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ABSTRACT 

The research investigated protein-protein interactions in wheat dough as affected by 

mixing conditions (temperature and time) and kernel hardness and their impact on 

dough rheology.  

The effect of mixing temperature (4, 15 and 30 °C) was different at the 

molecular level between hard and soft wheat flours. Regardless of the type of flour, 

non-covalent interactions appeared to drive protein network at low temperatures (4 

°C and 15 °C), while covalent interactions were important at standard mixing (30 

°C). Protein features (solubility, thiols, conformation) of hard wheat did not change 

as mixing temperature decreased, except an increase in SDS-accessible thiols. 

Whereas, decreasing mixing temperature from 30 to 4 °C significantly affected 

protein interactions in soft wheat, highlighting the presence of a less compact 

structure with high levels of SDS-soluble proteins and β-turn structures.  

In the second part of the work, protein interactions and rheology of dough 

samples prepared from four flours characterized by different level of hardness 

(Branson<Emmit<TW301020<Glenn) were investigated. Soft wheat (Branson and 

Emmit) flours showed lower water absorption, development time, and stability than 

hard wheat (TW301020 and Glenn) flours. Despite kernel texture similarities, 

Branson and Glenn showed an overall stronger gluten network than Emmit and 

TW301020, respectively, as evidenced by gluten kinetics. On the other hand, 

Emmit and TW301020 tolerated mixing beyond dough development time better 

than Branson and Glenn in regard of protein features. Protein structural 

characteristics showed that proteins in dough from Branson and TW301020 were 
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more compact (low SDS-accessible thiols, low exposed hydrophobic sites on the 

protein surface) and more ordered (low levels of random coils) than in dough from 

Emmit and Glenn.  

In order to further investigate the role of kernel hardness on dough rheology 

and protein interactions, the last part of the work focused on one variety of durum 

wheat (Svevo cv) and one variety of soft wheat (Alpowa cv) in which puroindolines 

(PINs) expression (Soft Svevo) and 5DS distal end deletion (Hard Alpowa) were 

occasioned. As expected, presence of PINs affected flour particle size and damaged 

starch content, decreasing water absorption, dough development time, stability and 

the overall gluten strength. As regards starch, PINs increased the pasting 

temperature and breakdown viscosity, while the effects on peak viscosity and 

setback viscosity were not consistent. Finally, the role of PINs in dough 

extensibility was evident only in common wheat where 5DS distal end deletion 

increased the resistance to extension, without affecting the dough extensibility.  

Interestingly, PINs in flour favored protein-protein interactions, with the 

formation of a compact network as demonstrated by the decrease in protein 

solubility and thiols accessibility. In dough samples, the effect of PINs on protein 

features (protein interactions, thiols accessibility, protein hydrophobicity and 

protein conformation) were strongly dependent on the species. In particular, PINs 

promoted hydrophobic interactions in T. turgidum ssp. durum, and hydrogen bond 

related interactions in T. aestivum.  
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CHAPTER 1 

Literature Review 

1.1 Wheat Production and Utilization 

Wheat (Triticum ssp.) is the world’s largest and most important food crop for direct 

human consumption, with an estimated global production of 735 million tonnes for 2015 

(http://www.fao.org). The global utilization of wheat is anticipated to expand by 1.8 

percent to 728 million tonnes in 2015/16, with its food use increasing by almost 1 percent 

to 491 million tonnes (http://www.fao.org). The world’s main wheat-producing regions 

are in temperate and southern Russia, the central plains of the US and Canada, the 

Mediterranean Basin, northern China, India, Argentina, and Australia. The US produces 

approximately 55 to 60 million tonnes of wheat per year and supplies about 40% of the 

world’s export. 

Global efforts to increase wheat production and to keep up with population 

growth and rising demand have been relatively successful in maintaining a steady 

increase in wheat yield. World population is projected to reach 8.5 billion in 2030, 9.7 

billion 2050 and 11.2 billion in 2100 (http://www.un.org). World demand for wheat is 

projected to require approximately a 66% increase in agricultural production by 2040. In 

addition, there is diminishing availability of arable land for wheat cultivation due to 

population growth, and environmental pressures (Young, 1999). There is the need for 

improvement in wheat production, which has been the concern of breeders and farmers 

alike. Equally important is the maximum utilization of the grains to decrease waste 

associated with food production. This requires a deepened understanding of the chemistry 
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of wheat proteins, since it is the primary component that directs its use for one product or 

another. The role of food scientists in this scenario cannot be over emphasized. One area 

of wheat research that has recently attracted the attention of cereal chemists is wheat 

kernel texture and its impact in various wheat flour products. The following sections 

further discuss this point.  

 

1.2 Wheat Protein Classification 

1.2.1 Classification Based on Solubility 

Wheat contains between 7 and 22% storage proteins, which can reach as much as 17 – 

28% in some wild cultivars (Nevo et al 1986; Levy and Feldman 1987). The gluten 

proteins in the seed endosperm impart unique bread making qualities to wheat dough, 

which has made wheat the staple food for billions of people.  

Osborne (1924) introduced a solubility-based classification of plant proteins using 

sequential extraction in a series of solvent of the order: water, dilute salt solution, 

aqueous alcohol (60-70%) and dilute acid or alkali. Using the Osborne classification 

scheme, wheat proteins were classified into albumins, globulins, gliadins and glutenins, 

respectively. A significant fraction of wheat proteins is however excluded from the 

Osborne classification because they are unextractable in all of the solvents used for the 

extraction. In addition, further research and use of improved tools for biochemical and 

genetic analysis gradually revealed that the Osborne fractionation has limitations as it 

fails to provide a clear separation of proteins that differ biochemically, genetically or in 

functionality during bread-making (Goesaert et al 2005).  
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The names ‘gliadins’ and ‘glutenin’ are now mostly used to indicate the 

functionally or biochemically related proteins instead of the exclusively Osborne 

fractions. Nonetheless, the Osborne fractionation is still extensively used in studies 

relating protein composition to functionality in bread-making. Additionally, because of 

its simplicity, this classification method is often very useful as an initial separation step to 

obtain semi-pure protein fractions. 

 

1.2.2 Classification Based on Functionality 

Two groups of proteins can be distinguished based on functionality. These are the non-

gluten proteins and gluten proteins. The former have no or just a minor role in bread-

making whereas the latter play a major role in bread-making.  

The non-gluten proteins (15-20% of total proteins) mainly occur in the outer 

layers of the wheat kernel with lower concentrations in the endosperm. Most of them are 

extractable in dilute salt solutions and, therefore, are found in the Osborne albumin and 

globulin fractions. They are mostly monomeric, physiologically active or structural 

proteins. The non-gluten proteins also include a minor group of polymeric wheat storage 

proteins called triticins, which belong to the globulin class of seed storage proteins. They 

are related to the major storage proteins in legumes and in the cereals, oats and rice 

(Shewry and Halford, 2002; Shewry et al 1995). These proteins are found in the residue 

after Osborne fractionation. Their role in bread-making remains unclear (Veraverbeke 

and Delcour, 2002). 
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 Non-gluten proteins account for 30% of the quality variation in bread. Jones et al 

(2006) reports a number of wheat proteins that fall into this category, among them are 

puroindolines. The puroindolines have been found to account for kernel texture 

differences in wheat (Morris 2002).  

The gluten proteins (80-85% of total proteins) are the major storage proteins of 

wheat. They belong to the prolamin class of seed storage proteins (Shewry and Halford 

2002; Shewry et al 1995). They are found in the endosperm of mature wheat grain where 

they form a continuous matrix around the starch granules. They are largely insoluble in 

water or dilute salt solutions. Two functionally distinct groups can be distinguished: 

monomeric gliadins and polymeric (extractable and unextractable) glutenins. Gliadins 

represent a highly polymorphic group of monomeric gluten proteins with molecular 

weight varying between 30,000 and 80,000. Biochemically, three types (α, γ and ω) have 

been identified (Shewry et al 1986; Veraverbeke and Delcour 2002). They are all readily 

soluble in aqueous alcohols and are therefore the main components in the Osborne 

gliadin fraction. 

Glutenins are a heterogeneous mixture of polymers with molecular weights 

varying from about 80,000 to several millions. Glutenins are suggested to contain the 

largest proteins found in nature (Wrigley 1996). Unlike gliadins, only a very small part, 

corresponding to the smallest polymers, is soluble in aqueous alcohols. A larger part is 

soluble under dilute acid conditions. However, a significant amount cannot be solubilized 

without changing its structure. This large insolubility of glutenin explains why, despite 

significant efforts for more than a century, relatively little details are available on its 
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structure. Glutenin is built of glutenin subunits (GS) that are linked via disulphide bonds. 

These GS can be liberated by reduction of disulphide linkages with reducing agents such 

as β-mercaptoethanol or dithiothreitol. GS are biochemically related to the gliadins and 

are soluble in aqueous alcohols. Different groups of GS can be identified in flour: high 

molecular weight glutenin subunits (HMW-GS) with molecular weights between 65,000 

and 90,000 and B-, C-, and D-type low molecular weight subunits (LMW-GS) with 

molecular weight between 30,000 and 60,000.  

 

1.3 Gluten Protein Functionality in Bread-Making 

Wheat functionality is largely determined by it proteins. That both quantity and quality of 

proteins are important for bread-making is evident from the observation that bread-

making performance of wheat flour is linearly related to its protein content and that 

different linear relations exist for different wheat varieties (Finney and Barmore 1948). 

The different non-gluten proteins play minor roles in bread-making (Eliasson and 

Larsson 1993; Veraverbeke and Delcour 2002), whereas the main quality determinants of 

bread-making are the gluten proteins. Indeed, the unique and unusual properties of the 

gluten proteins allow wheat flour to be transformed into dough with suitable properties 

for bread-making.  

During dough mixing, wheat flour is hydrated and as a result of the mechanical 

energy input, discrete masses of gluten are disrupted. The gluten proteins are transformed 

into a continuous cohesive visco-elastic protein network (Singh and MacRitchie 2001). 

This process is accompanied by a dramatic increase in the extractability of the gluten 
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proteins (Graveland et al 1980; Tanaka and Bushuk 1973; Veraverbeke et al 1999). The 

development of a gluten protein network during mixing can be monitored with dough 

recording mixers such as the Farinograph, the Mixograph, and the Mixolab. During 

mixing, resistance of dough mixing first increases, then reaches an optimum as gluten 

network is developed, and finally decreases - during what is called ‘over-mixing’- due to 

protein network breaking. 

Two important factors are believed to largely determine gluten protein quality in 

bread-making: gliadin-to-glutenin ratio and glutenin fractions. The former is the direct 

consequence of the fact that, within the visco-elastic gluten protein network of wheat 

flour doughs, gliadins and glutenins fulfill different roles. Glutenin polymers are 

suggested to form a continuous network that provides strength and elasticity to the dough 

(Belton 1999; Ewart 1972). On the other hand, the monomeric gliadins are believed to act 

as plasticizers of the glutenin polymeric system. In this way, they provide 

plasticity/viscosity to wheat flour dough (Cornec et al 1994; Khatkar et al 1995). For 

quality bread-making, an appropriate balance between dough viscosity and elasticity is 

required.  

As regards glutenin fractions, it is now generally believed that differences in 

glutenin properties are important in explaining gluten quality differences in bread-

making. Although a lot of questions remain because of the lack of detailed knowledge of 

the molecular structure of glutenin and its contribution to elasticity, Goesaert et al (2005) 

in a recent review suggested three factors - (i) composition, (ii) structure and/or (iii) size 

distribution of the glutenin polymers - contribute to differences in glutenin functionality 
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in bread-making. Firstly, differences in glutenin composition may result in differences in 

the non-covalent interactions that determine the elasticity of glutenin. Each wheat variety 

contains between 3 and 5 different HMW-GS (Shewry et al 1992) and an estimated 7 to 

16 different LMW-GS (Gupta and Shepherd 1990). There are more than 20 different 

HMW-GS and more than 40 different LMW-GS (Gupta and Shepherd 1990) that have so 

far been detected in the different wheat varieties, which explains the existence of 

enormous variation in glutenin composition between different varieties. Secondly, it can 

be assumed that differences in the structure of glutenin largely affect glutenin 

functionality in bread-making. To a certain extent, differences in structure of glutenin 

may also result from differences in glutenin composition. For example, if the glutenin 

structure is indeed branched, as suggested from its rheological behavior (Dobraszczyk 

and Morgenstern 2003), GS composition may determine the degree of branching since 

some GS would allow for branching while others would not (Veraverbeke and Delcour 

2002). Thirdly, based on polymer network theories, only the polymers above a certain 

size would contribute to the elasticity of the glutenin polymer network (MacRitchie 1992; 

Singh and MacRitchie, 2001). This corresponds well with the several reports in the 

literature on positive correlations between dough strength or bread-making performance 

and the levels of the unextractable glutenin fractions and/or the largest glutenin polymers 

(Singh and MacRitchie, 2001; Veraverbeke and Delcour, 2002). As with the glutenin 

structure, differences in the glutenin size distribution may also partly be attributed to 

differences in GS composition. Size differences of GS, resulting in variations in for 

example HMW-GS-to-LMW-GS ratio, and/or different numbers of cysteine residues 
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available in GS for cross linking, influence, for example the ratio of ‘chain terminator’ 

GS (only one cysteine residue available for cross-linking) to ‘chain extender’ GS (two or 

more cysteine residues available for cross-linking), may significantly affect glutenin size 

distribution. 

 

1.4. Interactions in Wheat Proteins 

Proteins are deposited in most grains in an almost dry state and in a very compact 

conformation that is made possible by protein interactions. The abundance of glutamine 

and proline amino acid residues in both gliadins and glutenins minimize protein 

interactions with water. Moreover, the abundance of proline residues prevents the 

formation of extensive secondary structures within some of the gluten proteins while 

providing appropriate structural flexibility once water is added to these proteins. The 

protein-water interaction and protein-protein interactions that occur upon addition of 

water to cereal flours are discussed in the following sub-sections. 

 

1.4.1 Protein-Water Interactions 

Proteins, including those in gluten, and non-starch polysaccharides other than cellulose 

are the components of flour that first take up water. Addition of water to flour leads to 

significant structural changes of gluten proteins even when there is no mechanical energy 

input.  The nature and extent of these changes has been addressed in a few studies as 

recently reviewed by Bonomi et al (2013). Essentially, it has involved the use of 

approaches that allow measurement of protein features and characteristics without the 
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extraction of gluten proteins before testing which invariably affects these characteristics. 

These approaches have been applied to flours which allowed for establishment of a 

connection between flour strength and the tested characteristics and to products which 

also help to monitor process related changes in flour and semolina products (Bonomi et al 

2007; Iametti et al 2006).  

Two approaches that have proved useful in measuring these characteristics are the 

Fourier Transform Infrared (FTIR) and Solid-State spectroscopy. The state of water in 

flour and dough, and the strength of the interactions have been determined for flour with 

various bread-making performance, by using FTIR (Bock et al 2013). Similarly, solvation 

studies on flours have been used to monitor tryptophan exposure by Solid-State 

spectroscopy (Huschka et al 2012; Bonomi et al 2004). Changes in peak intensity of the 

tryptophan spectra give an indication of the strength of interaction between water and 

protein (Bonomi et al 2004). 

Another technique which has also been used in the study of protein structure is 

NMR and particularly low resolution solid state H-NMR technique because of the 

insoluble nature of most proteins. The technique has provided insights on interactions 

between water and various classes of polymers and water and wheat-related systems 

(Xing et al 2012; Bonomi et al 2012; Bosmans et al 2012; Iametti et al 2012). 

 

1.4.2 Protein-Protein Interactions 

There are two broad categories of protein-protein interactions - covalent and non-

covalent interactions. The former involve thiol-disulfide interchange, while the latter 
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refer to hydrogen bonding and hydrophobic interactions. Inter-protein disulfides are by 

far the most abundant covalent interaction of interest among different proteins prior to 

baking. Addition of water results in swelling of distinctive regions of individual proteins, 

and mechanical deformation of protein structure during mixing and kneading exposes 

hydrophobic side chains and cysteine residues (or disulfide bridges) that also may be 

inaccessible in the compact form in which proteins are stored and cannot participate in 

the thiol-disulfide exchange that is essential to network formation. This has been 

demonstrated in the use of thiol blocking reagents, which reportedly impair dough 

development (Bonomi et al 2014).  

The nature of the interactions among proteins may be determined through 

solubilization studies. Proteins held together by ionic interactions in poorly soluble 

aggregates are dissociated and brought into solution when the ionic strength of an 

aqueous buffer is raised. Addition of chaotropes such as urea, guanidine, or thiourea (or 

of detergents e.g. SDS) to the buffer facilitates the breakdown of hydrophobic and 

hydrogen interactions and makes soluble those proteins that form homo- and 

heteropolymeric aggregates based exclusively on this type of interaction. By also adding 

disulfide reducing agent such as dithiothreitol to the buffered aqueous urea or detergent, 

it is possible to solubilize even those proteins that form (or are trapped within) insoluble 

homo- and heteroproetein complexes stabilized by disulfide bonds (Iametti et al 2006, 

2012; Lagrain et al 2007; Bonomi et al 2013). By this, the extent of covalent interactions 

to the protein stability is determined.  
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Another test essential to interactions determination is the measurement of thiols 

accessibility in the presence (SDS-accessible thiols) and absence (readily accessible 

thiols) of suitable chaotropes or detergents. This involves the use of reagents such as 5,5- 

dithiobis-2- nitrobenzoic acid (DTNB), (Ellman 1959) that generates soluble colored 

products (Fig. 1.1) regardless of the solubility of the protein that carries that reactive thiol 

and is therefore well suited for application to totally or partially insoluble proteins. Aside 

from being essential to the thiol-disulfide exchange events that provide the network of 

covalent interactions in gluten-based products, the addition of detergents or chaotropes 

help to determine the compactness of the protein network in the systems under 

investigation (Bonomi et al 2013).  

 

 

Figure 1.1. Illustration of Ellman’s Test involving thiol and DTNB 

 

As regards hydrogen bonding, Fourier Transform Infrared Spectroscopy (and in a 

few studies, Raman fluorescence spectroscopy) has been applied to address the secondary 
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structure content of proteins in flour and wheat-based systems. By the use of these 

approaches, the overall content of individual elements in wheat proteins (i.e. helices, 

sheets, turns and random structures) have been analyzed in samples characterized by 

various protein profiles and technological performance (Dowell et al 2006; Kaddour and 

Cuq 2011; Arazuri et al 2012; Jazaeri et al 2015). The importance of hydrogen bonding to 

dough strength and functionality has been thoroughly discussed in the ‘loop’ and ‘train’ 

model of Belton (Belton 1999). Belton (1999) argued that high molecular weight subunits 

interact with each other through disulfide bonds and hydrogen bonds. Hydrogen bonding 

results in unbounded portions (loops) associated with β-turns and bonded portions (trains) 

associated with β-trains and that the equilibrium between loops and trains accounts for 

dough elasticity. Moreover, the role of hydrogen bonding in determining some 

mechanical properties of wheat based dough has been reported (Wellner et al 2005). 

Hydrophobic interactions among proteins typically involve many aliphatic and 

aromatic side chains and these have usually been addressed by using suitable 

spectroscopic probes, whose spectral properties are altered when the probe resides in a 

hydrophobic environment. Frequently used probes include naphthalene derivatives such 

as 1,8-anilinonaphthalene sulfonate (ANS) (Iametti et al 2006) or specific fatty acids such 

as cis-parinaric acid. These probes have been used to study hydrophobic traits in isolated 

gluten components and their sensitivity to heat treatment (Guerrieri et al 1996) but more 

recently it has been used to monitor ANS binding to wheat proteins, typically by adding 

just enough water to ensure protein solvation (Bonomi et al 2004; Huschka et al 2012). 

These approaches have pointed out the nature of structural rearrangement that accompany 
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solvation of proteins in different wheat-based materials (Fig. 1.2). Hard wheat flours 

seem to have few but strong hydrophobic patches, whereas soft wheat flours have many 

but weak hydrophobic sites (Huschka et al 2012). In addition, some relationships between 

surface hydrophobicity indices on the semi-dry and technological performance - as 

assessed for instance by various rheological approaches – have been shown (Bonomi et al 

2007). 

 

 

Figure 1.2. Illustration of probe binding sites in hard wheat and soft wheat flours 
(adapted from Huschka et al 2010) 
 

1.5 Wheat Kernel Texture 

Wheat hardness, defined as the force needed to crush the kernel, is a major quality trait 

second to protein content. Endosperm texture of bread wheat (Triticum aestivum L.) 

ranges from very soft to hard, whereas durum (T. turgidum L. ssp durum) wheat is 

considered to have the hardest kernel of all wheat cultivars.  
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Wheat kernel texture is of importance to every link in the wheat supply chain. The 

farmer generally makes more money from harder textured wheat (Turnbull and Rahman 

2002). This is closely linked to protein content as hard wheats are bred to express more 

protein (10-14%) against soft wheats, which have protein in the range of 8%-11% 

(Delcour et al 2012). To the miller, endosperm texture in a pronounced way affects wheat 

tempering (Delcour and Hoseney 2010), energy requirements, and technical settings of 

the mill (Posner 2000) as well as flour yield. Soft wheat generally yields flour with 

smaller average particle size (25 to 35 µm) than hard wheat, which has average particle 

size of 50 to 70 µm (Posner 2009). Durum wheat is usually milled to semolina, with 

average larger particle size up to 500 µm (Dalbon et al 1996). The different flour yields 

of the different endosperm texture determine their preferential use for one product or 

another. In general, soft wheat flour is used for cake and cookies, hard wheat flours for 

bread and durum for pasta and cous-cous. 

 

1.6 Puroindoline Proteins 

Wheat endosperm hardness is strongly genetically controlled although moisture content 

and environmental conditions can impact as well (Turnbull and Rahman 2002). Symes 

(1965) demonstrated the importance of one major gene and several minor genes in kernel 

texture differences, and Doekes and Belderok (1976) subsequently found the major gene 

to be located on the distal end of the short arm of chromosome 5D and named it Hardness 

(Ha) locus, with soft as the dominant trait.  Biochemical studies have contributed to the 

understanding of wheat kernel hardness. It had been observed that more gluten adhered to 
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the surface of starch granules isolated from hard wheat than that isolated from soft wheat 

(Barlow et al 1973; Hoseney and Sieb 1973). Greenwell and Schofield (1986) later 

discovered that endosperm hardness is strongly related to a group of proteins called 

friabilins that occur at the surface of water-washed starch granules. High levels of 

friabilins were associated with water-washed soft wheat starch granules, much less on 

water-washed hard wheat starch granules and none at all on the surface of water-washed 

starch granules of semolina (Greenwell and Schofield 1986). Several authors (Jolly et al 

1993; Morris et al 1994; Rahman et al 1994; Oda and Schofield 1997) found friabilins to 

encompass a mixture of proteins, with the two major ones being puroindoline a (PINA) 

and puroindoline b (PINB). The name puroindoline was derived from Greek for wheat 

“puros” and “indoline” from the indole ring of tryptophan because of the unique 

tryptophan-rich domain associated with these proteins. The other components are grain 

softness protein-1 (GSP-1) and amylase inhibitors (Morris et al 1994; Oda and Schofield 

1997). 

