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Abstract 

Over time, barley (Hordeum vulgare) has been domesticated from its wild relative, Hordeum spontaneum to 

cultivate breeds specialised for malting. The malting industry relies on good quality grain, with good malting 

characteristics from specialized breeding programmes. These malting characteristics may be expressed in a 

myriad of ways – most notably in malting barley cultivars, the evidence lies within the starchy endosperm. 

The endosperm consists of a protein matrix embedded with starch granules. Often, the structure of the 

endosperm may be described as either mealy or steely based on the arrangement of starch granules and 

proportions within the matrix. The endosperm of a mealy barley grain has a loosely packed structure with 

several air spaces between starch granules, while also having a larger portion of A-type starch granules 

compared to B-type starch granules. An endosperm that is described as steely has a structure that is tightly 

packed with small, B-type starch granules filling many of the voids to result in a dense endosperm. Due to the 

arrangement of the endosperm, water uptake into a barley grain may be influenced during the malting process. 

It has been theorised that mealy barley grain with a less dense endosperm structure allows water uptake to 

occur with ease, compared to steely barley grain where hydration may be hindered. Obstructed water uptake 

and uneven distribution of water throughout the barley grain in turn limits the activation of hydrolytic enzymes 

and subsequent malt modification. 

With the aid of scanning electron microscopy (SEM), the endosperm structure of barley grain may be 

closely inspected to evaluate the properties of a good and a poor malting cultivar. Three conventional fixation 

methods were compared to establish a technique to observe the endosperm structures with minimal artefacts. 

It was found that plunge freezing and cracking open of grain was an effective method in preserving the 

structure of the endosperm, compared to chemical fixation that delivered artefacts and cryo-sectioning that 

caused damage to structures. To observe the endosperm matrix throughout the malting process, plunge freezing 

was done during successive days of germination and evidence of starch degradation by enzymatic activity was 

seen in situ. Using the method of plunge freezing, 11 local malting barley cultivars with varying brewing 

performances were compared to identify characteristics that may predict its brewing performance. Evidence 

was found that the endosperm of a good converter appears to have a more loosely packed structure with 

accompanying air spaces, while the endosperm of a poor converter has characteristics of a steely endosperm 

that slows water uptake. 

The fact that water has good absorbance properties in the near infrared (NIR) region, lends to the 

advantage of NIR applications for the study of food products that have a moderate to high water content. 

Applications of NIR have evolved to incorporate hyperspectral imaging (HSI) that allows specialised 

applications in the field of cereal grain quality control. As barley grain hydrate during the malting process, 

modes of water uptake may differ between a good and a poor converter. This theory was investigated using 

NIR-HSI (in the wavelength range between 850 and 2500 nm) for barley breeders to identify good malting 

cultivars for the brewing industry. In order to track hydration of barley grain, multivariate image analysis was 

employed and score plots were recoloured successively in order to track changes that occur over the course of 

barley grain hydration. Using partial least squares discriminant analysis (PLS-DA), good converting malts 

were distinguished from poor converting malts at key timepoints along the steeping process. The mean spectra 
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of individual grains were assigned to a most probable class above 0.50 probability. Classification error before 

steeping was high (27.1%) and gradually lowered to give the most accurate classification model (classification 

error of 10.4%) at 37 hours of steeping. 
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Opsomming 

Gars (Hordeum vulgare) het mettertyd vanuit die verwante wilde Hordeum spontaneum getem geraak en as 

gespesialiseerde garssoorte vir moutery gekultiveer geraak.  Die moutbedryf maak op goeiekwaliteit-graan 

met goeie mouteienskappe van gespesialiseerde teelprogramme staat.  Hierdie mouteienskappe kan op 

verskeie maniere manifesteer - in moutgarskultivars is die getuienis veral in die styselagtige endosperm te sien. 

Die endosperm bestaan uit ‘n proteïenmatriks en styselkorrels.  Die struktuur van die endosperm kan 

as melerig of staalagtig beskryf word gebaseer op die rangskikking van die styselkorrels en verhoudings binne 

die matriks.  Die endosperm van ‘n melerige garskorrel het ‘n losgepakte struktuur met verskeie lugruimtes 

tussen die styselkorrels, terwyl dit ook ‘n groter proporsie A-tipe-styselkorrels as B-tipe-styselkorrels het.  ‘n 

Endosperm wat as staalagtig beskryf kan word, het ‘n struktuur van styfgepakte klein B-tipe-styselkorrels wat 

baie ruimtes vul en ‘n digte endosperm tot gevolg het.  Vanweë die plasing van die endosperm kan ‘n garskorrel 

se wateropname gedurende die moutproses beïnvloed word.  Daar is geteoretiseer dat melerige garskorrels met 

‘n minder digte endospermstruktuur wateropname vergemaklik, in teenstelling met staalagtige garskorrels 

waar vogopname belemmer word.  Belemmerde wateropname en ongelyke verspreiding van water deur die 

garskorrel lei op sy beurt tot die beperkte aktivering van hidrolitiese ensieme en gevolglike moutmodifikasie. 

Die endospermstruktuur van garskorrels kan van naderby geïnspekteer word met behulp van 

skanderingselektronmikroskopie (SEM) om die eienskappe van ‘n goeie en ‘n slegte moutkultivar te 

evalueer.  Drie konvensionele fikseringsmetodes is vergelyk om ‘n tegniek te vind om die endospermstrukture 

met minimale artefakte te beskou.  Daar is gevind dat dompelingsbevriesing en oopkraak van graan ‘n 

effektiewe metode was om die endospermstruktuur te behou, teenoor chemiese fiksering wat artefakte 

opgelewer het en kriosnitte wat beskadiging van strukture veroorsaak het.  Ten einde die endospermmatriks 

gedurende die moutproses waar te neem is dompelingsbevriesing gedurende opeenvolgende dae van 

ontkieming gedoen, en aanduidings van styseldegradasie deur ensiematiese aktiwiteit is in situ gesien.  Deur 

die gebruik van dompelingsbevriesing is 11 plaaslike moutgarskultivars met wisselende broudoeltreffendheid 

vergelyk om eienskappe te identifiseer wat hul broudoeltreffendheid vooraf kan bepaal.  Getuienis is gevind 

dat die endosperm van ‘n goeie omskakelaar ‘n meer losgepakte struktuur met gepaard gaande lugruimtes het, 

teenoor die endosperm van ‘n swak omskakelaar wat eienskappe van ‘n staalagtige endosperm het wat 

wateropname vertraag. 

Die feit dat water goeie absorbansie-eienskappe in die naby-infrarooi (NIR) omgewing het, verleen 

die voordeel van naby-infrarooi (NIR) toepassings vir die studie van voedselprodukte wat ‘n gemiddelde tot 

hoë waterinhoud het.  Naby-infrarooi (NIR) toepassings het ontwikkel tot die inkorporering van hiperspektrale 

beeldanalise (HSI) wat gespesialiseerde toepassings in graansoort-kwaliteitsbeheer teweegbring.  Wanneer 

garskorrels vog tydens die moutproses opneem, kan die wyse van wateropname tussen ‘n goeie en ‘n swak 

omskakelaar verskil.  Hierdie teorie is ondersoek deur die gebruik van naby-infrarooi hiperspektrale 

beeldanalise (NIR-HIS) (in die golflengteveld tussen 850 en 2500 nm) sodat garstelers goeie moutkultivars vir 

die broubedryf kan identifiseer.  Ten einde vogopname van garskorrels te kan volg is meerveranderlike 

beeldanalise gebruik en hoofkomponent-tellingplotte is agtereenvolgend oorgekleur om die veranderings te 

kan waarneem.  Parsiële kleinstekwadrate-diskriminant-analise (PLS-DA) is gebruik om goeie 
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omskakelingsmoute van swak omskakelingsmoute  tydens sleuteltydstippe van die weekproses te kan 

onderskei.  Die gemiddelde spektra van individuele graankorrels is ‘n mees waarskynlike klas van bo 0.50 

waarskynlikheid toegeken.  Klassifikasiefoute voor weking was hoog (27.1%) en is geleidelik verlaag om die 

akkuraatste klassifikasiemodel (klassifikasiefout van 10.4%) by 37 uur weking te gee. 
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Introduction 

Barley (Hordeum vulgare L.) is a cereal crop with a vast global cultivation range  ranking among the top cereal 

crops produced in both quantity and area of cultivation (Zhou, 2010). Over time, barley have been 

domesticated from its wild relative, Hordeum spontaneum (Badr et al., 2000) to develop cultivars optimized 

for malting. The malting industry relies on good quality grain, with good malting characteristics from 

specialized breeding programmes (Grando and Macpherson, 2005).  

The endosperm, making up the largest portion of a barley grain, is an important determinant of how 

malting will progress (Evers and Millar, 2002). A barley grain may be described as a mealy or a steely. When 

a barley grain has a hard, vitreous endosperm and does not malt easily; it is referred to as a steely barley. In 

contrast, a mealy barley has a softer endosperm and malts more readily. The endosperm structure of a mealy 

grain, under a microscope, appears to be more loosely packed with several air spaces between starch granules, 

while in the case of a steely grain, starch granules are densely packed and more strongly embedded in the 

protein matrix (Chandra et al., 1999; Psota et al., 2007; Ferrari et al., 2010; Nair et al., 2011a).  

A Malting Quality Index (MQI) as proposed by Psota & Kosař (2002) encompasses the following 

parameters: protein content (derived from nitrogenous constituents), extract yield, relative extract at 45°C, 

Kolbach index, diastatic power, apparent final attenuation, malt friability, beta-glucan concentration in the 

wort. These parameters may be relevant to the efficiency of alcohol conversion labelling some barley cultivars 

to be good converters (high fermentable malt (HFM)) and some to be poor converters (medium fermentable 

malts (MFM)). 

The process of malting is divided into three parts: steeping, germination and kilning. For germination 

to be initiated, grains are placed in a steeping tank for 1-2 days until the moisture content of barley grain rises 

to at least 40%. Germination occurs under controlled conditions for up to 4 days for best embryo growth, 

enzyme synthesis and breakdown of the starchy endosperm (Gupta et al., 2010; Cu et al., 2016). Finally, 

kilning, is performed to halt the germination process and ensure a stable final product is produced (Gupta et 

al., 2010). This is done by applying heat, around 80-90°C, in a kiln, which triggers the Maillard reaction that 

contributes to the production of desired colour and aroma compounds found in beer (Kleinwächter et al., 2012). 

It is believed that the endosperm structure may affect how hydration occurs throughout a barley grain. 

Mayolle and colleagues (2012), confirmed the relationship between water diffusivity into the endosperm of 

barley grain and structural parameters such as porosity, vitreousness and hardness. However, they also 

proposed that the outer layers (i.e. testa and aleurone layer) have an effect on hydration of the endosperm by 

lowering water diffusion into the grain across these barriers. Holopainen and colleagues (2014) also studied 

the water uptake in barley grain in relation to its composition and structure. Water uptake during malting was 

recorded by weighing the samples and separating them into groups based on the portion of hydrated 

endosperm. This study confirmed that hydration is often correlated negatively with b-glucan content and grains 

exhibiting a steely structure. 

Scanning electron microscopy (SEM) is a useful technique to observe the microstructure of barley 

grain. Electron microscopy (EM) provides the researcher with a high resolution, high magnification image of 
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the micro-structure of a biological sample (Egerton, 2005). The endosperm constituents of a barley grain, such 

as starch granules, may be observed to gain understanding of structural components and how processes such 

as malting may be influenced by these components. 

Biological samples, with a high moisture content, should undergo fixation before subjected to electron 

microscopy in order to remove moisture while maintaining structural integrity of intracellular structures 

(Hoetelmans et al., 2001; Walther, 2003; Kirk et al., 2009; Chao and Zhang, 2011; Liu et al., 2012). Whether 

the method of fixing a sample involves high pressure freezing (Walther, 2003) or chemical solutions 

(Hoetelmans et al., 2001), the nature of the sample needs to be considered and the possible limitations of the 

technique taken into account. 

The use of hyperspectral imaging (HSI), especially in the near infrared (NIR) region (780 – 2500 nm), 

on food products has become an emerging trend to analyse food products and evaluate quality parameters 

(Manley, 2014; Sendin et al., 2016). HSI research in the grain and cereal industry has progressed to allow 

advanced evaluation of quality and safety in these food products (Mohammadi Moghaddam et al., 2013; 

Sendin et al., 2018b). Recent analysis aided with HSI that have been done in the field include classification of 

white maize defects (Sendin et al., 2018a), protein content prediction in individual wheat kernels (Caporaso et 

al., 2018a), classification of maize kernels (Williams and Kucheryavskiy, 2016), high speed measurement of 

corn seed viability (Ambrose et al., 2016). 

Because of the strong absorption by water in the NIR region (ca. 1440 to 1470 nm and 1920 to 1940 

nm), it has become an unavoidable compound to investigate. Water uptake may be studied in barley grain with 

the aid of HSI as work similarly done on wheat kernels by tracking the diffusion of water into a kernel (Manley 

et al., 2011). If there is a difference in hydration between cultivars, HSI has the potential to illustrate this. 

For the malting and brewing industry, it is important to develop cultivars that will yield the most 

economic extract and perform suitably throughout the supply chain. The processes of malting and brewing are 

influenced by an array of factors that include variation in environmental conditions, farming practices as well 

as industrial processing techniques.  

Although several investigations have been done into the correlation between the endosperm and the 

malting properties of barley (Chandra et al., 1999; Ferrari et al., 2010; Cozzolino et al., 2013; Holopainen et 

al., 2014; Cu et al., 2016), there are still many new methods to investigate this phenomenon. Advanced 

imaging techniques, such as SEM and HSI, may be applied to investigate structural changes of barley grain 

during steps in the malting process.  
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Introduction 

Structural differences exist in different barley cultivars with relation to the distribution and quantities of 

proteins, starch and β-glucan. As a result of these differences, barley may be distinguished as mealy or steely; 

the evidence of which lies in the structure of the protein matrix of the endosperm (Chandra et al., 1999). By 

examining these structures under a microscope, it is observed that starch granules tend to be loosely packed 

with several air spaces in the endosperm of a mealy barley sample. While in the case of steely endosperm, 

starch granules are densely packed (Chandra et al., 1999). 

Malting is the practice of converting barley grain (or other cereal grains) into malt for the use of 

brewing, distilling or production of other malt products. The malting process initiates germination, which 

makes malt the source of enzymes, fermentable extract and yeast nutrients for the process of brewing 

(MacLeod, 1967). The initiation of germinating barley is crucial to the success of malting and may be 

understandably impacted by processing factors, but more specifically by the structure of the barley grain itself 

(Andersson et al., 1999; Chandra et al., 1999; Psota et al., 2007; Vejražka et al., 2007; Gupta et al., 2010; 

Mayolle et al., 2012). Nevertheless, this process of germination is pivotal in the production of beer, specifically 

in the case of barley malting. 

The correlation between the endosperm structure and the malting properties of barley is still poorly 

understood. In earlier studies on germinating barley, the progressive enzyme-catalysed breakdown of the 

endosperm, otherwise known as “malt-modification” was studied (Briggs, 2002). This phenomenon is 

theorised to be regulated by the embryo, since modification will progress from the basal end to the apex of the 

grain, parallel to the scutellum (Briggs, 2002). Steely grains have been found to correlate with uneven malt 

modification of the endosperm during malting resulting in processing difficulties in the brewing industry 

(Chandra et al., 1999). These processing difficulties due to uneven malt modification is a result of structural 

differences in the endosperm. Through analysis of barley grain endosperm using imaging techniques, malt 

modification in relation to structure may be examined. 

 

Barley 

Background and uses 
Barley (Hordeum vulgare L.) is one of the oldest cereal grain crops to be domesticated from its wild relative, 

Hordeum spontaneum (Badr et al., 2000). Since its domestication, barley has mainly been used as a staple 

food, animal feed and as a major grain in the malting industry (Grando and Macpherson, 2005). Barley is a 

crop with an extensive cultivation range that spans over several climates, giving rise to the possibility of high 

production volumes (Holopainen et al., 2014). World barley production was estimated at 141,9 million tonnes 

for the 2017/2018 marketing year as reported by the United States Foreign Agricultural Services (Anonymous, 

2018). With a growing demand for quality barley due to its various applications, different cultivars have been 

developed over the years (Andersson et al., 1999). Cultivars used for malting are usually softer than non-

malting cultivars. The result of a breeding programme can affect the grain hardness (Psota et al., 2007). It was 

previously believed that the environmental factor may contribute notably to the structure of the endosperm, 
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but as shown by Psota et al. (2007), the variable of breeding has the strongest effect on grain hardness 

compared to the variable of environment and the interaction between the two. 

 

Barley breeding and quality parameters 
Developing a barley cultivar with a good fermentability is an important quality indicator that breeders often 

pursue. Fermentability is a measurement of the amount of fermentable sugars liberated during malting. These 

sugars are formed by the breakdown of complex starch molecules in the endosperm structure (See section 3.2.1 

Enzymes). 

Some traits of a good malting barley cultivar may be identified by a series of chemical analyses that 

determines whether a malt meets the brewery requirements. A Malting Quality Index (MQI) as proposed by 

Psota & Kosař (2002) encompasses the following parameters: protein content (derived from nitrogenous 

constituents), extract yield, relative extract at 45°C, Kolbach index, diastatic power, apparent final attenuation, 

malt friability, beta-glucan concentration in the wort. Below, some of these parameters are discussed. These 

indicators may be relevant to the efficiency of alcohol conversion subscribing some barley cultivars to be good 

converters (high fermentable malt (HFM)) and some to be poor converters (medium fermentable malts 

(MFM)). 

