 211 19.4 0.81 

 

           

Moderate-hydrated (41%mc)   
 

 

 

      

    Intact NSP (AX +BG) 195 2.13 230 nd nd  200 1.90 198 nd nd 

   +lichenase (AX) 198 1.70 190 20.0 0.88  202 1.84 220 24.0 0.76 

   +endo-xylanase (BG) 162 2.10 148 19.8 0.70  123 1.71 186 0.76  

            

High-hydrated (45%mc)            

    Intact NSP (AX +BG) 200 2.05 200 nd nd  200 1.84 215 nd nd 

   +lichenase (AX) 230 1.87 202 25.0 0.77  193 1.78 202 22.9 0.78 

   +endo-xylanase (BG) 180 1.71 150 22.0 0.78  130 1.86 182 20.8 0.82 
 

aMeans of triplicate analyses; coefficient of variation was less than 5 %. Mw: weight average molar mass; Mw/Mn : 

polydispersity. [η]: intrinsic viscosity; Rw: radius of gyration; α: the exponent ‘α’, derived from the Mark-Houwink equation 

([η]=k Mwα). 
bIntact NSP indicate polymeric wort polysaccharides before digestion with lichenase or endo-xylanase. 



117 
 

Figure 4.9. Effects of Low-, Moderate-, and High-Hydration Levels of Grain during Steeping 

on the Differential Molar Mass Distribution of Polymeric NSP in 65 °C Isothermal Worts of 

CDC Meredith (a) and CDC Kindersley (b). 
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Figure 4.10. Differential Molar Mass Distribution of Polymeric β-Glucans and Arabinoxylans 

in 65 °C Isothermal Wort of CDC Meredith Prepared from Low-Hydrated Malt (39 % mc). 
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Figure 4.11. Effects of Low- and High-Hydration Levels of Grain during Steeping on the 

Differential Molar Mass Distribution of Polymeric Arabinoxylans (a) and β-glucans (b) in 65 

°C Isothermal Wort of CDC Meredith. 
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4.5 Discussion 

The results of this study showed that steeping conditions could have a significant impact on 

the concentration of -glucans in malt and wort. A relatively small reduction in grain 

hydration level during steeping significantly increased the concentration of β-glucans in 

malt and wort. However, some differences between the two malting barley varieties were 

observed, suggesting that a reduction of hydration level during steeping may be possible 

with selected genotypes. The impact of grain hydration level during steeping on the 

concentration of arabinoxylans in malt and wort was less pronounced, and opposite to that 

observed for -glucans. The concentration of arabinoxylans in malt and wort increased 

slightly with increasing level of grain hydration during steeping, indicating that conditions 

favorable to hydrolysis of -glucans might incite solubilization of arabinoxylans, but not 

their extensive hydrolysis. Increasing grain hydration during steeping also increased 

ferulic acid substitution of arabinoxylans for both varieties. Interestingly, the content of 

ferulic acid residues (in µg of mg arabinoxylans) was 3-4 times higher in wort than it is in 

water-extractable barley of the first study. This confirms arabinoxylans that remain in wort 

are resistant to enzymatic hydrolysis partly due to the presence of residues such as ferulic 

acid. 

The weight average molar mass of non-starch polysaccharides in wort with tendency for 

precipitation ranged from 160,000 to 250,000 (g/mol) depending on steeping conditions; 

the polysaccharides exhibited a wide distribution of molar masses ranging from 60,000 to 

900,000 g/mol. Some decrease of the average molar mass of NSP with increasing grain 

hydration during steeping was observed, especially in 65 oC isothermal worts. The study 

revealed also that even under the most favorable conditions for -glucan hydrolysis (i.e., 
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high hydration during steeping, Congress mashing), the population of -glucans that 

remains in wort consists of long polymeric chains that exhibit a relatively high ratio of 

DP3/DP4. These molecular properties likely contribute to the propensity of these chains to 

separate from wort upon some changes to solvent conditions (e.g., temperature, increasing 

sugar or alcohol concentrations, shear forces, etc.).  
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5.0 GENERAL DISCUSSION AND CONCLUSIONS  