 

1.6.1 Genetics  

Puroindoline a (Pina-D1) and Puroindoline b (Pinb-D1) genes encode puroindoline 

proteins and are part of the Ha locus of the short arm of chromosome 5D (Jolly et al 

1993; Sourdille et al 1996; Ragupathy and Cloutier 2008). Their coding regions contain 

450 base pairs (bp) without introns. The two genes are approximately 70% identical in 

the coding regions but only 50% in the 3’untranslated region (Gautier et al 1994). 

Although the Ha locus contains in addition to puroindolines, Gsp-1 gene (Turnbull et al 
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2003), it has been demonstrated that deletion of the Gsp-1 or its allelic variation did not 

cause significant difference in grain hardness (Tranquilli et al 2002). In addition, unlike 

Pina-D1 and Pinb-D1, which are only present on the D-genome, Gsp-1 resides on all the 

three genomes (A, B and D) (Morris 2002). PINs are not expressed in T. turgidum ssp. 

durum because it lacks the D-genome, thus the typical hard endosperm associated with it 

(Morris 2002). 

The occurrence of the wild type of both gene sequence designated as Pina-D1a 

and Pinb-D1a, results in soft endosperm texture. A mutation in either of the genes results 

in hard endosperm. The most common hardness associated mutation in Pina-D1 is a null 

mutation (Pina-D1b). It results in the absence of Pina transcripts and as a result, no Pina 

proteins (PINA) in the kernel (Giroux and Morris 1998). A glycine-to-serine change at 

position 46 in Pinb-D1 (G46S) was first reported by Giroux and Morris (1997). 

Subsequently, many other Pinb-D1 mutations have been discovered in wheat such as the 

leucine-to-proline alteration at position 60 (L60P) and the tryptophan instead of arginine 

at position 44 (W44R) (Lillemo and Morris 2000). Morris et al (2001) described the 

occurrence of 3 Pinb alleles in wheat, all resulting in an early stop codon: nonsense 

mutations of tryptophan at position 39 and 44 (Pinb-D1e and Pinb-D1f, respectively) and 

of cysteine at position 56 (Pinb-D1g). More recently, a whole range of other PIN alleles 

have been reported, many of them in Chinese cultivars (Xia et al 2005; Chen et al 2006; 

He et al 2007). 

Studies using genetically modified crops have underscored the importance of 

PINs in wheat kernel texture. For example, expression of the wild-type Pina-D1a in the 
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hard wheat cultivar Hi-Line containing the G46S mutation (Pinb-D1b) resulted in softer 

kernels, increased PIN levels and lower damaged starch levels after milling than the 

parent kernels (Beecher et al 2002). In a similar study by Hogg et al (2005) on the same 

hard wheat, complemented with wild-type Pina-D1a, Pinb-D1b or both Pina-D1a and 

Pinb-D1a, all the transformed lines showed decreased grain hardness with the most 

pronounced decrease occurring when both functional Pina-D1a and Pinb-D1b had been 

expressed. Swan et al (2006) and Wanjugi et al (2007) reported similar findings and 

suggested that PIN level was of lesser importance than the presence of both functional 

Pina and Pinb. 

Cytological studies in both wheat and rice have equally expanded our knowledge 

of the importance of PINs in kernel texture. For example, Xia et al (2008) demonstrated 

that silencing of Pina-D1a results in significantly harder kernels. Gazza et al (2011) 

showed that introduction of Pina-D1a and Pinb-D1a in durum wheat decreased the single 

kernel characterization system hardness by 60%. More recently, Morris et al (2011) 

transferred Pin genes from soft wheat cultivar Chinese Spring through ph1b-mediated 

homoeologous recombination into durum wheat. The single kernel characterization 

system (SKCS) hardness value of the developed soft durum and it milling behavior, 

damaged starch and particle size distribution after milling were similar to those of soft 

wheat. Other authors have reported how the expression of PINs in cereals such as rice 

(Krishnamurthy and Giroux 2001; Wada et al 2010), and maize (Zhang et al 2009) 

affected the kernel texture, damaged starch and particle size distribution after milling. 
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These confirm Pin genes as being responsible for kernel texture in cereals and 

specifically wheat.  

 

1.6.2 Structure  

PINA (120 amino acids) and PINB (119 amino acids) have similar molecular masses 

(about 13 kDa). They are both basic proteins with a calculated isoelectric point between 

10.5 and 11 and exhibit about 55% amino acid homology (Gautier et al 1994; Branlard et 

al 2003). It has been suggested that PINs are synthesized as preproproteins containing 

signal peptide and both an N-terminal and C-terminal cleavable polypeptide (Gautier et al 

1994). There is micro-heterogeneity between PINA and PINB at the C-terminal and N-

terminal which has been suggested to result from slightly different post-translational 

processing pathways (Gautier et al 1994; Branlard et al 2003). 

Both PINs possess a tryptophan rich domain, which is unique among proteins. 

PINA has 5 tryptophan residues in this domain (WRWWKWWK; positions 38 to 45), 

which in PINB, is truncated and contains only 3 tryptophan residues (WPTKWWK; 

positions 39 to 45; Blochet et al 1993; Gautier et al 1994). This hydrophobic region 

confers strong affinity for polar lipids to PINs (Kooijman et al 1997; Douliez et al 2000). 

Infrared studies show that both PINs have similar secondary structure with 30% α-

helices, 30%, β-sheets and 40% unordered structure at pH 7 (Le Bihan et al 1996). This 

structure similarity has been confirmed by Kooijman et al (1997) using far UV circular 

dichroism (CD). 
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Again, both PINA and PINB contain 10 cysteine residues, which form 5 

intramolecular disulfide bonds. Eight of these residues form specific pattern known as the 

“eight-cysteine motif” (8CM; including a CC and CXC sequence, with X=arginine for 

both PINs). The two additional cysteine residues are located at the beginning and the end 

of the Trp-rich domain. Proteins having this conserved motif show a wide range of 

functions in storage, plant defense, enzyme inhibition, lipid transfer, and cell structure. It 

is thought that the four disulfide bonds confer stability to the three dimensional structure 

(Jose-Estanyol et al 2004). 

Two models have been proposed to predict the 3D structure of PINs. A first 

model suggested by Marion et al (1994) was based on the folding pattern of 8CM 

containing nonspecific lipid transfer proteins (ns-LTPs). The ns-LTPs share not only the 

8CM but also several properties with PINs. For example, PINs and ns-LTP were found to 

have about 30% amino acid homology and similar levels of α-helices (Marion et al 1994). 

Again, for 8CM proteins, the variable loops connecting the α-helices have been suggested 

to be functional regions (Jose-Estanyol et al 2004) similar to the Trp-rich domain of PINs 

which is located in a loop between the first and the second α-helices outside of the 

protein in the 3D model based on ns-LTPs (Marion et al 1994; Kooijiman et al 1997; 

Douliez et al 2000). Like ns-LTPs and other 8CM proteins, PINs possess a conserved 

tyrosine residue (positions 23 and 24 for PINA and PINB respectively) in the first α-helix 

(Poteete et al 1992; Le Bihan et al 1996). 

Lesage et al (2011) proposed a second 3D structure model of PINs using iterative 

threading assembly refinement. This was based on the structure of 2S storage proteins of 
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dicotyledonous plant species, which showed more homologies with PINs compared to ns-

LTPs. These 2S storage proteins contain the 8CM. The predictions resulted in a better C-

scores than the earlier model based on wheat ns-LTPs. In the 2S storage protein-based 

model, only 4 (C20/C55 and C55/C104) out of the 10 cysteine residues are involved in 

disulfide bonds. The remaining 6 cysteine residues are predicted to be located too far 

from each other to form stable disulfide bonds. The cysteine residues of the 8CM are the 

only conserved residues among the 6 proteins. 

None of the two models contain β-sheets. This contradicts the IR spectroscopy 

(Marion et al 1994; Le Bihan et al 1996) and the far-UV CD (Kooijman et al 1997) data 

which revealed the presence of 30% β-sheets. However, Le Bihan et al (1996) suggested 

that some protein regions that are interpreted as β-sheets based on IR spectroscopy are 

not observed as such by nuclear magnetic resonance (NMR).  

 

1.6.3 Mechanism Determining Wheat Hardness 

Since PINs are the major components of friabilin, it is thought that they interact in one 

way or another with starch granules. Discrete yet cooperative role of PINA and PINB in 

binding starch granules have been suggested (Amoroso et al 2004; Capparelli et al 2005; 

Swan et al 2006). Wanjugi et al (2007) concluded that both functional Pina and Pinb are 

required to obtain high levels of starch granule-associated PINs, in which case the kernel 

texture is soft. When either high levels of Pina (wild type) but not Pinb (wild type) are 

expressed, or vice versa, intermediate levels of PINs associate to starch and the wheat 

kernels are of intermediate hardness. There is however no agreement on whether one of 
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the PINs would limit binding of the other to the starch granule surface. Related to this, 

Capparelli et al (2003) proposed a primary role for PINA in binding to starch granule 

surface. They observed that Italian wheat cultivars having the Pina-D1b and Pinb-D1a 

alleles have lower PIN levels than hard wheat cultivars with Pina-D1a and Pinb-D1b 

alleles (G46S mutation in Pinb). Swan et al (2006) showed that PINB restricts binding of 

PINA to starch granule surface. Feiz et al (2009) similarly observed that in transgenic 

wheat, most over-expressed PINB, but not PINA is associated with starch. 

Notwithstanding the above, there is the general agreement that both PINA and PINB are 

essential for soft kernel texture. 

Polar lipids have been suggested to codetermine wheat hardness. Greenblatt et al 

(1995) were the first to report a relationship between levels of bound glycol- and 

phospholipids on water washed starch and friabilins, and thus endosperm hardness. Feiz 

et al (2009) confirmed these results using transgenic cultivars over-expressing PINs. 

Furthermore, Greenblatt et al (1995) showed that friabilins become more extractable with 

a Tris buffered salt after removal of starch-bound polar lipids than when the polar lipids 

were present. Greenblatt et al (1995) hypothesized that most friabilin components 

associate with starch through polar-lipid mediated hydrophobic and ionic interactions. In-

vitro starch binding experiment showed that defatted starch granules showed lower 

ability to protein extract that had PINs and other proteins (Bako et al 2007). Oda and 

Schofield (1997) postulated that lipid-mediated association of PINs with starch granules 

to be either direct, involving lipid “bridges” between the starch granule surface and 

friabilin proteins, or indirect, when PINs undergo a conformational change due to 
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presence of polar lipids, hence allowing them to bind to the starch. It is also possible that 

polar lipids bind proteins already adhering to starch granules (Oda and Schofield 1997). 

The precise mechanism though still remains unknown. 

The Trp-rich domain is considered the most important functional region in PINs. 

Feiz et al (2009) showed that mutations in the Trp-rich domain in PINB of soft wheat 

cultivar Alpowa that was made to express new PIN alleles increased kernel hardness. 

Furthermore, Wall et al (2010) identified Trp-rich domain of PINs as the starch-binding 

region.  

Many authors have suggested that PINs play a role in the seed during desiccation 

and maturation (Lillemo and Morris 2000; Feiz et al 2009). Kim et al (2012), using near-

isogenic lines, demonstrated that soft cultivars contain more phospho- and glycolipids 

than the corresponding hard wheat cultivars during seed development, with the largest 

differences in polar lipids found in mature seeds. Earlier, Feiz et al (2009) found an 

increase in bound polar lipids in mature seeds that had over-expressed PINs. It has 

therefore been hypothesized that PINs determine wheat hardness by stabilizing the 

amyloplast membrane during grain desiccation, thereby preventing total breakdown of 

the lipid membrane when the wheat kernel ripens (Lillemo and Morris, 2000; Feiz et al 

2009; Kim et al 2012). It can be concluded that a thin barrier of membrane remnants 

separates the starch granules from the gluten proteins in the endosperm. In hard wheat, 

mutated PINs with a decreased lipid-binding capacity cannot stabilize the amyloplast 

membrane during seed desiccation, resulting in a closer contact and stronger adhesion 

between starch granules and protein matrix. 
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1.7 Importance of Wheat Hardness for Product Quality 

One of the major properties determining end-product quality of wheat is the kernel 

hardness. For the common hexaploid wheat (T. aestivum L), endosperm texture ranges 

from very soft to hard. The tetraploid durum (T. turgidum L. ssp. durum) on the other 

hand is considered the hardest of all wheat cultivars. As indicated earlier, kernel hardness 

is determined by the type and extent of expression of PINs. 

Differences in endosperm texture affect the properties and qualities of flour and 

hence its preferential use. Flour qualities such as particle size and damaged starch level 

determine suitability for specific products (Posner 2009). Protein quality and quantity is 

also another property that is indirectly related to differences in kernel hardness. The 

properties of PINs such as the high surface activity and excellent foaming and stabilizing 

properties even in the presence of lipids (Dubreil et al 1997; Biswas et al 2001a, b) 

potentially impact product quality. It is also worthy of mention that PINA, PINB and 

their mutant proteins have different structure and lipid-binding properties which will 

logically have a bearing on its impact on end-product quality. The impact of PINs on 

flour milling, bread quality and dough rheology is discussed in the following sections. 

 

1.7.1 Impact on Flour Milling 

Wheat is generally milled to separate the starchy endosperm from the outer layers and 

germ and a final size reduction of the endosperm to flour for common wheat and 

semolina for durum. The kernel texture is a major determinant of milling behavior and is 

one of the key properties that a miller needs to know in order to maximize flour yield 
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(Posner 2000). Tempering, which involves treating the kernels to attain specific moisture 

content based on the kernel texture (14.5 – 15.5% for soft; 15.5 – 17% for hard; >17% for 

durum; Posner 2000) is an important preliminary step before milling. It plays the dual 

role of softening the endosperm and plasticizing the bran so that it is less susceptible to 

fragmentation. 

In soft wheat, fracture planes occur at the starch granule-protein matrix interface. 

In contrast, in hard wheat, because of the tight binding of protein and starch matrix, 

fracture planes pass through the starch granule, resulting in broken granules, few intact 

granules and larger particles compared to soft wheat (Hoseney and Sieb 1973). The 

typical range of starch damage in soft wheat is 2 - 4% while in hard wheat it ranges 

between 5 and 10% (Lin and Czuchajowska 1996). Flours from hard wheat cultivars 

typically show a unimodal particle size distribution (with peak around 120 um) while soft 

wheat flour shows a bimodal particle size distribution (25 µm and 110 µm) with smaller 

particles mainly representing starch granules (Posner 2000). Durum is milled into 

semolina, which is coarser than common wheat flour with the ranges of 180 – 600 µm for 

coarse, 180 – 475 µm for middle and <475 for fine semolina (Posner 2000). 

Since wheat hardness affects flour yield, it also consequentially determines flour 

composition. Protein and arabinoxylan levels increase with flour extraction rate (Dornez 

et al 2006) which in turn increases flour water absorption (Orth and Mander 1975). 

Wheat hardness therefore impacts on the optimal amount of water needed for preparing 

dough of desired consistency (Bettge and Morris 2000). 
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Finally, flour ash content, an indicator of flour contamination, is related to kernel 

hardness. Hard cultivars containing mutated PINB proteins (Pina-D1a/Pinb-D1b up to 

Pinb-D1g) are generally slightly softer than cultivars lacking PINA (Pina-D1b/Pinb-D1a). 

In line with the above, flour from cultivars with mutated PINB proteins were found to 

have lower ash levels, than cultivars lacking PINA (Rogers et al., 1993; Martin et al., 

2001; Ma et al 2009; Edwards et al 2010). In addition, transgenic cultivars over-

expressing PINs yield flour of very low ash levels (Hogg et al 2005; Martin et al 2007; 

Wanjugi et al 2007). 

 

1.7.2 Impact on Dough Rheology 

Since a portion of PINs become incorporated in the gluten matrix during dough mixing 

(Dubreil et al 2002; Finnie et al 2010a; Pauly et al 2012), they might impact dough 

rheology. The impact of PINs on dough rheology has been investigated in a number of 

studies. Addition of exogenous PINs in levels as high as twice their natural level in flour 

altered dough rheological behavior in Alveograph studies (Dubreil et al 1998). Resistance 

to deformation increased upon addition of PINs (Dubreil et al 1998), suggesting an 

increase in protein-protein interactions. Opposite effects on dough strength and 

extensibility have been observed for flour of good or poor bread making quality (Dubreil 

et al 1998). Addition of PINs to good-quality or poor-quality flour increased or decreased 

dough strength and extensibility, respectively (Dubreil et al 1998). According to Rouillé 

et al (2005a), addition of PINs moderately increased strain-hardening behavior, while 

PINs addition to defatted flour increased strain-hardening. The stability of the gluten-
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starch matrix, which is responsible for stabilizing gas cells against disproportionation and 

coalesce in the early fermentation stages, depends on its tendency to strain-harden (Sroan 

et al 2009a,b). The extent of strain-hardening is indeed positively related to fine bread 

crumb structure (Rouillé et al 2005a; van Vliet 2008). As already mentioned, when 

discontinuities appear in the gluten-starch matrix, the liquid film takes over the 

stabilizing role of the matrix. Thus, PINs may impact bread quality affecting both 

primary (gluten-starch matrix) and secondary (liquid film) mechanism of gas cell 

stabilization (Pauly et al 2013b). However, it should be noted that in the above-

mentioned bread making studies, the added PINs had been purified with the non-ionic 

detergent Triton X114, which is very difficult to remove from protein samples. It cannot 

be excluded that the presence of trace amounts of this strong detergent impacts the 

outcome of rheological experiments. 

 

1.7.3 Impact on Bread Quality 

One important quality index of bread is the crumb structure. Crumb structure of bread 

depends on incorporation of air during dough mixing. The number and size distribution 

of the incorporated discrete gas cells mainly depend on the properties of the gluten 

network. Bread dough as a foam is intrinsically unstable due to gas cell coalescence and 

disproportionation (Gan et al 1995; Mills et al 2003; Sroan et al 2009). The gluten-starch 

matrix was initially thought to enclose the gas cells during baking and that gas cell 

rupture during baking was due to viscosity increase resulting from starch gelatinization 

(Singh and Bhattacharya 2005). However, it had been found that discontinuities in the 
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gluten-starch matrix surrounding gas cells appear sometimes later in fermentation (Gan et 

al 1990). It was therefore hypothesized that a liquid film surrounds the gas cells and 

ensures gas cell stabilization when discontinuities appear in the gluten-starch matrix (Gan 

et al 1995; Mills et al 2003; Sroan et al 2009; Sroan and MacRitchie 2009). Surface 

active molecules such as proteins and lipids help maintain integrity of such liquid films.  

Surface-active proteins can form two-dimensional continuous film at the air-water 

interface through intermolecular interaction with neighboring proteins, which give 

structural support to the gas cells (Gan et al 1995; Mine 1995). Several authors (Gan et al 

1995; Mills et al 2003; Sahi 2003) have suggested a role for PINs in gas cell stabilization. 

Much in vitro research has been conducted on structure and organization of PINs at the 

air-water interface. Biswas et al (2001b) found PINA and PINB to easily and efficiently 

distribute at the air-water interface to form stable monolayers, even at low concentrations 

(1.0 mg/mL). PINs have been suggested to form visco-elastic film of aggregated proteins 

at the air-water interface (Dubreil et al 2003).  

PIN-lipid interactions at the air-water surface have also been suggested to 

contribute to bread quality (Pauly et al 2013b). Proteins and lipids coexist at the air-water 

interface. Unlike surface active proteins, lipids stabilize air-water interfaces by the Gibbs-

Marangoni mechanism (Mills et al 2003). The mechanism relies on the stabilization of 

the interface by a highly fluid layer of lipids. Generally, mixed protein-lipid interfaces are 

inherently unstable since proteins and lipids compete for the air-water interface, thereby 

weakening each other’s ability to stabilize it (Gan et al 1995; Marion et al 1998; Mills et 

al 2003; Sroan and MacRitchie 2009). The presence of lipids interferes with the 
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formation of a viscoelastic protein network, whereas proteins hinder the rapid diffusion 

of lipids to restore concentration gradients in the case of film deformation. However, 

PINs have a strong lipid-binding capacity (Pauly et al 2013a) but whether and to what 

extent PIN-lipid interactions affect the properties of the interfaces and bread dough is not 

completely understood. It has been shown that the presence of the zwitterionic 

lysophosphatidylcholine (LPC) enhances the excellent foam stabilization properties of 

PINA, as the stabilization effect significantly exceeds the sum of the impacts of PINA 

and LPC (Wilde et al 1993). Such enhanced foam stabilization in the presence of LPC 

however, has not been observed in the case of PINB (Wilde et al 1993; Husband et al 

1994). This observation may be related to the different binding strength of PINA and 

PINB with polar lipids in general and LPC in particular (Pauly et al 2013a).  

Dubreil et al (1997) showed that the lipid-to-PIN molar ratio at which maximum 

in vitro foam stability is observed, is different for other lipid classes and is lower than the 

values reported by Wilde at al (1993) for LPC. For total extracted lipids, namely 

phospholipids and glycolipids, enhanced foam stability up to a molar ratio of 0.6 for 

PINA is observed, while foams of PINB are less stable in presence of total extracted 

polar lipids. For PINA foams, stability is hardly affected by phospholipids up to a molar 

ratio of 1.0. At higher molar ratios, foam stability of the mixture is lower than that of 

PINA alone (Dubreil et al 1997). A similar trend has been observed for PINB foams in 

the presence of phospholipids. In contrast, glycolipids are detrimental to foam stability 

irrespective of the molar ratio to either PINA or PINB (Dubreil et al 1997). However, of 
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all four endogenous lipids, glycolipids are the most beneficial to bread making in terms 

of volume (Selmair and Koehler 2008, 2010).  

 

1.8 Knowledge Gaps 

Knowledge and understanding of plant protein and specifically from cereals have 

increased for the century or so of devoted research. The focus of many researchers in 

grain science and cereal chemistry has been on gluten protein. Although various models 

have been suggested to explain the formation of gluten, our understanding of it and its 

role in dough behavior and functionality has not been complete.  

