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Bioprocessing to improve oat bread quality 

[Bioprosessointi kauraleivän laadun parantajana]. Laura Flander. Espoo 2012. VTT Science 8. 
91 p. + app. 45 p. 

Abstract 
The health-promoting properties of whole grain oat have made it a desirable 
ingredient for use in breads. However, the absence of gluten-forming proteins and 
high fibre content pose technological challenges with respect to product texture. 
Fundamental understanding about the role of oat components on the structure 
formation of dough and bread is needed to facilitate the development of new 
healthy variants of oat breads with consumer appealing properties. 

A concept was created for using whole grain oat flour as a base in an oat-wheat 
bread with high -glucan content and good textural and sensory quality. Ingredient 
and process parameters for optimised texture and taste of the oat-wheat bread 
were established without extensive degradation of -glucan. The potential of 
bioprocessing methods, such as the use of sourdough and enzymes, to modify the 
chemical and rheological properties of oat doughs, and to improve the texture and 
flavour of oat breads were also investigated. 

The maximal specific volume 3.6 (cm3/g), minimal instrumental hardness 
(0.1 kg after 2 h, and 0.3 kg after 72 h storage), and optimised sensory properties 
were attained for an oat-wheat bread by adding 15.2 g gluten and 91.5 g 
water/100 g flour to the dough, which was proofed at 40 °C for 75 min and baked 
at 210 °C. The optimized recipe and processing parameters provided the baking 
conditions for preparing an oat-wheat bread containing 51% oat by weight of flour 
mixture with good taste and structure as well as long shelf life. 

The use of an optimized wheat sourdough process in the production of oat-
wheat bread provided a feasible method of producing a new type of bread with 
high -glucan content. The optimal sourdough conditions for enhanced crumb 
texture and flavour of the bread were achieved by a small addition of wheat 
sourdough (10 g/100 g dough) which had been fermented at 40 °C for 20 hours. 
The use of optimized sourdough resulted in a bread with similar specific volume 
and staling rate as the corresponding straight dough bread. 

The use of wheat sourdough did not affect the content or molecular weight of  
-glucan as compared to straight dough bread. The amount of -glucan in both 

breads was 1.5±0.1 g/100 g fresh weight. This means that a portion (2 slices, á 34 g) 
of the bread contained 1.0 g -glucan, which is the amount required for a 
cholesterol-lowering health claim in the EU. The molecular weight of the -glucan 
was reduced from 1.0 million in the oat flour to 0.55 million in both breads, 
showing that a slight degradation of -glucan occurred during the bread-making 
phase. This was most likely due to the endogenous -glucanase activity present in 
the wheat flour. 



 

 

The potential of cross-linking enzymes, such as laccase (LAC) and tyrosinase 
(TYR), to modify oat macropolymers during oat bread making was studied either 
alone or together with xylanase (XYL). TYR was more effective than LAC in 
improving the specific volume and reducing the firmnesss of the gluten-free oat 
bread, especially in combination with XYL. The degradation of arabinoxylan by 
XYL together with slight degradation of -glucan by -glucanase side activity in 
LAC preparation was suggested to improve the specific volume of whole grain oat, 
gluten-free oat, and oat-wheat breads, and the softness of fresh oat-wheat bread. 
The polymerization of oat globulins by TYR together with degradation of 
arabinoxylan by XYL was suggested to be the main contributors to improved 
volume and softness of gluten-free oat bread. 

In conclusion, the flavour and texture of oat bread was found to be effectively 
modified with the sourdough and enzyme bioprocessing treatments employed. 
Sourdough improved the intensity of flavour without excess acidity or pungency. 
Wheat sourdough did not reduce the content or molecular weight of -glucan in 
oat-wheat bread. Use of LAC and XYL was most effective in improving the texture 
of oat-wheat bread. It was shown in this work that TYR efficiently cross-linked oat 
globulins, which was suggested to improve the textural properties of gluten-free 
oat bread. 
 

Keywords oat, baking, -glucan, bread, sourdough, wheat, gluten-free, dough, tyrosinase, 
laccase, xylanase, protein, cross-linking 
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Bioprosessointi kauraleivän laadun parantajana 

Bioprocessing to improve oat bread quality. Laura Flander. Espoo 2012. VTT Science 8. 
91 s. + liitt. 45 s. 

Tiivistelmä 
Täysjyväkauran terveyttä edistävät ominaisuudet ovat tehneet siitä houkuttelevan 
raaka-aineen leipomotuotteisiin. Kaura on kuitenkin haasteellinen leivonnan raaka-
aine, koska se sisältää paljon kuitua eikä kauraproteiineilla ole vehnälle ominaista 
sitkonmuodostuskykyä hiivataikinassa. Tarvitaankin lisää tietoa kaurakomponenttien 
vaikutuksista taikinan ja leivän rakenteeseen, jotta voidaan paremmin muokata 
kauratuotteille haluttu rakenne ja maku, ilman että kauratuotteiden terveyttä 
edistävät ominaisuudet menetetään. 

Tässä työssä kehitettiin täysjyväkaurajauhoa pääraaka-aineenaan sisältävä kaura-
vehnäleipä, jolla on hyvät rakenne- ja makuominaisuudet sekä suuri b-glukaani-
pitoisuus. Lisäksi tutkittiin kahden bioprosessointimenetelmän, raskituksen ja entsyymien, 
mahdollisuuksia muokata kaura-vehnä- tai täyskaurataikinoiden kemiallisia ja reologisia 
ominaisuuksia sekä parantaa kauraleivän rakennetta ja makua. 

Ensin selvitettiin, mitkä ovat tärkeimmät raaka-aine- ja prosessimuuttujat kaura-
vehnäleivän maun ja rakenteen optimoimiseksi, ilman että b-glukaani pilkkoutuisi 
liikaa leivontaprosessin aikana. Paras ominaistilavuus (3,6 cm3/g) ja pehmeys (0,1 kg 
2 tunnin ja 0,3 kg 3 vuorokauden säilytyksen jälkeen) oli kaura-vehnäleivällä, joka 
sisälsi 15,2 g gluteenia ja 91,5 g vettä / 100 g jauhoseosta ja jota oli nostatettu 75 
minuuttia 40 °C:ssa ja paistettu 210 °C:ssa. Reseptin ja prosessimuuttujien 
optimointi mahdollisti 51 % täysjyväkaurajauhoa sisältävän leivän valmistamisen, 
jolla oli hyvä maku ja rakenne ja joka säilyi pitkään pehmeänä. 

Vehnäraskitusprosessin optimointi osoittautui hyväksi keinoksi tuottaa uusia 
makuvaihtoehtoja runsaasti b-glukaania sisältävälle kaura-vehnäleivälle. Paras 
leivän rakenne ja maku saatiin fermentoimalla vehnäraskia 20 tuntia 40 °C:ssa ja 
lisäämällä sitä 10 % taikinan painosta. Tällä raskileivällä oli sama ominaistilavuus 
ja pehmeys kuin vastaavalla suoraleivotulla leivällä. 