The focus of the studies described in this thesis was on characterizing the main non-starch 

polysaccharides, β-glucans and arabinoxylans, present in selected Canadian malting barley 

genotypes and on investigating the effects of different grain hydration levels during 

steeping on the content and physicochemical properties of these polysaccharides in malt 

and wort. The information generated in these studies about differences in molecular 

structure and physicochemical properties of -glucans and arabinoxylans in different 

barley genotypes, especially in newer varieties (including hulless barley type), may be 

useful to breeders and end users of Canadian malting barley. Although the content of -

glucans in malting barley is routinely screened, no information is available about the 

molecular or physicochemical properties of these polysaccharides. Even less is known 

about barley arabinoxylans, although their role in the malting and brewing processes is 

being slowly recognized. The effects of various malting and mashing conditions on 

properties of non-starch polysaccharides are important to maltsters and brewers. In the 

brewing industry, the impact of β-glucans and arabinoxylans has potential processing and 

economic consequences. The presence of excess non-starch polysaccharides in wort or 

beer may decrease availability of fermentable extract for alcohol production, reduce the 

rate of lautering or beer filtration, and produce haze in beer. Not much is known about any 

specific molecular properties of -glucans and arabinoxylans that may affect their ability 

and tendency to increase wort viscosity or to form gel structures and, consequently, 

contribute to filterability and haze formation problems. 

The studies were conducted in two stages. The results of the first study revealed that 

barley genotypes differed not only in the content but also in the fine molecular features and 
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properties of -glucans and arabinoxylans. Among the genotypes investigated in this study, 

CDC Copeland and CDC Kindersley contained the lowest amounts of -glucans; however, 

CDC Kindersley exhibited higher content of water-extractable -glucans (and higher water-

extractability) than CDC Copeland. The hulless genotype, CDC Clear, was characterized by 

the highest content of total -glucans and the lowest content of total arabinoxylans among 

the genotypes. The differences in the total and water-extractable contents of arabinoxylans 

among the hulled genotypes were generally small. CDC Kindersley exhibited higher water-

extractability of arabinoxylans compared to other genotypes. -Glucans and arabinoxylans 

present in barley are heterogeneous, and different populations of these polysaccharides 

can be extracted from the grain under different extraction conditions. In this study, the 

water-extractable non-starch polysaccharides were isolated by sequential extraction of 

barley with water at 40 °C (WE40) and 65 °C (WE65). The WE40 material was further 

fractionated by graded precipitation with ammonium sulphate at 35 and 95 % saturation, 

resulting in two fractions designated WE40F1 and WE40F2, respectively. The WE65 material 

was fractionated in a similar manner, resulting in two fractions designated WE65F1 and 

WE65F2. The fractions obtained by precipitation of extracts at 35 % saturation of 

ammonium sulphate (WE40F1 and WE64F1) consisted primarily of -glucans (with less that 

2 % of arabinoxylans). The polysaccharides remaining in solutions saturated with 

ammonium sulphate to 35 % eventually precipitated out, but not until the salt 

concentration was raised to 95 % saturation. The resulting fractions, WE40F2 and WE65F2, 

consisted of arabinoxylans and another population of -glucans that had a lower tendency 

for precipitation. The fine molecular structure of -glucans is usually described by the ratio 

of the characteristic oligomers 3-O-β-cellobiosyl-D-glucose (DP3) and 3-O-β-cellotriosyl-D-
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glucose (DP4) in the polymeric chain. The results of this study revealed that water-

extractable -glucans from CDC Kindersley were characterized by a higher DP3/DP4 ratio 

compared to -glucans from other varieties. The ratios of DP3/DP4 in -glucans of CDC 

Copeland and CDC Clear were lower compared to -glucans from other genotypes. The 

study also showed that -glucans extracted with water at higher temperature (65 oC) 

generally exhibited higher DP3/DP4 ratios than their counterparts extractable at lower 

temperature, indicating a relationship between water-extractability and molecular 

structure of -glucans.  