A key observation based on research to date is that all the work on gluten network 

formation and function is inherently based on bread as the ideal model system, and gluten 

functionality is described in terms of its functionality in bread. Within the contest of the 

diversity of wheat-based products, the question arises as to whether these bread-based 

visualizations of the gluten network apply to all products, and more importantly how they 

advance the science of gluten as it relates to functionality in diverse wheat products. It is 

an established practice that soft and hard wheat flours and semolina are used for the 

specific conventional products. Even among soft wheat of similar protein quantity, they 

have been found to demonstrate different gluten aggregation properties (Bock and 

Seetharaman 2012). A study investigating the source of gliadins and glutenins (in hard vs 

soft wheats) and the resulting behavior of the gluten when sources and ratios of gliadins 

to glutenins were changed showed that the ratio per se did not result in similar 
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aggregation (Melnyk et al 2012), suggesting existence of inherent differences within the 

gliadins and glutenins of hard and soft wheats.  

In respect of dough mixing, it has been found that hard wheat and soft wheat 

flours show different structural evolution over the course of mixing. For example, soft 

wheat dough has been found to be dominated by hydrophobic interaction while hard 

wheat showed covalent as the major protein stabilizing force (Jazaeri et al 2015). Dough 

surface hydrophobicity has also been found to be different between hard and soft wheat 

flours. Soft wheat has many but weak hydrophobic sites while hard wheat shows dough 

with few but strong hydrophobic patches (Huschka et al 2012). The foregoing shows the 

differences in the gluten functionality of flours from hard and soft wheats. A fundamental 

difference between hard and soft wheat is the kernel texture. Kernel hardness has been 

found to be determined by puroindoline proteins (Morris 2002), a subject that has been 

comprehensively discussed in earlier sections in this chapter. Also, literature is silent on 

the effect of mixing temperature on dough rheology and protein interactions when dough 

is mixed at temperatures other than the conventional 30˚C. It is therefore important to 

investigate the processing conditions (mixing temperature and time) and kernel texture 

differences (puroindolines) on the differences on dough rheological behavior of flours 

that have different end-uses. Therefore, the research questions addressed in this thesis 

are: 

1. Does dough mixing conditions contribute to differences in dough behavior and 

functionality?  
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2. Is there a causal relation between kernel texture and dough rheology and protein 

interactions? 

3. Are puroindoline proteins the reason for the differences in the chemical 

interactions, dough behavior and functionality? 

 

1.9 Research Objectives  

Considering the knowledge gaps in the field as highlighted in the preceding section, the 

main objectives of the present thesis are: 

1. Determine the effect of different mixing temperatures on dough rheology and 

protein interactions. 

2. Determine the effect of kernel hardness on dough rheology and protein 

interactions. 

3. Determine the role of puroindolines in dough rheology and physical 

characteristics, and protein interactions. 
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CHAPTER 2 

Structural modification of gluten proteins in strong and weak 

wheat dough as affected by mixing temperature 

 

Summary 

The effect of temperature (≥25°C) on dough rheological properties and gluten 

functionality have been investigated for decades, but no study has addressed the 

effect of low temperature (< 30°C) on gluten network attributes in flours with 

strong and weak dough characteristics. This study monitored changes in protein 

extractability in presence and absence of reducing agents, the content of readily 

accessible and SDS-accessible thiols, and the secondary structural features of 

proteins in doughs from commercial hard wheat flour (HWF) and soft wheat flour 

(SWF) mixed at 4, 15, and 30°C. SWF mixed at 4 and 15°C showed similar mixing 

properties as HWF mixed at 30°C (which is the standard temperature). The effect of 

mixing temperature is different at the molecular level between the two flours 

studied. Protein features of HWF did not change as mixing temperature decreased, 

with the only exception being an increase in SDS-accessible thiols. Decreasing 

mixing temperature for SWF caused an increase in SDS-protein solubility and SDS-

accessible thiols, and an increase in β-turns structures at the expense of β-sheet 

structures. Thus, non-covalent interactions appear to drive protein network at low 

temperatures (4°C and 15°C) while covalent interactions dominate at standard 

mixing (30°C) in doughs from both flours. 
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2.1 Introduction 

Common wheat (Triticum aestivum) is the most versatile cereal since the flour from 

the grains can successfully be transformed into a large number of products - bread, 

cookies, biscuits, cakes - that are highly diverse in their palatability, structure and 

consumption occasions. The success of wheat is due to the capacity of its storage 

proteins to interact and develop the gluten network, which is the framework of all 

bakery products.  

 The functionality of gluten in defining product attributes differs based on 

ingredient formulation and processing conditions. However, regardless of the 

product formulation and processing condition, gluten formation is the key step for 

the preparation of cereal-based products. During mixing, the solvated proteins 

become flexible enough to undergo further structural modifications upon kneading. 

In most cases, kneading results in a rearrangement of the pattern of two major types 

of interactions: disulfide bridges and hydrophobic contacts between surface-

exposed regions (Bonomi et al 2014). It has recently been shown that gluten 

network formation is inherently different at the molecular level between soft and 

hard wheat flours. Development of a network in hard wheat dough appears to be 

driven more by disulfide linkages, whereas the network in soft wheat dough is 

governed primarily by hydrophobic interactions (Jazaeri et al 2015).  

 Obtaining the highest number of interaction among proteins requires a 

control of mixing conditions, as over-kneading weakens the interactions among 

proteins and the strength of the gluten network. This occurs as a consequence of the 
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conversion of relatively rigid elements of secondary structure (e.g. α-helices and β-

sheets) into random coil structures that do not contribute to the strength of the 

overall gluten network (Bonomi et al 2014; Robertson et al 2007). Moreover, it has 

been suggested that during mixing, the size of protein aggregates decreases 

(Mecham et al 1965; Tsen 1967) as a consequence of physical separation of the 

aggregates (Tsen 1967). This has been suggested to involve breakdown of either 

non-covalent interactions (Tsen 1967) or of covalent bonds (Tanaka and Bushuk 

1973; MacRitchie 1975; Graveland et al 1980; Danno and Hoseney 1982). 

 Baking performance of wheat flours strongly depends on the mixing 

conditions. Best results in terms of bread volume are obtained when the dough is 

mixed to optimum consistency at standard speed (63 rpm), instead of mixing the 

dough at high speed (1,250 rpm) with a fixed time (1 min) (Thanhaeuser et al 

2014). In regard of mixing temperature, 29°C and 30°C are the AACCI standard 

temperatures for straight dough bread-making (AACCI 10-10.03) and for the 

farinograph test (AACCI 54-21.02), respectively. Although these conditions are 

important in providing the right environment for enzymes that are important to the 

various biochemical reactions required to produce the desired end result, doughs 

mixed at 30°C appear underdeveloped and give poor baking results (Kieffer et al 

1998). Thus, mixing at 22°C is indicated as preferable by some authors (Kieffer et 

al 1998; Thanhaeuser et al 2014). Doughs mixed at temperatures lower than 30°C 

require longer mixing to achieve the same development stage as for conventional 

dough mixed at 30°C (Basaram and Gocmen 2003; Thanhaeuser et al 2014). 
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Moreover dough production at low temperatures necessitates additional expense to 

maintain the temperature such as water jackets, pre-chilling of flour, and cooler 

ambient temperature. On the other hand, the dough is less sticky and the resulting 

bread shows higher loaf specific volume and better grain texture in comparison to 

conventional mixing conditions (Basaram and Gocmen 2003; Thanhaeuser et al 

2014).  

 To the best of our knowledge, this is the first study to evaluate the effects of 

mixing temperatures (4, 15, and 30°C) on protein structural characteristics of hard 

and soft wheat flour doughs. The objective of this research was to evaluate protein 

solubility, thiols content, protein conformation, and farinograph characteristics of 

hard and soft wheat flours at various mixing temperatures. Studying such molecular 

parameters could lead to a more complete understanding of the role of mixing 

temperature on the formation of the gluten network in functionally contrasting 

flours. 

 

2.2 Materials and Methods 

2.2.1 Materials 

Commercial soft (SWF, proteins: 9.0±0.1 g/100gd.b.) and hard (HWF, proteins: 

13.04±0.06 g/100gd.b.) wheat flours, for biscuit- and bread-making respectively, 

were kindly provided by Horizon Milling LLC (Mankato, MN, USA). Protein 

content (N × 5.7) was determined according to AACC approved method (AACC 

46-30.01).  
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All chemicals were of analytical grade, unless otherwise stated. Deuterium 

oxide (D2O), dithiothreitol (DTT), disodium hydrogen phosphate, sodium 

dihydrogen phosphate, and 5,5’ dithiobis (2-nitrobenzoate) (DTNB) were from 

Sigma Aldrich, (St Louis, MO, USA). Sodium chloride (NaCl) was from Fisher 

Scientific (Fair Lawn, NJ, USA), and sodium dodecyl sulfate (SDS) from Life 

Technologies (Grand Island, NY, USA). A RC-DC (reducing compatible and 

detergent compatible) Protein Assay for determining protein concentration was 

from Bio-Rad (Hercules, CA, USA). 

 

2.2.2 Dough Preparation 

Dough samples from both strong (HWF) and weak (SWF) flours were prepared at 

three temperatures (4, 15, and 30°C) in a Farinograph-AT (C.W. Brabender Inc., 

Hackensack, NJ, USA) equipped with a 50 g mixing bowl. All the samples were 

prepared at the optimal water absorption, which is the amount of water to add to 

100g of flour to attain a consistency of 500±20 Farinograph Unit (FU). The mixing 

bowl was kept at the desired temperature by means of a temperature controlled 

water bath attached to the farinograph. Mixing water was delivered at the desired 

temperature. Dough samples for analyses were collected at dough development 

time, which is the time from first addition of water to the point of maximum 

consistency range. Each dough sample was prepared in duplicate. Samples were 

collected with minimal additional physical manipulation. The fresh dough was used 

as is for protein conformation spectroscopic studies. For protein solubility, and for 
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measuring readily accessible and SDS-accessible thiols, the samples were 

immediately transferred to liquid nitrogen and lyophilized. The freeze-dried 

samples were then ground using a pestle and mortar to a powder (particle size < 0.5 

mm).  

 

2.2.3 Protein Aggregation 

Protein solubility in the freeze-dried dough was determined following the method of 

Jazaeri et al (2015) with little modification. Soluble proteins were extracted at 25°C 

in 0.05 M sodium phosphate buffer of pH 7.0 with 0.1 M NaCl and 1% SDS (w/v) 

in presence or absence of 10 mM DTT. A 1 mL volume of the buffer was added to 

10 mg of sample and mixed on shaker for 60 min at 25°C. After centrifugation at 

10,000 g for 5 min, the amount of protein in the supernatant (100 μL) was 

determined spectrophotometrically using the RC-DC Protein Assay, which is based 

on the Lowry assay (Lowry et al 1951). Bovine serum albumin was used as 

standard and results (average of four determinations) were expressed as mg soluble 

protein/g protein.  

 

2.2.4 Readily Accessible and SDS-Accessible Thiols 

Readily accessible thiols (SH) were determined following the method of Iametti et 

al (2006). An aliquot (100 mg) of sample was suspended in 5 mL of buffer (0.05M 

sodium phosphate, 0.1 M NaCl, pH 7.0) containing 0.5 mM DTNB. The suspension 

was incubated at 25°C for 60 min and centrifuged at 10,000 g for 3 min. The 
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supernatant was subsequently filtered using Fisher Scientific filter paper (particle 

retention in the range of 5 – 10 µm; Pittsburgh, PA, USA), and the absorbance was 

read at 412 nm in the WPA Spectrawave S800 Diode Array spectrophotometer 

(Bichrom, Holliston, MA, USA). SDS-accessible thiols were determined by the 

same method but in presence of 1% SDS (w/v) in the suspension buffer. The 

amounts of readily accessible and SDS-accessible thiol groups were calculated 

using the extinction coefficient of 14150 M-1 cm-1 (Eyer et al 2003) and the average 

of four determinations was reported. 

 

2.2.5 State of Water and Protein Conformation  

The infrared spectra of dough samples were recorded using an Attenuated Total 

Reflectance (ATR) Fourier Transfer Infrared (FTIR) spectrophotometer (Bruker 

Tensor 37, Bruker Optics, Inc., Billerica, MA, USA). The ATR-FTIR 

spectrophotometer was equipped with a horizontal multi-reflectance zinc selenide 

(ZnSe) crystal accessory. Spectra were collected in the 4000-600 cm-1 infrared 

spectral range at room temperature. Each spectrum was an average of 32 scans at 4 

cm-1 resolution. Background spectrum of the empty trough sampling plate was 

collected before each sample. A minimum of 4 spectra per sample was used for 

spectral analysis. Spectra were collected within 10 minutes of sample preparation in 

order to limit molecular and structural changes as much as possible. The sample 

was pressed firmly onto the crystal to eliminate air and to achieve the best possible 

contact. Spectral analysis was performed by using OPUS software v. 7.0 according 
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to Bock and Damodaran (2013). Reference H2O-D2O mixtures matched to the 

moisture content of the dough samples (~45 for all the samples except for dough 

HWF at 4°C, whose moisture was ~50%, Table I) were collected and vector-

normalized. The difference of the vector-normailzed spectra obtained in the 3000 – 

3800 cm-1 region were analyzed for changes in state of water structure in dough 

compared with the reference state in the H2O-D2O mixture following the approach 

used by Bock and Damodaran (2013). The reference H2O-D2O mixtures were also 

used for subtraction of water contributions in the amide I region (1600 – 1700 cm-1) 

of the vector-normalized spectra. The quantitative estimation of protein secondary 

structure in the amide I region of dough was based on second derivative spectra 

using a five-point Savitsky-Golay function as described by Bock and Damodaran 

(2013). The spectral regions were assigned as 1620-1644, 1644-1652, 1652-1660 

and 1660-1685 cm-1 for β-sheets, unordered, α-helix, and β-turn structures 

respectively. The second derivative area for each secondary structural region was 

divided by the total area of the amide I region. 

 

2.2.6 Statistical Analysis 

Dough samples were prepared in duplicate. For each subsample, protein solubility, 

readily and SDS-accessible thiols, and ATR-FTIR analyses were carried out in duplicate. 

Analysis of variance (ANOVA) was performed utilizing Statgraphics XV version 15.1.02 

(StatPoint Inc., Warrenton, VA, USA). Mixing temperature and/or type of secondary 

structures were used as factor. When a factor effect was found significant (p≤0.05), 
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significant differences among the respective means were determined using Fisher’s Least 

Significant Difference (LSD) test.  

 

2.3 Results and Discussion 

2.3.1 Mixing Properties of Flours 

Mixing properties of SWF and HWF flours as affected by mixing temperature (4, 

15, and 30°C) are shown in Fig. 2.1A and B, respectively. The farinograph indices 

obtained from the curves are summarized in Table 2.1.  

At 30 °C – which is the standard temperature according to the AACC 

official method - the HWF exhibited higher water absorption (64.7% vs 55.5%), 

longer dough development time (2.13 min vs 1.03 min) and greater stability (15 min 

vs 1.1 min) than the SWF. 

 

Table 2.1. Mixing properties of soft and hard wheat flours at various mixing 
temperatures. 

 

 Soft wheat flour 
(SWF) 

Hard wheat flour 
(HWF) 

 4°C 15°C 30°C 4°C 15°C 30°C 

Dough moisture 
(g/100g) 46.6 46.3 42.1 49.3 46.5 44.0 

Water Absorption 
(g/100g flour) 68.7 61.5 55.5 81.4 74.2 64.7 

Dough Development 
Time (min:s) 09:40 05:05 01:01 16:48 12:33 02:44 

Stability 
(min:s) 10:42 10:41 01:33 15:53 13:19 15:04 
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Figure 2.1. Mixing profiles of soft (A) and hard (B) wheat dough prepared at 4, 15 
and 30°C. 
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Regardless of the type of flour, as the temperature decreased from 30 to 4°C, the 

optimal water absorption increased (Table 2.1). As expected, a decrease in 

temperature increased dough consistency, and thus, higher amounts of water were 

required to obtain the desired dough consistency (500±20 FU). Decreasing mixing 

temperature also resulted in an increase in dough development time and dough 

stability (Table 2.1).  

In general, long dough development time is undesirable because it means 

longer processing time and increased energy requirements for dough mixing. On the 

other hand, low temperatures increased dough stability and thus improves dough 

handling. 

 Our results on mixing properties are similar to those obtained by Basaran 

and Gocmen (2003) who investigated the role of mixing temperature (17, 23 and 

30°C) on dough mixing and bread characteristics. Interestingly, at low temperature 

(4°C and 15°C), SWF showed a mixing profile very similar to that of HWF at 30°C.  

 

2.3.2 Protein Aggregation 

Protein solubility gives insight on the type of protein interactions occurring in flour 

or dough. The extent of contribution of non-covalent and covalent interactions to 

protein network stabilization can be determined by adding detergents (e.g SDS) or 

reducing agent (e.g. DTT) respectively to the extraction buffer (Iametti et al 2006, 



43 
 

2012; Lagrain et al 2007; Bonomi et al 2012). Protein solubility of SWF and HWF 

dough as affected by mixing temperature is shown in Fig. 2.2.  

When the flours were mixed into dough to the point of maximum dough 

development at the standard temperature (30°C), a decrease in SDS–protein 

solubility was observed for both SWF (from 693.87 ± 72.2 - data not shown - to 

425.02 ±126.23 mg/g protein, in flour and dough, respectively) and HWF (from 

811.33 ± 4.0 - data not shown - to 509.8 ±86.33 mg/g protein, in flour and dough, 

respectively), in agreement with previous studies (Jazaeri et al 2015; Hayta and 

Schofield 2004). The formation of a developed gluten network decreases the 

amount of SDS-soluble proteins due to the increased protein-protein interaction. At 

30°C, the two dough samples did not show statistically significant difference 

(p≤0.05) in SDS-protein solubility (HWF: 509.8 ±86.33 mg/g protein; SWF: 425.02 

±126.23 mg/g protein). 

Jazaeri et al (2015) and Kuktaite et al (2004) found dough from weak flours 

to have higher SDS-protein solubility than dough from strong flours at optimal 

mixing time. Similarly, Hayta and Schofield (2004) found extracted gluten from 

strong flour to have significantly lower SDS solubility than that from poor bread 

making flour. Differences in extraction methods, type of flour (cultivar, growing 

season, and location) and milling conditions could account for differences in protein 

solubility. 
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Figure 2.2. Protein solubility of soft (A) and hard (B) wheat dough mixed at 4, 15 
and 30°C. Values with the same letters are not significantly different (p≤0.05). 
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The amount of SDS-extractable proteins increased as mixing temperature 

decreased for SWF dough (Fig. 2.2A). However, no significant (p≤0.05) differences 

were observed between SDS-solubility in SWF dough at 15 and 30 or 4°C. The 

increased solubility at lower temperatures could be due to protein depolymerization 

as a result of the long mixing time, which could lead to lower molecular weight 

development through protein disaggregation (Weegels et al 1997).  

 At low temperature (4 and 15°C), addition of DTT to the SDS solution used 

for protein extraction did not result in a significant increase (p≤0.05) in protein 

solubility, indicating that SWF dough samples were stabilized by non-covalent 

interactions. This could be due to breakdown of disulfide linkages as a result of the 

long mixing times (Weegels et al 1997) or to lack of formation of disulfide linkages 

from sulphydryls because of the low temperature (Hayta and Schofield 2004). On 

the other hand, the significant (p≤0.05) increase in the amount of soluble proteins in 

presence of DTT in the dough at 30°C indicates that this temperature promoted the 

formation of covalent interactions. Moreover, at low temperature, the amount of 

proteins remaining insoluble in SDS+DTT was significantly (p≤0.05) higher 

compared to dough mixed at 30°C. Dough mixing at temperature ≤ 15°C seems to 

promote the formation of macromolecular aggregates that do not solubilize easily 

under the conditions used in this study, regardless of the presence of DTT. Indeed, 

low temperatures were associated with an increase in the amount of unextractable 

fraction, which has been found to be strongly correlated with dough strength and 

bread quality (Weegels et al 1996; Don et al 2003). 
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 As for dough from HWF, there was not a clear trend in protein solubility 

changes with mixing temperature (Fig. 2.2B). A significant (p≤0.05) increase in 

SDS-extractable proteins was observed when the mixing temperature was decreased 

from 30 to 15°C. However, SDS-protein solubility of dough samples mixed at 4°C 

was comparable to that of the dough samples mixed at15 °C and 30 °C. The SDS-

DTT protein solubility of dough followed the trend observed for SWF. The 30°C 

mixed dough sample showed significant difference (p≤0.05) between SDS-protein 

solubility and SDS-DTT solubility, an indication that covalent interaction is the 

gluten network stabilizing force in the dough. However, at low temperatures (4 and 

15°C), there was no significant difference (p≤0.05) between SDS and SDS-DTT 

protein solubility, suggesting that non-covalent interactions are the dominant force 

in the gluten network. Reasons given for similar observations in SWF would suffice 

in explaining the observations in HWF dough. That is, dough mixing at 

temperatures ≤ 15°C promoted the formation of insoluble macromolecular 

aggregates under the conditions of the study. This is evidenced in the decreasing 

SDS-DTT protein solubility for the mixed doughs at 30, 15, and 4°C which were 

961.02±12.84, 529.01±65.34 and 404.51±166.67mg/g protein respectively. 

 

2.3.3 Readily Accessible and SDS-Accessible Thiols 

The content of readily accessible and SDS-accessible thiols in dough from SWF 

and HWF are shown in Fig. 2.3A and Fig. 2.3B, respectively. When doughs were 

mixed at 30°C (standard temperature), the readily accessible thiols in both SWF 
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(7.02 ±0.1 µmol/g protein) and HWF (7.05±1.8 µmol/g protein) doughs were 

comparable to free thiols levels in extracted gluten reported by others (Koehler 

2003a,b; Gomez et al. 2011). However, SWF dough showed significantly (p≤0.05) 

higher SDS-accessible thiols than HWF (Fig. 2.3A and 2.3B), in agreement with 

Jazaeri et al (2015). In general, in the presence of SDS, the thiol content showed a 

marked increase. Indeed, thiols buried within protein structures (or a protein 

aggregate) may become available to suitable reagents only upon protein 

denaturation by physical or chemical agents (Iametti et al 2013). 

 Mixing temperature did not affect the levels of readily accessible thiols in 

SWF doughs (Fig. 2.3A). As for SDS-accessible thiols, significant (p≤0.05) 

differences were measured among samples, but without a clear trend. Indeed, SDS-

accessible thiols in the dough mixed at 30°C were higher than those of the one 

mixed at 15 °C, but lower than when mixing at 4°C.  