Vehnäraskin lisääminen ei vaikuttanut b-glukaanin määrään tai molekyyli-
kokoon. b-glukaanin määrä kummassakin leivässä oli 1,5 g / 100 g leipää. Tämä 
tarkoittaa, että annos (2 viipaletta, á 34 g) leipää sisältää 1,0 g b-glukaania, mikä 
vaaditaan kolesterolia alentavan väittämän käyttöön EU:ssa. b-glukaanin keski-
määräinen molekyylikoko pieneni kaurajauhon 1,0 miljoonasta 0,55 miljoonaan 
kummassakin leivässä osoittaen, että b-glukaani pilkkoutui leivontaprosessin 
aikana. Tämä johtui todennäköisesti vehnäjauhon sisältämästä b-glukanaasiaktii-
visuudesta. 

Ristisitovien entsyymien, kuten lakkaasin ja tyrosinaasin kykyä muokata kauran 
makropolymeerejä leivontaprosessin aikana tutkittiin joko erikseen tai ksylanaasin 
kanssa. Tyrosinaasi lisäsi tehokkaammin gluteenittoman kauraleivän ominais-
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tilavuutta ja pehmeyttä kuin lakkaasi, erityisesti ksylanaasin kanssa. Lakkaasi ja 
ksylanaasi lisäsivät täysjyväkauraleivän, gluteenittoman kauraleivän sekä kaura-
vehnäleivän ominaistilavuutta ja tuoreen kaura-vehnäleivän pehmeyttä. Niiden 
vaikutus johtui ilmeisesti pääosin ksylanaasin katalysoimasta arabinoksylaanin 
pilkkoutumisesta ja lakkaasin sisältämästä b-glukanaasisivuaktiivisuudesta, joka 
hieman pienensi b-glukaanin molekyylikokoa kaurataikinassa. Tyrosinaasin vaikutus 
perustui pääosin kauran globuliinien polymeroitumiseen, joka yhdistettynä ksylanaasin 
katalysoimaan arabinoksylaanin pilkkoutumiseen paransi gluteenittoman kauraleivän 
ominaistilavuutta ja pehmeyttä. 

Tässä työssä osoitettiin, että kauraleivän makua ja rakennetta voidaan tehok-
kaasti muokata bioprosessoinnin avulla. Raskituksella voitiin vahvistaa kauraleivän 
makua ilman hapanta tai pistävää sivumakua. Vehnäraski ei pienentänyt kaura-
vehnäleivän b-glukaanin määrää tai molekyylikokoa. Lakkaasin ja ksylanaasin 
yhdistelmä oli tehokkain kaura-vehnäleivän rakenteen parantamisessa. Tyrosinaasi 
paransi gluteenittoman kauraleivän rakenneominaisuuksia, mikä johtui pääosin 
tyrosinaasin katalysoimasta kauran globuliinien polymeroitumisesta. 

Avainsanat oat, baking, b-glucan, bread, sourdough, wheat, gluten-free, dough, tyrosinase, 
laccase, xylanase, protein, cross-linking 
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1. Introduction 

1.1 Oats as raw material for baking 

The research strategies to improve the healthiness of food both in Finland and 
other EU countries aim to promote the health of European citizens as well as to 
increase the competitiveness of the Finnish and European food industry sector in 
the global market. Oat (Avena sativa) is an important crop in Northern climates. 
Finland was the third largest producer of oats in the world in the year 2008 (FAO, 
2010), and oats have been Finland’s second largest cereal crop, after barley, for 
decades ( 1.2 billion kg/year) (TIKE, 2010). The beneficial health effects of whole 
grains and oats have increased demand for tasty and healthy breads made from 
them. Whole grains used in baking applications have mainly been wheat or rye. 
However, whole grain oat flour could offer potential for a new variety of bread with 
high soluble fibre content. Better understanding of the role played by oat 
macropolymers in dough and bread structure and the possibilities of different 
bioprocessing methods, such as use of sourdough and enzymes, to modify oat 
macropolymers would create new knowledge that could be exploited in developing 
healthy oat breads with pleasant sensory properties. 

1.1.1 Structure of oat and wheat kernels 

The kernel of oat is composed of four parts: the hull, the bran, the endosperm and 
the germ (Figure 1). The hull is normally separated from the groat before use (Butt 
et al., 2008). 
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Hull Bran Endosperm Germ 

Figure 1. Composition of an oat kernel (micrographs by courtesy of MSc Ulla 
Holopainen, VTT Bio- and Chemical Processes, Espoo, Finland). 

Figure 2 shows the tissue composition of oat in comparison to wheat grain. The 
outer layers of both grains consist of the pericarp, testa, nucellus and aleurone 
(Black et al., 2006). In wheat, the pericarp contains an intermediate layer, whereas 
in oat this layer is absent (Black et al., 2006). The proportions of different parts of 
oat groat are pericarp, testa and aleurone together 12%, endosperm 84% and 
germ 3.7% (Kent & Evers, 1994). The corresponding proportions for wheat grain 
are pericarp and testa together 2.9–9.5%, aleurone 6.4–7.0%, endosperm 81.4–
84.1% and germ 2.5–3.6% (Kent & Evers, 1994). 

 

Pericarp 

Intermediate 
layer 

Testa 

Nucellus 

Aleurone 
Endosperm 

 

Figure 2. Microstructure of oat (left) and wheat (right) grains. The sections have 
been stained with Acid Fuchsin and Calcofluor: protein appears red, cell walls rich 
in -glucan appear light blue and lignified cell walls of the fruit coat appear 
yellowish-brown. (Micrographs by courtesy of MSc Ulla Holopainen, VTT Bio- and 
Chemical Processes, Espoo, Finland) 
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1.1.2 Oat milling 

The majority of milled oats are processed to produce oat flour, oat flakes, oat bran 
or endosperm flour for human consumption. The conventional oat milling processes 
include dehulling, kiln drying, cutting, steaming and flaking/milling to oat flour 
(Girardet & Webster, 2011). Oat flour can be milled from groats already after kiln 
drying or flaking. Oat bran can be separated from flour in one or several grinding 
and sieving operations to a coarse fraction (bran) and fine fraction (endosperm 
flour) (Paton & Lenz, 1993). During kiln drying, the groats are heated with steam to 
100–102 °C, during which the moisture content of the groats increases from 12–14 
to 17–20%. After this, the groats are dried to 8–10% moisture content by dry 
heating and lastly by cooling air (Ganssmann & Vorwerk, 1995). Kiln drying 
stabilizes the groat by inactivating all enzymes and prevents the development of 
oat rancidity during storage by lipase and peroxidase (Girardet & Webster, 2011). 
Oats develop a pleasant nutty and toasted flavour after kiln drying. Oat flaking can 
be performed immediately after kiln drying if the process involves a steaming 
period that is long enough for enzyme inactivation. Usually, an additional steaming 
stage is performed for kiln dried groats after storage to plasticise the groats 
(Girardet & Webster, 2011). Oats are flaked by rolling them between cast iron rolls. 