 

Nitrogen content 
Total nitrogen (dry basis) is determined on a milled malt, typically by means of the Dumas or Kjeldahl method. 

The Dumas method is much quicker and simpler to use, compared to the Kjeldahl method (Müller, 2017). 

While the Kjeldahl method only measures the organic nitrogen in the sample, the Dumas method is more 

comprehensive, taking into account inorganic nitrogen such as nitrite and nitrate (Simonne et al., 1997; Müller, 

2017). Furthermore, the total soluble nitrogen (TSN) is tested on wort because of nitrogen release during 

malting and mashing by enzymatic action (Wallace and Lance, 1988; Johnson and Johansson, 1999). TSN is 

also commonly obtained by means of the Dumas method. 

The Kolbach index is derived from the TSN in relation to the total nitrogen values and shows the 

degree of protein degradation. The relationship between the Kolbach index and other quality parameters is 

multifaceted due to the diversity of types of protein and their varying range of functions during malting and 

brewing (Jin et al., 2012). Jin and colleagues (2012) investigated this interaction of the Kolbach index with 

various other quality parameters and found that with an increased Kolbach index, the transformation of gliadins 

and glutenins into soluble nitrogen was the most pronounced. 

 

Extract yield 
Extract is a measure of the total fermentable sugar recovered from the wort. The value obtained gives an 

indication of brewhouse performance. The measurement of extract is a specific gravity measurement. Specific 

gravity measurements are expressed relative to the density of sucrose, and since maltose obtained from 

fermented sugars have a similar density to sucrose, extract potential is measured by analysing maltose 

concentrations in wort (D. Fisher, SABM, Caledon, South Africa, Personal Communication, 2018). 

Stellenbosch University https://scholar.sun.ac.za



 

 9 

The extract of malt may be subjective to a list of environmental factors, such as growing conditions, 

temperature, fertilisers used, nitrogen availability and moisture. These factors, indirectly affect malt extract, 

because they directly influence protein and starch levels and composition (Fox et al., 2003). According to a 

technical summary for the Institute & Guild of Brewing by Tim O’Rourke (2002), when a brewery selects a 

malt, they select according to which type will yield the most economic extract. However, the total nitrogen 

content may negatively affect the extract potential with a higher nitrogen content being related to a low extract 

yield (O’Rourke, 2002). 

In the end, the more economic extract would be selected by the brewers as in the case with an HFM 

cultivar that has a good fermentation rate (F. Smit & N. Else, SAB, South Africa, Personal Communication, 

2018). 

 

Diastatic power (DP) 
Diastatic power is a measurement that indicates enzymatic power of the barley grain. This includes all the 

diastase enzymes that hydrolyse starch into fermentable sugar (O’Rourke, 2002). Windisch-Kolbach (WK) 

units are used to measure diastatic power and it is tested on milled malt by using a continuous flow analyser 

(D. Fisher, SABM, Caledon, South Africa, Personal Communication, 2018). 

The four diastatic enzymes that contribute to the diastatic power are a-amylase, b-amylase, limit 

dextrinase and a-glucosidase (Duke and Henson, 2017). However, it has been found that b-amylase might 

have the strongest correlation to diastatic power compared to the other starch degrading enzymes due to its 

high activity (Kaneko et al., 2000). b-amylase has three thermostabilities, of which the highest thermostability 

is correlated to a high apparent attenuation limit (Kaneko et al., 2000). 

 

Apparent Attenuation Limit (AAL) 
AAL represent the percentage that measures the conversion of sugars into alcohol and carbon dioxide by the 

fermentation process. Traditionally, fermentability has been measured using AAL where an excess amount of 

yeast is allowed to ferment under controlled conditions (Fox et al., 2001). The AAL is expressed as a 

percentage and the test is performed on the wort after a laboratory scale fermentation has been completed 

(Eglinton et al., 1998). During this fermentation, alcohol is produced, and the yield is determined by a specific 

gravtity test. 

 

b-glucan content 

b-glucans are the major constituent of endosperm cell walls. A measurement of b-glucan in wort indicates the 

degree of cell wall degradation that occurred during malting. Therefore, under-modified malt will therefore 

show higher levels of b-glucan (SABBI, 2012).  

To address high b-glucan content in wort, exogenous b-glucanase may be added to increase the extract 

(O’Rourke, 2002). Furthermore, malt that shows high b-glucan content in its wort will most likely give rise to 

technical problems in the brewery such as stuck sparges because of increased viscosity (SABBI, 2012). 
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Along with b-glucans, arabinoxylans are also important dietary fibre constituents which are abundant 

in endosperm cell walls (Andersson et al., 1999). Han (2000) followed the structural characteristics of 

arabinoxylans from barley to beer and found that the high degree of linkages with b-glucan could result in 

processing difficulties due to increased viscosity caused by excessive branching. 

 

Significance of malt quality parameters 
Due to these aforementioned factors, breeding programmes thus aim to understand these fundamental traits to 

obtain a product with desired attributes, and seek to comprehend how genetic and environmental factors may 

play a role in barley grain development and its expression of its genes (Ahmadi et al., 2016). To further 

investigate the effect of the environmental factors on malting characteristics, multi-environment trials (MET) 

are performed where the same cultivar is grown in different geographical locations to compare effects of 

environment. The goal of barley breeders worldwide is to develop cultivars that can adapt to a range of climates 

– this in turn aids the commercial trade of these cultivars. 

The malt quality, nevertheless, should be appropriate for the brewing process employed at the 

brewhouse, and in conjunction with the equipment and the adjuncts used with the malt in the brewing recipe 

(O’Rourke, 2002). 

 

South African malting barley 
For the barley breeding industry it is important to offer a variety of cultivars for producers as it is the simplest 

way to achieve an increased and more stable income with the minimum risk (SABBI, 2012). Farmers would 

look for a variety that produces the best crop yield along with a few controlling characteristics such as, kernel 

plumpness and nitrogen content as well as growth factors and disease resistance. Table 2.1 shows some current 

cultivars and their common regions used in South-Africa that have been developed by the South African Barley 

Breeding Institute (SABBI). 

 

Table 2.1 Common malting barley cultivars of South-Africa 

Region Cultivar Example location 

Dry land Erica Napier, Western Cape 

Hessekwa Napier, Western Cape 

Irrigation Cocktail Taung, Western Cape 

Overture Taung, Western Cape 

Cristalia Hartswater, Western Cape 

Genie Vaalharts, Northern Cape 

Irina Vaalharts, Northern Cape 
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Figure 2.1 shows a map of the general distribution of irrigation and dry land regions throughout South-

Africa. However, there are sub regions that may not be the same due to soil moisture supply, this may be where 

a cultivar is grown under irrigated conditions in a typically dry land area such as the Southern Cape. 

 

Figure 2.1 Typical geographical distribution of dry land and irrigation barley producing regions of 

South Africa (Adapted from infographic supplied by SABBI). 

 

Endosperm structure 
The endosperm comprises the largest part of the barley grain and constitutes for approximately 75% of the 

grains mass. It consists of the starchy endosperm and the aleurone layer, although generally when referring to 

the ‘endosperm’ only the starchy endosperm is suggested (Evers and Millar, 2002). According to a study by 

Finnie and colleagues (2003), where they extracted individual components of a barley grain, the starchy 

endosperm constitutes 87.2% of a grain’s dry weight, followed by 9.1% for the aleurone layer and 3.7% for 

the embryo. 

The starchy endosperm of a mature grain consists of a starch-protein matrix with starch embedded in 

a matrix of storage proteins. Starch is a biopolymer chain of 1,4-linked a-glucose monomers linked to form a 

macro molecule. In plants, starch materialises in the form of microscopic granules that are partially soluble in 

cold water. Starch in cereals consist of amylose and amylopectin, making up about 25% and 75% respectively. 

In the amylopectin chain, several 1,6-linkages are present that lead to a highly branched structure and resulting 

in a more compact endosperm (Evers and Millar, 2002; Källman et al., 2015).  
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Figure 2.2 Schematic longitudinal drawing of a barley grain (Hunter, 1962). 

 

Each malt grain contains proteins, starch and a few other constituents. Barley varies considerably in 

chemical composition, which is a result of genetic variation and often speculated to be due to environmental 

factors. 

 

Mealy and steely endosperm 
Often, barley grains are classified in terms of mealiness or steeliness due to the structure of its endosperm. 

When a barley grain has a hard, vitreous endosperm and does not malt easily; it is referred to as a steely barley. 

In contrast, a mealy barley has a softer endosperm and malts more readily. The endosperm structure of a mealy 

grain, under a microscope, appears to be more loosely packed with several air spaces between starch granules, 

while in the case of a steely grain, starch granules are densely packed and more strongly embedded in the 

protein matrix  (Chandra et al., 1999; Psota et al., 2007; Ferrari et al., 2010; Nair et al., 2011a). 

However, the distinction between mealiness and steeliness is not clear. Most of the time a single barley 

grain may contain characteristics of both these classes (Chandra et al., 1999). Some areas may be defined as 

mealy and some areas may be defined as steely. Typically, steely areas can be randomly distributed within the 

endosperm and are associated with higher concentrations of b-glucan and protein. 

Starch granules in barley and other cereal grains are often classified as A-type and B-type starch 

granules based on distinctions in their size and shape (Morrison and Scott, 1986). A-type starch granules are 

typically lens-shaped with a diameter of >15 µm, while B-type starch granules are spherical and have an 

average diameter of <10 µm. These two types represent the predominant forms of starch granules in the starchy 

endosperm. A C-type starch granule is also identified, although it only develops very late in grain filling 

(Bechtel et al., 1990). These C-type granules have an irregular shape and are commonly less than 5 µm in 

diameter (Bechtel et al., 1990; Stoddard, 1999; Jaiswal et al., 2014). 
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The structure of barley endosperm – An important determinant of malt modification 
Chandra and colleagues (1999) investigated the structure of the barley endosperm in order to relate the micro-

structure and starch-protein organisation with malting characteristics. Steeliness appeared to be a major factor 

restricting the even distribution of water across the endosperm during steeping. As a result, uneven distribution 

of water across the endosperm occurred. This, in turn affected the distribution and activity of major enzymes 

responsible for malt modification. The location of steely areas is therefore crucial, since high levels of b-glucan 

associated with steely areas in the proximal endosperm were thought to have restricted the distribution and 

activity of b-glucanases, restricting the enzyme to the proximal end of the endosperm and preventing it from 

reaching the central endosperm in time to have any tangible effect in malting. They investigated these 

occurrences in the following ways: 

Using a light transflectance method on a mealy sample and a steely sample, the mealy areas are shown 

to absorb light and appear dark and the steely areas transflect light and appear translucent (Figure 2.3). 

By examining the endosperm with scanning electron microscopy (SEM), starch granules tend to be 

loosely packed with several air spaces in the endosperm of a mealy barley sample. While in the case of steely 

endosperm, starch granules are densely packed (Figure 2.4). 

Using light microscopy, a mealy grain and a steely grain can be seen, as well as a hybrid. Where there 

are some areas more densely and some more loosely packed in the same grain (Figure 2.5). 

To assign hydration scores during steeping, the distribution of water was measured as the area stained 

by iodine vapour. Each kernel is then classified using the scoring system illustrated in this diagram (Figure 

2.6). 

 

 

Figure 2.3 Mealy barley grain (M) and steely barley grain (S) as observed when husks were removed 

and grains were illuminated from below (Chandra et al., 1999). 
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Figure 2.4 Scanning electron micrographs viewing the endosperm of a mealy (M) and a steely (S) barley 

grain (Chandra et al., 1999). 

 

 

Figure 2.5 A transverse section of mealy grain (M) and a steely grain (S) under a light microscope. The 

third image (M/S) indicates a barley grain that displays both mealy and steely zones (Chandra et al., 1999). 
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Figure 2.6 Reference image used by Chandra and colleagues (1999) to assign hydration scores to 

hydrated barley grain. 

 

From this study by Chandra and colleagues (1999), it became evident that the morphological structure 

of the endosperm impacts on malt quality by affecting water distribution. This will affect the release and extent 

of activity of various enzymes, thus changing the pattern of malt modification. The proportion and location of 

steely areas within grains are thus crucial factors of malt quality. 

 

Further investigations into endosperm structure 
Ferrari and colleagues (2010) suggested that grains with more steely proportions show uneven physical – 

chemical modification of the endosperm during malting. Their steely samples showed slower modification 

during malting, less acrospire growth, and higher extract viscosity, both indicators of malt modification. This 

may be further explained by the fact that steely samples are more likely to store nitrogen within the endosperm 

as hordeins rather than as soluble proteins within the embryo, thus adding to the difficulty in modifying higher 

nitrogen samples. 

Lazaridou and colleagues (2008), extracted highly-purified endosperm cell walls from three barley 

samples varying in grain hardness, protein and b-glucan contents were studied. The extracted cell walls were 

then subjected to barley malt crude enzyme extract to digest its components. This study has demonstrated that 

there are significant differences in the solubility and digestibility of the polysaccharides in the endosperm cell 

wall.  

With everything being said about the variations of endosperm structure owing to genetics, it is 

important to note that the environmental impact on quality parameters is also ever present (Andersson et al., 

1999; Yan et al., 2000; Dupont and Altenbach, 2003; Bohačenko et al., 2006; Dai et al., 2007; Källman et al., 

2015). For this reason, breeding programmes cultivate experimental lines over a broad spectrum of landscapes 

and climates to collect data taking environmental influences into account. The idea is to develop not a single 

cultivar, but rather target cultivars for a specific region through multi-environmental trials (MET) (Yan et al., 

2000). From a study on the composition and structure of Canadian barley cultivars’ endosperm, Lazaridou and 

colleagues (2008) concluded that there may be large differences in the structure and digestibility of endosperm 

cell wall polysaccharides as a result of environmental impact. And on the other hand, Psota and colleagues 
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(2007), suggested that the variable of breeding has the strongest effect on grain hardness compared to the 

variable of environment and the interaction between the two. However, it is believed and shown that the 

genetics or environment are not mutually exclusive and may rather have a combined effect on barley quality 

(Yan et al., 2000). 

 

Malting 

The three main steps that constitutes the malting process are: steeping, germination and kilning. For 

germination to occur, barley grains are placed in a steeping tank for 1-2 days for the moisture content of barley 

grain to increase from 12% to at least 40%. Germination occurs under controlled conditions for up to 4 days 

in order for optimal embryo growth, enzyme synthesis and breakdown of the starchy endosperm to proceed 

(Gupta et al., 2010; Cu et al., 2016). The last step, kilning, is performed to halt the germination process and 

ensure a stable final product is produced (Gupta et al., 2010). This is done by applying heat (80-90°C) in a 

kiln, which induces the Maillard reaction that contributes to the production of colour and aroma compounds 

that are desired in beer (Kleinwächter et al., 2012). 

 

Steeping 
Steeping involved adding water to the barley in excess amounts to increase the water content of the barley 

grains. The increased water content “tricks” the barley into growing, and therefore initiates the germination 

process.  

A steeping cycle consists of alternating wet and dry stands. During a wet stand, barley grains are 

submerged in water with air bubbling through to provide oxygen to the respiring grains. During a dry stand, 

the water is drained, and an air rest is given to allow the grains to equilibrate (D. Fisher, SABM, Caledon, 

South Africa, Personal Communication, 2018). The steeping cycle most popular and commonly used in South 

Africa is given in Figure 2.7, this flow diagram illustrates the times that certain stands are active. 

 

 

Figure 2.7 The phases of a typical steeping cycle employed at SAB Caledon Maltings 

 

During the steeping cycle, the barley grain starts to respire and the demand for oxygen grows. 

Although the impact of oxygen deficiency in the first wet stand does not affect the steeping cycle, it becomes 

a crucial component from the first dry stand onwards (Wilhelmson et al., 2006). The sole effect of aeration is 

not exclusively to introduce oxygen to the barley grain, but it is to remove carbon dioxide that may negatively 

affect germination (Kleinwächter et al., 2012). Below, a typical steeping and aeration pattern is shown in 

Figure 2.8. This illustrates the oxygen supply during steeping, the first 43 h of malting. During wet stands, air 

is blown into the grain bed to provide oxygen to the germinating kernels (D. Fisher, SABM, Caledon, South 
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Africa, Personal Communication, 2018). From Figure 2.8, it can be seen that the oxygen content drops rapidly 

after each aeration. This is because the germinating kernels use the oxygen for germination. 

 

 

Figure 2.8 Oxygen content during the four stages of steeping. Recreated from Anonymous (2019) 

 

Effect of endosperm on hydration of barley during steeping 
The effect of the endosperm structure may affect how barley grain hydrate. Mayolle et al. (2012), confirmed 

a significant relationship between water diffusivity in the endosperm of barley grain and structural parameters 

such as porosity, vitreousness and hardness. However, they also suggested that the outer layers (i.e. testa and 

aleurone layer) have an effect on hydration of the endosperm by lowering water diffusion into the grain. 

Holopainen and colleagues (2014) studied the water uptake in different barley samples in relation to 

their compositions and structures. Water uptake during malting was recorded by weighing the samples and 

separating them into groups based on the portion of hydrated endosperm. They confirmed that frequently 

hydration correlated negatively with b-glucan content and grains exhibiting a harder structure as previously 

described by Chandra et al. (1999). However, the b-glucan content could not explain all of the variation in 

their results and it was considered to be a case of how the b-glucans were packed and distributed throughout 

the endosperm. The effect of packing and distribution of b-glucan and other relevant constituents were 

previously explained by Brennan and colleagues (1997), who observed different physical patterns of malt 

modification in samples with comparable chemical profiles. 