The marked SDS-dependent increase in accessible thiols observed for SWF 

dough mixed at 4°C indicates that disrupting of non-covalent interactions and the 

consequent destabilization of the structure resulted in the exposure of a considerable 

amount of thiol groups (Iametti et al 2006). These results confirm the protein 

solubility data (Fig. 2.2A) that at low temperature SWF dough was characterized by 

non-covalent interactions. 
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Figure 2.3. Readily accessible and SDS-accessible thiols of soft (A) and hard (B) wheat 
dough prepared at 4, 15 and 30°C mixing temperature. Values with the same letters are 
not significantly different (p≤0.05). 
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The low protein solubility in presence of DTT and the high amount of 

unextractable proteins (Fig. 2.2A) at 4°C suggest the formation of intermolecular 

disulfide bonds that promote formation of large and insoluble aggregates (Lagrain 

et al 2007), where accessibility to the polar disulfide reducing agent DTT may be 

difficult even when SDS is present, at least when solubility studies are carried out at 

room temperature as it was the case here. 

 HWF dough samples exhibited a different trend in thiol changes as mixing 

temperature decreased (Fig. 2.3B) compared to SWF. Unlike SWF, the readily 

accessible thiols in HWF dough responded to temperature changes. While the 15°C 

dough showed lower levels of readily accessible thiols than at 30°C, the 4°C dough 

had a slightly higher but insignificant level than at 30°C (7.54 ± 0.9 vs 7.05± 1.8 

µmol/g protein). With respect to SDS-accessible thiols, their levels in the dough 

increased as mixing temperature decreased. This indicates maximum formation of 

disulfide bonds at the standard mixing temperature of 30°C, in agreement with 

changes in protein solubility as due to the addition of disulfide-reducing agents 

(Fig. 2.2B). In addition, the increased levels of SDS-accessible thiols in the dough 

mixed at 4°C and 15°C may be due to the long mixing time (Table 2.1) that 

possibly resulted in cleavage of disulfide bonds or exposure of thiols that were 

buried in inaccessible portions of protein aggregates, but were made accessible by 

the detergent treatment (Iametti et al 2006).  
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2.3.4 State of Water in Dough 

Changes in the structural and energy states of water as affected by mixing temperature 

were characterized as reported by Bock et al (2013). The difference spectra obtained by 

subtracting the H2O-D2O reference spectrum (45-50% H2O-D2O, according to the dough 

moisture in Table 2.1) is shown in Fig. 2.4. Dough samples exhibited two absorption 

bands; one centered at around 3580 cm-1 and the other at around 3160 cm-1, and a 

negative trough at 3400 cm-1, regardless the mixing temperature. Based on previous 

studies, the positive peak in the difference spectrum at 3600 cm−1 can be assigned to OH 

stretch vibration of monomeric non-hydrogen-bonded water molecules and some 

hydrogen-bonded water dimmers, whereas the peak at around 3160 cm−1 can be assigned 

to water populations hydrogen-bonded to gluten network. The negative trough area 

represents fraction of water that has been transmuted from small hydrogen-bonded cluster 

states (3400 cm-1) to other structural and energy states represented by the absorption 

bands at 3160 cm-1 and 3580 cm-1 (Bock et al 2013).  

In SWF doughs, mixing temperature seemed not to affect the monomeric non-

hydrogen-bonded water molecules, since the related peak was centered at around 3580 

cm-1, regardless the mixing temperature. On the other hand, the peak related to water 

populations hydrogen-bonded to the dough slightly shifted from 3163 to 3158 cm-1 as 

mixing temperature decreased from 30°C to 4°C, suggesting that the hydrogen bonds of 

this structured water subpopulation was likely more rigid and more structured in the 

sample at 4°C compared to the control dough (30°C).  
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Figure 2.4. ATR-FTIR difference spectra of soft (A) and hard (B) wheat dough 
prepared at various mixing temperatures in the OH stretch region. 
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In the case of HWF, the OH stretch peak shifted to higher frequencies (from 3566 

to 3585 cm-1) as the mixing temperature decreased from 30°C to 4°C, suggesting a 

decrease in the number of hydrogen bonds per water molecule or increased distortion of 

the bonds in HWF dough mixed at low temperature. Typically, water strongly bonded via 

hydrogen bonding to functional groups in polymer networks requires less energy (low 

frequency) for OH stretch vibration. The stronger the hydrogen bond strength, the greater 

is the shift of OH stretch absorption to a lower frequency (Bock et al 2013). Intensity of 

the OH stretch peak followed the order 15°C > 30°C>4°C, indicating that the monomeric 

water molecules increased when dough was mixed at 15°C but decreased when the dough 

was mixed at 4°C. The free water could interact with thiol groups through hydrogen 

bonding or cluster formation and affect thiol availability for detection and may be part of 

the reason behind the least amount of readily accessible thiols found in the dough mixed 

at 15°C (Fig. 2.3B). Although the intensity of the 3160 cm−1 band varied with mixing 

temperature (4°C), the peak position of the band did not change, indicating that the 

energy state of this population of water was not affected by the moisture content of 

dough, as confirmed by the protein conformation data (see Fig. 2.5). Unexpectedly, 

despite a decrease in the intensity of the structured water peak, the intensity of the free 

water peak did not decrease but rather increased at low mixing temperature. 

It has been reported that even if hydrogen bonds are weak, they play a key role in 

determining the physical properties of dough (Tkachuk and Hlynka, 1968), as 

demonstrated by the increase in stability when dough was mixed al low temperature (Fig 

2.1). The results were in agreement with the protein aggregate formation, since the 
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increase in water structure can be responsible for increased non-covalent interactions 

(Fig. 2.2). In addition, it has been reported that structured water occurs at the 

hydrophobic patches on the protein surface (Zelent et al 2009), in agreement with protein 

aggregation in Fig. 2.2. Investigating the impact of dough moisture on the state of water, 

Bock et al (2013) also highlighted a shift in frequency of the structured water peak, as the 

moisture content of the dough was increased. However, in the humidity range of 40-45%, 

which was very similar to the dough moisture in our study (Table 2.1), the impact of 

dough moisture on the state of water was much greater than what was detected in Fig 

2.4A, suggesting that the mixing temperature affected the way the flour interacts with 

water.  

 

2.3.5 Protein Conformation 

 The secondary structure contents of protein in dough samples are shown in Fig. 

2.5. In both SWF and HWF dough mixed at 30°C, the structures were in the order 

β-sheets > β-turns > random > α-helix, in agreement with previous studies (Jazaeri 

et al 2015; Bock and Damodaran 2013; Pézolet et al 1992; Li et al 2006). In weak 

doughs, high levels of β-sheets structures have been associated with protein 

hydrophobicity (Jazaeri et al 2015). In strong doughs, formation of β-sheets seems 

to be facilitated by disulfide linkages (Jazaeri et al 2015), which is in agreement 

with the protein solubility data in presence and absence of reducing agent (Fig 

2.2B) and with the thiols content (Fig 2.3B).  
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Dough mixing temperature affected protein conformation differently in the 

two flours (Fig. 5). In SWF dough, β-sheet structures significantly (p≤0.05) 

decreased with a gain in β-turn structures, as temperature decreased (Fig. 2.5A). 

However, random and α-helix structures were not significantly (p≤0.05) affected by 

changes in mixing temperature. It has been reported that any change in wheat dough 

that causes a greater hydration of dough is responsible for an increase in β-turn 

content at the cost of decrease in β-sheet content up to 45% moisture content (Bock 

et al 2013). On the other hand, β-turn structures subsequently dropped at 50% 

moisture content (Bock et al 2013). In the present study, as mixing temperature 

decreased, the moisture content of the dough increased from 42.1 to 46.6% (Table 

2.1) and the β-turn structures – regions where there are groups of polymer solvent 

interactions (Belton 1999) increased, whereas the β-sheet structures – regions where 

there are groups of polymer surface interactions (Belton 1999) decreased. 

Decreasing β-sheet structures with temperature might suggest a weakening of 

hydrophobic interactions, as mixing temperature decreased. 

In SWF dough, the β-sheet to turn ratio decreased as the mixing temperature 

decreased (1.55, 2.36, and 3.19 for 4, 15, and 30°C, respectively; data not shown), 

suggesting the formation of a more hydrated system, consistent with the slightly 

decreasing shift in peak frequency for water population strongly bonded to dough 

(Fig. 2.4A). Interestingly, the β-sheet to turn ratio for SWF dough at 4°C was 

comparable with those of HWF dough at 30°C (1.62; data not shown) which also 

showed the least amount of free water (Fig. 2.4B). 
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Figure 2.5. Distribution of protein secondary structure forms in the dough from soft (A) 
and hard (B) wheat prepared at various mixing temperatures. A separate ANOVA was 
run for each structure. Symbols associated with different letters are significantly different 
(one-way ANOVA, LSD test, p≤0.05 
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In HWF dough, a decrease in mixing temperature caused only a slight 

increase in β-sheet structure, whereas β –turn, α-helix and random structures were 

not affected by temperature changes (Fig 2.5B). This may indicate that gluten 

proteins in HWF dough are not susceptible to change in their conformation at the 

low temperatures, unlike those in SWF. This is supported by the fact that the SDS-

protein solubility did not show a consistent trend as mixing temperature decreased 

from 30°C to 4°C (Fig. 2.2B). These results are in agreement with those of Bock et 

al (2013) who found that weak flour dough was unable to maintain its secondary 

structural distribution upon bran addition compared to the strong flour dough. 

 Protein conformation may therefore be of little relevance in protein 

stabilization in HWF dough when mixed at lower temperatures (4°C and 15°C). On 

the other hand, given the increase in SDS-accessible thiols as mixing temperature 

decreased (Fig. 2.3B) and the corresponding increase in SDS-protein solubility (Fig 

2.2B), it is possible that the longer mixing times associated with low temperature 

(Table 2.1) enhanced cleavage of intermolecular disulfide linkages in high 

molecular weight glutenin subunits; these events have been reported to occur at 

higher levels in HWF (Payne et al 1981, 1987). 

 

2.4 Conclusions  

From the results of this study on the effect of mixing temperatures on protein 

structural characteristics of SWF and HWF flour doughs, three main conclusions 

can be drawn. First, at mixing temperature lower than 30°C, dough from SWF flour 
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showed a similar rheology as dough from HWF flour mixed at standard 

temperature. Second, network formation in dough samples mixed at 4 °C and 15 °C 

appear to be driven more by hydrophobic interactions, whereas the network formed 

at 30 °C is mainly characterized by covalent interactions. Finally, the effect of low 

mixing temperature is different at the molecular level between the HWF and SWF 

flours considered in this study. In particular, in HWF flour mixing temperature 

strongly affected only the SDS-accessible thiols content, whereas, in SWF flour 

mixing temperature resulted in changes in all the molecular parameters considered 

in this study.  
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CHAPTER 3 

Exploring the relationship between kernel hardness, and dough 

strength and gluten structure during mixing 

Summary 

This study aimed at investigating gluten structural characteristics in dough from wheat 

cultivars with various kernel hardness. Flours from Branson, Emmit, TW301020 and 

Glenn cvs. (7, 24, 69, and 94 SKCS, respectively) were analyzed for mixing properties, 

gluten aggregation kinetics, protein aggregates formation, thiols accessibility and protein 

conformation during mixing (dough development time and stability departure). 

Farinograph profiles were related to the kernel texture, with soft wheats (Branson and 

Emmit) having lower water absorption, development time, and stability than hard wheats 

(TW301020 and Glenn). Unlike the farinograph profile, Branson and Emmit exhibited 

different gluten aggregation kinetics, with Branson having longer aggregation time and 

higher aggregation energy, suggesting a stronger gluten network than Emmit. Protein 

structural characteristics highlighted that proteins in dough from Branson and TW301020 

were more compact (low SDS-accessible thiols, low exposure of hydrophobic sites on the 

protein surface) and ordered (low levels in random coils) than in dough from Emmit and 

Glenn. In addition, high levels of β-turns in Emmit dough may account for the fast gluten 

aggregation kinetics, compared to Branson. Emmit and TW301020 tolerated mixing 

beyond dough development time better than Branson and Glenn, with no significant 

changes in the dominant network arrangement. 
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3.1 Introduction  

Common wheat (Triticum aestivum) is the most versatile of all cereal grains, since it can 

be transformed into a large number of products - including biscuits, cakes, bread and 

noodles – which are characterized by specific structure and palatability. Triticum 

aestivum wheat cultivars are divided into soft and hard wheat, based on the force required 

to crush the kernels. Flours from soft wheat are used in making pastries and cookies, 

whereas flours from hard wheat are used for bread and other leavened products. Together 

with processing conditions, the quality of raw material plays a key role in determining 

both structure and palatability in wheat-based products. High-quality flour often refers to 

the ability to form a gluten network that exhibits viscoelastic properties. In other words, 

the gluten network has to be extensible and elastic at the same time; it has to be able to 

deform instead of break, keeping its shape during mechanical stresses such as mixing, 

proofing and baking. Protein content is a good indicator of gluten quantity, but it cannot 

serve as indicator of gluten quality. Many empirical tests can be used to measure gluten 

strength (e.g. stiffness, resistance to mixing) in dough (Pagani et al 2014). It is well-

known that soft wheat flours generally have lower water absorption, dough development 

time, and stability compared to hard wheat flours (Cauvain 2009). Bock and Seetharaman 

(2012) highlighted the presence of a gap in knowledge and understanding of gluten 

functionality in wheat-based products other than bread, especially since most of the 

studies on gluten have focused on hard wheat flours, using bread as model system.  

Within the context of exploring gluten functionality in hard and soft wheat flours, 

Melnyk et al (2012) investigated the effect of the source of glutenins and gliadins (in hard 
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and soft wheat) on gluten aggregation kinetics, and suggested that there are inherent 

differences within the gliadins and glutenins of hard and soft wheats. In addition, protein 

surface hydrophobicity of proteins in soft wheat flour differs substantially from that of 

proteins in hard wheat. Hard wheat flour proteins have a small number of high-affinity 

hydrophobic binding sites on their surface, whereas proteins in soft wheat have a large 

number of low-affinity binding sites (Huschka et al 2012). More recent research 

suggested that gluten network formation is inherently different at the molecular level 

between hard and soft wheat dough. Formation of a protein network in hard wheat dough 

appears to be driven predominantly by disulfide exchange events, whereas protein 

aggregation in soft wheat dough is governed mostly by hydrophobic interactions (Jazaeri 

et al 2015). However, all these studies did not take into consideration the possible 

influence of the genotype, of environmental conditions (e.g. weather, soil conditions, and 

agronomic practices) or their interaction as determinants of differences in gluten 

functionality between hard and soft wheats. Neglecting this kind of impact could explain 

the presence of contrasting results in many studies on gluten functionality. As an 

example, some authors found that weak flours have lower protein extractability than 

strong flour (Bushuk et al 1997), whereas others reported opposite findings (Jazaeri et al 

2015; Hayta and Schofield 2004). Moreover, often time the adjective “hard” is used 

instead of “strong”, and similarly, “soft” is used as synonym of “weak”.  

The study aims at providing insights on the relationship between kernel hardness, 

and dough strength and gluten structure during mixing. Protein aggregate formation, 

thiols availability, protein hydrophobicity and protein secondary structure were 
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investigated in dough from wheat cultivars of varying kernel texture (two soft and two 

hard wheat) at two different points in the mixing profile. In particular, protein structural 

characteristics were investigated at the dough development time (point of maximum 

consistency) and at the stability departure point (before the dough leaves the range of 

optimal consistency as determined by the farinographic test). 

 

3.2. Materials and Methods 

3.2.1 Materials  

Four common wheat (Triticum aestivum) cultivars (cvs.) different in kernel hardness 

(evaluated using the Single Kernel Characterization System (SKCS) according to 

Approved Method 55-31.01 (AACCI 1999), were considered: cv. Branson (soft winter 

wheat; 7 SKCS; 9.5 g protein /100g); cv. Emmit (soft winter wheat; 24 SKCS; 10.6 g 

protein /100g); cv. TW301020 (hard winter wheat; 69 SKCS; 13.1 g protein /100g); cv. 

Glenn (hard spring wheat; 94 SKCS; 15.4 g protein /100g). Branson, Emmit and 

TW301020, were provided by Dow Agro Sciences (Ailsa Craig, ON, Canada) and were 

grown in Nairn (ON, Canada) in 2013. Glenn was provided by the Minnesota Crop 

Improvement Association (St. Paul, MN, USA). It was grown and harvested in St. Paul 

(MN, USA) in 2007. All grains were kept under ambient conditions until tempered for 

milling. Wheat grains were conditioned (15g/100g moisture for Branson and Emmit; 

16g/100g moisture for TW301020 and Glenn) for 16 hours and subsequently milled with 

a Quadrumat Junior (C.W. Brabender Inc., South Hackensack, NJ, USA) flour mill.  
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3.2.2 Farinographic Test 

Dough mixing properties were evaluated using a Farinograph-AT (C.W. Brabender Inc., 

South Hackensack, NJ, USA) equipped with a 50 g mixing bowl. For each sample, 

duplicate tests were run according to the AACC 54-21.02 Approved Method (AACI 

2000). 

 

3.2.3 GlutoPeak Test 

Gluten aggregation properties of flour samples were evaluated using the GlutoPeak 

device (C.W. Brabender Inc., South Hackensack, NJ, USA), following the procedure 

reported by Chandi and Seetharaman (2012). The following indices were considered: (i) 

peak maximum time (expressed in seconds), corresponding to the time before torque 

falling off due to gluten breakdown; (ii) maximum torque (expressed in Brabender 

Equivalents - BE), corresponding to the peak occurring as gluten aggregates; (iii) energy 

to peak (expressed in arbitrary units, AU), corresponding to the area under the curve until 

the maximum torque. For each sample, the test was run in triplicate. 

 

3.2.4 Dough Preparation and Sampling 

Dough samples were prepared at the optimal water absorption, as determined by the 

farinographic test. Each sample was prepared in duplicate and collected at dough 

development time (point of maximum consistency) and at stability departure (defined as 

the point when the curve leaves the 500 FU line). Samples were collected with minimal 

additional physical manipulation. The fresh dough was used “as is” for protein 
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conformation spectroscopic studies. For measuring protein aggregation and readily 

accessible or SDS-accessible thiols, the samples were immediately transferred to liquid 

nitrogen and lyophilized. The freeze-dried samples were then ground to powder (particle 

size < 0.5 mm) using a pestle and mortar. As regards protein front-face fluorescence, 

dough was prepared by adding 1,8-anilino-naphthalene sulfonate (ANS, 0.2 mM final 

concentration in the dough) to the water used for dough preparation in the Farinograph 

mixing bowl. After mixing to dough development time, the fresh dough was collected 

and immediately used. 

 

3.2.5 Protein Aggregation  

Soluble proteins were extracted in 0.1 M NaCl and 1 %SDS (w/v) in 0.05 M sodium 

phosphate buffer, pH 7.0, in the presence or absence of 10 mM dithiothreitol (DTT). A 1 

mL volume of the buffer was added to the flour or to freeze-dried dough (in amounts 

corresponding to ≈ 1 mg protein) and mixed on a shaker for 60 min at 25˚C. After 

centrifugation at 3,000 g for 30 min, the amount of protein in the supernatant was 

determined using the RC-DC Protein Assay (Bio-Rad, Hercules, CA, USA). Bovine 

serum albumin was used for assay calibration and results were expressed as mg soluble 

protein/g protein. 

 

3.2.6 Readily Accessible and SDS-Accessible Thiols 

Readily and SDS-accessible thiols were determined by following the method of Iametti et 

al (2006). A sample aliquot (100 mg) was suspended in 5 mL of 0.05 M sodium 
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phosphate, 0.1 M NaCl, pH 7.0, containing 0.5 mM 5-5’-dithio-bis-2-nitrobenzoate 

(DTNB). For assessing SDS-accessible thiols, the buffer also contained 1% SDS. 

Suspensions were incubated at 25 °C for 60 min, centrifuged at 10,000 g for 3 min, and 

filtered using Fisher Scientific filter paper (particle retention in the range of 5 – 10 µm; 

Pittsburgh, PA, USA). Absorbance of the filtrate was read at 412 nm. The amount of 

readily accessible and SDS-accessible thiol groups was calculated using an extinction 

coefficient of 14150 M-1 cm-1 for the p-thio-nitrobenzoate anion (Eyer et al 2003). 

 

3.2.7 Protein Surface Hydrophobicity  

Surface hydrophobicity of proteins in wheat dough samples mixed to the farinograph 

development time was determined by front-face fluorescence spectroscopy as described 

by Bonomi et al (2004). Each dough was prepared in duplicate using a relatively high 

concentration of ANS (0.2 mM), that has been shown to ensure complete binding of all 

hydrophobic protein surfaces by the ANS probe (Jazaeri et al 2015). Approximately 2 g 

of fresh sample was collected at the development time and transferred to a fluorescence 

cell (quartz-windowed standard surface) in a LS 55 fluorescence spectrometer 

(PerkinElmer, Shelton, CT, USA). Emission spectra were collected from 400 nm to 600 

nm at a speed of 100 nm min-1, with excitation at 380 nm. Excitation and emission slits 

were set at 5 and 2.5 nm, respectively. A minimum of 3 spectra were collected per 

replicate, for a total of 6 spectra for each sample.  
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3.2.8 Protein Conformation 

The infrared spectra of dough samples were recorded using an Attenuated Total 

Reflectance (ATR) Fourier Transfer Infrared (FTIR) spectrophotometer (Bruker Tensor 

37, Bruker Optics, Inc., Billerica, MA, USA). Spectra were collected within 10 minutes 

of sample preparation in order to minimize structural changes. Spectra collection and 

elaboration were carried out as reported by Bock and Damodaran (2013). The spectral 

regions were assigned as 1620-1644, 1644-1652, 1652-1660 and 1660-1685 cm-1 for β-

sheets, unordered, α-helix, and β-turn structures, respectively. The second derivative area 

for each secondary structural region was divided by the total area of the amide I region. 