1.1.3 Chemical composition of oat and wheat flours 

Oat flour contains high amounts of valuable compounds such as soluble fibres, 
proteins, unsaturated fatty acids, vitamins, minerals and phytochemicals. The nutritional 
composition of whole grain and endosperm oat flours as well as endosperm wheat 
flour are presented in Table 1. 

Table 1. Nutritional composition of oat and wheat flours. 

Component Range (% of flour weight) 

 Whole grain oat 
flour 

Endosperm 
oat flour 

Endosperm 
wheat flour 

Carbohydrate without dietary fibre 55.7–62.41,2 59.21 69.4–70.11,3 

Dietary fibre 10.6–17.21,4 6.51 2.4–3.01,3 

Protein, Nx5.83 for oat5,  
(Nx5.7 for endosperm wheat) 

9.6–16.91,4 9.4–14.71,6 10.5–19.21,7 

Fat 4.5–9.02,4  9.11 1.7–2.31,3 

Ash 1.7–2.01,4 1.2–2.01,6 0.5–0.61,3 

Moisture 8.2–14.11,4 8.6–10.81,6 13.4–13.81,3 

1(U.S. Department of Agriculture,  
Agricultural Research Service, 2011) 
2(Welch, 2006) 

3(Health Canada, 2010) 

4(Hüttner et al., 2010c) 

5(FAO/WHO, 1973) 
6(Hüttner et al., 2010a) 
7(Rakszegi et al., 2008) 
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Dietary fibres occur naturally in food and are defined as edible carbohydrate 
polymers with three or more monomeric units, which are neither digested nor 
absorbed in the human small intestine (European Commission, 2008a). If the 
dietary fibres are obtained from food raw material by physical, chemical, 
enzymatic or synthetic means, their beneficial physiological effects have to be 
demonstrated by generally accepted scientific evidence. 

The main dietary fibre components of oats are (1 3), (1 4)- -D-glucan ( -glucan) 
and arabinoxylan (AX) (Table 2), whereas the fibre of endosperm wheat flour is 
composed mainly of AX and fructan, (1.3–2.9 and 1.7% of d.w., respectively) 
(Haskå et al., 2008, Ordaz-Ortiz & Saulnier, 2005, Shewry et al., 2010). Both -
glucan and AX are concentrated more in the bran fraction than in the endosperm, 
but the solubility of AX is higher in endosperm than in bran (Westerlund et al., 1993). 

Table 2. -glucan and arabinoxylan contents of oat and wheat flours. 

Component Range (% of d.w.) 

 Whole grain oat 
flour 

Endosperm 
oat flour 

Endosperm 
wheat flour 

-glucan 1.8–8.11,2  1.0–1.83,4 0.2–0.34,5 

Total arabinoxylan 2.0–4.5 6,7   0.5–1.33,4 1.3–2.98,9 

Water-extractable arabinoxylan 0.3–0.47,10 0.2–0.33,10 0.2–1.18,11 

1(Miller et al., 1993) 
2(Yao et al., 2007) 
3(Shewry et al., 2008) 
4(Henry, 1987) 
5(Trogh et al., 2004) 
6(Bhatty, 1992) 

7(Westerlund et al., 1993) 
8(Shewry et al., 2010) 
9(Ordaz-Ortiz & Saulnier, 2005) 
10(Frölich & Nyman, 1988) 
11(Gebruers et al., 2008) 

 
Oat -glucan is a linear polysaccharide, which is composed of -D-glucopyranose 
units. These units are linked by (1 4) and (1 3) linkages (70 and 30%, respectively) 
(Wood, 2011). About 90% of (1 4) linked -D-glucopyranoses exist in a group of 
three (cellotriose) or four (cellotetraose) units (Wood et al., 1994) separated by 
one (1 3) linkage (Wood, 2011) (Figure 3). The highest ratio of cellotriose to 
cellotetraose has been found in wheat (3.0–4.8) (Tosh et al., 2004, Miller & 
Fulcher, 1995), while an apparently lower ratio has been reported for oats (1.4–2.4) 
(Wood et al., 1991a, Papageorgiou et al., 2005). The -(1,3)-bonds of the -glucan 
make the chain more flexible and soluble in water (Buliga et al., 1986). It has also 
been proposed that a higher ratio of cellotriose/cellotetraose reduces the solubility 
of -glucan (Böhm & Kulicke, 1999). The proportion of water-extractable -glucan 
varies widely (from 28 to 100%) depending on the characteristics of the oat 
material e.g. structure and molecular weight (MW) of -glucan, bran, endosperm 
or concentrated -glucan, steamed or native oat) and the extraction method 
(temperature, time, enzymes, precipitation with ethanol, drying method) (Beer et 
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al., 1997, Åman & Graham, 1987, Immerstrand et al., 2009, Doehlert et al., 1997, 
Colleoni-Sirghie et al., 2004). The proportion of water-extractable -glucan of 
whole wheat and wheat bran is lower than in oats (7 and 18%, respectively) 
(Rimsten et al., 2003). The average peak MW of oat -glucan varies between 1.0 
and 3.1 x 106 (Beer et al., 1997, Rimsten et al., 2003, Wood et al., 1991b, 
Ajithkumar et al., 2005) and between 0.3 and 2.1 x 106 in wheat (Rimsten et al., 
2003, Wood et al., 1991b, Lazaridou et al., 2004, Cui et al., 2000), based on the 
results from high-performance size-exclusion chromatography (HPSEC) and post-
column addition of Calcofluor, employing calibration against pure -glucans. 

 

 
Cellotriose Cellotetraose 

Figure 3. Structure of (1 3), (1 4)- -D-glucan (modified from Wood, 2011). 

Arabinoxylans (AX) have a basic backbone chain of -D-xylopyranosyl residues 
linked through (1 4)-glycosidic linkages (Figure 4) (Colleoni-Sirghie et al., 2004). 
Arabinofuranose may substitute at position 3, position 2, or both, of the same 
xylopyranosyl residue (Izydorczyk & Biliaderis, 1994). The hydroxycinnamic acids, 
ferulic (FA) (R = OCH3) and p-coumaric acid (R = H), are esterified at position 5 of 
the arabinofuranosyl substituents located at position 3 of the xylose residues 
(Smith & Hartley, 1983) (Figure 4). AX can be characterised as water unextractable 
(WUAX) or water extractable arabinoxylans (WEAX). The WEAX form highly viscous 
aqueous solutions, whereas the WUAX have strong water-binding capacity 
(Meuser & Suckow, 1986, Izydorczyk & Biliaderis, 1995, Rouau & Moreau, 1993). 
The degree of arabinosylation of AX varies widely depending on the cereal, wall 
type, cultivar and extraction method (Ordaz-Ortiz & Saulnier, 2005, Gebruers et al., 
2008, Barron et al., 2007, Virkki et al., 2005). The arabinose/xylose ratio of total AX 
in endosperm wheat flour varies between 0.5 and 0.7 (Haskå et al., 2008, 
Gebruers et al., 2008) and of WEAX between 0.2 and 0.6 (Gebruers et al., 2008). 
The MWs of WEAX in wheat flour depend on the extraction and determination 
procedures. The MW of WEAX of wheat flour ranges between 55,000 and 408,000, 
when measured by gel filtration (Cleemput et al., 1995, Dervilly et al., 2000). 
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(1 4)- -D-xylan 

 
5- or 2-linked ferulic acid ester 

Figure 4. (1 4) - -D-xylan chain with arabinofuranose substituted at position 3 of 
one xylopyranosyl residue, and esterified hydroxycinnamic acid at position 5 of the 
arabinofuranosyl residue. 