An investigation into the water uptake in barley grains, by Cu and colleagues, (2016) studied the water 

uptake specifically in malting barley cultivars with low and approximately equal husk contents, in an attempt 

to uncover additional variation that could be used for genetic improvement of malting barley. They started by 

examining the water uptake in different cultivars to find barley that requires low water and time input and 

found the effect in cultivars with lower husk contents. They showed that the rate of water uptake is easily 
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limited by the structure of the cell walls. Cell walls with higher b-glucan contents took longer to hydrate. 

Therefore, they suggested that using barley cultivars with lower b-glucan contents can be more efficient in 

industry, and the possibility arose that significant reductions in b-glucan might lead to reductions in water 

usage with further benefits of faster grain modification in the malting process. 

 

Germination 
Germination happens in large, aerated, open vessels, under controlled temperature conditions at approximately 

15 to 19°C for four days. Towards the end of steeping the barley starts to germinate and rootlet starts to emerge 

– this is an indication that germination has been initiated. Towards the end of germination, the rootlets become 

longer and more thread-like, therefore the germinating barley is regularly turned to prevent matting of the 

rootlets. 

Starch and protein act as food stores for the embryo of the developing grain. However, the starch 

granules are embedded in a protein matrix inside the elongated cells of the endosperm. The cell walls are made 

of hemi-cellulose and mainly consists of b-glucan – these components, therefore, needs to be broken down 

during malting for the starch degrading enzymes to reach the starch granules. 

For the malting and brewing industry, one of the important quality criteria of malting barley is a rapid 

and uniform enzymatic degradation of the cell wall (Briggs, 2002). The cell walls are thought to affect the 

water uptake and accessibility of hydrolytic enzymes to the storage reserves and may challenge the degree of 

malt modification. As enzymes move through the barley grain, the endosperm becomes modified by enzymatic 

action – this is referred to as malt modification (Briggs, 2002). A degree of malt modification can be assigned 

based on how much of the endosperm is digested as shown in Figure 2.9. 
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Figure 2.9 The progression of malt modification across the endosperm of a barley grain, as proposed 

by Brown and Morris (1890). The transverse section (D) illustrates the trait of malt modification if B were cut 

transverse from a to b (Briggs, 2002). 

 

Enzymes 
Starch is the main constituent of interest in the brewing industry. Simply put, starch breaks down to 

fermentable sugars that gets converted into alcohol in the brewery. First, cell walls need to be degraded by 

cytase and then the starch granules contained within the cells are broken down by diastase (Briggs, 2002). 

Cytase is the term used when referred to the mixture of enzymes that degrade cell walls, while diastase is 

typically only the starch degrading enzymes. 

During germination, numerous biochemical pathways are regulated by specific hydrolytic enzymes. 

Endosperm breakdown is regulated by the embryo (Briggs, 1981) by means of starch hydrolysing enzymes 

(cytase), some of which include a-amylases, b-amylases, b-glucanases, endo-porteases, pentosanases, limit 

dextrinases and a-glucosidase (Briggs, 2002; Macgregor et al., 2002; Schmitt et al., 2013). The formation and 

activation of these enzymes are promoted by the increasing moisture and oxygen during the steep, for full 

activity to be achieved during germination. The enzymes such as b-amylase, exo-peptidase and carboxy-

peptidase are already present in the starchy endosperm of the barley and are activated during malting. Other 

enzymes, such as b-glucanase, endo-proteases, a-amylase and pentosanases are formed in the aleurone layer 

of the barley during malting (Egi, 2014). Most of these enzymes, especially b-glucanases are highly active 

during the germination period, breaking down b-glucan which is mainly cell wall material into simpler 
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substances. It is cruicial for most enzymatic activity to occur during malting, since most enzymes are heat 

sensitive and will denaturate quickly during mashing. 

Hydrolytic enzymes are therefore important to convert starch into fermentable sugars, which, later on, 

is consumed by yeast during the brewing process to produce alcohol. The amount of starch broken down during 

malting holds a relation with the final product, in the sense that it determines how much sugar is formed and 

in effect how much alcohol is produced.  

Paleg (1960), did extensive research on the physiological effects on carbohydrate metabolism and 

amylase activity of barley endosperm and other starch hydrolysing enzymes. They mapped out the pathways 

of gibberellic acid on carbohydrate metabolism, which may be simplified as follows: Gibberelic acid breaks 

dormancy due to its germination-promoting effect. Gibberellins are synthesised by the embryo and released 

into the starchy endosperm via the scutellum and diffuse to the aleurone layer. Then finally, the cells in the 

aleurone layer are induced to synthesise and secrete a-amylase and other hydrolases into the endosperm. 

The enzyme that brewers are regularly concerned with is amylase. Amylase catalyses the hydrolysis 

of the polysaccharides amylose and amylopectin, the two molecules that make up starch into smaller 

oligosaccharides. There are two structurally different types of amylase, a-amylase and b-amylase that have 

several key differences. a-Amylase cuts at random a-1,4-glycosidic bonds, making it relatively fast, cleaving 

amylose into both maltriose and maltose and amylopectin into glucose and limit dextrin at branch points. This 

results in the production of some longer unfermentable sugars that can be cleaved further given enough time 

and high enough a-amylase concentrations. However, b-amylase also works on a-1,4-glycosidic bonds, but 

only on the non-reducing end of the polysaccharide chain, making it slower, cleaving two glucoses off at a 

time resulting in a single maltose molecule. 

Finally, the activity of these enzymes is then arrested by kilning. Good kilning should put the enzymes 

into ‘suspended animation’ until they are re-activated in the early stages of mashing, rather than destroying 

them. 

 

Kilning 
The final stage of malting involves kilning to carefully halt the enzymatic processes which will later be 

required in the brewing process. From here, enzymes remain inactive in the finished malt, until mashing to 

further convert starch to sugars for brewing. This final stage is also a crucial step in determining malt quality. 

Kilning determines colour and moisture, which is dependent on the temperature and duration of kilning. At 

SABM, Caledon, kilning is done for a duration of 24 h in four stages. The first stage is at 50°C for 3 h, followed 

by 60°C for 5 hours, then 70°C for 10 h and finally 80°C for 4 h before cooling down for 1 h to at least 30°C. 

The gradual increase in temperature is to ensure a steady development of colour, flavour and aroma without 

breakdown of sugars and amino acids (Woffenden et al., 2002). Malt that has been kilned for longer are usually 

darker due to the effect of the Maillard reaction and also has a lower moisture content (O’Rourke, 2002; 

Kleinwächter et al., 2012). 
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Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is a useful tool to observe the microstructure of barley grain. Electron 

microscopy (EM) provides the researcher with a high resolution, high magnification image of the micro-

structure of a biological sample. The endosperm constituents of a barley grain, such as starch granules, may 

be observed up to the nano-meter scale to gain understanding of structural effects of processes such as malting. 

 

Background 
Microscopy involves the observation of objects that are too small to be viewed with the naked eye. The light 

microscope was developed in the early 1600’s with Anton van Leeuwenhoek making some of the most notable 

observations of the time. Although a tedious and time-consuming practice because of accurate positioning of 

lenses, this development was a significant breakthrough in the scientific field – for the first time, scientists 

could observe biological tissue at a cellular level (Egerton, 2005). It was only by the late 1800’s that Ernst 

Karl Abbe noted that the resolution of the optical microscope is limited by the size of a wavelength of light. 

From here, Ernst Ruska and Max Knoll used the knowledge of wave-particle duality to invent a microscope 

that utilizes a beam of electrons. By the 1930’s the first instrument was built. Although it had some 

shortcomings, the idea was worth fulfilling and by the late 1900’s most commercial instruments had achieved 

resolutions of 0.1 to 0.2 nm (Tendeloo et al., 2012). And the technology continues to break barriers. 

A comparison made by Egerton (2005) compares the typical diameter of a grain of sand as 1 mm (1000 

µm) and the diameter of a strand of hair around 150 µm, both very small but still visible to the naked eye 

without any magnification required to identify. Moreover, they started going on to smaller objects, that start 

to require magnification such as, a red blood cell (10 µm), then a bacterium (1 µm) and all the way down to a 

Uranium atom at 200 pm that would require 400,000 times magnification assuming the spatial resolution is 75 

µm.  

A scanning electron microscope uses a focussed beam of high energy electrons aimed at the surface 

of a specimen to generate an array of signals by scanning across the surface, generating a point-by-point image 

(Joubert, 2018). The optics of EM are comparable to that of light microscopy, in that it has a source, a lens and 

a detection system. However, EM does not rely on photons to generate an image, but rather a focussed beam 

of electrons (Joubert, 2018). Figure 2.10 illustrates the basic components present in most EM systems. 
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Figure 2.10 Diagram of key components of an electron microscope 

 

The electron gun, together with two or three condenser lenses are responsible for focussing the electron 

beam. It is necessary that the specimen chamber is held in a vacuum for electrons to not be deflected by air 

particles. The incident beam at the specimen is known as the electron probe, it needs to be as small as possible 

and is formed by the objective lens, which is the final lens. Incident beams determine the resolution of the 

image produced and has been achieved to be as small as 1 to 10 nm (Egerton, 2005). The beam covers a 

rectangular area on the surface of the specimen by scanning a point at a time as the electron beam is moved 

across the sample, this is known as raster scanning. A diagram illustrating how raster scanning takes place and 

how the corresponding image is produced, is shown in Figure 2.11. 
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Figure 2.11 How an image is produced by a raster scan as the electron gun proceeds across the specimen 

in a scanning electron microscope 

 

The electrons from the electron beam interact with atoms in the sample, generating various signals 

that may be detected and that hold information about the sample's surface topography and composition. When 

the electron beam hits the surface of the sample, electrons are scattered in a myriad of scattering processes 

(Egerton, 2005). Some electrons have interactions with the sample and the depth and volume at which this 

occurs is known as the interaction volume. This is where absorbed electrons spread laterally and lose energy 

(Egerton, 2005; Joubert, 2018). The major scattering of interest is the scattering of secondary electrons (SE) 

as it shows the morphology and topography of the specimen. Back scattering electrons (BSE) are important to 

show contrast in the composition of the sample where multiple phases may be observed (Swapp, 2017). Other 

scattering is observed by X-rays, cathodoluminescence, Auger electrons and heat (Swapp, 2017; Joubert, 

2018). 

As have been shown in the past, samples, especially biological samples that contain moisture, should 

undergo fixation before imaging to remove moisture while maintaining structural integrity of intracellular 

structures (Hoetelmans et al., 2001; Walther, 2003; Kirk et al., 2009; Chao and Zhang, 2011; Liu et al., 2012). 

Whether the method of fixing a sample involves high pressure freezing (Walther, 2003) or chemicals 

(Hoetelmans et al., 2001), the nature of the sample needs to be considered and the possible limitations taken 

into account. Sample coatings to make a sample conductive of electrons, may also be considered. Sputter-

coating is done to coat the surface of the specimen with a thin film of metal or conducting carbon to eliminate 

effects caused by charging (Egerton, 2005). 
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Strengths and limitations 
Advantages of using SEM is that the technique is relatively fast and delivers visually consistent, comparable 

results. It also has various applications in different scientific fields because of advanced extensions such as 

Energy-dispersive X-ray (EDX) spectroscopy that may be applied for elemental analysis (Schembri et al., 

2008). Further improvements may be done as more detectors may be added to the electron microscope system 

that detect different scattering or by implementing new software packages to analyse data in different ways 

(Egerton, 2005). 

However, observations done in SEM may often become subjective to what the researcher is looking 

for (L. Joubert, Electron Microscopy facility, Stellenbosch, South Africa, Personal Communication, 2018). 

Analysis bias occurs when a researcher is looking for data that confirms their hypothesis and may easily 

overlook observations inconsistent with their goal (Smith and Noble, 2014). This bias is often observed in 

many fields of microscopy where data is not discreet or quantitative. Further hindrances include the fact that 

due to the nature of some samples, sample preparation may be laborious or that samples have to be relatively 

small to be able to fit into the observation chamber (L. Joubert, Electron Microscopy Facility, Stellenbosch, 

South Africa, Personal Communication, 2018). 

 

Hyperspectral imaging 

The use of hyperspectral imaging (HSI), especially in the near infrared (NIR) region, on food products has 

become an emerging trend to analyse food products and evaluate quality parameters (Manley, 2014; Sendin et 

al., 2016). There is a growing need to produce food that meets specific standards in terms of quality and safety 

at a low cost. It is crucial for companies to comply with these standards whilst producing maximally and 

wasting minimally. The preferred methods for food quality determinations need to be fast, objective and 

accurate (ElMasry and Sun, 2010). 

Food quality is determined by an array of characteristics such as colour, skin texture, appearance or 

even size. However, many of these characteristics are based on external characteristics that the food product 

exhibits, since they have always been evaluated by means of visual inspection (Gunasekaran, 1996). Internal 

qualities such as sugar, starch distribution or microbial activity require more advanced methods to determine. 

Food safety parameters, which are often not visible to the naked eye, must be analysed using more 

sophisticated methods such as hyperspectral imaging. While NIR spectroscopy remains a relevant application 

in the agro-food industry because of reduced costs and ease of use and portability (Teixeira Dos Santos et al., 

2013), HSI research in the grain and cereal industry has advanced to allow possibilities of quality and safety 

evaluation (Mohammadi Moghaddam et al., 2013; Sendin et al., 2018b) that may soon be even more 

accessible. 

 

Background 
The NIR region (780 – 2500 nm) has been discovered by Sir Fredrick William Herschel, a musician and 

astronomer, in the 1800s. Not only did this German born, English scientist mark his place in science by 

discovering the planet Uranus, he is known for executing the well-known experiment of measuring the 
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temperatures of different colour bands in dispersed light. This experiment lead to the discovery of the infrared 

region when Herschel found that the temperature would still rise past the visible red light (Pasquini, 2003). 

Since the discovery of the NIR region (780 – 2500 nm) in the 1800s by Fredrick William Hershel and 

its resurgence in the 1950s that finally lead to industrial applications in the 1970s, NIR technology has seen 

major development in various fields (Manley, 2014). It has been a pioneering field of analysis, with thousands 

of publications already in the Journal of Near Infrared spectroscopy that made its debut in 1993 (Pasquini, 

2003). Already, the evolution of NIR spectroscopy as an analytical technique has had applications on 

agricultural products. Originally, methods that were better understood at the time such as Kjeldahl, the 

chemical method for protein determination and the gravimetrical approach to measure ash content was used in 

trading agricultural products. During the 1970s when wheat quality analysis became a more pressing factor in 

the trade industry, the moisture content and ash content of wheat was measured by means of NIR (Manley, 

2014). 

By combining the techniques of spectroscopy and imaging, spectral information of various 

constituents and their spatial distribution can be effectively identified. Hyperspectral imaging is known for its 

quick, reliable, non-destructive and non-invasive evaluation of samples and has emerged in the food industry 

due to the versatility of its application (ElMasry and Sun, 2010; Manley, 2014; Sendin et al., 2018b). To apply 

the method of hyperspectral imaging in research on food samples, a generic approach is followed. This includes 

starting out with the experimental design, followed by sampling preparation. After these, the image needs to 

be acquired, then spectral processing can occur. Spectral processing may also be done for the purpose of 

calibration before the sample can be characterised. Lastly data analysis is performed and from this data 

information is extracted (Yao and Lewis, 2010). 

Hyperspectral imaging can identify food constituents by generating a map of spectral variation. During 

imaging, a spectrum is generated for each pixel, supplying a fingerprint to characterise the biochemical 

composition of the sample within the area of the pixel (ElMasry and Sun, 2010). Starting out, it is important 

to understand the underlying principles of NIR spectroscopy. Spectra obtained from the NIR region are a result 

of overtones and combinations of fundamental vibrations corresponding to wavelengths in the mid-infrared 

(MIR) region, because NIR is of a weaker spectral magnitude than MIR. Energy is absorbed by organic 

molecules resulting in fundamental bond vibrations. Within the NIR range of 780 to 2500 nm, the obtained 

spectra hold information with regards to hydrogen bonds, thus major X-H bonds in organic material, such as 

C-H, O-H and N-H bonds are revealed spectra. Compared to MIR spectroscopy, direct analysis of a sample is 

made possible by NIR. By dividing the wavelengths in the IR-region by factors of 2, 3 or 4 the effect of a 

dilution may be achieved which eliminates the need for sample preparation (Manley, 2014). 

When raw data is obtained, the spectra consists of broad, overlapping bands that presents difficulty 

for visual interpretation. To extract information from these spectra, regression techniques may be applied. The 

relationship between certain values and specific wavelengths need to be determined and reference values 

should be assigned to the spectra to predict the constituents of the sample (Jayas et al., 2010; Manley, 2014). 

As soon as NIR hyperspectral imaging techniques are applied, the spatial distribution of constituents 

within a sample may be visualised (Gowen et al., 2007; Amigo et al., 2015). This technique comes with the 
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disadvantage of being costly, mainly due to expensive detectors used for data collection in the wavelength 

range of 1100 to 2500 nm. When it comes to analysis of hyperspectral images, fast computers with large 

memories are required to handle the data (Manley, 2014). 

 

Image acquisition and analysis 
Computer vision refers to the method of data translation that imitates how the human eye interprets the 

electromagnetic spectrum by using three bands (red, green and blue) to characterise an object. An RGB image 

will thus have red, green and blue channels to produce a colour digital image, while a greyscale image will 

only have one channel (Manley, 2014). 

A hyperspectral image consists of numerous two-dimensional spatial images (Fauvel et al., 2013). 