 

3.2.9 Statistical Analysis 

Dough samples were prepared in duplicate. For each subsample, protein solubility, and 

readily and SDS-accessible thiols measurements were carried out in duplicate, whereas 

three and four spectra were collected for front-face fluorescence spectroscopy and ATR-

FTIR analyses, respectively. Analysis of variance (ANOVA) was performed utilizing 

Statgraphics XV version 15.1.02 (StatPoint Inc., Warrenton, VA, USA). Wheat sample 

and/or type of secondary structure were used as factor. When a factor effect was found 

significant (p≤0.05), significant differences among the respective means were determined 

using Fisher’s Least Significant Difference (LSD) test.  
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3.3. Results  

3.3.1 Dough Mixing Properties and Gluten Aggregation Kinetics 

The mixing profile of flour samples – as determined by the farinograph approach - is 

shown in Fig. 3.1A, and the related indices are presented in Table 3.1. As expected, 

dough samples prepared from Branson and Emmit showed lower water absorption, dough 

development time, and stability in comparison with those prepared from TW30120 and 

Glenn (hard wheat flours).  

 

Table 3.1. Gluten aggregation kinetics and dough mixing properties of wheat flours with 
different kernel texture 

 
Soft wheat Hard wheat 

Branson Emmit TW301020 Glenn 

GlutoPeak 
test 

Peak torque 
(BE) 24.5±0.19a 26.4±0.22b 33.8±0.29c 42.6±0.97d 

Peak maximum 
time (min) 1.84±0.02c 0.61±0.01a 1.48±0.04b 2.03±0.00d 

Energy (AU) 8.25±0.22b 4.18±0.08a 15.1±1.59c 44.8±1.27d 

Farinograph 
test 

Water 
absorption 
(g/100g) 

55.2 56.1 60.1 65.6 

Dough 
development 
Time (min:s) 

01:02 01:37 06:21 26:25 

Stability 
departure 
(min:s) 

03:09 02:50 14:21 37:33 

Stability (min:s) 02:35 02:02 13:04 35:19 
Values with different letters in the same row are significantly different (p≤0.05). 
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Figure 3.1. Dough mixing (A) and gluten aggregation (B) profiles of flours from wheat 
grains with different kernel texture 
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The kinetics of gluten aggregation – as determined by the Glutopeak approach - 

are presented in Fig. 3.1B, whereas the related indices are summarized in Table 3.1. 

Glenn and TW301020 exhibited higher maximum torque than Emmit and Branson. Glenn 

and Branson had the highest and lowest value respectively. This is in agreement with the 

protein content of the flours. The peak maximum time followed the order Glenn > 

Branson > TW301020 > Emmit. This order is not related to protein content or to kernel 

texture. In addition, although Emmit and Branson had a similar dough mixing behavior, 

they were significantly different in gluten aggregation kinetics. 

 

3.3.2 Protein Aggregation  

Protein aggregation properties of dough samples from soft and hard wheat flours at two 

farinographic development times are shown in Fig. 3.2. The amount of proteins that were 

solubilized in presence of SDS from dough samples at farinographic development time 

followed the order Glenn > Branson = Emmit>> TW 301020. In dough from Glenn, most 

of the total proteins (about 80%) were soluble in SDS and the amount of solubilized 

proteins did not increase in the presence of DTT as a disulfide reducing agent. This 

insensitivity to DTT was also observed for Emmit and Branson. The two also showed 

comparable soluble proteins. In the case of TW301020, protein solubility almost doubled 

in the presence of a reducing agent, reaching about 70% of the total proteins. 

Mixing Branson until the stability departure value (i.e. 2 min after the peak) did 

not change the amount of SDS-soluble proteins, but increased significantly the amount of 

proteins solubilized in presence of reducing agent, suggesting an increased relevance of 
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intermolecular disulfide bonds among proteins in the overmixed Branson dough. Mixing 

time did not significantly affect the determinants of protein aggregation in Emmit and 

TW301020, at least in the mixing range considered in this study. In the case of Glenn, 

prolonged mixing did not change the amount of proteins solubilized in presence of DTT, 

but a significant decrease in the amount of SDS-soluble proteins was observed, 

suggesting that also in this case overmixing results in significant formation of inter-

protein disulfide bonds. 

 

 

 

Figure 3.2. Protein aggregation of dough prepared from the various wheat flours at 
farinograph development time (black bars) and stability departure (grey bars). Protein 
solubility was assessed with 1% SDS, in the absence (empty bars) or in the presence (full 
bars) of 10 mM DTT. A separate one-way ANOVA was run for each dough. Values with 
the same letters are not significantly different (LSD test, p≤0.05) 
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3.3.3 Readily Accessible and SDS-Accessible Thiols 

Thiols accessibility data in dough samples from soft and hard wheat at the same 

farinographic development times used for collecting protein solubility data is reported in 

Fig. 3.3. At maximum development time, Glenn, Emmit, and Branson presented the 

lowest amount of thiol groups reacting in the absence of 1% SDS as a protein 

dissociating and unfolding agent, and TW301020 had the highest. When SDS was present 

in the assay, accessible thiols at maximum development time increased in all cases, and 

the content of SDS-accessible thiols followed the order TW301020 < Branson < Glenn 

<< Emmit.  

 

 

Figure 3.3. Conditional thiols accessibility in dough prepared from the various wheat 
flours at farinograph development time (black bars) and stability departure (grey bars). 
Thiols were assessed in the absence (empty  bars) or in the presence (full bars) of 1% 
SDS. A separate one-way ANOVA was run for each dough. Values with the same letters 
are not significantly different (LSD test, p≤0.05) 
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It is worth noting that the increase observed in the presence of SDS was very 

modest in the case of TW301020. Thiol accessibility in dough from Emmit or Glenn at 

maximum development time showed the highest sensitivity to the addition of SDS, 

suggesting once again that hydrophobic interactions are relevant to stabilization of 

protein aggregates in these dough samples. 

Dough overmixing did not affect the thiol accessibility in dough from Emmit or 

Glenn in the absence of SDS, whereas a modest decrease was measured for dough from 

Branson and TW301020. Addition of SDS to dough mixed to stability departure did not 

significantly alter the thiol accessibility profiles observed at maximum development time, 

if not for a modest – but significant - increase in the case of Branson.  

 

3.3.4 Protein Surface Hydrophobicity 

The solid state (front-face) emission fluorescence spectra of dough samples from hard 

and soft wheat mixed to the development time in the presence of the fluorescent 

hydrophobic probe ANS are shown in Figure 3.4. ANS becomes fluorescent once bound 

to hydrophobic sites on the protein surface. Intensity of the fluorescence may be taken as 

an indication of the number of sites available for protein binding (Bonomi et al 2004), 

whereas the position of the maximum wavelength of fluorescence emission provides 

information on the chemical environment of the probe (Caldinelli et al 2008; Huscka et al 

2012). Blue-shifted maxima correspond to a probe in a tight hydrophobic environment, 

whereas red-shifted maxima are indicative of at least partial solvent exposure (Bonomi et 

al 2004; Caldinelli et al 2008; Huscka et al 2012). 
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   The fluorescent intensity maximum of ANS added in sub-saturating 

concentrations (Coi et al 2008) to the various dough samples was in the order Glenn > 

Emmit > Branson >> TW301020, indicating a greater number of hydrophobic patches on 

the protein surface of Glenn compared to TW301020. When the maximum fluorescence 

intensity was corrected for protein content, the order was Emmit=Branson > Glenn > 

TW301020 (4435±372 = 4368±450 > 3215±262 > 2770±152 Fmax/g protein). These data 

confirm earlier reports by Huschka et al (2012) and Jazaeri et al (2015), suggesting that 

proteins in dough from soft wheat flour (Branson and Emmit, in the present study) had a 

higher number of hydrophobic patches on their surface than those in dough from hard 

wheat flours (Glenn and TW301020). 

 

 

Figure 3.4. Front-face emission fluorescence spectra of dough prepared from 
various flours in the presence of 0.2 mM ANS 
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 As for the position of the ANS emission maximum in the various dough samples, 

only the dough samples from soft wheat (Branson and - to a lesser extent- Emmit) 

presented a shoulder at 510 nm in addition to the main emission around 460 nm. This 

additional red-shifted feature likely indicates that a fraction of the probe is bound to 

hydrophobic patches located in a partially solvent-exposed region of the protein 

(Caldinelli et al 2008; Huschka et al 2012). 

 

3.3.5 Protein Conformation  

Distribution of protein secondary structure in dough samples from soft and hard wheat 

flours is shown in Fig. 3.5. In dough prepared from Glenn, β-sheets is the predominant 

secondary structure, which is in agreement with previous studies (Bock et al 2013; 

Jazaeri et al 2015; Chapter 2). In dough from Emmit, secondary structures followed the 

order:  β-turns >>β-sheets > random >α-helices. Bock and Damodaran (2013) found that 

β-turn is the preferred secondary structure of gluten in the hydrated state. Glenn showed 

the highest sheet to non-sheet structures ratio, whereas Emmit had the lowest. Despite 

that, Emmit and Glenn showed similar α-helix and random structures. Finally, in dough 

from either Branson or TW301020, secondary structures followed the order β-sheets ≈β-

turns > random >α-helices, with an overall balance between sheet to non-sheet structures. 

In addition, samples from Branson or TW301020 showed similar α-helix and random 

structures. As for the structural changes occurring during mixing, Branson and Glenn 

showed a similar trend, as a decrease in β-sheets and a corresponding increase in β-turns 

were observed from dough development time to the stability departure point (Fig. 3.5).  
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Figure 3.5. Distribution of protein secondary structures in dough from various flours. 
Dough samples were mixed either to farinograph development time (black bars) or to 
stability departure (grey bars). Elements of secondary structure are identified as follows: 
β-sheets, full bars;  β-turns, empty bars; α-helix, points; random structures, dots. A 
separate ANOVA was run for each dough sample. Values with the same letters are not 
significantly different (LSD test, p≤0.05). 
 

 

Conversely, overmixed Emmit dough showed an increase in β-sheets with no 

significant changes in β-turns during mixing. The only change in TW301020 related to 

mixing time was a significant increase in random structures upon overmixing. For all the 

samples, the α-helix structures were not affected by mixing, as already reported by 

Jazaeri et al (2015). 
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3.4 Discussion 

The determination of mixing properties provides information related to flour processing 

requirements and its potential end-use (e.g. bread, biscuits, and pastries). Mixing profiles 

of Branson, Emmit, TW301020, and Glenn confirmed the general and well-accepted 

statement that soft wheat flours have lower water absorption, shorter dough development 

time, and lower stability compared to hard wheat flours (Cauvain 2009).  

Although showing a similar farinograph profile (Fig. 3.1A), Branson and Emmit 

had different gluten aggregation kinetics, as assessed by the GlutoPeak Test (Fig. 3.1B). 

These latter measurements evaluate solely the gluten quality, since non-gluten polymeric 

systems (including starch) do not show any aggregation when using this device (data not 

shown). On the other hand, in addition to protein quantity and quality, other factors 

(including damaged starch and non-starch polysaccharides) are known to affect the 

farinograph profile of wheat flours.  

By using the GlutoPeak to compare a larger number of hard winter wheat flours, 

it was recently reported that weak flours are characterized by a rapid buildup in 

consistency, and by a well-defined peak followed by a rapid breakdown, whereas strong 

flours have a much slower build up in dough consistency and require more time to reach 

the peak (Marti et al 2016). The longer aggregation time and the higher energy needed for 

Branson flour when compared to Emmit suggest a stronger gluten network in Branson. 

Also according to the GlutoPeak data, Glenn was able to form a stronger gluten network 

than TW301020 (Fig. 3.1B), confirming the dough mixing profile.  
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Protein structural features seem unrelated to the flour classification based on the 

kernel texture. According to conditional solubility data, the protein network in dough 

from TW301020 (hard wheat), at the maximum development time, was mainly stabilized 

by disulfide bonds. On the contrary, doughs from Branson (soft wheat), Emmit (soft 

wheat), and Glenn (hard wheat) were stabilized mainly by non-covalent interactions 

among gluten proteins (Fig. 3.2). Detergents such as SDS facilitate the breakdown of 

non-covalent interactions (e.g. hydrogen bonds and – most effectively, hydrophobic 

interactions) and make soluble proteins that form homo and heteropolymeric aggregates 

exclusively through these kinds of interactions. The addition of disulphide-reducing 

agents such as DTT to SDS-containing buffers allows to solubilize also those proteins 

that form aggregates stabilized by disulfide bonds or are trapped within them (Bonomi et 

al 2013). In a recent study on the evolution of gluten network, Jazaeri et al (2015) found 

that dough formation in soft wheat (e.g. Emmit) is mainly driven by hydrophobic 

interactions, whereas disulfide linkages play a key role in dough from hard wheat (e.g. 

Glenn), although differences related to the growing season and locations could make 

these statements difficult to generalize. 

SDS-protein solubility data indicate that proteins in TW301020 had the most 

compact structure and Glenn the least one (Fig 3.2). Usually, poor bread-making flour 

doughs show higher SDS solubility than good bread-making samples (Jazaeri et al 2015; 

Hayta and Schofield 2004; Marti et al 2016). However, it should be considered that 

Glenn exhibited an extremely long dough development time (Fig. 3.1A; Table 3.1). Long 

mixing times could promote the mechanical breakdown of disulfide bonds (Auvergne et 
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al 2008), and Thanhaeuser et al (2014) reported that even flours with potential good 

bread making performance and high development time did not produce the best bread 

when mixed for a long time. 

Differences in protein aggregation were supported by thiols accessibility data. 

TW301020 and Branson, showed a lower amount of SDS-accessible thiols than Glenn 

and Emmit (Fig. 3.3). Thiols buried within the structure of a protein (or a protein 

aggregate) may become available to suitable reagents only upon protein denaturation by 

physical or chemical agents (Iametti et al 2013). In Glenn and Emmit dough, a high 

fraction of cysteine thiols was buried in protein aggregates stabilized by non-covalent 

interactions (Fig. 3.3).  

Differences in protein structures were confirmed also by the different exposure of 

hydrophobic sites on the protein surface (Fig. 3.4). Differences observed at low 

concentrations of ANS are an indication of changes in the affinity of hydrophobic 

moieties to the fluorescent probe (Bonomi et al 2004), whereas changes observed at high 

ANS concentration (such as used in the present study) are related to changes in the 

number of probe binding sites. The high fluorescence intensity in probe-containing dough 

from Glenn and Emmit indicates a high number of probe binding sites on the available 

protein surface, and likely a low contribution of hydrophobic interaction to compact 

protein structure. The lower fluorescence in TW301020 and Branson dough may be 

indicative of a more compact structure, likely because available hydrophobic sites are 

packed in intramolecular or intermolecular hydrophobic interactions.  
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Finally, the analysis of infrared spectroscopy data points out that proteins in 

Branson and TW301020 dough had a more ordered structure than those in dough from 

Emmit and Glenn, as shown by the levels in random structures (Fig. 3.5). Distribution of 

secondary structure provides information on hydrogen bonding, which is an important 

stabilizing force in the overall gluten network in mixed dough (Seabourn et al 2008). 

According to Belton (1999), the elasticity of wheat gluten is attributed to the combination 

of trains - associated with β-sheet structures - and loops - identified with the formation of 

β-turn structures. The loop-train ratio would affect the resistance to extension: an increase 

in the train content of the system will therefore increase the resistance to extension 

(Belton 1999). Moreover, the ability of dough to trap gas bubbles and to develop in bread 

with high loaf volume seems to be related to the amount of β-turn structures in dough 

(Bock and Damodaran 2013).  

Based on protein conformation data and dough rheology (farinographic stability 

and gluten aggregation energy), it can be hypothesized that Glenn – having the highest 

sheet to non-sheet structures ratio - would show high resistance to extension. Indeed, 

recent studies on commercial wheat flours found that GlutoPeak energy was able to 

predict dough extensibility (Marti et al 2015). Branson and TW301020, with the overall 

balance between sheets to non-sheet structures, would likely show good performances. 

Previous studies reported that weak dough flours had higher β-sheets and lower β-turns 

than strong dough flours (Jazaeri et al 2015; Chapter 2). In the present study, β-turns-to- 

β-sheets ratio for the flours has the order: Emmit> Branson > TW301020 > Glenn. 

Difference in β-sheets-to-β-turns ratio for Branson and Emmit (0.95 vs 0.65) may 
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contribute to the differences in the gluten aggregation characteristics (Table 3.1 and Fig. 

3.1B). According to Belton’s model (Belton 1999), β-turns occur in regions where there 

are groups of polymer-solvent interactions. The relative high levels of this type of 

structure in Emmit may indicate easy accessibility and higher affinity of proteins to 

water, thus accounting for the fast gluten aggregation kinetics.  

In the second part of the work, changes in protein structural characteristics were 

measured during dough mixing within the range of dough stability. In Branson the curve 

leaves the 500 FU line just after 35 seconds after the dough development time. The 

sudden loss of consistency is followed by a 50% increase in protein solubility in the 

presence of reducing agents (Fig. 3.2). This might indicate an increase in intermolecular 

disulfide bonds with formation of large aggregates in which other proteins could be 

physically trapped. This is supported by the observation that at this mixing point more 

than 80% of the detectable thiols were buried in supramolecular aggregates, and became 

accessible only when hydrophobic interactions were broken by adding SDS.  

Similar to Branson, Glenn dough mixed to stability departure was stabilized by 

covalent interactions, with the formation of protein aggregates, which were less soluble in 

SDS compared to the dough at the optimal consistency (Fig. 3.2). In both Branson and 

Glenn doughs, prolonged mixing promoted an increase in β-turn structures at the expense 

of β -sheet structures (Fig. 3.5), occasioning a decrease in β-sheets-to-β-turns ratio (from 

0.95 to 0.61 in Branson, and from 1.2 to 0.89 in Glenn) and thus a decrease in order. 

Decreasing β-sheet structures with mixing time would suggest in Branson a weakening of 

proteins interactions (Jazaeri et al 2015), in agreement with the overall increase in protein 
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solubility (Fig. 3.3). On the other hand, increased β-turns would suggest an increase in 

regions where there are groups of protein-solvent interactions (Belton 1999). This is in 

agreement with the long time required for gluten aggregation in Branson (Table 3.1; Fig. 

3.1B), as a result of the formation of protein aggregates stabilized by covalent 

interactions (Fig. 3.2).  

Mixing Emmit to stability departure did not affect the protein aggregate formation 

(Fig. 3.2), the kind of interactions (Fig. 3.2), and thiols accessibility in presence of SDS 

(Fig. 3.3), suggesting that protein aggregates were stable during mixing. In comparison to 

Branson, the loss of consistency for Emmit was slower, e.g the curve leaves the 500 FU 

line after 73 seconds after the dough development time. Moreover, at stability departure 

Emmit showed an increase in β-sheets with no significant changes in the β-turns (Fig. 

3.5). Consequently, the β-sheets-to-β-turns ratio slightly increased from 0.65 to 0.74. 

Increasing β–sheets during mixing may be related to the formation of a more compact 

structure with stable protein aggregate so that there was no significant change in protein 

extractability (Fig. 3.2). The greater β–turns suggests greater protein-water interaction. 

However, this did not result in higher SDS-protein solubility, suggesting a possible chain-

to-chain disulfide linkages resulting in insoluble elongated protein chains (Belton 1999). 

Mixing TW301020 until stability departure seemed to affect the amount of 

hydrophobic interactions since readily-accessible thiols decreased and 55% of the thiols 

were detectable only in presence of detergents (e.g. SDS). During prolonged mixing of 

strong flour, a more compact structure where thiols were buried within inaccessible 

structural regions was likely formed (Marti et al 2016; Jazaeri et al 2015). Random 
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structures significantly increased (Fig. 3.5), suggesting that protein became more 

disordered as mixing progressed beyond optimal dough development (Robertson et al 

2006). The stability in structures associated with order - sheets, turns and helices 

(Seabourn et al 2008) as the dough is mixed may by the reason for the stability of the 

dough as evident in the farinograph test (Fig. 3.1A). 

 

3.5 Conclusions 

The overall results on the protein structural characteristics in dough from wheat with 

varying kernel texture characteristics lead to the following conclusions: (i) wheat samples 

showing similar mixing profile may have different protein interactions during mixing 

which likely will affect the product performance; (ii) not all soft wheat would form a 

weak dough; (iii) the ability of flour to produce a dough characterized by a compact (and 

likely stable) protein network is independent of the kernel texture but it is rather related 

to the nature of inter-protein interactions; (iv) mixing dough beyond maximum 

development time and within the range of stability results in different network 

arrangement in flours from wheat of different kernel hardness  
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CHAPTER 4 

Rheological properties of soft-textured durum wheat (Triticum turgidum 

ssp. durum) and hard-textured common wheat (Triticum aestivum) 

Summary 

Puroindoline (PIN) proteins are the molecular basis for wheat kernel texture classification 

and affect flour milling performance. This study aimed at investigating the effect of PINs 

on kernel physical characteristics and dough rheological properties of common wheat (cv. 

Alpowa, soft wheat) and durum wheat (cv. Svevo) flours in which the gene for PINs was 

deleted (Alpowa 5DS distal end deletion) or expressed (cv. Soft Svevo). The presence of 

PINs affected flour particle size and damaged starch content. PINs increased the pasting 

temperature and breakdown viscosity, while the effect on peak viscosity and setback 

were not consistent. The presence of PINs was negatively associated with the energy 

required for gluten aggregation (measured by GlutoPeak) and the farinograph dough 

stability, suggesting a weakening of the gluten matrix. As regards dough extensibility, the 

role of PINs was evident only in the case of common wheat: 5DS distal end deletion 

increased the resistance to extension, without affecting the dough extensibility. This 

study showed that PINs affect physical and dough rheological properties of flours, but 

their impact was different in Triticum aestivum and T. turgidum subsp. durum.
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4.1 Introduction 

Puroindolines (PINs) are wheat endosperm proteins associated with starch granules. They 

are considered minor components due to their low level in wheat (about 0.1%) (Dubreil 

et al 1998). Despite the low level, PINs play a key role in determining the kernel hardness 

of wheat (Morris 2002; Bhave and Morris 2008), which is defined as the force required to 

crush the kernels. The expression of PINs is controlled by puroindoline a (Pina) and 

puroindoline b (Pinb) genes (Morris 2002; Bhave and Morris 2008) located on the distal 

end of the short arm of chromosome 5D (5DS). Functional expression of both genes 

results in soft kernel texture while the presence of only one functional gene or mutation 

in either of the genes results in hard kernel texture.  

 Common wheat (Triticum aestivum L) endosperm texture ranges from soft to very 

hard, while durum (T. turgidum subsp. durum) – which does not contain the 5D 

chromosome and therefore no PIN genes - has harder kernel texture. Kernel texture has 

been an important index in wheat commercialization, with hard kernel wheat attracting 

higher purchase value (Turnbull and Rahman 2002), due principally to the higher protein 

content compared to soft wheat (Pauly et al 2013a). The different kernel texture of the 

grains influences milling and end-use quality characteristics that have been extensively 

reported in recent reviews on this topic (Pauly et al 2013a, b). Soft wheat requires less 

energy to mill, has higher break flour yield, smaller flour particle size and less damaged 

starch compared to hard wheat (Martin et al 2007). The comparatively higher proportion 

of intact starch granules in soft wheat flours – together with the lower protein content - 

result in lower water absorption compared to hard wheat flour. Flours from soft wheat are 
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used in making pastries and cookies while flours from hard wheat are used for bread and 

other leavened products. On the other hand, durum wheat is considered the best raw 

material for producing pasta and cous-cous.  