Ferulic acid (FA) is the main phenolic compound of oats and wheat and is mainly 
linked to AX by ester linkage (Sosulski et al. 1982, Bunzel et al. 2001). The total 
monomeric FA content of whole grain oat varies between 10 and 274 g/g 
(Zielinski et al., 2001, Mattila et al., 2005), and endosperm wheat flour between 23 
and 136 g/g d.w. (Sosulski et al., 1982, Mattila et al., 2005, Peyron et al., 2002). 
According to Adom & Liu (2002), 98% of FA present in whole grain oat was in 
bound form, 2% was soluble conjugate and 0.4% was free. In wheat flour, the 
corresponding values were 98, 1 and 0.1%, respectively (Adom & Liu, 2002). The 
dimerization of ferulate esters gives dehydrodiferulates  contributing to cross-links 
between cell wall polysaccharides in soluble and insoluble dietary fibre (Bunzel et 
al., 2001).  During chemical analysis these can be saponified to dehydrodiferulic 
acids (DFA) (Ralph et al., 1998). The dietary fibre of whole grain oat and wheat 
contains mainly 8-5’ coupled DFA (46 and 42% of total DFAs in oat and wheat, 
respectively) and 8-8’ coupled DFA (26 and 27% of total DFAs in oat and wheat, 
respectively) (Bunzel et al., 2001). According to Mattila et al. (2005), the most 
common phenolic compounds in whole grain oat were FA, DFAs, sinapic acid and 
avenanthramides (274, 121, 60, and 30 g/g of d.w., respectively), and in 
endosperm wheat flour FA, alkylresorcinols, DFAs, and sinapic acid (136, 53, 29, 
and 9 g/g of d.w., respectively). 

As the highest concentration of oat proteins is in the subaleurone layer, the 
starchy endosperm provides 40–50% of the total grain protein (Youngs, 1972). 
The amino acid composition of the aleurone layer and starchy endosperm are 
nearly the same (Donhowe & Peterson, 1983). The major protein fraction of oat 
grain is globulins, which account for 70–80% of the total proteins (Peterson & 
Brinegar, 1986, Robert et al., 1983). Albumins account for 12% (Ma & Harwalkar, 
1984) and prolamins (avenin) for 4–14% of the total proteins (Peterson & Brinegar, 
1986, Ma & Harwalkar, 1984). 

The globulins of oat can be classed as 4 types: 3S (20 kDa), 7S (40–70 kDa), 
12S (322 kDa), and 18S (80 kDa) (Peterson, 1978, Burgess et al., 1983). The 18S 

(1 3)- or (1 2)-linked- -L-arabinofuranose 
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globulins can be divided in two smaller polypeptides under reducing conditions 
(Peterson, 1978). The 12S globulins account for 90% of the globulins of oat 
(Burgess et al., 1983). The primary structure of 12S globulin consists of an acidic 
chain of polypeptides followed by a basic chain of polypeptides (Shotwell et al., 
1988). The separate chains of polypeptides in 12S globulins are linked together by 
disulphide linkages (Robert et al., 1985). The MW and isoelectric points of the 
acidic and basic polypeptides are 33–38 kDa and pI 5–7, and 20–25 kDa and pI 
8–9, respectively (Burgess et al., 1983, Brinegar & Peterson, 1982). The 
quaternary structure (322 kDa) of globulin consists of six non-covalently linked 
subunits (53–58 kDa). Each subunit contains a basic and acidic polypeptide chain, 
which are linked together by disulphide and non-covalent linkages (Peterson & 
Brinegar, 1986, Shotwell et al., 1988, Shotwell, 1999). The oat globulins are heat-
stable proteins and their denaturation temperature is approximately 110 °C (Ma & 
Harwalkar, 1987, Marcone et al., 1998). 

Wheat flour contains approximately 3–5% albumins, 6–10% globulins, and 76–91% 
gluten proteins (Konzac, 1977). The gluten consists predominantly of monomeric 
gliadins (soluble in aqueous alcohol) and polymeric glutenins (insoluble in aqueous 
alcohol) in roughly equal weight fractions. The MWs measured by sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of gliadin polypeptides 
ranges from approximately 32,000 up to approximately 74,000 ( -gliadin) (Shewry 
et al., 1986). Gliadin, excluding -gliadin, carries cysteine residues which are 
involved in intra-chain disulfide bonds (Shewry, 1995). Flour glutenin is partly 
insoluble in most common solvents due to its huge size, even in the presence of 
denaturing agents such as SDS. The wheat gluten solubility in SDS-phosphate 
buffer amounts to about 80–90% of the total protein mass. This glutenin fraction 
that is insoluble in 1.5% SDS is called glutenin macropolymer (GMP). GMP consists 
of discrete polypeptides (subunits), which are linked together by inter-chain disulfide 
bonds to form a high-molecular-weight glutenin subunit, HMW-GS (Mr 60000–90000) 
and low-molecular-weight glutenin subunit, LMW-GS (Mr 36000–44000). Glutenin 
polymers show a wide size distribution range, and their Mr may exceed several 
million (Wrigley, 1996, Southan & MacRitchie, 1999). The wheat protein size 
distribution is usually studied by size exclusion high-performance liquid 
chromatography (SE-HPLC), which allows good resolution of gliadin monomers 
and glutenin polymers (Preston & Stevenson, 2003). 

1.1.4 Nutritional properties of oats 

Oats, usually consumed as a whole grain cereal, are a valuable part of our daily 
diet and may even lower the risk of several chronic diseases. The lack of dietary 
fibre in Western diets may be associated with increased occurrence of obesity, 
type 2 diabetes and cardiovascular diseases. A prospective cohort study showed 
that a two-serving-per day increment in whole grain consumption was associated 
with a 21% decrease in risk of type 2 diabetes (de Munter et al., 2007), and a 
meta-analysis of Mellen et al. (2008) showed that greater whole grain intake (2.5 
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servings/d vs. 0.2 servings/d) was associated with a 21% lower risk of cardiovascular 
disease (Mellen et al., 2008). Moreover, it has been reported recently that cereal 
fibre intake may lower the risk of death from cardiovascular, infectious, and respiratory 
diseases by 24–56% in men and by 34–59% in women (Park et al., 2011). 