The biggest differences in the molecular properties of water-extractable -glucans among 

different genotypes were in the molecular mass of these polysaccharides. The weight 

average molar mass (Mw) of β-glucans extracted at 40 oC (in WE40F1) ranged from 432,000 

for AAC Synergy to 1.146 x 106 g/mol for CDC Clear. The average Mw of β-glucans extracted 

at 65 oC (in WE65F1) was much higher and ranged from 1.002 x 106 for CDC Meredith to 

1.553 x 106 g/mol for CDC Clear. The results clearly indicated that -glucans in the hulless 

genotype, CDC Clear, exhibited higher average Mw values compared to -glucans in hulled 

varieties that are more commonly used for malting and brewing.  

The fine molecular structure of water-extractable barley arabinoxylans was investigated by 

monosaccharide and glycosidic linkages analyses. Compared to β-glucans, the water-

extractability of arabinoxylans was very low; therefore, the molecular characteristics of 

arabinoxylans described in this thesis refer to a relatively small portion of the entire 

population of arabinoxylans present in barley grain. The current studies revealed that the 

majority of the Araf residues in water-extractable barley arabinoxylans was linked to Xylp 
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residues as single units. Only very small quantities of short arabinan chains were detected. 

In general, arabinoxylans extracted with water at 65 oC (in WE65F2) were less substituted 

than arabinoxylans extracted at 40 oC (in WE40F2), indicating that the degree of branching 

in arabinoxylans may affect their extractability. The highest degree of branching was 

observed for arabinoxylans extracted from CDC Clear and CDC Copeland; these 

arabinoxylans also contained the highest proportions of disubstituted Xylp residues at O-

2,3, but the lowest proportions of unsubstituted Xylp residues. In contrast, arabinoxylans 

extracted from CDC Kindersley and CDC Meredith exhibited the lowest degree of branching 

among the genotypes investigated in this study. The weight average molar mass (Mw) and 

other molecular properties of water-extractable arabinoxylans (Mw at peak, intrinsic 

viscosity) were consistently higher than those of β-glucans for all genotypes. The average 

Mw of water-extractable arabinoxylans at 40 oC (in WE40F2) ranged from 632,000 g/mol for 

CDC Clear to 1.992 x 106 g/mol for AAC Synergy, indicating substantial differences in Mw of 

arabinoxylans among genotypes. The average Mw of arabinoxylans that required higher 

temperature for their extraction (in WE65F2) ranged from 1.233 x 106 for CDC Kindersley 

to 5.167 x 106 g/mol for AAC Synergy. Interestingly, the average Mw of water-extractable 

arabinoxylans in AAC Synergy was the highest, whereas the average Mw of water-

extractable -glucans the lowest among genotypes investigated in this study (this was 

particularly evident for the 40 oC water extractable fractions). An opposite trend was 

observed for the non-starch polysaccharides in CDC Clear: the 40 oC water-extractable 

arabinoxylans of CDC Clear exhibited the lowest average Mw, whereas -glucans the highest 

average Mw among genotypes. The average Mw of the population of -glucans that required 

95 % saturation of ammonium sulphate to precipitate out of water extract was 
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substantially lower than the average Mw of -glucans with tendency to precipitate at 35 % 

salt saturation. These results may indicate that a high molecular mass contributes to the 

tendency of -glucans to precipitate from water extracts at lower saturation level of 

ammonium sulphate.   

The second study concentrated on investigating the effects of variable grain hydration 

during steeping on the content and physicochemical properties of β-glucans and 

arabinoxylans in malt and wort. Two hulled 2-row Canadian malting barley varieties, CDC 

Meredith and CDC Kindersley, were steeped during malting to six different grain hydration 

levels ranging from 38.4 to 45.9 %. The results clearly showed that steeping conditions 

could have a significant impact on the concentration of -glucans in malt and wort. A 

relatively small reduction in grain hydration level during steeping significantly increased 

the concentration of β-glucans in malt; however, some differences between the two malting 

genotypes were observed. The content of β-glucans in the grain of CDC Meredith (4.13 %) 

was higher than in the grain of CDC Kindersley (3.71 %), and remained higher at each 

malting phase. In CDC Meredith, the concentration of β-glucans decreased from 4.13 % in 

grain to 1.73 % and 0.42 % in kilned malt for grain hydrated to the lowest (38.7 %) and 

highest (45.9 %) levels, respectively. In CDC Kindersley, the concentration of β-glucans 

decreased from 3.71 % in grain to 1.39 % and 0.11 % in kilned malt for grain hydrated to 

the lowest (38.4 %) and highest (45.7 %) levels, respectively. The malt samples obtained 

from grain hydrated to various degrees were mashed according to two different programs, 