 The probable effect of PINs on dough rheology and product end-use quality has 

elicited considerable interest over the last decade. Most of the studies were carried out 

using fractionation/reconstitution experiments. Addition of purified PINs at 0.1% level 

produced opposite effects on dough strength and extensibility for flours with good or 

poor bread making performance (Dubreil et al 1998). In particular, addition of PINs to 

good and poor bread quality flours increased and decreased dough strength and 

extensibility, respectively. Rouillé et al (2005b) reported that adding 0.2% PINs to bread 

flour resulted in increased crumb grain fineness without affecting the bread specific 

volume, suggesting that PINs affect gas cell stabilization in bread dough (Pauly et al 

2013b). Similarly, Pauly et al (2013c) recently reported PINs as exerting a softening 

effect when present above 0.07% in biscuit flour, highlighting the critical role of PINs 

level to product quality. Although these studies expanded our knowledge about the role 

of PINs in dough and product characteristics, they present some limitations. First, PINs 

were usually added at levels higher than those naturally present in flour. Second, PINs 

isolation could have altered their functional properties, likely affecting protein 

interactions and, thus, dough rheology. Finally, Triton X-114 – which is generally used to 

isolate PINs – is very difficult to remove from protein samples. Thus, the presence of this 

detergent could impact the outcome of experiments (Pauly et al 2013b). 
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 About a decade ago, some authors investigated the effects of PINs on bread 

quality by producing transgenic lines in which PINs were over-expressed. Hogg et al 

(2005) demonstrated that transgenic over-expression of PINs in common wheat decreased 

loaf volume and crumb grain scores. Cytological processes (homoeologous 

recombination) have also been used to transfer PIN genes to durum wheat producing soft 

durum lines (Gazza et al 2011; Morris et al 2011). The driving force behind producing 

soft-textured durum varieties is the potential increase in durum wheat production and 

end-use product applications. In theory, a broader, more diverse range of end-use for 

durum wheat should drive consumer demand and, hence, production (Morris et al 2015). 

On the effect of durum kernel modification on product, pasta cooking quality was 

unaffected by the kernel hardness, whereas bread from durum wheat exhibited an 

increase in loaf volume associated with kernel softening (Gazza et al 2011).  

Similarly, back crossing a chromosome deletion line to a common soft wheat 

cultivar (Alpowa) was used to produce a near-isogenic hard kernel line lacking 

puroindolines (Morris and King 2008). No information on the rheological properties of 

these near-isogenic wheat lines with modified kernel texture (hard-textured and soft-

textured wheat) is available. 

 This study aimed at investigating the effects of PINs expression or deletion on 

pasting properties, gluten aggregation kinetics, dough mixing and extensibility of soft-

textured durum and hard-textured wheat. This study will contribute to improving our 

understanding of the role of PINs in wheat quality and utilization.  
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4.2 Materials and Methods 

4.2.1 Wheat Samples 

Wheat cultivars (cvs.) Alpowa (soft wheat, T. aestivum L.), hard kernel Alpowa (Hard 

Alpowa), durum wheat (T. turgidum L. subsp. durum) cv. Svevo, and soft kernel durum 

wheat cv. Soft Svevo were used in the study. Hard Alpowa (protein: 14.8±0.10 g/100g 

d.b.) is a back-cross seven near-isogenic line of the soft wheat Alpowa (protein: 

12.3±0.22 g/100g d.b.) that lacks the distal portion of chromosome 5D short arm (Morris 

and King, 2008). Soft Svevo (protein: 14.8±0.21 g/100g d.b.) was developed by back-

crossing durum wheat cv. Svevo (protein: 15.89±0.23 g/100g d.b.) and a homologous 

translocation line involving Langdon durum and the soft wheat cv. Chinese Spring 

(Morris et al 2011). Alpowa and Hard Alpowa were grown in St. Paul (MN, US) and 

harvested in 2014. Svevo and Soft Svevo were grown in Pullman (WA, US) in 2013. 

Wheat grains were conditioned (14.5 g/100 g moisture for Alpowa and Soft 

Svevo; 15.5 g/100g for Hard Alpowa; 16.5 g/100 g moisture for Svevo) and subsequently 

milled with a Quadrumat Junior (C.W. Brabender Inc., South Hackensack, NJ, USA) 

flour mill.  

 

4.2.2 Single Kernel Characterization System 

Single Kernel Characterization System (SKCS) hardness values of the wheat cultivars 

were determined according to Approved Method 55-31.01 (AACCI 1999). 
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4.2.3 Physicochemical Characterization of Flours 

Moisture content was measured by drying the sample at 180 °C for 4 min in an infrared 

balance (MB 45, OHAUS, Parsippany, NJ). Damaged starch levels were measured 

according to Approved Methods 76-31.01 (AACCI, 1999). Flour particle size distribution 

was analyzed according to the Approved Method 55-60.01 (AACCI 1999). 

 

4.2.4 Pasting Properties 

The pasting properties of the wheat flours were determined using a Micro-Visco 

Amylograph device (C. W. Brabender Instruments, South Hackensack, NJ). Fifteen 

grams of flour (14% moisture basis) were dispersed in 100 mL of distilled water and 

stirred at 250 rpm. The following temperature profile was applied: mixing at 30 °C for 3 

min, heating from 30 °C to 95 °C at a rate of 7.5 °C/min, holding at 95 °C for 5 min, 

cooling from 95 °C to 30 °C at a rate of -7.5 °C/min, and holding at 30 °C for 2 min. The 

following indices were considered: (i) Pasting temperature (temperature at which an 

initial increase in viscosity occurs); (ii) Peak viscosity (maximum viscosity achieved 

during the heating cycle); (iii) Peak temperature (temperature at maximum viscosity); (iv) 

Breakdown viscosity (index of viscosity decrease during the holding period, 

corresponding to viscosity difference between peak and after holding at 95 °C); (v) 

Setback viscosity (index of the viscosity increase during cooling corresponding to the 

difference between the final viscosity at 30 °C and the viscosity reached after the holding 

period at 95 °C). Peak viscosity, breakdown, and setback viscosities were expressed in 
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Brabender Units (BU). Pasting temperature and peak temperature were expressed in °C.  

For each sample the test was run in triplicate. 

 

4.2.5 Gluten Aggregation Properties  

Gluten aggregation properties of flour samples were evaluated using the GlutoPeak 

device (C.W. Brabender Inc., South Hackensack, NJ, USA), as reported by Chandi and 

Seetharaman (2012). An aliquot of 8.5 g of flour (14% moisture basis) was dispersed in 

9.5 g of 0.5 M CaCl2. Sample temperature was maintained at 34 °C by circulating water 

through the jacketed sample cup. The paddle was set to rotate at 1,900 rpm and the test 

was carried out for 7 minutes. The main indices automatically evaluated by the software 

provided with the instrument (GlutoPeak v. 2.1.0) were: (i) Peak maximum time 

(expressed in seconds), corresponding to the time before torque decreased due to gluten 

break down; (ii) Maximum torque (expressed in Brabender Equivalents - BE), 

corresponding to the peak occurring as gluten aggregates; (iii) Energy to peak (expressed 

in GlutoPeak Unit - GPU), corresponding to the area under the curve until the maximum 

torque. In addition, the loss of torque 30 s after maximum torque (%) - corresponding to 

the decrease in torque 30 s after peak (LT30s) – was calculated. For each sample the test 

was run in triplicate. 

 

4.2.6 Mixing Properties 

The behavior of the dough during mixing was measured using a Farinograph - AT (C.W. 

Brabender Inc., South Hackensack, NJ, USA) equipped with a 50 g mixing bowl and 
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according to the AACCI 54-21.02 Approved Method (AACCI 2000). The following 

indices were considered: (i) Water absorption (expressed in per cent), corresponding to 

the amount of water needed to reach the optimal consistency (500±20 Farinograph Unit, 

FU); (ii) Dough development time, corresponding to the time from first addition of water 

to the point of maximum consistency range; (iii) Stability, corresponding to the time 

difference between when the curve reaches (arrival time) and leaves (departure time) the 

500 FU line. Each dough sample was analyzed in duplicate.  

 

4.2.7 Dough Extensibility 

Dough extensibility was measured with a micro-Extensograph instrument (C.W. 

Brabender Inc., South Hackensack, NJ, USA) on a 20 g dough piece, according to the 

manufacturer’s manual. Dough was prepared according to AACCI Approved Method 54-

10.01 in the 50 g test bowl of the farinograph, with addition of 2% NaCl, on a flour 

weight basis. The following parameters were considered: (i) Resistance to extension 

(expressed in BU), measured 50 mm after the curve has started and is related to the 

elastic properties of dough; (ii) Maximal resistance to extension (expressed in BU); (iii) 

Extensibility (expressed in mm) corresponding to distance at sample rupture; (iv) Energy 

(expressed in arbitrary units, AU) corresponding to the area under the curve; (v) Ratio, 

corresponding to the ratio between extensibility and resistance; (vi) Ratio Max, 

corresponding to the ratio between extensibility and maximal resistance to extension. 

Measurements for each sample were performed in duplicate and from each dough two 

subsamples were tested.  
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4.2.8 Statistical Analysis 

Analysis of variance (ANOVA) was performed utilizing Statgraphics XV version 15.1.02 

(StatPoint Inc., Warrenton, VA, USA). Presence of puroindolines was used as a factor. 

When the factor effect was found to be significant (p≤0.05), significant differences 

among the respective means were determined using Fisher’s Least Significant Difference 

(LSD) test.  

 

4.3 Results and Discussion 

4.3.1 Kernel and Flour Characterization 

Physical characteristics of wheat samples are summarized in Table 4.1. Durum wheat 

Svevo and Hard Alpowa samples exhibited higher SKCS hardness values than Soft 

Svevo and Alpowa soft wheat, respectively. Kernel texture in wheat is controlled by Pina 

and Pinb genes: soft wheat has both functional Pina and Pinb, while hard wheat has 

either one or a mutation of either Pina or Pinb. Durum wheat does not contain any of 

these endosperm-softening PIN genes, and therefore, it has very hard kernels. Similarly, 

Hard Alpowa is missing the distal portion of chromosome 5DS and thus is also missing 

the PIN genes. 

Kernel hardness affects various flour properties including particle size distribution 

and damaged starch (Table 4.1). As regards particle size, milling Svevo grain (using a 

mill for common wheat) resulted in two main fractions: one fraction with particle size 

≥75 µm (55% of total) and another with particle size <75 µm (45% of total). PIN 

expression and the consequential soft kernel texture affected milling properties of the 
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sample. Indeed, flour from Soft Svevo had a higher percentage of particles < 75 µm (75% 

of total) and lower percentage of ≥ 75 µm (25% of total). Moreover, differences in 

particle size contributed to differences in color between the two flours which is in 

agreement with Gazza et al (2011). Color attributes - with particular regard to yellowness 

- are of great importance in durum wheat quality evaluation. Svevo exhibited a higher 

yellowness (b*) than Soft Svevo (20.0 vs 14.4, data not shown). Differences in color 

could also be attributed to differences in damaged starch granules, which do not reflect 

light as effectively as intact granules (Miskelly 1984).  

 

Table 4.1. Kernel hardness, and flour particle size and damaged starch content of wheat 
samples possessing or lacking PINs 
 

  Svevo Soft Svevo Alpowa Hard Alpowa 

SKCS 73 17 16 98 

Particle size 
(%) 

<75μm 44.1±1.3 73.9±0.9 51.5±1.2 34.8±1.5 

≥75μm 54.1±1.5 23.9±1.2 47.9±0.9 63.5±1.5 

Damaged Starch 
(g/100gdb) 

12.1d 4.8b 4.5a 10.9c 

SKCS - single kernel characterization system. Values in the same row with the same 
letters are not significantly different (p≤0.05) 
 

 

The deletion of chromosome 5DS distal end where the Pina and Pinb genes are 

located in Hard Alpowa resulted in an increase in kernel hardness and consequently 

larger flour particle size with a higher percentage of particles ≥ 75 µm compared to 
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Alpowa (65 vs 48% of total for Hard Alpowa and Alpowa, respectively). Differences in 

kernel texture also affected the level of damaged starch in the flours. As expected, in 

Alpowa and Soft Svevo, the percentage of damaged starch was significantly (p≤0.05) 

lower than in Hard Alpowa and Svevo, respectively (Table 4.1). The level of damaged 

starch in the flour contributes to the water absorption capacity of the flour during mixing. 

Damaged starch absorbs about twice its own weight of water, which is about 5 times 

greater than that of intact starch (Stauffer 2007), and depending on its level, makes a 

significant contribution to the overall water absorption capacity of flours (Cauvain 2009).  

 

4.3.2 Pasting Properties 

The effects of PINs on flour pasting properties are shown in Fig. 4.1. Soft Svevo showed 

higher pasting temperature, peak viscosity, breakdown viscosity and setback viscosity 

values than Svevo (Fig. 4.1A and Table 4.2). The significantly (p≤0.05) higher pasting 

temperature in Soft Svevo compared to Svevo may be attributed to the presence of PINs, 

in agreement with a previous study on starch isolated from transgenic rice (Wada et al., 

2010). PINs localized at the starch surface could inhibit the access of water to starch, 

which in turn would result in an extended time (and higher temperature) for starch to 

gelatinize and to reach peak viscosity.  

 
 
 
 
 
 
 



93 
 

Table 4.2. Gluten aggregation and dough mixing and extensibility properties of wheat 
samples possessing or lacking PINs 

Values in the same row with the same letters are not significantly different (p≤0.05) 

 

 

  Svevo Soft 
 Svevo Alpowa Hard  

Alpowa 

Micro-Visco 
Amylograph  
test 

Pasting temperature 
(°C) 58.3a 60.8b 60.8b 59.0a 

Peak viscosity (BU) 723c 849d 566a 638b 

Breakdown (BU) 123a 167b 323d 303c 

Setback (BU) 799c 988d 631a 746b 

GlutoPeak 
 test 

Peak maximum 
 time (s) 57.7b 58.3b 132.0c 50.3a 

Maximum torque (BE) 52c 34b 30a 54c 

Energy to peak (GPU) 2166c 762a 765a 1576b 

LT 30s (%) 18a 20b 30d 27c 

Farinograph 
 test 

Water absorption (%) 76.6 60.6 57.2 68.8 
Development  
time (min:s) 04:51 01:50 01:35 05:31 

Stability (min:s) 03:20 02:35 02:13 08:30 

Micro-
Extensograph  
test 

Extensibility (mm) 43a 43a 71b 72b 
Resistance (BU) 100b 95b 77a 101b 
Maximum 
resistance (BU) 101b 96ab 82a 108b 

Ratio 2.3a 2.2a 1.1b 1.4c 
Ratio Max 2.4a 2.2a 1.2b 1.5c 
Energy (AU) 3589a 3409a 4710b 6286c 
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Figure 4.1. Pasting profile of (A) Svevo (black line) and Soft Svevo (grey line) flours 
and (B) Alpowa (grey line) and Hard Alpowa (black line). Dotted lines represent sample 
temperature 
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Interestingly, the detail in Fig. 4.1A showed for Soft Svevo a delay in granule swelling 

(related to increased viscosity) compared to Svevo, likely suggesting an effect of PINs on 

starch swelling at temperatures below 85 °C. As the temperature increased, Soft Svevo 

showed a higher peak viscosity than Svevo, indicating greater swelling capacity. 

However, Soft Svevo exhibited a slightly slower gelatinization rate, since it reached the 

peak viscosity at around 10 min, whereas Svevo reached the maximum value about 30 

seconds earlier. During the holding time at 95 °C for 5 min, Soft Svevo showed higher 

stability to high temperature and mixing as indicted by the lower breakdown value 

compared to Svevo. Finally, during the cooling step, amylose in Soft Svevo showed a 

greater ability to reassociate in a new structure that exhibited higher viscosity compared 

to Svevo, likely suggesting a higher retrogradation tendency. 

As regards T. aestivum, Hard Alpowa showed a significant (p≤0.05) decrease in 

pasting temperature and breakdown viscosity than Alpowa (Fig. 4.1B and Table 4.2). 

These results are consistent with the results obtained for Svevo and Soft Svevo, which 

could be related to the impact of PINs expression (Svevo vs Soft Svevo) or 5DS distal 

end deletion (Alpowa vs Hard Alpowa) on pasting temperature and paste stability during 

the holding time at 95 °C. As regards the impact of PINs on viscosity during heating and 

cooling, Hard Alpowa showed higher peak viscosity and setback values than Alpowa. 

These results are in agreement with those obtained by reconstitution studies on common 

wheat flours which suggested that PINs affect pasting profiles by restricting starch water 

absorption and swelling in a diluted system, as in the case of the Micro-ViscoAmlograph 

test (Pauly et al.2012; Debet and Gidley 2006).  Conversely, the impact of 5DS distal end 
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deletion on peak viscosity and setback is not consistent with the trend observed for PINs 

expression (Fig. 4.1A).  

 Overall, the results on pasting properties suggest that PINs impact the temperature 

for onset of gelatinization (pasting temperature) and also the breakdown viscosity. 

However, the effect of PINs on starch swelling and retrogradation tendency remains 

unclear since it is apparently dependent on the type of wheat. Decreases of viscosity 

during heating and cooling have also been associated with an increase in damaged starch 

(Liu et al 2014; Leon et al 2006). This is consistent with the data on Svevo and Soft 

Svevo. On the contrary, since Hard Alpowa contained higher levels of damaged starch 

than Alpowa (Table 4.1), a lower maximum viscosity would have been expected. This 

leads to the conclusion that PINs likely do affect flour pasting profiles. 

 

4.3.3 Gluten Aggregation Properties 

Fig. 4.2 presents the impact of PINs on gluten aggregation profile obtained by the 

GlutoPeak test. The parameters associated with the aggregation curves are reported in 

Table 4.2. During the test, the sample slurry is subjected to intense mechanical action, 

promoted by the speed (1,900 rpm) of the rotating element, which facilitates the 

formation of gluten, and a rapid increase of the torque curve is registered until the 

maximum torque is reached. Further mixing depolymerizes the network, with a 

concomitant decline in torque. The loss of torque 30s (LT30s) after maximum torque is 

an index of gluten strength during prolonged mixing. 
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 In Svevo, PINs expression caused a significant (p≤0.05) decrease in maximum 

torque with no effect on the peak maximum time (Fig. 4.2A; Table 4.2). Consequently, 

GlutoPeak test energy, which is the area under the mixing curve to peak and takes into 

consideration the maximum torque and peak maximum time indices, decreased when 

PINs were expressed. This energy has been shown to correlate with gluten strength 

(measured as gluten index) and pasta cooking quality (Marti et al 2014). Finally, 30s after 

maximum torque, Soft Svevo showed a significantly (p≤0.05) higher LT30s value than 

Svevo indicating a higher loss of torque and thus greater gluten breakdown due to over-

mixing compared to Svevo. 

 The 5DS distal end deletion caused a significant (p≤0.05) decrease in peak 

maximum time and an increase in maximum torque and energy that suggest the presence 

of stronger gluten in Hard Alpowa compared to Alpowa (Fig. 4.2B), as supported by the 

energy value (Table 4.2). Among the GlutoPeak indices, the energy value is considered 

the most significant parameter for the prediction of the conventional parameters related to 

dough mixing such as stability, extensibility, and tenacity (Marti et al., 2015). Since both 

PINs expression and 5DS distal end deletion did not affect the glutenin and gliadin genes, 

and therefore the gluten composition of the samples (data not shown), differences in 

gluten aggregation kinetics among the samples were likely related to PIN proteins. In 

flour, PINs are present at the starch granule surface and associate with polar lipids (Feiz 

et al 2009). 



98 
 

 

 

Figure 4.2. Gluten aggregation profile of (A) Svevo (black line) and Soft Svevo (grey 
line) flours and (B) Alpowa (grey line) and Hard Alpowa (black line) 
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During dough mixing, they are removed from the granule surface and become 

incorporated in the gluten network, together with polar lipids (Finnie et al 2010a; Pauly et 

al 2012). It may be hypothesized that PIN-polar lipid complexes interact with gluten 

proteins and delay and limit the extent of gluten aggregation. 

 

4.3.4 Mixing Properties 

The farinograph profiles of wheat samples are reported in Fig 4.3. Soft Svevo showed 

lower water absorption capacity than Svevo, and similarly Alpowa showed lower water 

absorption capacity than Hard Alpowa (Table 4.2), reflecting the effect of high starch 

damage of the milling products from hard kernels compared with soft kernels (Table 4.1). 

Moreover, as a consequence of PINs expression (Soft Svevo vs Svevo) dough 

development time and stability decreased (Fig. 4.3A). Indeed, differences in protein 

content between particular samples might account for the differences in dough strength. 

The protein contents of the samples of PINs expression and deletion (see material 

section) are in agreement with previous reports that showed a decrease in flour protein 

when PINs were transgenically expressed (Hogg et al 2005). Since in the present study 

each set of samples was grown under the same environmental conditions, results suggest 

that differences in protein content were solely related to presence of PINs that affected 

the mixing properties of the dough.  
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Figure 4.3. Mixing profile of (A) Svevo (black line) and Soft Svevo (grey line), (B) 
Alpowa (grey line) and Hard Alpowa (black line) 
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The findings on mixing properties are in agreement with those reported by Hogg 

et al (2005). On the contrary, studying the effects of grain texture on pasta-making and 

bread-making, Gazza et al. (2011) found that soft durum lines had higher stability than 

hard durum lines (cv. Langdon), likely due to the inability of damaged starch in hard 

durum lines flour to hold all the water absorbed initially. Moreover, soft-textured durum 

wheat lines did not differ from the hard durum lines in terms of dough mixing time 

(Gazza et al 2011). These contrasting results confirm the observation made by Pauly et al 

(2013c) that when puroindolines were added to biscuit flour at levels higher than 0.07%, 

it affected the dough texture. This suggests that for PINs to affect flour-dough quality 

parameters such as mixing time and stability, they will have to be present at a certain 

threshold level.  