The components responsible for the beneficial effects of whole grain foods are 
still under investigation, However, substantial evidence indicates that consumption 
of oats can decrease high plasma cholesterol, which is a major risk factor for heart 
disease. The reductions in serum cholesterol and plasma insulin responses are 
attributable to the main water-soluble polysaccharide of oat, -glucan (Wood, 
1993, Mälkki, 2001, Jenkins et al., 2002, Liatis et al., 2009, Juvonen et al., 2009). 
On the basis of numerous clinical studies, the European Commission has recently 
allowed the following health claim (Article 14(1)(a)) for foods which provide at least 
1 g -glucan per quantified portion (3 g/day): “Oat beta-glucan has been shown to 
lower/reduce blood cholesterol. High cholesterol is a risk factor in the development 
of coronary heart disease.” (European Commission, 2011). In addition, the U.S. 
Food and Drug Administration allows a health claim for products containing whole 
oat flour and a minimum of 0.75 g of -glucan per portion: “Soluble fiber from 
foods such as whole oat flours in (name of product), as part of a diet low in 
saturated fat and cholesterol, may reduce the risk of heart disease” (FDA, U.S. 
Food and Drug Administration, 1997b). The lowest suggested daily intake of 
-glucan for achieving the health effects is 3 g per day, which requires four 

portions with 0.75 g of -glucan (FDA, U.S. Food and Drug Administration, 1997a). 
Another authorised health claim (Art. 13(1)) was given by EC to foods 

containing 4 g -glucans from oats or barley/30 g available carbohydrates in a 
quantified portion as part of the meal. These foods can bear a health claim 
"Consumption of -glucans from oats or barley as part of a meal contributes to the 
reduction of the blood glucose rise after that meal" (European Commission, 2012). 

The lowering effects of -glucan on cholesterol and postprandial glucose levels 
in blood have been mostly related to its ability to increase the viscosity of digesta 
in the gut (Kerckhoffs et al., 2002, Theuwissen & Mensink, 2008, Battilana et al., 
2001, Wolever et al., 2010). The MW of -glucan also affects the digestibility of 
starch in food products (Regand et al., 2011). In order to be physiologically active 
and form viscous solutions in the gut, -glucan must be soluble, and the 
concentration and MW must be sufficiently high (Wolever et al., 2010, Åman et al., 
2004, Wood, 2007). 

Oats have recently been approved by the EC as an ingredient in gluten-free 
labelled products (if cross-contamination from wheat, barley and rye can be 
avoided and the gluten content of the oat product remains below 20 mg/kg) 
(European Commission, 2009). The high content of beneficial fibres ((1 3)(1 4)-

-D-glucan), proteins, unsaturated fatty acids, vitamins, minerals and bioactive 
compounds makes oat flour a healthy alternative to starch-based ingredients in 
gluten-free breads. Celiac patients must adhere to a lifelong gluten-free diet by 
avoiding wheat gluten and similar prolamins of barley and rye, since these 
prolamins damage their small intestinal mucosa (Mäki & Collin, 1997, Facano & 
Catassi, 2001). 
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1.2 Effects of oats in bread baking 

1.2.1 Dough properties 

The main problem regarding the use of oats in higher quantities is inferior baking 
quality (Oomah, 1983, Brümmer et al., 1988, Pomeranz, 1988) due to the lack of 
gluten proteins and the high content of -glucan and other dietary fibres. In wheat 
dough, hydration and mixing results in the development of a gluten-stabilized 
matrix which retains the carbon dioxide produced by yeast fermentation. The 
development of gas during the proofing and baking process is responsible for the 
development of the volume and texture of the bread by heat-setting the gluten 
network as well as gelatinisation of the starch (Hoseney et al., 2007). The partially 
crystalline starch of the flour is transformed into swollen, gelatinized starch granules 
and part of the starch polymers (amylose and also degraded amylopectins) leach 
out from the granule forming a gelatinised starch entanglement network between 
the gluten matrix and starch granules (Hug-Iten et al., 1999). Staling or increased 
firming of the bread takes place during storage. The retrogradation/ 
recrystallisation of starch, specifically of the short amylopectin side chains, is 
considered to play a major role in bread firming (Gray & Bemiller, 2003). 

The rheological properties of wheat-oat or all-oat doughs during mixing have 
been studied by farinograph (Krishnan et al., 1987, Zhang et al., 1998, Mariotti et 
al., 2006, Angioloni & Collar, 2011b) and mixograph (Oomah, 1983). Increased 
water absorption and decreased stability of the dough with increased proportion of 
oats were detected, with the exception of the Oomah (1983) study, which reported 
increased stability with increased oat content when a mixograph with constant 
water content was used. Furthermore, wheat-oat dough which contained 10% oat 
bran with large or medium particle size had better stability than wheat dough 
(Krishnan et al., 1987). Roasting and steaming of oat flour also affected the 
stability of wheat-oat dough (20% oat by flour weight): dough with roasted and 
steamed oat flour had the same stability as wheat dough (Zhang et al., 1998). 

Replacement of wheat with oat decreased dough development time (Oomah, 
1983, Krishnan et al., 1987, Zhang et al., 1998, Mariotti et al., 2006, Angioloni & 
Collar, 2011a), except Krishnan et al. (1987) and Zhang et al. (1998), who 
reported increased dough development time with the addition of 10–15% oat bran 
or steamed oat flour. Inadequate inactivation of the endogenous oat enzymes or 
other bioactive reducing agents were assumed to be the main reasons for the 
weakening effect, resulting in reduced dough development time of the wheat 
dough with addition of roasted oat flour (Zhang et al., 1998). The high -glucan 
content of oat may be responsible for the increased water absorption and mixing 
requirements when compared to wheat dough (Zhang et al., 1998). Additionally, 
the increased water absorption by dietary fibre addition is likely caused by the high 
number of hydroxyl groups existing in the fibre molecules, which allow more water 
interaction through hydrogen bonding (Sabanis et al., 2009). Oomah (1983) 
investigated the water retention of wheat-oat doughs using the micro-centrifuge 
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method and found that water retention decreased with increasing amount of oats 
in the dough. 

Both Oomah (1983) and Mariotti et al. (2006) observed higher CO2 production 
but lower gas retention capacity of the dough with 20–40% oat by flour weight 
when compared to wheat dough. Large deformation testing of the rheological 
properties of all-oat doughs showed increased hardness and decreased extensibility 
at break when compared to wheat dough (Angioloni & Collar, 2011b). The effect of 
different oat flours (Finnish, Irish and Swedish) on rheological properties of 100% 
oat doughs have been studied by Hüttner et al. (2010c). The higher protein 
content and smaller particle size of Finnish flour were assumed to be the main 
reasons for higher water hydration capacity and dough elasticity. In addition, 
hydrostatic pressure treatment of 100% oat dough at >350 MPa increased the 
elasticity of oat doughs (Hüttner et al., 2010a). Hüttner et al. (2010a) attributed the 
increased elasticity of oat doughs to the increased gelatinisation of oat starch and 
protein network formation. 