Congress mashing and isothermal mashing at 65oC. The effects of variable grain hydration 

levels during steeping on the content of -glucans in wort prepared by Congress mashing 

were significant. The concentration of -glucans in wort of CDC Kindersley decreased from 



127 
 

962 to 32 mg/L for grain hydrated to the lowest (38.4 %) and highest (45.7 %) levels, 

respectively.  The concentration of -glucans in wort of CDC Meredith was significantly 

higher and decreased from 1412 to 67 mg/L for grain hydrated to the lowest (38.7 %) and 

highest (45.9 %) levels, respectively. These results indicated that genetic factors play an 

important role in determining the concentration of un-hydrolyzed β-glucans in wort. They 

also suggested that lower hydration levels during steeping might be viable with selected 

genotypes. Isothermal mashing at 65 °C resulted in wort with higher concentration of β-

glucans than Congress mashing at all levels of grain hydration. These differences are likely 

due to lower and limited activity of β-glucanase and other hydrolytic enzymes at the 

elevated temperature (65 oC) of the isothermal program.  Isothermal mashing at 65 °C 

resulted in wort with higher concentration of β-glucans than Congress mashing at all levels 

of grain hydration. These differences are likely due to lower and limited activity of β-

glucanase and other hydrolytic enzymes at the elevated temperature (65 oC) of the 

isothermal program.  These results suggest that lower hydration levels during steeping 

may require specific mashing conditions that promote and support the activity of 

hydrolytic enzymes and favour intense degradation of the cell wall component. 

In contrast to the trends observed for -glucans, the impact of variable grain hydration 

levels during steeping on the concentration of arabinoxylans in malt and wort was less 

pronounced. Interestingly, the concentration of arabinoxylans in malt and wort increased 

slightly with increasing level of grain hydration during steeping, indicating that conditions 

favorable to hydrolysis of -glucans might incite solubilization of arabinoxylans, but not 

their extensive hydrolysis. The study also showed that Congress mashing resulted in wort 

with a higher concentration of arabinoxylans than isothermal mashing at 65 °C at all levels 
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of grain hydration. It appears, therefore, that the conditions during the Congress mashing 

program effectively prolong the action of various hydrolytic enzymes and thus enhance 

solubilization of arabinoxylans into wort. The concentration of arabinoxylans in wort of 

CDC Kindersley was generally higher than in wort of CDC Meredith indicating that genetic 

effects may also affect the concentration of wort arabinoxylans. 

The molecular properties of non-starch polysaccharides present in the finished wort were 

characterized after their precipitation from wort with ammonium sulphate (85 % 

saturation). It was assumed that the polymers precipitated from wort upon addition of 

ammonium sulphate were those that had a tendency to aggregate either due to their high 

molecular weight and/or to specific molecular features that support intra- or 

intermolecular interactions. These polymers might potentially contribute to high viscosity, 

problems during filtration, and formation of hazes or precipitates during storage of beer. 

The yield of the polymeric material was higher for wort prepared from low- than high-

hydrated malt. The precipitated material from wort prepared from malted grain hydrated 

to the lowest level during steeping was dominated by -glucans, followed by proteins, and 

a relatively small proportion of arabinoxylans, whereas the precipitate from wort prepared 

from malted grain hydrated to the highest level was dominated by proteins; the latter 

contained a substantial amount of arabinoxylans, and relatively small amounts of -

glucans. These results emphasized the role of arabinoxylans during the malting and 

brewing processes. The study revealed also that even under the most favorable conditions 

for -glucan hydrolysis (i.e., high hydration during steeping, Congress mashing), the 

population of -glucans that remained in wort consisted of long polymeric chains that 
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exhibited a relatively high ratio of DP3/DP4. These molecular properties likely contribute 

to the propensity of these chains to separate from wort upon some changes to solvent 

conditions (e.g., temperature, increasing sugar or alcohol concentrations, shear forces, etc.).  