Each layer consists of a narrow band of wavelengths, and when stacked, represents a complete spectrum for 

each pixel obtained. A collection of layers will produce a three-way data matrix, known as the hypercube 

(often referred to as the spectral cube, data cube or spectral volume). The hypercube comprises of grey value 

measurements in three distinct dimensions, namely two spatial dimensions (x rows by y columns) and one 

spectral dimension (z wavelengths). This collection of data enables the user to view the image either as a 

spatial image, an image at a specific wavelength or as a spectrum of a specific pixel and extract data from 

there. A spectral signature (reflectance curve) is displayed by plotting light intensity against wavelength. 

Figure 2.12, below, illustrates how data from a hypercube can be interpreted differently than from an RGB 

image 

 

 

Figure 2.12 Contrast between a hypercube and an RGB image. The hypercube is a three-dimensional 

dataset of a series of two-dimensional images on each wavelength. The lower left is the spectral signature of a 

pixel from the hyperspectral image. The RGB colour image simply represents three image bands on red, green, 

and blue wavelengths. The lower right is the intensity curve of a pixel in the RGB image (Fauvel et al., 2013). 

 

Applications 
By means of hyperspectral imaging, one may consistently identify specific components by their spectral 

signatures and determine their location within the sample. This is a major advantage in the case of 

heterogeneous samples, since distribution of components can be established. From information obtained 
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regarding the chemical composition and distribution, conclusions may further be made with regards to the 

physical properties of a sample (Feng and Sun, 2012).  

Due to the versatility of HSI and recent advancements in its technologies, there are many applications 

in the field of food science. Analysis aided with HSI that have recently been done in the field of cereal science 

include classification of white maize defects (Sendin et al., 2018a), protein content prediction in individual 

wheat kernels (Caporaso et al., 2018a), classification of maize kernels (Williams and Kucheryavskiy, 2016), 

high speed measurement of corn seed viability (Ambrose et al., 2016). Earlier research applied the techniques 

for basic classification and quality evaluation of wheat (Jayas et al., 2010), while Fox and Manley (2009) 

measured grain hardness of maize kernels using NIR spectroscopy. HSI in the grain industry has been applied 

to select and predict traits on a micro-structural scale (Du Toit, 2009) and varieties and discolouration of wheat 

have been both classified and identified also using HSI (Berman et al., 2007). 

 

Conclusion 

For the malting barley industry, it is important to develop high quality cultivars. The process comes with ever 

changing factors that include change in environmental conditions, farming practices as well as industrial 

processing techniques that need to be considered.  

There are many factors that influence the success of malt modification. The rate of water uptake and 

subsequent malt modification is encouraged by enzymes but may be limited by compositional differences in 

barley grain. It is important to understand the mode of action of enzymes during malting to trace back and 

relate certain physiological characteristics. Micro-structural as well as compositional characteristics, as 

determined by chemical analysis and imaging techniques, reveal information of the nature of different malting 

barley cultivars. The compositional differences in the endosperm’s protein-carbohydrate matrix are the 

primary causes of steeping efficiency, germination and finally alcohol conversion in the brewery. 

Knowledge of starch degradation will ensure understanding on resulting products of malting. The 

differences observed between good fermenting cultivars and poor fermenting cultivars may all be traced back 

to their particular traits during starch degradation. 

Although several investigations have been done into the correlation between the endosperm and the 

malting properties of barley, there are still many new methods to determine these properties. Advanced 

imaging techniques may be applied, and models may be developed to instantly determine or predict outcomes 

of malting early in the development stages. The presentation of this knowledge may be relevant throughout 

the supply chain – from breeders selecting cultivars to introduce into the malting industry to quality control 

within a malt house. Selecting barley cultivars that perform optimally throughout the production system in the 

malting and brewing system will increase efficiency and ideally save money and resources. 
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Fixation Methods for the Subsequent Observation of Barley Grain 
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Abstract 

The structure of the endosperm is an important determinant of water uptake for barley grain (Hordeum vulgare) 

and may explain the rate of malt modification. Endosperm structure governs whether grains are classified as 

‘mealy’ or ‘steely’. Using scanning electron microscopy (SEM) to observe barley grain, three investigations 

were done into the endosperm structure of 11 local malting barley cultivars: (1) three conventional fixation 

methods were compared to limit the effect of artefacts; (2) germination was observed in a barley grain during 

various stages of malting by plunge freezing samples; and, (3) the endosperm of cultivars with opposing 

brewing performances were compared to identify characteristics that may predict its brewing performance. 

Samples were investigated with the aid of SEM and effect of fixation methods on barley samples were 

compared, with damage of starch granules being a prominent aspect observed following cryo-sectioning. 

Chemical fixation using aldehydes gave rise to reformed protein structure and chemical washes removed starch 

granules from cells. In contrast, plunge freezing maintained the endosperm landscape, although the aleurone 

layer was not clearly observed. Effects of enzymatic activity during germination was observed in starch 

granules over time and differences in endosperm structure was shown between cultivars with different brewing 

performance. 

 

Introduction 

Barley structure 
The malting industry relies on characteristics of barley grain (Hordeum vulgare) to predict the malting and 

brewing performances of various available cultivars (Chandra et al., 1999; Psota et al., 2007; Ferrari et al., 

2010; Holopainen et al., 2014; Cu et al., 2016). As a result, breeders are constantly looking to breed superior 

cultivars to introduce to the market. 

The first stage of malting involves steeping barley grains in water to increase their moisture content 

(Briggs, 2002). The goal is to quickly raise the level of moisture to at least 40% (Gupta et al., 2010). The 

steeping process, which consists of alternating wet and dry stands furthermore results in optimal hydration that 

leads to the initiation of germination—the next step in malting. As grains start to germinate, respiration takes 

place causing an increased oxygen demand. Therefore, by alternating between wet and dry stands, oxygen is 

able to gain access into the barley grain. The presence of oxygen removes by-products of metabolism such as 

carbon dioxide and ethanol which may inhibit germination (Bamforth & Barclay, 1993). 

When barley grain undergoes malting, an array of micro-structural changes take place inside the grain 

(Briggs, 2002). Starch molecules in the endosperm become hydrated and, following the release of enzymes, 

start to break down as a result of malt modification. The structure of the endosperm of barley grain has been 

theorised to influence the uptake of water during the malting process (Cu et al., 2016). Cu and colleagues 

investigated the effect of starchy endosperm cell wall thickness on water uptake in malting barley cultivars 

with varying b-glucan contents that could be used in breeding of new barley lines. It has been believed that 

the cell walls of the starchy endosperm has exclusively been implicated in the rate of hydration by steeping, 

but later found that this may be due to a compounded effect (Andersson et al., 1999). Ferrari et al. (2010) 

further investigated endosperm modification by comparing the ‘quality score’ (an artificial index designed by 
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Gianinetti et al. (2005), using measurements obtained from hot water extract (HWE), wort viscosity and 

acrospires growth) between mealy and steely barley grains and their characteristics. In this study, mealy and 

steely grains were identified, based on their quality scores, friability, b-glucan content and endosperm 

modification tracked by means of fluorescent staining. In the end the most prominent indicator of malt 

modification between mealy and steely samples were the C hordeins. In conclusion, Ferrari and colleagues 

suggested that these proteins slow down malt modification because of the high level of hordeins in steely 

grains.  

Starch granules in barley and other cereal grains can be distinguished as A-type and B-type starch 

granules based on variations in their size and shape. A-type starch granules are characteristically lens-shaped 

with a diameter of >15 µm, while B-type starch granules are spherical and have an average diameter of <10 

µm. These two types are distinctively referred to as such because they represent the main components of the 

starchy endosperm. A C-type starch granule may also be identified, although it only develops very late in grain 

filling (Bechtel et al., 1990). These C-type granules are irregularly shaped and are commonly less than 5 µm 

in diameter (Bechtel et al., 1990; Stoddard, 1999; Jaiswal et al., 2014) Furthermore, Nair et al. (2011b) 

classified hard and soft barley kernels based on their microstructure. Here, vitreousness was determined using 

a lightbox and  light microscopy was employed to measure cell wall thickness. The differences in starch 

granule sizes, starch-protein associations, and distributions of those structures were determined by SEM 

imaging. Using these techniques, Nair and colleagues found that cell wall thickness appeared to be correlated 

with grain hardness. SEM revealed that hard and soft cultivars varied in starch-protein interactions. Hard lines 

had what appeared to be stronger interactions with starch granules and were more imbedded in the protein 

matrix. It was found that A-type granules were smooth and not associated with the protein matrix in good 

malting barley. In the case of a poor malting barley, the A-type granules were embedded in the protein matrix 

and masked the presence of B-type starch granules. This is further backed by Chandra et al. (1999), who 

observed that the starch granules and protein matrix of a mealy sample appeared loosely packed with several 

air spaces in the endosperm, while the starch granules of a steely sample were observed to be more densely 

packed. 

Germination, the second phase in the malting process, mobilises the starchy endosperm and is allowed 

to happen for a period of four days, followed by kilning of the malt. Water is absorbed by the barley grain, 

where it initiates the release of enzymes from the aleurone layer and scutellum to modify the endosperm. 

Collectively, these enzymes degrade the cell walls, starch and storage proteins found in the endosperm matrix. 

Kilning will then in turn halt the enzymatic activity without degrading the enzymes until the malt is used in 

the brewery (Cu et al., 2016). 

Enzymes such as b-amylase, exo-peptidase and carboxy-peptidase are present in the starchy 

endosperm of the barley. During malting, these enzymes are then activated and trigger malt modification. 

Other enzymes, such as b-glucanase, endo-proteases, a-amylase and pentosanases are formed in the aleurone 

layer of the barley during malting (Egi, 2014). The activation of these enzymes is stimulated by the increased 

moisture and oxygen present during steeping. Thereafter, the activity of these proteins is halted by the kilning 
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process. Good kilning should put the enzymes into ‘suspended animation’ until they are re-activated in the 

early stages of brewing, i.e. mashing. 

Most of these enzymes, especially the b-glucanases, are highly active during the germination period. 

Typically, in barley grains, about 70% of the endosperm cell wall is b-glucan and only 20% consists of 

arabinoxylan. Smaller amounts are cellulose, glucomannan, xyloglucan, pectic polysaccharides, callose, and 

arabinogalactan proteins in slight variations (Fincher, 1989; Burton et al., 2010; Andriotis et al., 2016). 

 

Scanning electron microscopy 
The field of scanning electron microscopy (SEM) has become popularised due to the ease of examining 

physical characteristics, especially those of plant matter. Electron microscopes enable researchers to view 

biological samples in great detail, whether it be on a microstructural or cellular level. The optics of electron 

microscopy (EM) are analogous to that of the standard light microscope in that it has an illumination source, 

a lens and a detection system. A contrasting difference between an electron microscope and a light microscope, 

however, is that EM uses a focused beam of electrons to generate an image (Egerton, 2005). The focused beam 

of electrons are transmitted at high energies toward the sample where they interact with the atoms in the sample 

and the outcoming electrons (known as secondary electrons) are collected and analysed at each point. In high 

resolution SEM, a Field Emission Gun (FEG) is used to generate the electrons with its large electrical potential, 

resulting in a high current density. The specimen chamber in an electron microscope therefore needs to be 

evacuated into a vacuum so electrons are not deflected by air particles. Furthermore, to make the samples more 

conductive they are sputter-coated with a layer of heavy metals such as gold or platinum, or carbon may be 

evaporated onto the sample. (Joubert, 2018). 

Major applications of SEM include the examination of structural properties and surface topographies 

of specimen, which have now developed into a tool for recognition and subsequent quantitative processing 

(Katsen-Globa et al., 2016).  

For scientists to effectively investigate a biological specimen using EM, the sample needs to be 

preserved in such a way that it resembles its native state as closely as possible. To comparatively examine the 

successive stages that a barley grain undergoes during malting, it is highly important to apply a fixation 

technique that will bring about minimum damage to the sample at each stage of malting. The occurrence of 

artefacts caused by fixation techniques should thus be minimalised to preserve the native structure of these 

biological samples. 

Samples need to be dry when investigated using SEM, since FE-SEMs are highly sensitive to 

contamination (L. Joubert, Electron Microscopy facility, Stellenbosch University, South Africa, Personal 

Communication, 2018). Therefore, fixation techniques are required to adequately dehydrate samples. Fixation 

techniques commonly include critical point drying (CPD), freeze-drying, or the use of drying reagents. 

Extensive sample preparation which is required before SEM visualization, is mainly aimed at preserving 

ultrastructure while removing all moisture and no live tissue can be examined by conventional SEM. 
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Fixation challenges and artefacts 
A sound barley grain has a typical moisture content below 13% (ARC, 2018) while in a fully hydrated state, 

the grain will reach a moisture content of approximately 40%. This high level of moisture must therefore be 

considered when fixing samples prior to SEM imaging. Conversely, the method employed for dry samples 

should maintain structural integrity, while limiting the occurrence of artefacts caused by the interaction of 

fixatives with organic compounds and structures in the grain. 

When making observations in electron microscopy, the scientist should be informed of the chemical 

and physical interactions that reagents may have with their sample. A familiar fixation method may easily 

become the norm in a laboratory and then applied to many different types of samples. It is therefore important 

to know what the possible interactions may be between a sample and fixatives in order to avoid misreading an 

artefact as a fact. It is also important to remember the physical procedure of cutting, mounting and coating a 

sample that could explain certain characteristics observed when viewed at the high resolutions of SEM. 

The major challenge that arises when fixing a biological sample, is the occurrence of artefacts as a 

result of the sample preparation method. Artefacts are most commonly caused by: dust that settles on the 

sample; over coating samples; the congregation of metals; cracking caused by the vacuum of the EM chamber; 

and charging caused by carbon fibres not fully conducting the electrons (Pūtaiao, 2012). Therefore, it is 

important for a researcher to be familiar with the sample and reagents being used, to be able to distinguish 

such artefacts from the actual ultrastructure of their sample. 

The aim of this study is to examine 11 cultivars by means of three investigations using SEM to inspect 

respective properties: 

1. Comparative analysis of fixation techniques and the artefacts caused thereby on Cocktail 2016 

in both a sound (storage state) and hydrated state; 

2. Observation of in situ starch degradation during germination of Cocktail 2016 for four 

consecutive days using the preferred method of plunge freezing; 

3. Investigation of sound grain of 11 cultivars in order to identify mealy and steely properties 

using the preferred method of plunge freezing. 

 

Materials and methods 

Samples and characterisation 
Samples were kindly provided by SABM (a division of Anheuser-Busch InBev, South Africa) and a friability 

test was done privately by SABM, Caledon. A summary of cultivars and their harvest locations are given in 

Table 3.1. Whole kernel moisture content was determined by oven-drying at 130°C for 20 h following the 

ASAE S352.2 method (Anonymous, 1997). Through personal communication with experts in the malting 

barley industry, cultivars were assigned the terms, ‘good converter’ or ‘poor converter’. These are industry 

terms to indicate typical performance of malt in the brewery. 
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Table 3.1 Cultivars used for analyses 

Region Cultivar Harvest year Location 

Dry land Erica 2016 Napier, Western Cape 

Hessekwa 2016 Napier, Western Cape 

Irrigation Cocktail 2016 Taung, Western Cape 

Overture 2016 Taung, Western Cape 

Cristalia 2016 Hartswater, Western Cape 

Erica 2017 Napier, Western Cape 

Hessekwa 2017 Napier, Western Cape 

Overture 2017 Vaalharts, Northern Cape 

Cristalia 2017 Vaalharts, Northern Cape 

Genie 2017 Vaalharts, Northern Cape 

Irina 2017 Vaalharts, Northern Cape 

 

When samples were received, they were stored in sealed containers in a cooled room between 16°C 

and 19°C to maintain sample integrity until experimentation. 

 

Steeping and germination 
The steeping cycle is a series of alternating wet and dry stands. During the wet stands, the grain was submerged 

in oxygenated water. During the dry stands, the water was drained from the grain and an air rest is given 

(Figure 3.1). 

 

 

Figure 3.1 Typical steeping cycle to which grains were exposed, for the duration of each stand indicated. 

 

Steeping was done in a micro-malting setup that comprised of a plastic container with a fish pump 

attached for air circulation. About 50 g of sample was steeped at a time. Randomly, 5 kernels were fixed and 

when imaging under SEM at least two of the same samples were mounted on a stub for evaluation. 

When the steeping cycle concluded, germination was initiated. Germination took place over the course 

of 4 four days, in which time the grains were allowed to rest at a temperature that ranged between 16°C to 

19°C in an open vessel to allow respiration. The samples that represented the first day of germination were 

fixed one day after steeping concluded and then 24 h after that for 4 consecutive days. 
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Fixation techniques 
Three techniques of fixing barley grain were investigated, namely (1) plunge freezing, (2) glutaraldehyde (GA) 

fixation, and (3) optimal cutting temperature (OCT) compound freezing, followed by cryo-sectioning. A 

process flow diagram is shown in Figure 3.2. Samples were cut longitudinally on the crease. 

 

 

Figure 3.2 Process flow for three SEM fixation methods investigated for fixation of barley grain. * 

Glutaraldehyde; ** Optimal cutting temperature 

 

Plunge freezing and fracturing 
At least five individual kernels, to account for possible sample damage, were submerged in liquid nitrogen for 

approximately 2 min each and then rapidly cracked open using a sharp blade. Cracking was done along the 

crease to deliver two longitudinal sections of the grain. Care was taken to avoid smearing the inside surface of 

the endosperm when handling; holding with warm hands to; or breathing over samples while cracking open. 

Samples were then stored overnight in a 40°C drying oven to remove moisture before mounting for SEM. 

Samples not immediately imaged, were stored in a desiccator with silica to ensure that they remained dry.  