The 5DS distal end deletion (Alpowa vs. Hard Alpowa) increased both dough 

development time and stability (Table 4.2; Fig. 4.3B). This is in agreement with the 

typical farinograph profiles of strong and weak wheat flours. Usually, strong flours 

require higher amounts of water and longer mixing times to form a fully developed gluten 

network, which exhibits longer stability than flours with poor bread-making performance 

(Cauvain 2009). Some of the differences in farinograph measurements (e.g. water 

absorption) could be attributed to protein content, damaged starch and flour particle size, 

whereas the differences in dough development time and stability are generally attributed 

to different types of gluten (Matsuo and Irvine 1970).  
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4.3.5 Dough Extensibility 

The tensile properties of dough were carried out on a “micro scale” using 20 g of dough 

and a micro-Extensograph which records the resistance of dough to stretching and the 

distance the stretched dough covers before breaking. The resistance of dough to the 

deformation forces is expressed as energy value and correlates well with the gas retention 

capacity of dough, volume of the end product after baking, handling properties, and is 

also taken as a guideline parameter for flour blending operations at milling facilities 

(Ktenioudaki et al 2010). Hard wheat flours generally show high extensibility and a 

relatively high resistance to extension, a good balance of which is essential to hold gas 

bubbles during the fermentation of bread and other leavened products. On the other hand, 

doughs from soft wheat flours show high extensibility but low resistance to extension 

which makes them suitable for pastries and cakes.  

Dough strength and extensibility of Soft Svevo were similar to Svevo (Table 4.2). 

Indeed, the PIN-possessing chromosome translocation does not alter any of the gluten 

proteins from the parent durum variety (Morris et al 2011; Morris and King 2008). For 

both Svevo and Soft Svevo, dough extensibility did not change for the different resting 

times (45, 90 and 135 min, data not shown). The results of the present work partially 

agree with previous studies. Gazza et al (2011) reported no differences in dough 

extensibility (measured as Alveograph L value) between durum wheat with PINs and one 

with no PINs. On the other hand, dough strength (Alveograph W value, which is the 

energy required to blow and break a bubble of dough) was significantly lower in soft 

durum lines compared with hard durum lines (Gazza et al 2011). The Alveograph, 



103 
 

however, is performed using a constant level of water absorption such that dough 

rheology is confounded with flour water absorption. Performing reconstitution 

experiments, Dubreil at al (1998) showed that a 0.1% addition of PINs drastically 

decreased the dough strength (measured as Alveograph W) and increased the 

extensibility (measured as Alveograph L) in wheat flours with poor and medium bread-

making performances. On the contrary, when PINs were added to a flour of good bread-

making quality, an increase in W and a decrease in L were measured. Moreover, 

regardless of the bread baking quality of flour, tenacity (measured as Alveograph P) 

increased in the presence of PINs. It is important to keep in mind that contrasting results 

could be related to differences between the techniques. Firstly, the Extensograph 

stretches the dough in uniaxial mode while an Alveograph expands the dough in all 

directions. Secondly, Extensograph works with doughs prepared to optimum hydration 

levels suited for different processing applications as in the real industrial world, whereas 

a constant amount of hydration is used in an Alveograph.  

 As for PINs expression, also the 5DS distal end deletion did not affect dough 

extensibility (Table 4.2). On the other hand, Hard Alpowa showed a significantly 

(p≤0.05) higher resistance to extension and strength than Alpowa, suggesting that the 

presence of PINs improved the resistance to extension only in the case of weak flours. In 

addition, Hard Alpowa exhibited higher ratio values than Alpowa (Table 4.2). Since ratio 

indices are a measure of the balance between elasticity and extensibility, high values are 

generally indicative of tenacious/strong dough.  
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4.4 Conclusions 

The study of the role of PINs on physical properties of doughs prepared from T. aestivum 

and T. turgidum ssp. durum - in which the genes for PINs were deleted or expressed, 

respectively – highlighted the following points: (i) wheat samples with PINs exhibited 

delayed starch gelatinization and less capacity to maintain the granule integrity at high 

temperature, (ii) wheat samples with PINs exhibited delayed gluten aggregation, likely 

due to the formation of PIN-lipid complexes that surround gluten proteins, (iii) wheat 

samples with PINs exhibited decreased dough stability, an indication that PINs interact 

with gluten, and (iv) the impact of PINs on starch swelling and dough extensibility is 

species- or variety-dependent. The effects of PINs on dough rheological properties should 

be confirmed by investigating a larger number of varieties. Further studies should 

investigate the nature of PIN-gluten interactions and their potential role in product 

quality.
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CHAPTER 5 

Puroindolines and their impact on structural characteristics of gluten 

proteins 

Summary 

Puroindolines (PINs) are wheat endosperm proteins that determine kernel texture. The 

effect of PINs on gluten structural characteristics was investigated in Triticum turgidum 

ssp. durum (cv. Svevo) and T. aestivum (cv. Alpowa) and their respective derivatives in 

which PIN genes were expressed (Soft Svevo) or the distal end of the short arm of 

chromosome 5D (5DS) was deleted (Hard Alpowa). Presence of PINs in flour resulted in 

decreased SDS-accessible thiols, SDS extractable proteins and extractable low molecular 

weight (LMW) and high molecular weight (HMW) gluten proteins. Dominant stabilizing 

force in extractable proteins was not related to presence of PINs both in flour and dough. 

In dough, protein aggregation, thiol accessibility, protein hydrophobicity and protein 

conformation were strongly dependent on the species. Indeed, PINs affected hydrophobic 

properties of proteins in T. turgidum ssp. durum, with a more buried tryptophan in flour 

and decreased overall hydrophobic patches in dough. PINs affected protein secondary 

structure only in T. aestivum where 5DS deletion resulted in increased β-sheets at the 

expense of β-turns. In conclusion, PINs affect some gluten proteins overall 

characteristics, but specific effects seem to be species-dependent. 



106 
 

5.1 Introduction 

Puroindolines (PINs) are wheat endosperm proteins that are present in nearly all taxa of 

the Triticeae and Aveneae tribes (Jolly 1991; Gautier et al 2000). In spite of their low 

levels (0.1%) in wheat (Dubreil et al 1998)), PINs have progressively been identified as 

determinants of wheat kernel texture (Greenwell and Schofield 1986; Jolly et al 1993; 

Morris 2002; Bhave and Morris 2008), which is defined as the force needed to crush the 

kernel. PINs expression is controlled by two genes (Pina-D1a and Pinb-D1a) located on 

the distal end of the short arm of chromosome 5D (5DS). Functional expression of the 

two genes results in soft kernel texture, whereas the presence of only one functional gene 

or mutation in either one of the genes results in hard kernel texture. Durum wheat - a 

tetraploid with no chromosome D - has no PIN genes, and exhibits higher kernel hardness 

than common wheat. Kernel texture, together with the protein content, affects wheat flour 

end-use characteristics. Flours from soft wheat are used for pastries and cookies, whereas 

those from hard wheat are used for bread and other leavened products. On the other hand, 

semolina from durum wheat is almost exclusively used for producing pasta and cous-

cous.  

Various studies have investigated the potential effect of PINs on dough and baked 

products, and this has been the subject of a recent extensive review (Pauly et al 2013b). 

The effect of PINs on dough rheology is dependent on the type of flour. For example, 

addition of 0.1% PINs to good and poor bread quality flours increased dough strength 

and decreased extensibility (Dubriel et al 1998). Rouillé et al (2005b) reported that 

adding 0.2% PINs to bread flour resulted in increased crumb grain fineness but had no 
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effect on the bread specific volume. Similarly, Pauly et al (2013c) recently reported PINs 

as exerting softening effect on dough when present above 0.07% in biscuit flour, 

underscoring the importance of PINs content as for product quality. Evidence of effects 

of PINs on dough rheology and product texture has not been limited to reconstitution 

studies. Hogg et al (2005) demonstrated that transgenic over-expression of PIN alleles in 

common wheat decreased loaf volume and crumb grain scores. On the other hand, 

cytological manipulation of durum wheat highlighted that pasta cooking quality was 

unaffected by the kernel hardness, whereas bread exhibited an increase in loaf volume 

associated with kernel softening (Gazza et al 2011).  

The effects of PINs expression or deletion on the rheological properties of soft-

textured durum (Morris et al 2011) and hard-textured wheat (Morris and King, 2008) 

have also been investigated. PINs delayed gluten protein aggregation, decreased dough 

stability and improved dough resistance, but had no effect on dough extensibility. It is 

believed that the production of soft-textured durum will help increase the food 

applications of durum both in traditional durum foods and unconventional ones such as 

leavened products (Morris et al 2015). Interestingly, soft-textured durum is reported to 

have milling properties intermediate between soft wheat and hard wheat, resulting in 

reduced energy for milling compared to durum wheat (Morris et al 2015). Moreover, 

Morris et al (2015) reported the successful use of soft-textured durum in the production 

of spaghetti and bread that were of the same or better quality than the reference products 

(Morris et al 2015). 
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Finnie et al (2010b) found that wheat endosperm hardness involves a four-way 

interaction between starch granule surface, storage proteins, PIN proteins and polar 

lipids. Indeed, the primary role that has been assigned to PINs is gas cell and foam 

stabilization (Dubreil et al 1997). During mixing, PINs detach from the starch granule 

surface and become incorporated in dough where lipids and PINs have greater 

partitioning forces in gluten than in starch granule surface (Finnie et al 2010a). However, 

the type and manner of the association of PINs with gluten protein is unknown. Studying 

the effect of kernel texture on dough rheology and protein interaction, it was found that 

flour from samples with similar kernel texture might have similar mixing properties but 

demonstrate different protein network characteristics and interactions.  

To the best of our knowledge, no information is available on the type of possible 

interactions between PINs and gluten proteins. Therefore, this study aimed at 

investigating the effect of PIN proteins on protein aggregation, thiol groups accessibility, 

gluten molecular weight distribution, protein hydrophobicity, and presence or distribution 

of secondary structure elements. The study will contribute to improved understanding of 

the role of PINs in gluten structural characteristics in wheat dough.  

 

5.2 Materials and Methods 

5.2.1 Wheat Samples 

Wheat cultivars (cvs.) Alpowa (soft wheat, T. aestivum L.), hard kernel Alpowa (Hard 

Alpowa), durum wheat (T.turgidum L. ssp. durum) cv Svevo, and soft kernel durum 

wheat (Soft Svevo) were used in the study. Hard Alpowa (proteins: 14.8±0.10 g/100g 
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d.b., SKCS: 98) is a back-cross of seven near-isogenic soft wheat Alpowa lines (protein: 

12.3±0.22 g/100g d.b., SKCS: 16) that lacks the distal portion of chromosome 5D short 

arm (Morris and King 2008). Soft Svevo (protein: 14.8±0.21 g/100g d.b., SKCS: 17) was 

developed by back-crossing durum wheat cv. Svevo (protein: 15.89±0.23 g/100g d.b., 

SKCS: 73) and a homologous translocation line involving Langdon durum and the soft 

wheat cv. Chinese Spring (Morris et al 2011). Alpowa and Hard Alpowa were grown in 

St. Paul (MN, US) and harvested in 2014. Svevo and Soft Svevo were grown in Pullman 

(WA, US) in 2013. Wheat grains were conditioned (14.5 g/100 g moisture for Alpowa 

and Soft Svevo; 15.5 g/100g for Hard Alpowa; 16.5 g/100 g moisture for Svevo) and 

subsequently milled with a Quadrumat Junior (C.W. Brabender Inc., South Hackensack, 

NJ, USA) flour mill.  

 

5.2.2 Dough Preparation 

Standard method (AACCI 54-21.02) was used in preparing dough using Brabender 

Farinograph AT (C. W. Brabender Instruments, South Hackensack, NJ) on a 14% flour 

moisture basis. The dough was mixed to 500±20 Farinograph Units (FU) consistency in a 

50 g bowl. Duplicate doughs were prepared for each flour and samples taken at dough 

development time, which is defined as the point of maximum dough consistency. Dough 

samples were collected with minimal additional physical manipulation, frozen 

immediately in liquid nitrogen, and kept at - 40˚C until freeze dried. Freeze-dried 

samples were ground with a mortar and pestle to a particle size of 0.5 mm, and used for 

protein aggregation, thiol accessibility, and molecular weight distribution studies. Fresh 
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dough samples were used for protein secondary structural studies by means of Attenuated 

Total Reflectance (ATR) Fourier Transfer Infrared (FTIR) spectroscopy. In front-face 

fluorescence studies, dough was prepared by adding predetermined volume of 0.2 mM 

1,8-anilino-naphthalene sulfonate (ANS) solution to flour in the mixing bowl and mixing 

to the dough development time. 

 

5.2.3 Protein Aggregation 

Soluble proteins were extracted in 0.05 M sodium phosphate buffer of pH 7.0, containing 

0.1 M NaCl and 1% SDS (w/v) in the presence or absence of 10 mM dithiothreitol 

(DTT). A 1 mL volume of the buffer was added to appropriate amounts of flour or 

freeze-dried dough (≈ 1mg protein) and the suspension was placed on a shaker for 60 min 

at 25˚C. After centrifugation at 3,000 g for 30 min, the amount of protein in the 

supernatant was determined using the RC-DC Protein Assay (Bio-Rad, Hercules, CA, 

USA) with bovine serum albumin as a standard.  

 

5.2.4 SDS-PAGE 

SDS-PAGE was carried out as reported by Bonomi et al (2012) with minor 

modifications. Samples of extracted proteins containing approximately 1 mg protein were 

diluted (1/1 v/v) with SDS-PAGE denaturing buffer (0.125M Tris-HCl, pH 6.8, 50% 

glycerol, 1.7 SDS; 0.01 Bromophenol Blue) and the mixture was heated at 100˚C for 10 

min. SDS-PAGE was carried out at 40 mA on a Mini-PROTEAN precast gel (10% 
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porosity) in a Mini-PROTEAN apparatus (Bio-Rad, Richmond, VA, USA). The gels 

were stained with Coomassie Blue.    

 

5.2.5 Readily Accessible and SDS-Accessible Thiols 

The method of Iametti et al (2006) was followed with some modification. Readily 

accessible thiols in flour and dough were determined by suspending 100 mg of sample in 

5 mL 0.05 M sodium phosphate buffer containing 0.1 M NaCl and 0.5 mM 5,5- dithiobis-

2- nitrobenzoic acid (DTNB), and 1% SDS when assessing SDS-accessible thiols. The 

suspension was placed on a shaker at 25°C for one hour, and centrifuged at 10,000 g for 5 

min. The supernatant was filtered through a 10 µm pore filter (Fisher Scientific, Pittsburg 

VA, USA) and read at 412 nm against a blank that contained the suspension buffer but no 

sample. 

 

5.2.6 Protein Surface Hydrophobicity 

Front-face fluorescence in dough samples was measured at room temperature using a 

front-face cell holder in a Perkin Elmer LS 55 Fluorescence Spectrometer (Llantrisant, 

UK).  Solvation studies were performed by adding water to individual flour samples (2.5 

g each) to reach final water content in the 20-50% range in appropriate increments. 

Samples were mixed in a glass beaker with glass rod for 3 min as reported by Bonomi et 

al (2004). Samples (2 g) of the resulting dough were placed behind the quartz window of 

the measuring cell, closed tightly enough to cause the sample to spread to cover the 
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window and spectra taken for tryptophan fluorescence. Tryptophan fluorescence was 

monitored by taking emission spectra from 350 to 450 nm with excitation at 280 nm. 

Extrinsic front-face fluorescence spectroscopy was determined by adding an 

aqueous solution of ANS (0.2 mM) to 10 g flour (14% moisture equivalent) in Brabender 

Farinogrpah-AT and mixing until dough consistency (500±20 FU). Dough samples were 

loaded into the solid sample cell as described above. Emission spectra of ANS were taken 

from 400 nm to 600 nm with excitation at 390 nm. The resulting fluorescence intensity 

was then corrected for protein content.  

 

5.2.7 Protein Molecular Weight Distribution  

The molecular weight distribution of proteins in flour and dough samples was determined 

by Size Exclusion High Performance Liquid Chromatography (SE-HPLC). Proteins were 

extracted with 2% SDS in 0.05 M sodium phosphate buffer, pH 6.8, as described by 

Jazaeri, et al (2015). Flour or dough suspensions were shaken for one hour at 25°C and 

centrifuged for 30 minutes at 3000 g. The supernatant was filtered through a 0.2 µm 

Phenomenex cellulose membrane filter (St. Louis, MO, USA). An aliquot (60 µl) of the 

filtered extract was loaded onto a Phenomenex Yarra 3µm SEC 3000 HPLC column run 

at 30°C with 0.05% trifluoroacetic acid in acetonitrile-water (1:1 v/v) solution at a flow 

rate of 1 mL/min. Elution was monitored at 214 nm.  
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5.2.8 Protein Conformation 

The infrared spectra of dough samples were recorded using an attenuated total reflectance 

(ATR) Fourier Transfer Infrared (FTIR) spectrophotometer (Bruker Tensor 37, Bruker 

Optics, Inc., Billerica, MA, USA). Spectra were collected in the 2000-600 cm-1 spectral 

range at room temperature. Each spectrum was an average of 32 scans at 4 cm-1 

resolution and was taken within 10 minutes of sample preparation in order to reduce 

molecular and structural changes as much as possible. Spectral analysis was performed 

by using OPUS software v. 7.0, following the method of Bock and Damodaran (2013). 

Reference H2O-D2O mixtures matched to the moisture content of the dough samples were 

collected and used for subtraction of water contributions in the amide I region (1600 – 

1700 cm-1) of the vector-normalized spectra. The quantitative estimation of protein 

secondary structure in the amide I region of dough was done as described by Bock et al 

(2013). The spectral regions were assigned as 1620-1644, 1644-1652, 1652-1660 and 

1660-1685 cm-1 for β-sheets, unordered, α-helix, and β-turn structures respectively. The 

second derivative area for each secondary structural region was divided by the total area 

of the amide I region. 

 

5.2.9 Statistical Analysis 

Dough samples were prepared in duplicate. On each subsample, protein solubility, thiol 

accessibility, and molecular weight distribution were analyzed in duplicate. Three and 

four spectra were collected for front-face fluorescence spectroscopy and ATR-FTIR, 

respectively. Analysis of variance (ANOVA) was performed utilizing Statgraphics XV 
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version 15.1.02 (StatPoint Inc., Warrenton, VA, USA). Samples and/or type of secondary 

structures were used as factors. When a factor effect was found significant (p≤0.05), 

significant differences among the respective means were determined using Fisher’s Least 

Significant Difference (LSD) test.  

 

5.3 Results and Discussion 

5.3.1 Structural Features of Proteins in Flours 

5.3.1.1 Protein Aggregation 

Protein extractability data from the various flour samples are shown in Fig. 5.1. To the 

best of our knowledge this is the first time that protein aggregation is investigated in the 

same varieties in presence and absence of PINs. PINs expression resulted in a significant 

(p≤0.05) decrease in SDS solubility (from 637.2 in Svevo to 382.4 mg/g protein in Soft 

Svevo). Similarly, 5DS distal end deletion resulted in a significant (p≤0.05) increase in 

SDS solubility (from 422 mg/g protein in Alpowa to 688 in Hard Alpowa).  

It has to be noted that the SDS-PAGE profiles of extracted proteins underscore 

the relevance of cultivar-specific proteins. As shown in Fig. 5.1S, the presence/absence of 

PINs did not affect – within a given cultivar – the polypeptide pattern of solubilized 

proteins. Many studies focusing on the relation between kernel texture and SDS-protein 

solubility have presented contrasting results (Bushuk et al 1997; Hayta and Schofield 

2004; Kuktaite et al 2004; Jazaeri et al 2015). Our data suggest that differences in protein 

profile among varieties may account for these discrepancies. 
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Figure 5.1S. SDS-PAGE of SDS-extractable proteins of flours. (1) Alpowa, (2) 
Hard Alpowa, (3) Soft Svevo and (4) Svevo 
 

Adding a reducing agent (DTT) to the extraction buffer resulted in a significant 

(p≤0.05) increase in protein solubility in all samples but Alpowa, indicating that in most 

cases insoluble aggregates were stabilized by covalent (disulfide) interactions (Iametti et 

al 2006; Iametti et al 2013; Bonomi et al 2013). In the case of Alpowa, where solubility 

did not improve in the presence of DTT, non-covalent interactions seem by far the most 

relevant driving force in the Alpowa protein network.  

From our solubility results, it seems reasonable to assume that the differences in 

protein aggregation related to the presence/absence of PINs, as highlighted in Fig. 5.1, 

could stem from interactions between PINs and specific gluten proteins. Where kernel 
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softness stems from the absence of disulfide bridges among gluten proteins (i.e., in 

Alpowa), removal of PINs leads to an increased “flexibility” of the protein structure. 

 

 

Figure 5.1. Solubility of proteins in flour samples 

 

 This results in increased solubility in the presence of SDS and in facilitating the 

formation of inter-protein disulfides, as indicated by the sensitivity to DTT in Hard 

Alpowa. The same reasoning may be applied to the results obtained from the Svevo 

variety, although in this case the contribution of disulfide bridges to interprotein 

interactions is appreciable even when PINs are present.   The results suggest a possible 

presence of low molecular weight gluten protein aggregates (Iametti et al 2006; Iametti et 

al 2013; Bonomi, Iametti et al 2013) in flours with no PINs. 
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5.3.1.2 Readily Accessible and SDS-Accessible Thiols 

Thiol accessibility figures for the various flour samples are shown in Fig. 5.2. It has to be 

noted that this approach  - although detecting accessible thiols regardless of protein 

solubility – is most useful as for indicating the compactness of the protein network in 

which thiol-containing proteins are present (Iametti et al 2006; Iametti et al 2013; 

Bonomi et al 2013).    

 As pointed out in the previous subsection, the peculiar protein organization in 

Alpowa resulted in very low accessibility of thiols in the absence of SDS. The absence of 

PINs in Hard Alpowa makes it possible to access – even in the absence of SDS - thiols 

that were previously buried in aggregates. The number of accessible thiols in all cases 

increases in the presence of SDS. These increments appear more pronounced in the 

absence of PINs, confirming the relevance of hydrophobic interactions as the major 

stabilizing element in the gluten network when PINs are not present. Once again, 

differences between the two original varieties relate to their different protein profile. 

PINs are largely thought to bind to either the starch surface and/or to polar lipids 

(Wall et al 2010; Greenblatt and Schofield 1986). This has been suggested to occur 

through the Trp-rich domain in PINs (Fiez et al 2009; Alfredo et al 2014). Alfredo et al 

(2014) suggested the formation of PIN homo- or hetero-dimers/oligomers via ionic, polar 

and/or hydrophobic interactions between residues on the exposed loops and helix 

surfaces of PINs. No association or interaction with gluten proteins was suggested in 

previous reports.  
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Figure 5.2. Thiols accessibility in durum and common wheat flours with and without 

PINs. 