1.2.2 Bread quality 

Oat bread has a nutty, mild and pleasant flavour, and could compete successfully 
as a healthy alternative for consumers who are used to eating white wheat bread. 
In addition, oat’s excellent moisture retention properties keep oat breads fresher 
for longer (McKechnie, 1983, Prentice et al., 1954). 

Addition of oats, oat starch or oat lecithin to wheat bread might also retard the 
staling rate (Doehlert et al., 1997, Zhang et al., 1998, Prentice et al., 1954, 
Forssell et al., 1998). An addition of 20 g oats/100 g wheat flour allows the bread 
to be labelled as “oat bread” in Germany (Brümmer et al., 1988). Exceeding this 
amount of oats leads easily to tight, moist and gummy breads with low specific 
volume. The effect of oats on bread quality has been studied with the addition of 
oat bran, flakes or flour from 5 g/100 g wheat flour to all-oat breads (Oomah, 1983, 
Krishnan et al., 1987, Zhang et al., 1998, Mariotti et al., 2006, Angioloni & Collar, 
2011a, Gambu  et al., 2011, Gormley & Morrissey, 1993, Kim & Yokoyama, 2011, 
Mandala et al., 2009). In most studies, increasing supplementation level of oat 
flour, bran or flakes reduced the specific volume of breads. However, Gormley & 
Morrissey (1993) obtained no difference in specific volumes of breads with or 
without 5% oats. The specific volume of oat breads ranged from 1.0 (100% whole 
grain oat) (Kim & Yokoyama, 2011) to 5.8 ml/g bread (10–20% oat by flour weight) 
(Zhang et al., 1998). In general, harder bread crumb was also observed in 
comparison with wheat bread, although Zhang et al. (1998) reported slower 
retrogradation of bread crumbs with 10–20% oat by flour weight than in wheat 
bread, and Gambu  et al. (2011) observed no significant difference in hardness of 
wheat bread and oat bread with 20% oat by flour weight. 

However, if oat bread is intended to meet the requirements of the -glucan 
content needed for a cholesterol-lowering claim (1 g/portion, 3 g/day) (European 
Commission, 2011) or reduction of the risk of heart disease claim (0.75 g/portion, 
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3 g/day) (FDA, U.S. Food and Drug Administration, 1997a), addition of at least 
50% whole grain oat flour of the weight of wheat flour in bread is needed. Another 
option would be to use oat bran or oat bran concentrate to meet the required level 
of beta-glucan in the final product. 

1.2.3 Effects of bread baking on -glucan of oat 

Raw material, oxidative reactions, endogenous -glucanase activity, processing 
and storage conditions affect the amount, solubility, MW, and structure of -glucan 
in the products (Beer et al., 1997, Doehlert et al., 1997, Åman et al., 2004, 
Degutyte-Fomins et al., 2002, Kivelä et al., 2009). These may lead to a significant 
reduction in the viscosity, solubility and/or MW of -glucan in oat products, 
impairing the cholesterol-lowering effects (Kerckhoffs et al., 2002, Wolever et al., 
2010, Törrönen et al., 1992) or the ability to lower postprandial glycemia (Lan-
Pidhainy et al., 2007, Tosh et al., 2008, Regand et al., 2009). The MW of -glucan 
in oat products has been reported to be lower than in the raw material (Beer et al., 
1997, Åman et al., 2004, Regand et al., 2009, Sundberg et al., 1996, Kerckhoffs et 
al., 2003). The MW of -glucan in oat bread was reduced as compared with the 
MW of -glucan in oat bran, and no significant changes in LDL-cholesterol levels 
of mildly hypercholesterolemic subjects were detected (Törrönen et al., 1992, 
Kerckhoffs et al., 2003). Thus, understanding the influence of processing on 
-glucan and means to control the integrity of -glucan are extremely important for 

the functionality of oats in different food applications. 
The content, weight-average molecular weight (Mw) and MW distribution of 

different oat raw materials and oat products together with their physiological 
effects on humans are summarized in Table 3. All of the oat products presented in 
Table 3 are oat breads, with the exception of three that are oat bran muffins, (Beer 
et al., 1997, Lan-Pidhainy et al., 2007, Tosh et al., 2008) and one that is an oat 
crisp bread (Regand et al., 2009). 



 

 

Table 3. Physicochemical properties of oat -glucan in raw materials and breads and their physiological effects in humans. 

Type of oats 
 

BG 
content 

of oats %, 
as is 
basis 

Mw of 
BG in 
oats, 
mill. 

MW disribution of  
BG in oats, % 

Wheat:
oats in 
flour 
mix 

BG content 
of product 

%, as is 
basis 

 Mw of  
BG in 

product, 
mill. 

MW disribution of  
BG in product, % 

Con-
sumption 

of 
BG/d 

Physio-
logical 

effect in 
human 

Reference 

> 1.0 
mill. 

0.25–1.0 
mill. 

< 0.25 
mill. 

> 1.0 
mill. 

0.25–1.0 
mill. 

< 0.25 
mill. 

Debranned oat (General 
Mills Inc., USA) 

1.3 nd. nd.   0:100 0.7 nd. nd.   nd. nd. Kim & Yokoyama, 2011 

Commercial whole oat 
flour (Spain) 

nd. nd. nd.   0:100 2.3 nd. nd.   nd. nd. Angioloni & Collar, 2011 

Oat bran (Kungsörnen AB, 
Sweden) 

9.0a 2.7b nd.   45:55 3.1 1.3b nd.   12.5 MW 0.7 in 
ileal excretab 

Sundberg et al., 1996 

Oat bran (Cerealia AB, 
Sweden) 

8.3a 2.2 50 40–50 < 10 40:60 3.5–3.6c 1.2–1.7 10–50 40–80 10–50 nd. nd. Åman et al., 2004 

Fine oat bran (Poul Dines, 
Denmark) 

8.3 2.2 nd.   40:60 2.2–4.0c 0.2–0.8 10–50 40–80 10–50 nd. nd. Åman et al., 2004 

Oat bran (Raisio plc, 
Finland):Oat bran concentrate 
(SOF Ab, Sweden), 70:30 

12.2 nd. 23 49 28 45:55 3.3 nd. 15 30 55 5.9 LDL-C ns. Kerckhoffs et al., 2003 

Oat bran concentrate 
(Raisio plc, Finland) 

13.7 1.1 nd.   0:100 5.6 1.1 nd.   11.2 LDL-C ns. Törrönen et al., 1992 

Commercial oat bran + 
flakes (Canada) 

7.6–13.4a 1.1–1.9b nd.   0:100 or 
30:70 

2.6–4.6d 0.6–1.2b nd.   nd. nd. Beer et al., 1997 

Oat bran 
11.4e nd. nd.   40 gf 4.9g nd. nd.   5.8h LDL-C , 

GR+IR ns. 
Kestin et al., 1990 

Oat bran concentrate 
(OBC N15, Raisio plc, 
Finland) 

15.0 nd. nd.   75:25 2.5 nd. nd.   3 LDL-C+IF  Liatis et al., 2009 
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BG 
content 

of oats %, 
as is 
basis 

Mw of 
BG in 
oats, 
mill. 