 

Glutaraldehyde (GA) fixation 
The first step for fixation involves kernels being cracked open from the crease side of the kernel using a sharp 

blade, before submerging in a 25% glutaraldehyde solution overnight at 4°C. As soon as the kernels are cracked 

open, they need to be placed in the glutaraldehyde solution to maintain the structure as close to its natural form 

as possible. Then, upon removing the samples from the glutaraldehyde solution the next day, samples were 

submerged in a 1% osmium tetroxide (OsO4) solution for one hour at approximately 22°C and afterwards 

rinsed three times with a 25 mM phosphate buffer to remove the osmium residue. Next, to dehydrate the 

sample, a series of ethanol incubation steps were performed. The ethanol series constituted of sequential 30, 

50, 70, 90, and two 100% ethanol dehydration steps, each for 10 min. Finally, the samples were incubated 
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three times for 10 min each time with hexamethyldisilane (HMDS), a volatile chemical reagent that typically 

replaces the critical point drying step in sample preparation, by removing all residual liquid while having a 

low surface tension to avoid compression of fine features. 

 

Freezing with optimal cutting temperature (OCT) compound 
Freezing the samples in an optimal cutting temperature (OCT) compound was started by placing a whole kernel 

on a 1 cm2 piece of flat cork. An OCT compound is a clear viscous fluid comprised of glycols and resins to 

provide a matrix for specimen freezing minimising damage to cellular structures and subsequent cryo-

sectioning. When centred on the cork, the kernel was covered with the OCT compound, taking care that no air 

bubbles formed around the sample. Directly after covering the sample with the OCT compound, it is 

submerged in liquid nitrogen until the clear compound turned opaque. 

The CM1820 cryostat (Leica, Germany) was used at a temperature of -20°C and mounted samples 

were stored in a -80 °C freezer until cryo-sectioning was performed. Cryo-sectioning was done at a slice 

thickness of 30 µm and several slices from the centre of the grains were obtained. 

Half of the samples were oven dried over night at 40°C and the other half was fixed onto a glass slide 

using the glutaraldehyde fixation and ethanol dehydration method  

 

SEM mounting and procedure 
After samples had been fixed and dried, they were mounted onto an aluminium stub with double sided carbon 

tape. Thereafter, the sample was sputter coated with carbon to ensure good conductivity, using a Quorum 

Q150TE carbon evaporator. SEM imaging of samples was performed using a Zeiss MERLIN Field Emission 

Scanning Electron Microscope (FE-SEM) operated at 3 kV accelerating voltage and a probe current of 100 pA 

using InLens SE (Secondary Electron) and SE2 detectors (all Carl Zeiss Microscopy, Germany) and a pixel 

averaging noise algorithm. Micrographs were captured at relevant areas across the sample. For all samples, 

images were captured showing the starch-protein matrix, as well as high magnification images of starch 

granules and of the aleurone layer. Any other features that stood out, such as cell walls and protein fragments 

were also recorded. 

 

Evaluation 
Barley cultivar, Cocktail from the 2016 harvest, was used to compare the effects of fixation methods on both 

a sound kernel and a hydrated kernel at the end of the steeping cycle. The effect of fixation methods was again 

used to investigate starch degradation during germination. 

All cultivars were fixed using the plunge freezing method to compare their endosperm structure and 

identify features that are either similar or distinguish them from one another. The goal was to identify 

characteristic qualities to separate a good fermenter from a poor fermenter. 
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Results and discussion 

Fixation techniques 

Plunge freezing and fracturing 
Scanning electron micrographs of barley endosperm fixed by rapid freezing and followed by dehydration is 

shown in Figure 3.2. Under a lower magnification, observed in Figure 3.3-a, the starch-protein matrix of the 

endosperm is shown with many starch granules visible. Upon closer inspection in Figure 3.3-b starch granules 

are observed as they occur in endosperm cells. Here, A- and B-type granules are easily distinguished. In Figure 

3.3-c the aleurone layer is shown, that includes a few layers of tightly packed square cells. However, there is 

no clear differentiation and definition between aleurone cells. 

 

 

Figure 3.3 Observations of barley grain under SEM after a plunge-freezing method has been employed. 

Here are the starch-protein matrix of endosperm (a); A- and B-type starch granules (labelled A and B 

respectively) embedded in the protein matrix (b); and the aleurone layer that surrounds the endosperm (c). 

 

Upon closer inspection of irregularities that could have been caused by plunge freezing, a few 

characteristics were identified and shown in Figure 3.4. Samples that were rapidly frozen showed clusters of 

starch granules as they are arranged in the endosperm cells. In Figure 3.4-a, it is observed that cracks formed 

where the cell walls are positioned. Starch granules appear loosely packed with many spaces between them in 

Figure 3.4-b. In Figure 3.4-c the thick layer of cell wall is observed as it remained well intact during this 
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fixation procedure. Finally, in Figure 3.4-d the aleurone layer is shown and it appears as if the cells of this 

layer have ruptured because they are not clearly distinguishable. 

 

 

Figure 3.4 Identification of characteristic artefacts due to plunge freezing. Seen here, are the visible 

clusters (one cluster circled) of starch granules where cells are responsible for separation (a); loosely packed 

starch granules in the endosperm (b); layer of cell wall as it encapsulates many starch granules – the most 

abundant of its cell contents (c); and an undefined aleurone layer (d). 

 

Glutaraldehyde fixation 
After barley grains were fixed and dehydrated using the glutaraldehyde method, scanning electron micrographs 

were taken and are shown in Figure 3.5. Due to chemical rinses, it seemed that starch granules are easily 

subject to rinsing out, leaving cell walls and protein fragments with only a few starch granules behind on the 

surface of the specimen (Figure 3.5-a). A close up of starch granules in Figure 3.5-b shows the A- and B-type 

granules packed together, while in Figure 3.5-c, the aleurone layer is observed. 
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Figure 3.5 Barley grain under the SEM after chemical fixation. View of endosperm with some starch 

granules remaining in the cells (a); large A- and B-type starch granules up close (b) A- and B-type starch 

granules are labelled A and B respectively; and aleurone layer of barley grain (c). 

 

In figure 3.6-a, the effect of chemical rinses is observed. Due to successive rinsing with glutaraldehyde 

solution, osmium tetroxide, ethanol dilutions and HMDS few starch granules remained on the specimen 

surface. Intact cell walls remained and are clearly visible in Figure 3.6-a. Figure 3.6-b shows a common 

artefact that was observed throughout samples that underwent chemical fixation. Cell walls and proteins appear 

to be granulated when observed under the electron microscope. The shape and structure of aleurone cells were 

very clear to identify, because of the lack of cell contents (Figure 3.6-c). 
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Figure 3.6 Prevalent artefacts observed throughout barley grain that has been fixed and dried using 

chemical dehydration. Observed are the cell walls with few starch granules in endosperm (a); structural effect 

of chemicals on proteins (b); an empty aleurone layer cell (c). 

OCT freezing 
Samples that were cryo-sectioned were both oven-dried and chemically fixed. Scanning electron micrographs 

obtained are shown in Figure 3.7. Figures 3.7-a, -b and -c are slices that were oven dried and Figures 3.7-d, -

e, and f are sliced that further undergone chemical dehydration. In Figure 3.7, 3.7-a and 3.7-d shows the starchy 

endosperm as it appears in specimens from both oven- and chemical dehydration. Figures 3.7-b and 3.7-e show 

a close up of the starch granules. In Figure 3.7-b, the starch granule appears cracked and in Figure 3.7-e it 

appears that starch granules have been smeared by the shearing force of the cryostat. Lastly, in Figures 3.7-c 

and 3.7-f, the aleurone layer is shown to compare the effect of cryo-sectioning and using either oven drying or 

chemical dehydration thereafter. 
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Figure 3.7 Samples that have undergone OCT freezing. The endosperm, starch granules and aleurone 

layer of oven-dried samples are shown in images a, b and c, respectively. Samples that undergone chemical 

dehydration after cryo-sectioning are shown in images d (endosperm), e (starch granules) and f (aleurone 

layer). 

 

Discussion of fixation techniques 
By investigating the effect of three fixation methods on a barley kernel, it has been shown that there are 

significant physical changes that occur to a sample. In the case of plunge-freezing and glutaraldehyde fixation, 

an endosperm starch protein matrix is observed with a clear visualisation of endosperm cells, cell walls and 

enclosed starch granules (Figure 3.2). The sample surface may be observed differently in the case where cryo-

sectioning is employed as it delivers a transverse slice straight through the endosperm (Figure 3.7). In this case 
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it is not easy to observe the layout of endosperm cells and their respective cell walls – the electron micrographs 

show what appears to be a mass of starch granules.  

The method of plunge-freezing samples in liquid nitrogen proved to be a simple method to execute as 

well as being time-efficient. The process of cracking open instead of slicing open allowed good visualisation 

of the endosperm landscape and a clear impression of how the constituents fit together. This may be observed 

in Figure 3.4-c where the starch granules appear loosely packed and cell walls are visible. Furthermore, the 

samples shown in Figure 3.4 provide depth of view which contributes to 3-D visualisation, when compared to 

the sections obtained from cryo-sectioning (Figure 3.7-c). It should be noted that it was difficult to distinguish 

the aleurone layer in SEM images, such as seen in Figure 3.3-c, possibly due to cells close at the exterior of 

the kernel being ruptured during freezing and handling. 

Overall, chemical fixation comes with risks such as cell shrinkage, as observed by Katsen-Globa et al. 

(2016) and it is important to understand the nature of the sample and the possible chemical interactions that 

might play a role in the subsequent observations. Good, clear visualisation of the constituents can be done and 

the way in which the proteins relate to, and are arranged with the starch, can be observed. Unfortunately, due 

to several rinsing steps, it is likely that the starch granules are washed out during this processing. Additionally, 

sometimes proteins may appear more granulated. This may be due to cross linkage caused by glutaraldehyde. 

Chemical fixation, as in the case with glutaraldehyde fixation leads to cross-linking of proteins as can be seen 

in Figure 3.6-b.  

The problem encountered with cryo-sectioning is that it requires the sample to be soft or hydrated. As 

a result, this made sectioning of a sound grain difficult and cumbersome. Additionally, this method was 

experienced to delivered mostly negative observations for the purpose of this investigation such as: (i) damage 

to starch granules which gave rise to distorted shapes (Figure 3.7-e); (ii) difficulty in observing protein sheaths 

(Figure 3.7-a and -d) ; and (iii) the fact that slicing dry grains caused them to crumble underneath the blade of 

the cryo-stat, which resulted in an unusable sample. However, to observe the spatial distribution of A-type and 

B-type starch granules, this method may be preferred, since a single plane may be observed at a time. This 

may also give rise to the opportunity of 3-dimensionally reconstituting the whole sample as in the case with 

focussed ion beam combined with SEM (FIB-SEM) applications (Sakamoto et al., 1998). 

Finally, the process of plunge-freezing and fracturing stood out as the simplest method to execute. 

This method was then chosen to apply to investigations 2 and 3, not only due to its ease, but also due to the 

limited artefacts and that the endosperm was observed in an unaffected state. 

 

Starch degradation during germination 
Progressive formation of ‘holes’ in starch granules were observed. This is evidence of enzymatic action on the 

starch granules, because these cavities became more pronounced as germination progressed from day 1 until 

day 4. On the first day of germination it was still unclear whether starch degradation had ensued, but by the 

final day enzymatic activity was clearly observed. Figure 3.8 shows images obtained during the 4 days of 

germination. 
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Figure 3.8 Consecutive electron micrographs during germination. Day 1 (a), shows starch granules after 

being left to germinate for 1 day. No clear evidence of starch degradation is yet observed. Day 2 (b) shows 

signs of starch degradation as small cavities start to form on the surface of starch granules. More pronounced 

cavities are seen by day 3 (c) and by day 4 (d), a large number of  cavities are seen across all the starch granules. 

 

The investigation into the occurrence of physical changes that occur in starch during germination has 

delivered explicit results. Before, starch granules were isolated and treated with an enzyme to observe 

characteristic cavities that go along with enzymatic activity (Salomonsson et al., 1989; Fannon et al., 1992; 

Baldwin et al., 1994). However, starch degradation can well be observed in situ at each stage of germination 

as shown by this study. The images during the four consecutive days (Figure 3.8) complete a timeline to show 

how the action of enzymes cause a gradual decay of starch and the successive formation of cavities in starch 

granules. On the first day, little to no cavities are seen while by the fourth day they are prevalent. 

This is as a result of enzymatic activity by b-amylase, exo-peptidase and carboxy-peptidase from the 

starch granules itself and then from b-glucanase, endo-proteases, a-amylase and pentosanases that originate 

from the aleurone layer. As shown by Fannon and colleagues (1992), pores on large starch granules may act 

as the initial site of enzymatic attack of a-amylases which regulate starch conversion during germination. This 

presence of pores along regions of starch granules may explain clustering of cavities as seen in Figure 3.8-d. 
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Endosperm structure of cultivars 
Using SEM, the starch granules and their orientation within the protein matrix were examined. The 11 cultivars 

are summarised in Table 3.2 with their corresponding whole grain moisture contents in their sound and 

hydrated state as well as friability percentages. In the Table 3.2, it is also indicated whether the cultivar was 

accepted as a ‘good’ or a ‘poor’ converter by breweries. Cocktail (2016), however, had mixed appraisals and 

were thus given an ‘undetermined’ label. 

 

Table 3.2 Chemical characteristics of 11 cultivars from 2016 and 2017 harvests. The moisture content 

of cultivars before and after the steeping cycle are shown as a percentage of its dry weight. Friability 

percentages are included to indicate grain hardness based on porosity. Brewery performance is indicated based 

on cultivar appraisals. 

Cultivar Harvest year 
Moisture content of 
sound grain (%) 

Moisture content 
after steeping (%) Friability (%) 

Brewery 
performance 

Erica 2016 14.03 45.90 89.5 Poor converter 

Hessekwa 2016 13.83 45.10 80.0 Good converter 

Cocktail 2016 13.19 47.16 84.6 Undetermined 

Overture 2016 13.13 48.32 80.7 Good converter 

Cristalia 2016 11.56 47.46 90.0 Poor converter 

Erica 2017 12.34 46.01 65.1 Poor converter 

Hessekwa 2017 12.52 47.87 83.7 Good converter 

Overture 2017 11.65 49.72 84.5 Good converter 

Cristalia 2017 11.24 44.73 71.9 Poor converter 

Genie 2017 11.55 46.12 83.4 Good converter 

Irina 2017 11.24 47.33 79.5 Poor converter 

 

In Figure 3.9 the typical endosperm structure of each a good and a poor fermenter are shown. 

Focussing on the starch granules in the endosperm, characteristic features are highlighted, such as the 

distribution of A- and B-type starch granules. 

Further images of all cultivars may be found in Appendix A. 
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Figure 3.9 Scanning electron micrographs of three good converters (Genie 2017, Hessekwa 2017 and 

Overture 2017) and three poor converters (Cristalia 2016, Erica 2016 and Erica 2017) are shown. Good 

converters have less B-type starch granules and they are more loosely packed in the endosperm matrix. Poor 

converters have more B-type starch granules that allow for closer packing of starch and a resulting compact 

endosperm with fewer air spaces. 
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Due to the large variation that occurs in seasonal differences between harvests (Fox et al., 2007) and 

the difference from one starch granule to the next, it cannot be conclusively stated from one image whether a 

barley grain represents a good or a poor converter. It is not a quantifiable task, but indeed qualitative in nature. 

When observing a sample under SEM, only a small portion is observed at a time and may not always be 

representative of the whole kernel, needless to say the whole cultivar. Therefore, it is important to choose an 

area that is representative of the whole kernel. 

However, in Figure 3.9, a general trend is shown. Cultivars that were regarded as good converters 

appeared to have starch granules that were more loosely packed. The endosperm of these cultivars show more 

air spaces and less proteins that keep the granules in the starch-protein matrix. In the case of the poor 

converters, the effect of embedment is more pronounced as it appears that starch granules are more densely 

packed and bound together in clumps. 

The goal of Figure 3.9 is to show the difference between a good and a poor converter. As often 

theorised (Chandra et al., 1999; Ferrari et al., 2010), this may be the effect of the difference between a mealy 

(soft) and a steely (hard) barley grain. Ferrari and colleagues (2010) suggested that grains with more steely 

proportions show uneven physical – chemical modification of the endosperm during malting. Their steely 

samples showed slower modification during malting, less acrospire growth, and higher extract viscosity, all 

indicators of malt modification. This may be further explained by the fact that steely samples are more likely 

to store nitrogen within the endosperm as hordeins rather than as soluble proteins within the embryo, thus 

adding to the difficulty in modifying higher nitrogen samples. 

 

Conclusion 

For the purpose of evaluating the starch-protein matrix environment of a barley grain and investigating 

the starch granules as they would appear in a barley grain, plunge freezing and fracturing followed by 

incubation at 40°C was an effective fixation and sample preparation technique. Chemical fixation caused 

proteins to appear granulated and successive chemical rinses rinsed out starch granules. Not only did chemical 

fixation cause physical changes to the protein structure and loss of starch granules, it is a tedious, time-

consuming method that may rather be effective for another biological sample fixation. Cryo-sectioning of 

barley grain caused mechanical damage to starch granules, so they could not be observed completely. 

Evidence of starch degradation was successfully observed in situ by the formation of cavities on the 

surface of starch granules during various stages of germination. This formation of cavities is evidence of 

enzymatic activity initiated by the steeping cycle. 