  

 It is suggested that PINs may associate not only within themselves but also with 

other proteins, promoting the formation of supra-macromolecular aggregates stabilized 

by hydropbhobic interactions. In this frame, and in consideration of their highly 

hydrophobic character and of their low abundance with respect to gluten proteins, it is 

tempting to speculate that PINs may constitute the “hydrophobic core” of highly compact 

protein aggregates, as suggested by thiol accessibility studies. The solubility data strongly 

suggest that gluten proteins may represent a relevant constituent of these aggregates. The 

nature of proteins released from the various types of aggregates upon addition of 

dissociating agents and of reductants is addressed in the following subsections. A 

possible “accompanying” role of other flour components (either polysaccharides or 
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lipids) in the formation or stabilization of these aggregates deserves further and separate 

investigation.  

 

5.3.1.3 Protein Molecular Weight Distribution  

Molecular weight distribution of extractable proteins in flours is shown in Fig. 

5.3. These chromatograms showed three prominent peaks that were designated as high 

molecular weight (HMW) gluten, low molecular weight (LMW) gluten and other 

proteins, similar to that reported by Jazaeri et al (2015). Expression of PINs facilitated 

conversion of SDS extractable HMW and LMW into larger unextractable proteins (Fig. 

5.3A), evident in the lower overall SDS extractable proteins in Soft Svevo than in Svevo. 

Deletion of 5DS distal end resulted in higher SDS extractable LMW and HMW (Fig. 3B). 

Don et al (2005) had demonstrated that the amount of SDS extractable LMW and HMW 

are directly related to the LMW and HMW in Glutenin Macro-Polymer (GMP). Low 

molecular weight glutenin subunits (LMW-GS) and high molecular weight glutenin 

subunits (HMW-GS) of GMP have been suggested to associate within or between 

themselves to form large unextractable molecules (Veraverbeke et al 2000a, b; Don et al 

2006).  

These results suggest that presence of PINs facilitates formation of compact large 

molecular weight SDS-unextractable protein aggregates, confirming the data in Fig. 5.1. 

PINs likely affected the mesoscopic level aggregation of gluten proteins as shown by the 

LMW-to-HMW ratio (1.92, 2.15, 1.95, and 2.05 for Svevo, Soft Svevo, Alpowa, and 

Hard Alpowa, respectively). 
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Figure 5.3. Molecular weight distribution of SDS-extractable gluten proteins from durum 
(A) and common (B) wheat flours with and without PINs 
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Generally, most of the flours with good bread making performance have LMW-to-HMW 

glutenin ratio around 2.0 (Thanhaeuser et al 2014). For T. turgidum ssp durum, changes 

in this ratio were related to a greater decrease in the HMW fraction, as it was likely 

preferentially converted to unextractable units (Fig. 5.1) (Veraverbeke et al 2000a, b; 

Don et al2006). This increase in SDS-unextractable proteins, that has been associated 

with good baking quality (Weegels et al 1996), might account for the good baking quality 

observed for Soft Svevo (Morris et al 2015). Considering the 5DS distal end deletion, the 

LMW-to-HMW of 2.05 for Hard Alpowa suggests a relatively greater increase in LMW 

in the SDS extractable proteins compared to HMW.  

 

5.3.1.4 Tryptophan Solvation 

Front-face fluorescence spectroscopy helps in establishing the extent of contribution of 

hydrophobic interactions to gluten protein network in dough. It has been used to study the 

nature of structural rearrangements that accompany solvation of proteins in wheat-based 

materials (Bonomi et al 2004; Huschka et al 2012). In this study, it was used to 

understand the possible role of PINs in hydrophobic interactions. Tryptophan 

fluorescence changes upon protein solvation of flours are displayed in Fig. 5.4. In flours, 

before water addition, expression of PINs caused a decrease in tryptophan emission 

maximum in T. turgidum ssp durum, while 5DS distal end deletion did not affect 

tryptophan emission maximum in T. aestivum (Fig. 5.4A). The lower emission maximum 

of Svevo and Soft Svevo compared to Alpowa and Hard Alpowa is contrary to previous 

report (Bonomi et al 2004), and may relate to the presence of compact protein network in 
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T. turgidum ssp. durum, that buries tryptophan. The difference in results between this and 

that reported by Bonomi et al (2004) may be due to differences in cultivar or agronomic 

conditions. Presence of PINs in Soft Svevo resulted in lower emission maximum 

compared to Svevo, possibly due to increased hydrophobic protein-protein interaction 

that buried tryptophan in the core of protein aggregates. Addition of water to flours 

resulted in protein “swelling” and in increased tryptophan exposure to the solvent, 

causing the observed rise in fluorescence intensity as water content increased. Peak 

solvation occurred at 40% moisture for Alpowa, Svevo and Soft Svevo, whereas Hard 

Alpowa showed complete solvation at a moisture content of 45%, and also gave the 

highest emission maximum among the four samples. The lower emission maxima for 

Svevo and Soft Svevo show that they are more hydrophobic than the Alpowa samples, 

consistent with the observation in the flours before addition of water. 

The dependence of changes in tryptophan environment on the water content was 

evaluated by calculating the ratio between fluorescence intensities measured at 

wavelength typical of the solvated (380 nm) and the unsolvated (340 nm) tryptophan as 

reported by Bonomi et al (2004). The calculated ratios for the samples at the tested 

moisture content are shown in Figure 5.4B. This ratio takes into account both the shift in 

fluorescence maximum and the change in fluorescence intensity. Soft Svevo showed 

significantly lower ratio compared to Svevo, suggesting that the expression of PINs in 

Svevo affected its tryptophan residue arrangement, most likely resulting in tryptophan 

that is buried in protein aggregates made compact by hydrophobic interaction and so 

could not be detected. 
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Figure 5.4. Front-face tryptophan fluorescence changes upon protein solvation in durum 
and common wheat flours with and without PINs. (A) Tryptophan emission maximum as 
a function of the amount of water added to flours. (B) Ratio between fluorescence 
intensities at 380 and 340 nm as afunction of the water content 
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This is consistent with the lower SDS extractable protein (Fig. 5.1) and SDS-

accessible thiols (Fig. 5.2) observed for Soft Svevo compared to Svevo. On the contrary, 

5DS distal end deletion in Alpowa cv did not seem to affect the tryptophan arrangement. 

 

5.3.2 Structural Features of Proteins in Doughs 

5.3.2.1 Protein Aggregation  

Data on protein extractability in SDS containing buffer with or without DTT for dough 

samples are presented in Fig. 5.5. PINs expression did not affect SDS-protein 

extractability in Svevo dough, whereas 5DS distal end deletion in Alpowa resulted in 

decreased extractable proteins in dough (Fig. 5.5). The lack of observable difference in 

protein extractability between Svevo and Soft Svevo dough may indicate that in dough, 

where gluten is fully developed, the effect of PINs on protein extractability is greatly 

suppressed or non-existent. Indeed, it has been suggested that PINs are removed from the 

starch granule surface - where they occur in flours - and become incorporated into dough 

upon mixing (Finnie et al 2010a; Feiz et al 2009). At this state, PINs effect on gluten 

protein extractability becomes diluted, at least in Svevo. Deletion of 5DS distal end 

caused a decrease in SDS-soluble proteins, likely related to an increase in the structural 

organization of proteins. This is confirmed by the increase in proteins that are solubilized 

in presence of reducing agent. It seems that the absence of PINs, in T. aestivum, 

promoted protein interactions. 
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Figure 5.5. Protein aggregation in doughs prepared from the various wheat flours 

 

When protein extractability was determined in dough in the presence of disulfide 

reducing agent, PINs expression did not affect the protein extractability. Svevo and Soft 

Svevo samples showed no difference whereas 5DS distal end deletion in Alpowa resulted 

in increased protein extractability (Fig. 5.5). All the dough samples except Alpowa had 

covalent interaction as the protein stabilizing force; similar to what was observed in flour 

(Fig. 5.1). The observed non-covalent interaction in Alpowa dough agrees with other 

reported work for soft kernel flour dough (Jazaeri et al 2015; Quayson et al 2016). The 

effect of PINs on dough protein extractability is different in the samples and is related to 

the different species. 
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5.3.2.2 Readily Accessible and SDS-Accessible Thiols 

Thiols accessibility in doughs of T. aestivum and T. turgidum ssp. durum is shown in Fig. 

6. Expression of PINs did not affect thiol accessibility in dough from T. turgidum ssp 

durum, whereas the 5DS distal end deletion resulted in increased readily accessible and 

SDS-accessible thiols (Fig. 5.6), confirming the results from protein aggregation studies 

(Fig. 5.5).  

 

 

Figure 5.6. Thiols accessibility in doughs prepared from durum and common wheat 
flours with and without PINs 
 

 

The trend in accessibility of thiol groups was different for dough and flour when 

PINs were expressed in Svevo while in 5DS distal end deletion in Alpowa, a similar trend 

was observed. Indeed, in flour, expression of PINs in Svevo caused a decrease in thiol 

accessibility. The lack of difference in thiol accessibility in dough samples indicates that 
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with the formation of gluten, the effect of PINs on thiol arrangement becomes diluted as 

they become dispersed throughout the dough.  

 

5.3.2.3 Protein Molecular Weight Distribution  

The molecular weight distribution in proteins solubilized from dough samples is shown in 

Fig. 5.7. Expression of PINs did not affect protein molecular weight distribution (Fig. 

5.7A), whereas 5DS distal end deletion decreased the amount of both HMW and LMW 

extractable proteins (Fig. 5.7B), contrary to what was observed in flours (Fig. 5.3). The 

pattern of molecular weight distribution was consistent with the results on protein 

aggregate formation in dough (Fig. 5.5). The low HMW and LMW levels in Hard 

Alpowa dough could be attributed to protein aggregation into large molecular weight 

aggregates that were insoluble in the experimental conditions.  

The LMW-to-HMW ratio in the various dough samples provides further insight as 

to the effect of PINs on protein molecular weight distribution in dough. Svevo and Soft 

Svevo had LMW-to-HMW ratio of 1.75 and 1.83, respectively, and Alpowa and Hard 

Alpowa had ratios of 1.76 and 1.66 respectively. Thus, expression of PINs increased 

LMW-to-HMW ratio in proteins solubilized from dough, whereas the 5DS distal end 

deletion decreased the LMW-to-HMW ratio. PINs expression resulted in increased 

extractable LMW and HMW, with a greater increase in LMW than HMW, as is evident 

in higher SDS extractability from dough than flour (Fig. 5.1 and 5.5).  
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Figure 5.7. Molecular weight distribution of SDS-extractable gluten proteins from dough 
prepared from durum (A) and common (B) wheat flours with and without PINs 
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SDS-unextractable proteins have been reported to be strongly related to dough 

behavior and functionality (Skerritt et al 1999a, b). SDS-unextractable proteins decreased 

during dough formation. From the results, it is suggested that the extent and direction of 

changes in SDS-unextractable proteins is influenced by the presence of PINs. Presence of 

PINs also affects dough rheological properties (Chapter 4). 

Finally, the effect of presence or absence of PINs on gluten proteins becomes 

evident at the macroscopic level when flour is formed into dough. Formation of larger 

molecular units during mixing leads to higher dough stability. This explains the higher 

farinograph stability observed for both Hard Alpowa and Svevo compared to the 

respective soft flours, as observed in the first part of this work (Chapter 4). In addition, 

PINs have been suggested to have a higher partitioning effect in gluten in dough as 

mentioned earlier (Finnie et al 2010a). At this state, PINs probably either prevent 

disulfide bond formation and/or enhance cleavage of high molecular weight protein units 

resulting in increased LMW and HMW (Fig. 5.7A and 5.7B). The higher LMW leads to 

weak gluten and consequentially weak dough and thus the weak dough from soft kernel 

flours.  

 

5.3.2.4 Protein Surface Hydrophobicity  

In order to monitor the overall hydrophobic characteristics of the dough, ANS – an 

extrinsic fluorescent hydrophobicity probe - was used. Indeed, many studies have 

indicated that tryptophan fluorescence alone often does not account for all the structural 

changes that result in rearrangement of hydrophobic regions in the protein structure. 
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Intensity of the fluorescence for ANS concentration used in this study may be taken as an 

indication of the number of surface hydrophobic sites available on the protein for probe 

binding (Bonomi et al 2004). 

PINs expression resulted in significantly (p<0.05) lower maximum fluorescence 

intensity in T. turgidum ssp. durum (cv Svevo)(425.83±23.26 and 396.62±19.37 for 

Svevo vs. 377.72±41.06 and 368.43±34.63 for Soft Svevo), whereas 5DS distal end 

deletion had no effect on maximum peak in T. aestivum (cv Alpowa).  

 

 

Figure 5.8. Front-face emission fluorescence spectra of doughs prepared from durum and 
common wheat flours with and without PINs 

 

Lower peak values indicate increased hydrophobic interactions within the protein itself, 

and hence low exposure of hydrophobic patches (Bonomi et al 2004, 2012), suggesting a 
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more compact protein structure. However, when the protein content was factored into the 

maximum fluorescence intensity (Fmax), there was no difference between the two samples 

(2438.46±265.10 and 2378.51±223.58 for Soft Svevo; 2509.33±137.14 and 

2338.57±114.22 for Svevo). This indicates that Svevo and Soft Svevo doughs had 

comparable number of surface binding sites on their protein surfaces. Similarly, the 

number of hydrophobic sites on the protein surface in Alpowa (2651.92±247.71Fmax/g 

protein) and Hard Alpowa (2144.95±192.12 Fmax/g protein) were not significantly 

(p<0.05) different. PINS did not affect the extrinsic hydrophobic properties of Alpowa. 

It is also worthy of mention that unlike the T. aestivum samples that showed a 

single maximum fluorescence intensity at around 470 nm, T. turgidum ssp. durum 

showed double maximum emission bands at 470 nm and 510 nm. It has been observed 

that cereal flours showed two bands at 335 and 430 nm in the 200 nm to 600 nm emission 

range (Zandomemeghi 1999). This occurrence of the two bands was attributed to 

existence of fluorophores other than aromatic amino acids that reabsorb and emit emitted 

light from the aromatic amino acids (Zandomemeghi 1999). The observed double peaks 

in Svevo and Soft Svevo could thus be attributed to emission by ANS (470 nm) and by 

fluorophores (510 nm). The fluorophore could possibly be carotenoids that are known to 

be high in durum wheat and account for the yellow color of semolina (Gazza et al 2011). 

 

5.3.2.5 Protein Conformation 

Expression of PINs in T. turgidum ssp. durum did not affect protein conformation, 

whereas the 5DS distal end deletion promoted an increase in β-turns, at the expense of β-
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sheets (Fig. 5.9). The lack of difference in the protein secondary structure distribution in 

Svevo and Soft Svevo is consistent with the similarities in protein extractability between 

dough of the two samples (Fig. 5.5). Indeed, SDS-protein extractability involves 

breakdown of non-covalent bonds including hydrogen bonding (Redl et al 2003). Protein 

conformation in common wheat flour dough has been demonstrated to be strongly 

connected to gluten proteins (Li et al 2006).  

In the case of Alpowa, it is clear that PINs affected the two prominent secondary 

protein structures (β-turns and β-sheets). Higher β-sheets suggest higher protein-protein 

interaction (Belton 1999). This is consistent with the high SDS-unextractable protein 

(about 30%) even in the presence of reducing agent (Fig. 5.5). This may suggest a 

significant contribution of non-covalent interactions to protein stabilization in soft wheat 

as reported by Jazaeri et al (2015) and Quayson et al (2016), and may indicate that at 

maximum dough consistency, a high amount of β-sheets in soft wheat dough is due to 

non-covalent interaction (Fig. 5.5), most likely dominated by hydrophobic interaction 

which appears to be the case here. 

Protein conformation in dough from T. turgidum ssp. durum followed the order: 

β-turns> β-sheets>unordered>α-helix, which is different from the order generally 

associated with T. aestivum (Jazaeri et al 2015; Bock et al 2013; Quayson et al 2016), 

where β-sheets are the dominant secondary structure. Coincidentally, the predominant β-

turns structures in Svevo and Soft Svevo dough was similarly observed in dough from 

soft kernel wheat flour (Chapter 3). This aspect needs further investigation, since, to the 
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best of our knowledge, this is the first report of secondary structure distribution in durum 

wheat dough. 

 

 

Figure 5.9. Distribution of protein secondary structures in dough from prepared 
from durum and common wheat flours with and without PINs. A separate ANOVA 
was run for each type of secondary structure. Values with the same letters are not 
significantly different (LSD test, p≤0.05) 
 

 

Alpowa showed a distribution consistent with what is reported for both hard and 

soft wheat flour dough (β-sheets> β-turns>unordered>α-helix). On the contrary, Hard 

Alpowa differed in having equal levels of β-sheet and β-turn structures, in agreement 

with that reported for dough from a soft and a hard kernel flours (Chapter 3). The soft 

kernel and hard kernel in the referenced study (Chapter 3) had SKCS values of 7 and 69 
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respectively, suggesting PINs expression in the wild-type state for the soft and a Pinb 

mutation for the hard, since Pinb mutation cultivars have been found to be slightly softer 

and have higher PINs than Pina mutation cultivars (Capperelli et al 2003; Pauly et al 

2013b). This suggests that dough protein conformation may not be related to the type and 

level of PIN proteins. 

The ratio of β-sheets to β-turns in Svevo and Soft Svevo doughs (0.78 and 0.74 

respectively) is comparable, thus emphasizing that PINs expression did not affect 

secondary structure distribution in T. turgidum ssp. durum. This may account for the low 

dough extensibility generally associated with durum, which was also observed in the first 

part of this study (Chapter 4). According to Belton’s model (Belton 1999), β-turns are 

associated with ‘loops’ which occur at points of water-polymer interactions (hydrogen 

bonding/non-covalent) while β-sheets occur as ‘trains’ at points of protein-protein 

interaction. A good balance of both is necessary for dough to have the right balance of 

resistance and extensibility especially in bread making (Bock and Damodaran 2013).  

 

5.4. Conclusions 

The present study highlighted that PINs have a different impact on gluten protein 

interactions in flour and dough. In flours, PINs enhanced gluten protein aggregation, 

resulting in decreased SDS extractability, decreased thiols accessibility and increased 

LMW-to-HMW ratio. In doughs, the effect of PINs was strongly related to the type of 

flour (T. turgidum ssp. durum vs T. aestivum). In particular, PINs promoted hydrophobic 

interactions in T. turgidum ssp. durum, and hydrogen-bonds related interactions in T. 
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aestivum. Further investigation would examine the effect of PINs on individual 

components of gluten protein. The effect of specific PIN protein (PINA of PINB) on 

gluten proteins may also be investigated. 
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CHAPTER 6 

Conclusions and Future Works 

The overall aim of the research was to investigate the role of mixing conditions and 

kernel texture on gluten protein structural modification in wheat dough. This was 

accomplished by investigating gluten protein interactions - in doughs prepared from 

hard and soft wheat flours - as affected by mixing temperature (Chapter 2) and 

mixing time (Chapter 3), and kernel texture (Chapter 3, 4, 5). The research resulted 

in a number of key findings, which are summarized in the following paragraphs. 

Regardless the type of flour (soft or hard wheat flour), dough strength was 

dependent on the mixing temperature with lower temperatures (4 and 15 °C) 

resulting in higher dough stability than standard temperature (30 °C). As regards 

protein-protein interaction, low mixing temperatures promoted non-covalent 

interactions, essentially hydrophobic interactions, whereas mixing at 30 °C favored 

covalent interactions. Water was strongly bonded in SWF dough as temperature 

decreased while in HWF dough there was no consistent trend. HWF dough gluten 

proteins tolerated mixing temperature better than SWF dough, which was evident in 

stable protein molecular characteristics in HWF except the SDS-accessible thiols 

against an overall change in molecular characteristics in SWF as temperature 

decreased. The overall results pinpointed the absence of a linear trend between 

mixing temperature and protein structural features, especially when the dough was 

mixed at 15 °C. Therefore, further research should be focus on exploring this 
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behavior, especially in view of understanding the rheology and the baking 

performances of refrigerated doughs.  

As regards mixing time, the research highlighted that mixing dough beyond 

optimal development time and within the range of stability, resulted in a network 

arrangement that is peculiar to the type of flours, and likely related to the protein 

profile rather than to the kernel hardness. Indeed, wheat samples characterized by 

similar mixing profile may have different protein interactions during mixing. 

Moreover, not all soft wheat would form a weak dough and vice versa, suggesting 

that the ability of flour to produce a dough characterized by a compact - and likely 

stable during mixing - protein network is independent of the kernel texture but it is 

rather related to the nature of inter-protein interaction. The strength of the 

relationship between kernel texture characteristics and dough rheological and 

protein molecular characteristics, could be increased by extending the study to a 

larger number of samples, to possibly confirm the measured characteristics. This 

would help predict the application of flour from a specific kernel for a particular 

product or another. It would also help to establish the validity or otherwise of the 

age long practice of milling industries in mixing different grains and milling to 

achieve the desired flour quality characteristics  although they do not always 

produce the desired product performance. Further test including the use of 

GlutoPeak test would help identify the functionally important parameter that is 

measured in gluten strength.  
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In order to better investigate the role of kernel hardness on protein 

interactions and dough strength, we focused on one cultivar of T. aestivum (Alpowa 

cv) and one of T. turgidum ssp. durum (Svevo cv), in which the deletion of distal 

portion of chromosome 5D short arm (Hard Alpowa) and puroindoline 

overexpression (Soft Svevo) were induced, respectively. Presence of PINs 

decreased dough stability, suggesting the presence of PINs-gluten interaction, 

which moderated gluten-gluten interactions and thus the strength of dough. In 

addition, PINs improved the resistance to extension only in T. aestivum but had no 

effect on dough extensibility.  Moreover, PINs restricted starch gelatinization and 

delayed gluten aggregation, which could have been occasioned by the formation of 

PINs-lipid complexes that surrounded the gluten proteins. In flour, PINs enhanced 

gluten protein aggregation resulting in compact protein network characterized by a 

high LMW-to-HMW ratio. Once dough was formed, the effect of PINs was 

strongly related to the type of flour. Indeed, PINs promoted hydrophobic 

interactions in T. turgidum ssp. durum, whereas hydrogen bonds-related interactions 

in T. aestivum. It remains unclear the effect of PINA and PINB on dough 

rheological properties and gluten protein interactions, which will be the focus of 

further research. Moreover, the level of the expressed PIN type could be determined 

so that specific contribution of each PIN protein on gluten structural characteristics 

and dough rheological properties could be better understood.  
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