MW disribution of  
BG in oats, % 

Wheat:
oats in 
flour 
mix 

BG content 
of product 

%, as is 
basis 

 Mw of  
BG in 

product, 
mill. 

MW disribution of  
BG in product, % 

Con-
sumption 

of 
BG/d 

Physio-
logical 

effect in 
human 

Reference 

> 1.0 
mill. 

0.25–1.0 
mill. 

< 0.25 
mill. 

> 1.0 
mill. 

0.25–1.0 
mill. 

< 0.25 
mill. 

Oat bran concentrated in 
pilot (bran: Raisio plc, 
Finland) 

22.8 1.1 nd.   i 1,14 
g/serving 

nd. nd.   9 LDL-
C+GR+IR  

Pick et al., 1996 

Oat bran concentrate 
(Oatwell 22%, SOF, 
Sweden) 

22.0 > 2.0b nd.   64:36 2.7 2.2 (0.1–
0.8 with 

betagluca
nase)b 

  nd. 4 GR  Tosh et al. 2008 

Oat bran concentrate 
(Oatwell 22%, SOF, 
Sweden) 

22.0 2.6b nd.   j 3.1 0.2 nd.   3.6 GR ns. Regand et al. 2009 

Oat bran concentrate 
(Oatwell, CreaNutrition, 
Switzerland) 

22.0 nd. nd.   43:57  
or  

34:66 

3.3–4.7 1.8–2.8b nd.   7.6–10.8 GR  Lan Pidhainy et al., 
2007 

Abbreviations: BG, -glucan, nd., not detemined; LDL-C, low-density lipoprotein cholesterol; ns, not significant; GR, glycemic response; IR, insulin response; IF, fasting plasma insulin 

a dry basis f bran/100 g wheat bread+muffin 
b peak MW g total nonstarch polysaccharide, 2.4% water-soluble hemicelluloses 
c the BG content of fresh bread was counted on the basis of the recipe and 

assumption that the bake loss was 15%, 5.5–7.0% dry basis 
h water-soluble hemicelluloses 

d the BG content of a muffin was counted on the basis of the recipe and 
assumption that the bake loss was 15%, 3.6–6.7% dry basis 

I bread, muffin, cooked oat bran or oatmeal cereal 

e total dietary fibre j whole wheat flour, oat bran, rye bran 
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1.3 Methods for improving the quality of oat breads 

1.3.1 Effects of ingredients and processing on oats bread quality 

The poor baking performance of oats can be compensated for by adding dry 
gluten into the dough, which strengthens the protein matrix and enhances the 
structure of oat bread (Gormley & Morrissey, 1993). If the amount of added fibre 
ingredient in the bread formula is higher than 10 g/100 g wheat flour, a gluten-rich 
flour with a protein content of about 16 g/100 g flour is recommended, and the 
amount of water used should be sufficient to properly hydrate both the added 
gluten and the fibre components (Stear, 1990). According to Oomah (1983), the 
loaf volume of wheat breads containing a 10 g oat flour/100 g wheat flour blend 
was higher when 65 g water instead of 60 g/100 g flour was used. Furthermore, 
the addition of 5% (of flour weight) hydroxypropyl methylcellulose (HPMC) has 
shown to be effective in increasing the specific volume and retarding the staling 
rate of oat breads (Kim & Yokoyama, 2011). 

Mariotti et al. (2006) studied the effects of baking procedures on the quality of 
wheat bread with the addition of oats from 0 to 40% by weight of the flour mixture. 
Bread with 20% oat flour had a 13% higher specific volume (4.2 ml/g bread) than 
corresponding wheat bread (3.7 ml/g bread) when the doughs were mixed with a 
spiral mixer and a medium length procedure with two proofing periods (40 min on 
bulk dough and 60 min on rounded dough pieces at 30 °C and 80% RH) were 
used. The same baking procedure for bread with 30% oat flour resulted in the 
same specific volume (3.6 ml/g) than that of wheat bread (Mariotti et al., 2006). 

1.3.2 Use of sourdough in baking 

1.3.2.1 Sourdough fermentation 

Sourdough is a mixture of flour and water that is acidified by lactic acid bacteria 
(LAB). Sourdough is an intermediate product and contains metabolically active 
yeast and LAB strains (De Vuyst & Neysen, 2005). These microbes can originate 
from previous sourdough/dough, commercial starters or they can be naturally 
present in flour. Although species from genera such as Leuconostoc, Weissella, 
Pediococcus, Lactococcus and Streptococcus have been found in sourdoughs, 
Lactobacillus strains are the most frequently isolated bacteria in these ecosystems 
(Corsetti & Settanni, 2007). Lactobacilli can be divided into obligately and 
facultatively heterofermentative, and obligately homofermentative species groups 
(Corsetti & Settanni, 2007). Homofermentative lactic acid bacteria (LAB) ferment 
hexoses mainly to lactic acid, whereas heterofermentative LAB ferment hexoses 
and also pentoses to lactic acid, CO2, acetic acid and/or ethanol (Corsetti & 
Settanni, 2007). Lactobacillus plantarum is a facultatively heterofermentative strain 
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and Lactobacillus brevis is an obligately heterofermentative strain (Corsetti & 
Settanni, 2007). The most frequently reported yeasts in both wheat and rye 
sourdoughs belong to the genera Saccharomyces and Candida (De Vuyst & 
Neysen, 2005). 

Wheat and rye are the most common cereals used in sourdoughs in bakeries. 
The chemical and microbial changes in sourdough depend on the flour type, 
amount of water, processing conditions, and microbe properties. The pH of a ripe 
wheat sourdough ranges typically from 3.5 to 4.3 (Clarke et al., 2002, Thiele et al., 
2002). Acidification of the sourdough enhances the activity of endogenous 
enzymes of the flour, especially amylases and proteases (Boskov Hansen et al., 
2002). The pH optima of carbohydrate degrading enzymes vary widely depending 
on the wheat variety and germination status. The pH optima have been reported to 
be 5.5 for endogenous wheat -amylase and 4.5 for malted barley -amylase 
(Rosell et al., 2001). The rapid drop in the pH level of sourdough may cause 
reduced amylolytic activity, whereas the more gradual fall in pH of spontaneously 
fermented sourdough permits further starch degradation. The acidification of the 
sourdough and the partial acidification of the bread dough improve the solubility 
and swelling of gluten and AX, and the water-binding capacity of starch granules 
(Arendt et al., 2007, Katina et al., 2007, Hammes & Gänzle, 1998). Gluten-
associated proteinases of flour are usually active at pH levels 4 (Kawamura & 
Yonezawa, 1982). Lactic acid bacteria in wheat sourdough have been found to 
affect the gluten proteins (Di Cagno et al., 2002). The appearance of new protein 
fragments (20 and 27 kDA) from gliadins and the degradation of high MW glutenin 
subunits have also been detected (Zotta et al., 2006, Wieser et al., 2008). 
Sourdough may also produce a significant reduction in the MW of -glucan. 
Degutyte-Fomins et al.  (2002) incubated oat bran-water slurry with rye 
sourdough, with rye flour or without rye, for 4 h at 30 °C. The rye in the oat slurry 
doubled the solubility of -glucan and increased the proportion of low MW -
glucan without affecting the total -glucan content of the slurry (Degutyte-Fomins 
et al., 2002). It is thus evident that enzyme-induced changes, together with 
microbial metabolites, affect the technological and nutritional properties of 
sourdough bread (Poutanen et al., 2009). 