Finally, the endosperm of barley grains with different degrees of fermentability were compared to link 

the theory that a mealy endosperm achieves quicker malt modification due to water accessibility and resulting 

enzyme activation. There is evidence that the endosperm of a good converter appears to have a more loosely 

packed structure with accompanying air spaces, while the endosperm of a poor converter has characteristics 

of a steely endosperm that slows water uptake. 

  

Stellenbosch University https://scholar.sun.ac.za



 

 52 

 

References 

Andersson, A.A., Elfverson, C., Andersson, R., Regne, S. & Aman, P. (1999). Chemical and physical 

characteristics of different barley samples. Journal of the Science of Food and Agriculture, 79, 979–986. 

Andriotis, V.M.E., Rejzek, M., Barclay, E., Rugen, M.D., Field, R.A. & Smith, A.M. (2016). Cell wall 

degradation is required for normal starch mobilisation in barley endosperm. Scientific Reports. 

Anonymous. (1997). Am. Soc. Agric. Engrs. 

ARC. (2018). Production of small grains in the summer rainfall area. 

Baldwin, P.M., Adler, J., Davies, M.C. & Melia, C.D. (1994). Holes in Starch Granules: Confocal, SEM and 

Light Microscopy Studies of Starch Granule Structure. Starch ‐ Stärke, 46, 341–346. 

Bechtel, D.B., Zayas, I., Kaleikau, L. & Pomeranz, Y. (1990). Size-distribution of wheat starch granules during 

endosperm development. Cereal Chemistry, 67, 59–63. 

Briggs, D.E. (2002). Malt Modification - A Century Of Evolving Views. Journal of the Institute of Brewing, 

108, 395–405. 

Burton, R.A., Collins, H.M. & Fincher, G.B. (2010). The Role of Endosperm Cell Walls in Barley Malting 

Quality. In: Genetics and Improvement of Barley Malt Quality (edited by G. Zhang & C. Li). Pp. 190–

237. Berlin, Heidelberg: Springer Berlin Heidelberg. 

Chandra, G.S., Proudlove, M.O. & Baxter, E.D. (1999). The structure of barley endosperm - An important 

determinant of malt modification. Journal of the Science of Food and Agriculture, 79, 37–46. 

Cu, S., Collins, H.M., Betts, N.S., March, T.J., Janusz, A., Stewart, D.C., Skadhauge, B., Eglinton, J., 

Kyriacou, B., Little, A., Burton, R.A. & Fincher, G.B. (2016). Water uptake in barley grain: Physiology; 

genetics and industrial applications. Plant Science, 242, 260–269. 

Egerton, R.F. (2005). Physical Principles of Electron Microscopy. 

Egi, A. (2014). Malt Enzymes: The Key to Successful Brewing. In: MBAC Ontario Technical Conference. 

Fannon, J.E., Huber, R.J. & BeMiller, J.N. (1992). Surface pores of starch granules. Cereal Chemistry, 69, 

284–288. 

Ferrari, B., Baronchelli, M., Stanca, A.M. & Gianinetti, A. (2010). Constitutive differences between steely and 

mealy barley samples associated with endosperm modification. Journal of the Science of Food and 

Agriculture, 90, 2105–2113. 

Fincher, G.B. (1989). Molecular and Cellular Biology Associated with Endosperm Mobilization in 

Germinating Cereal Grains. Annual Review of Plant Physiology and Plant Molecular Biology, 40, 305–

346. 

Fox, G.P., Osborne, B., Bowman, J., Kelly, A., Cakir, M., Poulsen, D., Inkerman, A. & Henry, R. (2007). 

Measurement of genetic and environmental variation in barley (Hordeum vulgare) grain hardness. 

Journal of Cereal Science, 46, 82–92. 

Gianinetti, A., Toffoli, F., Cavallero, A., Delogu, G. & Stanca, A.M. (2005). Improving discrimination for 

malting quality in barley breeding programmes. Field Crops Research, 94, 189–200. 

Gupta, M., Abu-Ghannam, N. & Gallaghar, E. (2010). Barley for brewing: Characteristic changes during 

Stellenbosch University https://scholar.sun.ac.za



 

 53 

malting, brewing and applications of its by-products. Comprehensive Reviews in Food Science and Food 

Safety, 9, 318–328. 

Holopainen, U.R.M., Pihlava, J.M., Serenius, M., Hietaniemi, V., Wilhelmson, A., Poutanen, K. & Lehtinen, 

P. (2014). Milling, water uptake, and modification properties of different barley (Hordeum vulgare L.) 

lots in relation to grain composition and structure. Journal of Agricultural and Food Chemistry, 62, 

8875–8882. 

Jaiswal, S., Ba, M., Ahuja, G., Rossnagel, B.G. & Chibbar, R.N. (2014). Development of Barley (Hordeum 

vulgare L.) Lines with Altered Starch Granule Size Distribution. Journal of Agricultural and Food 

Chemistry, 62, 2289–2296. 

Joubert, L.-M. (2018). Basic principles of Scanning Electron Microscopy. 

Katsen-Globa, A., Puetz, N., Gepp, M.M., Neubauer, J.C. & Zimmermann, H. (2016). Study of SEM 

preparation artefacts with correlative microscopy: Cell shrinkage of adherent cells by HMDS-drying. 

Scanning, 38, 625–633. 

Nair, S., Knoblauch, M., Ullrich, S. & Baik, B. (2011). Microstructure of hard and soft kernels of barley. 

Journal of Cereal Science, 54, 354–362. 

Psota, V., Vejražka, K., Faměra, O. & Hrčka, M. (2007). Relationship Between Grain Hardness and Malting 

Quality of Barley (Hordeum vulgare L.). Journal of the Institute of Brewing, 113, 80–86. 

Pūtaiao, P.A. (2012). Preparing samples for the electron microscope [Internet document] . Science Learning 

HubURL https://www.sciencelearn.org.nz/resources/500-preparing-samples-for-the-electron-

microscope. Accessed 04/10/2018. 

Sakamoto, T., Cheng, Z., Takahashi, M., Owari, M. & Nihei, Y. (1998). Development of an Ion and Electron 

Dual Focused Beam Apparatus for Three-Dimensional Microanalysis. Japanese Journal of Applied 

Physics, 37, 2051–2056. 

Salomonsson, L., Heneen, W.K., Larsson‐Raznikiewicz, M., Carlsson, M. & Karlsson, R. (1989). In vitro 

Degradation of Starch Granules by α‐Amylase Isomers from Mature Triticale. Starch ‐ Stärke, 41, 340–

343. 

Stoddard, F.L. (1999). Survey of starch particle-size distribution in wheat and related species. Cereal 

Chemistry, 76, 145–149. 

 

 

 

 

 

 

 

  

Stellenbosch University https://scholar.sun.ac.za



 

 54 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4: Monitoring water uptake in whole barley kernels using 

near infrared hyperspectral imaging 

 

 

  

Stellenbosch University https://scholar.sun.ac.za



 

 55 

Abstract 

Near infrared hyperspectral imaging has an important application in the agricultural field, more specifically in 

the field of cereal grain quality control. The fact that water has good absorbance properties in the near infrared 

(NIR) region, lends to the utility of NIR applications for the study of food products that have a moderate to 

high water content. During the process of malting, water content of barley grain is increased to initiate 

germination to produce malt for brewing. In malting, the brewing characteristics of malt, malt quality and the 

structure of barley grain has been studied to find a relationship in order to improve on existing breeding 

programmes. Using multivariate image analysis, visual investigation was done to track diffusion of water 

throughout a single barley grain. By re-colouring of score plots, it was attempted to track diffusion of water 

into barley grain of good and poor converters. By means of partial least squares discriminant analysis (PLS-

DA) good converting malts were distinguished from poor converting malts at several timepoints along the 

course of steeping. Individual grains were assigned to a most probable class above 0.50 probability. 

Classification error before steeping was high (27.1%) and gradually lowered to give the most accurate 

classification model (classification error of 10.4%) at 37 hours of steeping. 

 

Introduction 

The age-old practice of brewing beer has become a highly specialised field worldwide. Malt, one of the four 

main ingredients in beer, is produced from malting barley as the source of fermentable sugars (Briggs, 1981). 

Throughout the food processing chain, there are quality parameters to be analysed, and malt quality is pivotal 

to the production of beer (O’Rourke, 2002). The malting industry requires barley grain that germinates 

homogeneously throughout the endosperm to activate enzymatic processes and break down maximum starches 

(Briggs, 1981; Wunderlich and Back, 2009). 

There are three main stages in the malting process: steeping, germination and kilning. The first stage 

begins with steeping barley grains in water to increase their moisture content (Briggs, 2002) and to quickly 

raise the moisture levels up to at least 40% (Gupta et al., 2010). The steeping process, consisting of alternating 

wet and dry stands leads to the initiation of germination – the next step in malting. During germination, the 

demand for oxygen starts to emerge due to respiring grains. Therefore, by alternating between wet and dry 

stands, oxygen is able to gain access to the barley grain. This presence of oxygen removes by-products of 

metabolism such as carbon dioxide and ethanol which may inhibit germination (Bamforth & Barclay, 1993). 

Germination mobilises the starchy endosperm and grains are left for a period of four days for the enzymatic 

activity to ensue. The water absorbed during steeping initiates the release of enzymes from the aleurone layer 

and scutellum to modify the endosperm. These enzymes degrade cell walls, starch and storage proteins in the 

endosperm matrix. The final step, known as the kilning process, involves the removal of moisture from malt 

and halting enzymatic activity without degrading enzymes (Cu et al., 2016). In industry, this is done by drying 

at temperatures between 50 and 80°C (D. Fisher, SABM, Caledon, South Africa, Personal Communication, 

2018). 

The malting process is very important to obtain a high-quality malt for brewing. The process is very 

basic in nature, but technological advances have allowed fine tuning of the process. The malting industry relies 

Stellenbosch University https://scholar.sun.ac.za



 

 56 

on characteristics of barley grain to predict the malting and brewing performances of various available cultivars 

(Chandra et al., 1999; Psota et al., 2007; Ferrari et al., 2010; Holopainen et al., 2014; Cu et al., 2016). By 

closely monitoring quality parameters such as compositional characteristics, physical properties, morphology 

and economic yield, barley breeders are persistently looking to breed superior cultivars to introduce to the 

market (O’Rourke, 2002; Grando and Macpherson, 2005). 

It is shown that the morphological structure of the endosperm impacts on malt quality by affecting 

water distribution (Chandra et al., 1999). This has been explained by classifying barley grains as either mealy 

(soft) or steely (hard). Mealy describes barley grain that has a loosely packed endosperm with air spaces that 

make for effective hydration and these are often coupled to good malting characteristics. While steely barley 

grain, in contrast, has a dense endosperm which slows hydration and subsequent malt modification and has 

characteristic poor malting quality (Psota et al., 2007; Ferrari et al., 2010; Nair et al., 2011b). The structure of 

endosperm will also affect the release and extent of activity of various enzymes, often changing the pattern of 

malt modification (Chandra et al., 1999). 

Furthermore, Cu et al. (2016), theorised that the endosperm is the major component to influence water 

uptake during the malting process by investigating the relationship of cell wall thickness and water uptake in 

malting barley cultivars. They compared the hydration with b-glucan (major cell wall component) content and 

found a significant correlation, while taking the effect of the husk into account. The husk may be a limiting 

factor in the case where a barley cultivar has a thicker or stronger husk providing more coverage and limiting 

water uptake into the grain (Cozzolino et al., 2013). 

In practice, some barley cultivars gain a reputation for being a good converter or a poor converter of 

alcohol – essentially rating its brewing performance. Good converters (also known as high fermentable malt 

(HFM)) and poor converters (also known as medium fermentable malt (MFM)) (D. Fisher, SABM, Caledon, 

South Africa, Personal Communication, 2018) have been known to trace back their brewing performance to 

the mode of water uptake and subsequent starch degradation (Chandra et al., 1999; Psota et al., 2007; Vejražka 

et al., 2007; Gamlath et al., 2008; Ferrari et al., 2010; Holopainen et al., 2014; Cozzolino et al., 2015). By 

following how these processes unfold, insight may be gained and traits may be identified as to identify a good 

barley cultivar for the brewing industry. 

Nowadays, near-infrared (NIR) spectroscopy has replaced the need for destructive analytical methods 

such as chemical analysis to explore constituents and physiochemical phenomena in food products (Jespersen 

and Munck, 2009). In addition to NIR spectroscopy, hyperspectral imaging has been incorporated in various 

applications to provide more localised information of samples. Hyperspectral imaging is currently employed 

in the supply chain as a technique for quality assessment (Amigo et al., 2013). In the grain industry, it has been 

used in the identification of defects such as fungal contamination or decolourisation (Williams, 2013; Fox and 

Manley, 2014; Sendin et al., 2018b).  

Near infrared (NIR) hyperspectral imaging (HSI) combines the techniques of NIR spectroscopy and 

digital imaging to attain data that has both spectral and spatial information (Amigo et al., 2013). The use of 

spatial data allows determination of spectral data at a specific location within a sample (Manley, 2014). 

Therefore, by combining the techniques of spectroscopy and imaging, spectral information of constituents and 
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their spatial distribution can be identified (Gowen et al., 2007; Manley et al., 2011; Amigo et al., 2013). Due 

to the versatility of HSI and recent advancements in its technologies, in recent years there are many 

applications in the agricultural field, particularly in the investigation of grains. Among the research done on 

grains using hyperspectral imaging are: the tracking moisture uptake in wheat kernels (Manley et al., 2011), 

identification of pre-germination in barley, sorghum and wheat (McGoverin et al., 2011), quality and safety 

evaluation of wheat (Sendin et al., 2016; Caporaso et al., 2018b) and protein content prediction in wheat 

kernels (Caporaso et al., 2018a). First analysis of moisture in grains using NIR spectroscopy was done by 

Norris (1964), to design a moisture meter. The significance of water in the field of NIR spectroscopy is of high 

importance because of its presence in many food products (Jespersen and Munck, 2009). Water has strong 

absorption bands in the NIR region, that has led to the investigation of the presence and role of water in 

biological products, specifically a wide range of foodstuffs, such as wheat kernels (Manley et al., 2011), barley 

grain (Cozzolino et al., 2013), meat products (Prieto et al., 2009) and dairy products (Cattaneo and Holroyd, 

2013). As technology evolved, more advanced investigations using NIR-HSI have been done on cereal grains. 

As reviewed by Sendin et al. (2018b) cereal evaluations using NIR-HSI include: hardness classification, 

chemical composition, variety identification, sprouting detection, physical quality classification, fungal 

contamination detection and parasitic contamination detection. 

Hyperspectral data is typically large data volumes, and due to its size and dimensions, analysis of data 

is multivariate. The need for multivariate analysis arose due to the similarity of spectra between similar 

samples, where the differences, that needs to be investigated, are slight, as reviewed by Manley (Manley, 

2014). Besides the fact that it is not simple to distinguish one spectra from another by mere observation, the 

complexity of spectra might be increased by noise factors such as scattering effects, instrumental noise, sample 

complexity, and matrix/environmental effects (Nicolaï et al., 2007). Therefore, techniques are essential in data 

analysis or chemometric processes, to increase the signal to noise (S/N) ratio (Teixeira Dos Santos et al., 2013). 

By increasing the S/N ratio, the model will become more robust and an effective calibration set for a 

hyperspectral system can be developed (Teixeira Dos Santos et al., 2013). 

Water uptake and distribution in grains is crucial for effective malt modification to occur (Chandra et 

al., 1999; Cozzolino et al., 2015). Therefore, this chapter aimed at the investigation of hydration in barley 

grain. By using NIR hyperspectral imaging at various intervals during the hydration period, chemometric 

analysis was done to distinguish water uptake between a good fermenting cultivar and a poor fermenting 

cultivar. The use of a prediction model may aid breeding programs in predicting the brewery performance of 

a barley cultivar during the early stages of malting. 

 

Materials and methods 

Samples 
Local barley cultivars, known in industry as good converters and poor converters were used in this study. In 

Table 4.1 three good converting cultivars and three poor converting cultivars are shown, these samples were 

kindly provided by SABM (a division of Anheuser-Busch InBev, South Africa). 
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Table 4.1 Cultivars form the 2017 harvest that was used for analysis 

 Cultivar Harvest year 

Good converters   

Hessekwa 2017 

Overture 2017 

Genie 2017 

Poor converters   

Erica 2017 

Cristalia 2017 

Irina 2017 

 

Steeping 

The steeping cycle followed consisted of alternating wet and dry stands at a temperature between 16°C and 

19°C with a supply of oxygen delivered to the water. Table 4.2 shows the steeping cycle that individual kernels 

were subjected to. 

 

Table 4.2 The duration of each stand during the 43 h steeping cycle followed at a temperature range of 

15 to 19°C. ‘Wet’, meaning submerged in water and ‘dry’, meaning drained of water. 

Stand duration (h) Wet/dry Total duration (h) 

9 Wet 9 

14 Dry 23 

14 Wet 37 

6 Dry 43 

 

Moisture determination 
Moisture determination was done before steeping (0 h) and at the end of each stand during steeping (9 h, 23 h, 

37 h and 43 h). For each sample, 15 g of whole grains was weighed off and oven dried (Heraeus, Hanau, 

Germany. W.C.) for 20 h at 130°C (Anonymous, 1988). Moisture analysis was done in duplicate therefore, 

these samples were not from the imaged samples, but rather a batch that was subjected to the same conditions 

for comparison. 