The study also indicated that arabinoxylans that remained in wort resist the enzymatic 

hydrolysis due to their highly branched structure (high ratio of Ara/Xyl) and the presence 

of other substituents along the xylan chains (ferulic acid residues). 

The weight average molar mass (Mw) of -glucans and arabinoxylans in wort with tendency 

for precipitation ranged from 160,000 to 250,000 (g/mol) and depended on the steeping 

conditions. However, the polysaccharides were polydispersed and exhibited a broad 

distribution of molar masses ranging from 60,000 to 900,000 g/mol. Interestingly, it was 

shown that the average Mw of wort arabinoxylans was consistently higher than that of -

glucans. Some decrease of the average molar mass of NSP with increasing grain hydration 

during steeping was observed, especially in 65 oC isothermal worts. Generally, the average 

Mw of both non-starch polysaccharides in Congress wort was slightly lower than in 65oC 

isothermal wort.  

The results of this study increased our knowledge about the molecular and 

physicochemical properties of β-glucans and arabinoxylans in Canadian malting barley 

genotypes. In addition, our increased understanding of the impact of variable grain 

hydration levels on the content and molecular properties of β-glucans and arabinoxylans 

remaining in malt and wort might help to develop appropriate strategies for reducing the 

amount of water used during the malting process.  
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7.0 APPENDIX: DEFINITIONS 

Molecular weight: is the mass of a molecule of a particular substance. The weight average 

molar mass (Mw) describes the molar mass of a polymer. Polysaccharides are polydisperse 

in molecular weight, meaning that each polysaccharide contains chains of different 

numbers of monosaccharide units giving a distribution of molecular weight. The average 

molecular weight can be expressed as a number, weight, or viscosity average molecular 

weight.  

 

Intrinsic viscosity (ƞ): is a measure of the hydrodynamic volume occupied by the isolated 

polymer chains in a given solvent. It depends primarily on the molecular structure (linear 

vs. branched, rigid vs. flexible) and molecular weight of polysaccharides. The viscosity of a 

solution relates to its resistance to flow under an applied force (or shear stress). Solutions 

of randomly coiled macromolecules display greater viscosity than do solutions of compact 

folded macromolecules of the same molecular weight. 

 

Polydispersity index (Mw/Mn): is a measure for the broadness of a molecular weight 

distribution of a polymer. It is defined as the ratio of the weight average molecular weight 

(Mw) to the number average molecular weight (Mn). It has a value greater than or equal to 

one; values are equal to one if all the molecules have the same weight. The larger the 

polydispersity index, the broader the molecular weight distribution. 

 

Mark-Houwink equation: describes the dependence of the intrinsic viscosity of a polymer 

on its relative molecular weight and has the form, 

 [ƞ] = K∙Mrα 

where ƞ is the intrinsic viscosity, K and α are constants depending on the nature of 

the polymer and solvent, and Mr is the relative molecular weight. 

The Mark-Houwink parameters can be determined from a double logarithmic plot of 

intrinsic viscosity versus molecular weight which yields straight lines. The viscosity of very 

dilute polymer solutions can be described with the Mark-Houwink relationship. 

 

Radius of gyration (Rw): describes the overall spread of a molecule and is defined as the 

root mean square distance of the collection of atoms from their common centre of gravity. 
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It measures the effective size of a polymer and can be used to quantify the degree of folding 

in a molecule. A small radius of gyration indicates the polymer is relatively compact. 

 

Refractive index: is defined as the velocity of light in vacuum relative to the velocity in the 

polymer. It tends to increase with increasing chain length, increasing number of double 

bonds, and increasing conjugation of double bonds. The refractive index of a solution varies 

for a given increment in concentration. The specific refractive index increment (dn/dc) of 

dilute polymer solutions, measured in light scattering experiments, is needed in the 

determination of the molecular weight. 

 

 

 