 

Hyperspectral imaging system 
All hyperspectral images were acquired with a pushbroom HySpex SWIR-384 (short wave infrared; SWIR) 

imaging system (Norsk Elektro Optikk, Norway) using Breeze® (Prediktera, Umeå, Sweden) software version 

2018.17.1 at the Stellenbosch University CAF Vibrational Spectroscopy Unit. The camera system was 

mounted on a laboratory rack with a translation stage and fitted with a 30 cm focal length lens. The system 
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comprised an imaging spectrograph which was coupled to an MCT (mercury cadmium telluride) sensor. The 

spectral range for the SWIR camera was from 850 to 2500 nm with a spectral resolution of 5.45 nm resulting 

in a total of 288 spectral bands. The spatial resolution for the SWIR-384 using a 30 cm lens had a pixel size 

0.247 mm and each image consisted out of 384 pixels. Samples were illuminated by two 150 W halogen lamps 

(Ushio lighting Inc., Japan) with the capacity to emit light in the 400 to 2500 nm wavelength range. Images 

were recorded at a maximum frame rate of 100 frames per second (fps). Radiometric calibration was performed 

in the Breeze software package. Table 4.3 shows the specifications of the hyperspectral setup that was 

consistent throughout the time period that all hyperspectral measurements were done. The images were 

automatically calibrated using the white and dark references and the reflectance was automatically converted 

to pseudo-absorbance log10(1/reflectance).  

 

Table 4.3 Parameter values of HySpex SWIR-384 during imaging of barley grain at each time point 

Parameter Value 

Distance between camera and sample 20.5 cm 

Field-of-view (FOV) (swath width) 9.5 cm 

Integration time (µs) 3000  

Measurement length 13.0 cm 

 

Image acquisition 
Hyperspectral images of kernels were obtained before steeping (0 h) and at the end of each stand during 

steeping (9 h, 23 h, 37 h and 43 h). For each sample, 48 kernels were randomly selected at the beginning to be 

imaged and tracked at relevant times during the steeping process. 

Imaging of barley grains were done on the plastic lid of the 48-well plate, with black paper placed 

underneath (Figure 4.1). The use of a 48-well plate allowed to keep grain separate throughout steeping in order 

to keep track of a single grain. Black paper was chosen as it does not reflect and can be easily distinguished as 

the background. Figure 4.1 shows the layout of barley grains as they were imaged. Samples were imaged with 

the crease side down. After a wet stand and before imaging, water was shaken out of the plates and kernels 

were dabbed with a cloth to remove excess surface moisture. Care was taken to image barley without removing 

kernels for too long from the steeping process. 
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Figure 4.1 Layout of 48 barley grains on the lid of a 48-well plate with black paper underneath. The 

figure shows sound Hessekwa grains with their creases turned down. 

 

Multivariate data analysis 
Images captured in Breeze® (Prediktera, Umeå, Sweden) software version 2018.17.1 were exported to 

Evince® processing software version 2.7.9 (Prediktera AB, Umeå, Sweden). Principal component analysis 

(PCA) was applied for image cleaning in Evince® processing software. For the presence of outlying pixels, 

dead pixels, shading errors, background and edge effects, score plots and score images were used to remove 

unwanted pixels. 

Manual segmentation was done to separate the kernels from the background. Using the process known 

as brushing (Esbensen et al., 2007), the interactive nature of score images along with score plots were utilised 

to remove clusters not related to the sample. Score plots were used to investigate the weights of various PCs 

alongside score images and loading lines. Where a change based on the loading lines were noted in the direction 

of a particular PC, the score plots were coloured successively to help visualise the effect of the given PC 

(Manley et al., 2011). The clusters in the score plot were explained using loading line plots to identify 

wavelengths that correlate with each cluster. 

Multiple images were imported into Evince® to form a mosaic in order to visualise different samples 

at once. These mosaics were used to follow the changes that occurred in specific kernels during steeping and 

to visualise them next to each other to observe changes over time.  

After image cleaning, the PCA was recalculated and hypercubes were exported to MATLAB Release 

2018a (The MathWorks, Inc., Natick, Massachusetts, United States) where kernels were identified and indexed 

according to their position on the tray. This method of indexing allowed for individual kernels to be traced 

back and identified during subsequent analysis. Furthermore, the mean spectra per kernel was calculated to be 
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used for later chemometric analysis using PLS_Toolbox version 8.6.1 (Eigenvector Research, Inc., Manson, 

Washington, United States). 

Using the mean spectra of each kernel, a partial least squares discriminant analysis (PLS-DA) model 

was developed (48 kernels per cultivar). First, the cleaned hypercubes were imported into MATLAB and 

observed at ca. 1940 nm. Afterwards a mask was applied to assign a number to each kernel, resulting in 48 

kernels per image. This is an example of object wise approach to differentiating individual samples (Williams 

and Kucheryavskiy, 2016). A calibration set, consisting of the first 32 kernels from the top of the plate and a 

prediction set consisting of the last 16 kernels were used in the PLS-DA model to distinguish a good converter 

from a poor converter. The two classes, namely good converters and poor converters were modelled 

simultaneously – and a model was created at each of the five timepoints during steeping to predict whether a 

barley grain is a good or a poor converter.  

Pre-processing methods in creating a PLS-DA model were compared to find the best suited model to 

distinguish a good converter from a poor converter. Techniques included standard normal variate (SNV) 

normalisation and Savitzky-Golay derivative smoothing (1st and 2nd derivative with a 15 point window for 

smoothing were explored). SNV normalisation is a technique used to correct path length effects, scattering 

effects, source or detector variations, and general sensitivity of instrumentation (Barnes et al., 1989). Savitzky-

Golay derivative smoothing is an effective modification to smooth a dataset and make it nearly continuous by 

‘removing’ outlying points and eliminate baseline signals from samples (Savitzky and Golay, 1964), while 

solving the problem of overlapping peaks (Manley, 2014). The leave-one-out cross-validation method was 

applied on the calibration set to build a non-bias prediction model on n-1 samples of the data.  

 

Results and discussion 

Moisture content results 
Results from the moisture analysis are shown in Table 4.4. All the time points at which imaging was done is 

represented to give an indication of the typical moisture content during steeping at the time of imaging. 
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Table 4.4 Moisture content (%), mean ± standard deviation, of all cultivars at five timepoints during the 

steeping cycle. The average moisture content of all cultivars at each stage has been included to represent the 

trend of increased moisture. All the cultivars used are from the 2017 harvest. 

Sample 

Moisture percentage at respective times of steeping cycle 

0h 9h 23h 37h 43h 

Erica 12.34 ± 0.05 31.63 ± 0.39 36.15 ± 0.07 44.66 ± 0.19 46.01 ± 0.10 

Hessekwa 12.52 ± 0.13 35.00 ± 0.13 37.90 ± 0.27 46.64 ± 0.36 47.87 ± 0.07 

Overture 11.65 ± 0.36 35.74 ± 0.85 40.26 ± 0.28 49.25 ± 0.03 49.72 ± 0.21 

Cristalia 11.24 ± 0.02 31.71 ± 0.14 35.33 ± 0.56 46.46 ± 2.97 44.73 ± 0.10 

Genie 11.55 ± 0.13 32.12 ± 0.33 35.59 ± 0.46 45.35 ± 0.37 46.12 ± 0.21 

Irina 11.24 ± 0.05 33.78 ± 0.43 37. 16 ± 0.74 47.21 ± 2.79 47.33 ± 0.42 

Average 12.39 ± 0.23 33.92 ± 0.36 37.33 ± 0.32 46.29 ± 0.69 46.88 ± 0.15 
 

In South Africa barley grain is harvested as soon as it reaches a moisture content of 12.5% in order to 

minimise the risk of damage from hail and wind on the mature barley grain (Kotzé, 2009). Barley grain stored 

post-harvest at higher moisture contents are at risk of fungal infections (Kotzé, 2009), therefore, it is common 

for initial moisture content to be similar and below 12.5% across all cultivars. 

The most significant increase in moisture content occurred over the first 9 h, when the barley grain 

was first introduced to a wet stand. The initial increase in moisture content exceeded 30%. For the rest of the 

steeping cycle, the moisture continued to increase to an average value of 46.88 ± 0.15%, high enough for 

germination to commence. Figure 4.2 shows the change in moisture over time of each cultivar alongside the 

average moisture of all cultivars. The graphical representation of the increasing moisture content shows how 

moisture rapidly increased during wet stands: initial 0 to 9 h and again from 23 to 37 h. It was also shown that 

moisture did not decrease during a dry stand. 

It seemed that Cristalia undergone a decrease in moisture during the last dry stand (Table 4.4 & Figure 

4.2). This is an irregular observation, considering all other grains did not lose moisture. However, this was not 

significant and only indicative. Since samples were examined in duplicate and the error is relatively low (± 

0.10), a possible explanation may be that this sample experienced drying that the other samples were not 

exposed to, although care was taken for all samples to undergo the same experimental conditions. To hydrate 

kernels, normal tap water has been used. In practice, untreated municipal water is used for malting. The use of 

tap water allowed more replicates to be done, since every sample required fresh water at the beginning of every 

wet stand. Using tap water is common practice in agricultural applications, because observation of physical 

properties were more relevant than evaluation of chemical properties. 
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Figure 4.2 The moisture content of each cultivar during the steeping cycle. The average moisture 

content of all the cultivars are also shown as a dotted orange line on each graph. 

 

Hyperspectral image analysis 

Image cleaning 
Figure 4.3-a shows the PCA contour plot (based on principal component 1) and PCA score plot that is obtained 

once images are imported into Evince® with SNV applied. The score plot (PC 1 vs. PC 2), shown in Figure 

4.3-b, illustrates the density of the data points based upon their spectral similarity. It is based upon this 

classification of chemical constituents that two distinct clusters are formed on the score plot that represents the 

barley grains and the background. 
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Figure 4.3 (a) The contour plot (PC 1) obtained from one scan of a set of barley kernels. This image is 

uncleaned and shows the background pixels included. (b) A PCA scatter plot (PC 1 vs. PC 2) showing the 

distribution of scores as they correlate to the pixels on the contour plot. The scores separate into two clusters 

representing the background and the barley grain as indicated. 

 

It is observed from Figure 4.3-b that the two clusters represent either the barley grain or the 

background. The process of brushing was done by selecting and removing scores on the PCA scatter plot that 

represent the background, only scores representing the barley grain are left. With this extracted information, 

further multivariate image analysis can be done. 

 

Hydration of kernels 
The mosaic created to follow hydration is shown in Figure 4.4-a. A kernel of each cultivar, representing good 

converters and poor converters have been imaged at each time point to visualise changes that occur during 

steeping. After removal of the background, when a mosaic is created of barley grain from its sound state (0 h) 

through each stage of steeping (9 h, 23 h, 37 h) until the end of steeping (43 h), a stark difference is observed 

between the sound and hydrated barley grain. This is observed in Figure 4.4-a where barley grain prior to 

hydration appears red, then once hydration commences – the colour successively changes over time. 

It was observed that the sound grain cluster (red) and the hydrated grain cluster (green to blue) on 

Figure 4.4-b can be distinguished in the direction of PC1. Based on this, successive score values were coloured 

to illustrate kernel hydration on the score image (Figure 4.4). The absorbance band for the presence of H2O is 

prominent on both PC 1 and PC 2 (Figure 4.5). In Figure 4.4, the successive colouring of score values attempted 

to follow hydration when done along PC 1 to show the gradual change from low moisture to high moisture. 
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Figure 4.4 (a) Mosaic of the same six kernels at each time point during steeping. (b) The score plot that 

has been coloured successively to show a change in moisture as kernels hydrate over time. 

 

In Figure 4.4, there is a clear distinction between the moisture in a sound grain and in a hydrated grain. 

A gradual increase from low moisture to high moisture is not easily visualised, this may be due to movement 

of moisture between a wet and a dry stand. The end of a dry stand is represented in the six kernels 23 h and 

the 43 h column. This big contrast made visualising the mode of hydration hard, it would be recommended to 

follow hydration in the first 9 hours for future investigations, where the changes are less pronounced. 

Furthermore, in Figure 4.4-a there is no visual difference between the hydration of a good converter 

(top three rows) and a poor converter (bottom three rows). This may be due to the sample size and the fact that 

a lot of variation occurs between individual grains. The influence of H2O is seen in Figure 4.5, where positive 

peaks at ca. 1450 nm and 1940 nm are observed on PC 1 and PC 2. At this wavelength O-H stretches and O-

H deformations occur. 
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Figure 4.5 Loading line plots for the hydration sequence: (a) PC 1, (b) PC 2 and (c) PC 3. Around 1940 

nm a water peak is prominent in plot (a) and plot (b) 

 

PLS-DA 
A linear method such as PLS-DA is used to classify classes that theoretically do not overlap and is preferred 

over non-linear methods (Berrueta et al., 2007). This method is also preferred when the number of classes are 

small (Berrueta et al., 2007) as in the case with distinguishing a good and a poor converter. In Figure 4.6, the 

average spectra of each kernel at 0 h are represented by a line on the graph. The good converters (Hessekwa 

2017, Overture 2017 and Genie 2017) are shown in green, while the poor converters (Erica 2017, Cristalia 

2017 and Irina 2017) are shown in red. When pre-processing has been applied, the spectra is transformed to 

improve S/N ratio and scattering, as seen in Figure 4.7-b. 

 

 

Figure 4.6 (a) Raw, average spectra of good converters (green) and poor converters. (b) Sample spectra 

after pre-processing have been applied. Pre-processing included SNV normalisation and Savitzky-Golay 

derivative smoothing (Filter width: 15, Polynomial order: 2, Derivative order: 2)  
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Figure 4.6-a shows a characteristic shape of a grain spectra before any pre-processing. The need for 

spectral pre-processing techniques and calibration of models to perform reliable data analysis arises due to the 

fact that a hyperspectral imaging system is an integration between many optical and electronic components 

(Yao and Lewis, 2010). In Figure 4.6-b, the spectra are shown after pre-processing has been applied and key 

wave bands can be seen as defined peaks or troughs – specifically around ca. 1450 nm and 1940 nm where O-

H stretches and deformations are caused by moisture (Manley, 2014). 

Figure 4.7-a shows the reflectance image generated when the samples are viewed at 1938.35 nm. To 

classify the image by objects instead of pixels, Figure 4.7-b shows the image generated when each kernel has 

been assigned a number for traceability. An interactive tool was used to reveal each kernel number – this 

proved helpful to trace back a single kernel. After each kernel has been assigned a number, the average spectra 

per kernel was calculated and combined in a single hypercube for analysis in PLS_Toolbox. 

 

 

Figure 4.7 (a) A set of kernels (48 barley kernels from a single scan) as observed at ca. 1940 nm 

wavelength and (b) each kernel distinguished and numbered to calculate a mean spectrum for each. The legend 

shows arbitrary values assigned to the barley grain to aid in identifying a single kernel. 

 

During the development of a PLS-DA model, pre-processing techniques were compared to determine 

the best model that can be applied at multiple time points to distinguish a good and a poor converter based on 

a set of barley grain (Table 4.5). First and second derivative Savitzky-Golay smoothing was used at a 15-point 

filter width. The PLS-DA models, being a binary classification method, delivered a most probable class 

prediction based on the selection of a class that has the highest probability regardless of the magnitude of that 

probability. If more than one class has > 0.50 probability, the highest probability will "acquire” the class. 

Therefore, PLS-DA is an example of a hard classification system because the hyperspace is divided up into as 

many regions as the number of classes. These regions do not overlap, assigning samples to a single class only, 

which makes the PLS-DA effective for use in validating samples (Veer et al., 2011) such as in the case where 

the authenticity of a barley grain belonging to a certain class is predicted. The strict assignment of samples can 

be seen in Figure 4.9, where samples are assigned to either classes based on the highest probability. The two 
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timepoints shown in Figure 4.9 are 0 h and 37 h in order to contrast low class classification and high class 

classification. 

Latent variables were selected based on which captured the most variation, in the plot shown in Figure 

4.8, 6 latent variables were selected. These variables are sufficient to separate classes because the 6th variable 

is the first variable where cross-validation error is at its lowest before the calibration error starts increasing. 

When too many latent variables are selected in the development of a PLS-DA model, overfitting may result. 

These latent variables are factors that are uncorrelated linear transformations of the original predictor variables 

and are essentially used to minimise the dimension of the data before performing the discriminant analysis 

(Veer et al., 2011).  

 

 

Figure 4.8 Model statistics plot showing average error captured by cross-validation (CV) and calibration 

(Cal.) model. 
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Table 4.5 Performance of PLS-DA models for discriminating good converters from poor converters at each point during the steeping cycle. At each 

timepoint, three pre-processing are shown with the best performing model in bold text. All values have been rounded off to three decimal places and 15 

smoothing points were used for both 1st and 2nd derivative smoothing. 

  Calibration Model (32 samples)  Prediction (16 samples)  
Analysis 
time Pre-processing Sensitivity Class. Error Bias R2  Sensitivity Class. Error Bias R2 LVs 
0 h none 0.667 0.276 0.006 0.225  0.688 0.292 0.031 0.190 4 

SNV + 1st derivative 0.667 0.266 0.001 0.285  0.646 0.281 -0.015 0.295 4 

SNV + 2nd derivative 0.813 0.182 0.001 0.426  0.792 0.271 0.025 0.289 5 
9 h none 0.667 0.255 0.005 0.279  0.625 0.344 0.039 0.106 4 

SNV + 1st derivative 0.792 0.188 -0.001 0.463  0.938 0.302 0.206 0.262 5 

SNV + 2nd derivative 0.781 0.182 -0.001 0.479  0.938 0.240 0.130 0.254 5 
23 h none 0.615 0.318 -0.017 0.143  0.583 0.323 -0.020 0.204 3 

SNV + 1st derivative 0.833 0.198 0.000 0.406  0.979 0.208 0.146 0.462 5 

SNV + 2nd derivative 0.948 0.245 -0.002 0.283  0.958 0.250 0.036 0.323 4 
37 h none 0.906 0.099 -0.001 0.601  0.917 0.125 0.121 0.556 6 

SNV + 1st derivative 0.958 0.057 0.000 0.697  0.958 0.104 0.079 0.639 6 

SNV + 2nd derivative 0.896 0.109 0.000 0.604  0.854 0.156 0.028 0.579 5 
43 h none 0.729 0.219 -0.002 0.320  0.792 0.208 0.000 0.333 4 

SNV + 1st derivative 0.813 0.146 0.000 0.513  0.792 0.229 0.047 0.456 5 

SNV + 2nd derivative 0.865 0.125 0.000 0.567  0.875 0.167 -0.031 0.500 6 

 

Abbreviations: Class. Error: classification error; SNV: standard normal variate; LVs: latent variables. 
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Figure 4.9 PLS-DA prediction plots showing highest misclassification (a) and lowest 

misclassification (b). The horizontal axis shows the number of samples, green diamonds represent good 

converters and red squares represent poor converters. Classification groups are shown on the vertical 

axis where it can be seen that less samples are misclassified after 37 h of steeping compared to before 

the steeping process 

 

From Table 4.5, it is evident that the PLS-DA model classified the kernels with varying 

accuracies and that different combinations of pre-processing methods were favourable at each time 

point of analysis. The combination of SNV and Savitzky Golay 1st derivative smoothing of the raw data 

yielded the lowest classification error of 10.4% after 23 h of barley grain being subjected to the steeping 

cycle. It is at this timepoint that the model could best distinguish between a good converter and a poor 

converter. The least accurate prediction was at 0 h (27.1% classification error) before the barley grain 

has commenced hydration, and classification models appeared to become more accurate as barley grain 
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became hydrated. For 0 h and 37 h, the coefficients of determination (R2) values are 0.289 and 0.639 

respectively showing a better prediction after 37 h. 

The fact that a good converter and a poor converter can better be distinguished during a later 

stage of hydration may be explained by the fact that water uptake plays out differently in the two types 

of converters. It is shown that this difference can be detected by means of hyperspectral imaging. Water 

uptake in a good converter and a poor converter may take place at different rates (Ferrari et al., 2010; 

Cu et al., 2016) or in different distributions throughout the barley grain (Chandra et al., 1999). It is also 

possible that the husk plays a more pronounced effect in hydration (Cozzolino et al., 2015), when 

hyperspectral imaging is used, the surface (husk) of the grain is the main area observed and hydration 

of the husk may reveal more about the type of converter. 

 

Conclusion 

Near infrared hyperspectral imaging demonstrated a great potential of being used to monitor changes 

that occur in barley grain during the process of steeping. Imaging the same kernel to track changes 

throughout the steeping process was done successfully without markedly interfering with the process 

of steeping and its outcome. 

It was attempted to visualise, by means of score images, the hydration of six barley grains at 

sequential time points throughout steeping (0 h – 43 h). Nonetheless, visual evaluation remains 

inconclusive in distinguishing the hydration between barley grain of a good converter and that of a poor 

converter. 

The PLS-DA models showed promise in discriminating between cultivars of good converters 

and cultivars of poor converters with classification errors lowering as time progressed during steeping. 

This proved that with the aid of a PLS-DA model distinctions can be made far superior than attempting 

to make an unbiased judgement by pure visual examination. 

Due to the increased accuracy in discriminating between a good and a poor cultivar as steeping 

progresses, it is possible to draw the conclusion that the physical and chemical changes that occur in 

barley grain of different converting capacities are typical of its respective brewing characteristics. This 

evidence, supplied by PLS-DA modelling, shows that the steeping process is different for good 

converters and poor converters. Whether the differences detected by hyperspectral imaging are in fact 

the differences in endosperm types (mealy vs steely), constituents or the effect of the husk in different 

cultivars could be determined in further studies by limiting these variables. 

Although single kernel analysis is not appropriate for industrial applications due to the 

instrumental setup and the speed of one measurement, the application of single kernel imaging is useful 

in breeding programmes where varieties are monitored on a small scale. However, further studies are 

required to test the principles described in this research, these insights are valuable to the industry as it 

gives the industry tools to make strategic and profitable decisions. Therefore, by improvement of 
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models and the advantage of SWIR being a relatively swift data acquisition technique, large volumes 

of data can be obtained, and appropriate models may be developed to be used in the breeding industry. 
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General discussion and conclusion 

Breeding high quality malting barley cultivars is a goal that will always be pursued. The barley breeding 

and brewing industry constantly is evolving – practices evolve, and standards shift according to climatic 

conditions and changing consumer preferences. Therefore, barley breeders should understand how 

quality parameters of barley grain relate to the performance of these grains in the brewing process. 

Breeding programmes are designed to rank a selection of high-quality genotypes as a top priority for 

the agricultural industry (Grando and Macpherson, 2005). 

As barley grain of various cultivars have different malting characteristics, it is necessary to 

investigate the process of malt modification. Quality parameters have been linked to the efficiency of 

alcohol conversion by barley malt, therefore some barley cultivars have been described good converters 

and some to be poor converters. Factors that influence malt modification include enzymatic action, 

composition and micro-structure. These factors in the endosperm’s protein-carbohydrate matrix are the 

primary causes of steeping efficiency, germination and finally alcohol conversion in the brewery. The 

structure of the endosperm is an important determinant of water uptake for barley grain and may explain 

the rate of malt modification. Endosperm structure governs whether grains are classified as mealy or 

steely. Under a light microscope, it is observed that starch granules tend to be loosely packed with 

several air spaces in the endosperm of a mealy barley sample. While in the case of steely endosperm, 

starch granules are densely packed (Chandra et al., 1999). 

For the purpose of evaluating the starch-protein matrix environment of a barley grain and 

investigating the starch granules as they would appear in a barley grain, scanning electron microscopy 

(SEM) was employed. In order to examine the endosperm of different cultivars, three methods of 

sample preparation were investigated, which included: chemical fixation using aldehydes; plunge 

freezing in liquid nitrogen; and cryo-sectioning. From the findings of Chapter 3, it was shown that 

plunge freezing and fracturing followed by incubation at 40°C was an effective fixation and sample 

preparation technique. Chemical fixation caused proteins to appear granulated and successive chemical 

rinses caused starch granules to wash out. Not only did chemical fixation cause physical changes to the 

protein structure and loss of starch granules, it is a tedious, time-consuming method that may rather be 

effective for observing cell structures in a 2-dimensional plane. Cryo-sectioning of barley grain caused 

mechanical damage to starch granules, so they could not be observed completely.  

Evidence of starch degradation by enzymes was successfully observed in situ by the formation 

of cavities on the surface of starch granules during various stages of germination. When comparing the 

endosperm of barley grain with varying degrees of fermentability, evidence was seen that the 

endosperm of a good converter appeared to have a more loosely packed structure with accompanying 

air spaces, while the endosperm of a poor converter had characteristics of a steely endosperm that 

typically slows water uptake. 

Stellenbosch University https://scholar.sun.ac.za



 

 78 

When compared, physical attributes such as the packing of starch granules, type of starch 

granules and their distribution throughout the endosperm were observed that are both typical of a good 

converter and typical of a poor converter. However, the difference may be more pronounced when the 

scope is expanded beyond malting barley cultivars – by comparing a soft and a hard barley grain that 

may be used for different applications such as food, animal feed or distilling (Cu et al., 2016). 

In Chapter 4 it was shown that near infrared hyperspectral imaging (NIR-HSI) can be employed 

to examine the effect and uptake of water in a cereal grain such as barley due to the good absorption 

properties of water in the near infrared (NIR) region. Using multivariate image analysis, visual 

investigation was done to track diffusion of water throughout a single barley grain. By re-colouring 

successive increments of score plots, it was attempted to track the route of water diffusion into barley 

grain of good and poor converters. However, visual evaluation remained inconclusive in distinguishing 

the hydration between barley grain of a good converter and that of a poor converter with no clear 

disparity seen when looking at score plots alone. By means of partial least squares discriminant analysis 

(PLS-DA) good converting malts were distinguished from poor converting malts at several timepoints 

along the course of steeping, but differentiation prior to steeping remained most inaccurate. Individual 

grains were assigned to a most probable class above 0.50 probability. Classification error before 

steeping was high (27.1%) before steeping and gradually lowered to give the most accurate 

classification model (classification error of 10.4%) at 37 hours of steeping. 

It would be suggested that for more reliable results in the analysis of barley grain by HSI, that 

an area in the centre of the barley grain is used for analysis instead of a mean spectra per kernel. This 

would correct for edge effects and possible inaccuracies with the threshold of the samples while 

cleaning the images. Edge effects, due to improper cleaning, may cause the mean spectra to take some 

of the background into calculation of the mean. Therefore, in order to eliminate the effect of edges, 

cleaning and threshold, a part of the grain is used that is consistent throughout all samples. One could 

also consider using the median spectra instead of the mean. This is a very robust statistical measure and 

would simplify the selection criterion. When samples were scanned using NIR-HSI, the calibration set, 

and the validation sets were selected from the same scanned image. Consequently, to improve on the 

experiment, it would be preferable to scan the two sets separately. 

In terms of the viability of the barley grain after successive imaging under the heat of the 

hyperspectral imaging system: after successive imaging of barley grain at each time point, barley grain 

still sprouted that illustrated seed viability although being exposed to NIR radiation. Furthermore, the 

effect of the husk and testa in the uptake of water into the rest of the barley grain may still be disputed 

(Mayolle et al., 2012) as this investigation only looked at the barley grain as a whole. 

Finally, the techniques of SEM and NIR-HSI are both versatile in nature allowing it to be 

applied to other cereals in a similar way as investigated in Chapters 3 and 4. From investigating 

endosperm structure under SEM, a variety of cultivars with different properties were compared, while 

finding a suitable fixation method for observing the micro-structure. It was also possible to view the 
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effect of starch degradation by enzymatic activity under SEM. Using NIR-HSI and multivariate data 

analysis, good converters and poor converters were distinguished with a relatively low error (10.4%) 

during steeping. Through these investigations, valuable insights on barley microstructure and water 

uptake have been gained that may aid barley breeding programmes in the quick selection of breeding 

lines for commercial use. 

  

Stellenbosch University https://scholar.sun.ac.za



 

 80 

 

References 

Chandra, G.S., Proudlove, M.O. & Baxter, E.D. (1999). The structure of barley endosperm - An 

important determinant of malt modification. Journal of the Science of Food and Agriculture, 79, 

37–46. 

Cu, S., Collins, H.M., Betts, N.S., March, T.J., Janusz, A., Stewart, D.C., Skadhauge, B., Eglinton, J., 

Kyriacou, B., Little, A., Burton, R.A. & Fincher, G.B. (2016). Water uptake in barley grain: 

Physiology; genetics and industrial applications. Plant Science, 242, 260–269. 

Grando, S. & Macpherson, H.G. (2005). Food Barley : Importance , Uses and Local Knowledge. In: 

Proceedings of the International Workshop on Food Barley Improvement. 

Mayolle, J.E., Lullien-Pellerin, V., Corbineau, F., Boivin, P. & Guillard, V. (2012). Water diffusion 

and enzyme activities during malting of barley grains: A relationship assessment. Journal of Food 

Engineering, 109, 358–365. 

 

 

  

Stellenbosch University https://scholar.sun.ac.za



 

 81 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix A 

  

Stellenbosch University https://scholar.sun.ac.za



 

 82 

Barley grain structures 

1. Starch granules 

a. A-type starch granules 

b. B-type starch granules 

2. Protein matrix 

3. Cell walls 

4. Aleurone layer 

5. Germ 

 

 
Figure A1 Starch granules (S), proteins (P) and protein fragments (F) on the surface of starch 

granules. 
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Figure A2 Starch granules embedded in the protein matrix. Protein strands are labelled as they 

are attached to the starch granules. 

 

 
Figure A3The starchy endosperm, aleurone layer and husk as they are observed under the EM 
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Figure A4Germ of barley grain 

 

Measurements 

Typical measurements of A- and B-type starch granules are > 15 µm and < 10 µm respectively. 

Measurements on electron micrographs were obtained using Fiji software, a distribution of ImageJ 

(Schindelin et al., 2012). Figure A5 illustrates measurement lines that correspond to measurements in 

Table A1. 

 

 
Figure A5 Measurement lines to determine diameter of starch granules. Longest diameter was 

fitted for A-type starch granules (measurement 1-5), because of lenticular shape. In this electron 
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micrograph there are only 5 A-type starch granules that appear visible from edge to edge. B-type starch 

granules are practically spherical, measurements 6-12 were made where the granules are clearly visible. 

 

 

Table A1 Measurements made on figure x to illustrate how object sizes are determined 

Type of starch 

granule 

Measurement 

number 

Length of 

measurement (µm) 

Average 

measurement (µm) 

A-type 1 22.72  

2 18.403  

3 17.966  

4 19.204  

5 16.465  

 18.9516 

B-type 6 3.729  

7 3.124  

8 3.606  

9 2.486  

10 2.571  

11 3.48  

12 2.102  

   3.014 
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Fixation techniques 

Plunge freezing 

 

 
Figure A6 Sound grain of Cocktail 2016. Sample was plunge frozen, cracked open longitudinally 

and oven dried overnight at 40°C. Middle part of longitudinal section showing effect of cracking open 

can be seen. 

 

 
Figure A7 Sound grain of Cocktail 2016 shown that has been plunge frozen and oven dried. 

Exposed A-type starch granules observed. 
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Figure A8 Sound grain of Cocktail 2016 shown that has been plunge frozen and oven dried. A 

combination of A-type and B-type starch granules are observed as they occur together in a cell. 

 

 
Figure A9 Sound grain of Cocktail 2016 shown that has been plunge frozen and oven dried. 

Structure of endosperm cells observed as ‘pockets’ of starch granules. Cells are packed together closely 

in a stratified pattern. 
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Figure A10 Sound grain of Cocktail 2016 shown that has been plunge frozen and oven dried. 

Aleurone layer that encapsulates the endosperm. 

 

 
Figure A11 Sound grain of Cocktail 2016 shown that has been plunge frozen and oven dried. At 

a closer magnification, the surface of the starch granules appear grainy. This phenomena is caused by 

the interaction of the surface coating with the specimen surface (Egerton, 2005). Small protein 

fragments are also observed on the surface of the starch granules. 
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Figure A12 Sound grain of Cocktail 2016 shown that has been plunge frozen and oven dried. 

Endosperm cell wall observed as a smooth, thick layer covering starch granules. 
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Figure A13 Sound grain of Cocktail 2016 shown that has been plunge frozen and oven dried. 

Impressions of small starch granules may be seen on the surface of large starch granules as they were 

bound in the protein-starch matrix. The first image is at 1530 X and the green square is enlarged below 

to 3630 X magnification. 
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Figure A14 Hydrated grain of Cocktail 2016 shown that has been plunge frozen and oven dried. 

A bed of starch granules in the endosperm is observed with some cell wall fragments visible. 
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Figure A15 Hydrated grain of Cocktail 2016 shown that has been plunge frozen and oven dried. 

Here a part of the endosperm cell wall was removed by cracking open to reveal starch granules 

contained within. The green section has been magnified to show a cell wall. 

 

 

Glutaraldehyde fixation 
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Figure A16 Few starch granules remain in cells as they were washed out. Cell walls are clearly 

observed. 

 

  
Figure A17 Effect of glutaraldehyde on proteins 
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Figure A18 Empty cells of aleurone layer 

 

 

 
Figure A19 Cell walls appear as empty pockets, with only few starch granules remaining 
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Figure A20 Cell wall structure observed as strands 

 

 
Figure A21 Proteins in endosperm matrix, showing binding 

 

 

 

 

 

 

 

Stellenbosch University https://scholar.sun.ac.za



 

 96 

 

 

 

 

OCT Freezing 

 

Figure A22 – A25 show samples that undergone freezing with an optimal cutting compound 

(OCT), followed by cryo-sectioning (30µm sections) and the glutaraldehyde fixation.  

 

 

 
Figure A22 Starch granules, showing damage by cryostat 

 

Stellenbosch University https://scholar.sun.ac.za



 

 97 

 
Figure A23 Endospermal matrix, showing starch granules that have been cut as well as the 

homogienity of the endosperm when cell walls are not observed. 

 

 
Figure A24 Endosperm of barley grain 
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Figure A25 Edge of the endosperm, where the aleurone layer and the husk lead to the outside of 

the grain. 

 

Figure A26 – A29 show samples that have been frozen using an OCT compound, then sectioned 

with a cryostat (30µm sections) before oven drying overnight at 40°C 

 

 
Figure A26 Endosperm matrix observed at 397 X magnification, showing sliced starch granules 
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Figure A27 Endosperm matrix of fixed barley grain 

 
Figure A28 Starch granules that have been cut through by the cryostat 
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Figure A29 Starch granules and protein fragments observed at 1300 X magnification 
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Good and poor converters 

 

Good converters: Overture, Genie, Hessekwa 

 

 
Figure A30 Overture 2016 

 

 
Figure A31 Overture 2017 
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Figure A32 Genie 2017 

 

 
Figure A33 Genie 2017 
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Figure A34 Hessekwa 2016 

 

 
Figure A35 Hessekwa 2017 
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Poor converters: Cristalia, Irina, Erica 

 

 
Figure A36 Cristalia 2016 

 

 
Figure A37 Cristalia 2017 
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Figure A38 Irina 2017 

 

 
Figure A39 Erica 2016 
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Figure A40 Erica 2017 
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