1.3.2.2 Effects of sourdough on bread quality 

The acidity and pH of sourdough bread depend on the bread type and the amount 
of sourdough in bread dough. At a typical addition level of approximately 20% 
sourdough of bread dough weight, the pH of bread ranges from 4.5 to 5.9 (Clarke 
et al., 2002, Hansen & Hansen, 1996). Sourdough is traditionally one of the key 
methods for enhancement of the flavour (Clarke et al., 2002) and texture of bread 
(Clarke et al., 2002, Thiele et al., 2002, Katina et al., 2006, Crowley et al., 2002). 
Ash content of flour and fermentation time of wheat sourdough were the main 
factors determining the intensity of flavour (Katina et al., 2006). Both empirical and 
fundamental rheological measurements of the wheat dough with addition of 
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sourdough have revealed increased softness and reduced dough elasticity (Di 
Cagno et al., 2002, Clarke et al., 2004). Confocal laser-scanning showed that 
dough with added sourdough had greater areas of aggregated material composed 
of thicker proteinaceous strands than control dough without sourdough (Clarke et 
al., 2004). This study hypothesized that optimally applied sourdough was the 
principal reason for the presence of thicker proteinaceous strands in dough, which 
in turn could have improved the gas holding capacity of dough, as well as the 
better volume and softness of sourdough bread (Clarke et al., 2004). Sourdough 
has also been attributed to the degradation of total dietary fibre and increased 
WEAX in rye bread (Boskov Hansen et al., 2002). Hüttner et al. (2010b) showed 
that oat sourdough improved the specific volume of oat bread, but it did not affect 
the staling rate of the breads. Gas production by heterofermentative LAB, 
softening of the dough, and changes in starch pasting properties were assumed to 
be the main reasons for the observed improvement (Hüttner et al., 2010b). 

The lower pH of sourdough bread retards the growth of microbial spoilage 
organisms such as moulds and rope-producing spores of Bacillus subtilis (Pepe et 
al., 2003, Katina et al., 2002, Lavermicocca et al., 2000). Sourdough fermentation 
can also modulate the nutritional properties of breads in a number of ways, such 
as increasing the levels or bioavailability of bioactive compounds, and retarding 
starch digestibility (Katina et al., 2005, Östman et al., 2002). De Angelis et al. 
(2007) attained significantly lower degrees of starch hydrolysis of wheat-oat 
breads with the addition of wheat sourdough than corresponding breads without 
sourdough. In addition, the glycemic index was reduced significantly as compared 
to control wheat bread (De Angelis et al., 2007). The sourdough process may also 
induce degradation of -glucan. Åman et al. (2004) reported reduced content and 
MW of -glucan when rye sourdough was fermented with oat bran and added to 
oat-wheat bread at the 10% level. 

1.3.3 Use of enzymes in baking 

Enzymes are nature’s tools for catalysing the chemical reactions occurring in all 
living organisms (Whitaker, 2003). Enzymes are also present in cereals, where 
they catalyse the formation or degradation of different compounds which are 
necessary for the life cycle of the plant. Enzymatic activity in dormant seed is low, 
but rises rapidly during germination. Nearly all main components of the seed, e.g., 
starch, proteins, lipids and polysaccharides, are degraded by enzymes to provide 
energy and building blocks for the growing shoot. The enzymatic activity of the 
grain depends on weather conditions, variety, storage and processing conditions. 

Manufacturers of cereal products have utilised these activities for centuries by 
developing different cereal products with their characteristic taste and appearance 
as beer, bread etc. (van Oort, 2009b). Some enzymatic activities of flour are 
preferred in baking and some are not. For example, a slight amylolytic activity 
improves the quality of bread, whereas too high activity of lipase in oat products 
results in rancidity. Traditionally, millers and bakers have tailored the desired 
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amylolytic activity of wheat flour by malt addition, but nowadays commercial 
enzymes are also used. Commercial enzymes are produced mainly by microbes in 
large fermentation tanks. Depending on the purification steps, the main enzymatic 
activity may be accompanied by other enzymatic side-activities. Hydrolytic 
enzymes such as -amylase, xylanase and lipase were first commercialized for 
the baking enzymes market. Nowadays, oxidative enzymes such as laccases and 
peroxidases and combinations of hydrolytic and oxidative enzymes are gaining 
increasing attention. During bread making, enzymes usually activate during mixing 
and inactivate when the temperature rise denatures them in the oven. Enzymes 
offer many advantages in baking applications, including serving as replacements 
for a wide range of additives, and reduced energy and water requirements during 
the baking process. 

European Commission is harmonising the regulations for food enzymes in the 
member countries of EU (European Commission, 2008b). This regulation covers 
enzymes that are added to food to perform a technological function, including use 
as processing aids. All new and existing food enzymes must undergo an 
authorisation procedure, and only approved enzymes are listed on a Community 
list and allowed to be used in foods. 

Enzymatic activity is expressed in katals (nkat refers to nanokatals) (Bureau 
International des Poids ets Mesures, 1999). One katal is the amount of enzyme 
that converts 1 mole of substrate per second. The activity of an enzyme depends, 
for example, on the temperature, pH, concentration and structure of the substrate 
as well as the presence of inhibitors or cofactors which regulate the reaction. The 
dosage of the enzyme is also important; too high or low activity may have 
unwanted effects on the quality of the product. It is therefore important to take 
these factors into account when enzymes are added to doughs with different 
recipes and processes to fully exploit their potential in baking applications. 

1.3.3.1 Hydrolytic enzymes 

Hydrolytic enzymes or hydrolases catalyse reactions in which a molecule of a 
target substance (e.g. polysaccharide) is split into two parts by the addition of a 
molecule of water. One part of the target substance has a hydroxyl group derived 
from a water molecule, and the other part gains the hydrogen ion. Hydrolases are 
classified as EC 3. EC numbering is a numerical classification scheme for 
enzymes, based on the chemical reactions they catalyse (Webb, 1992). Hydrolases 
in the group EC 3.1 act on ester bonds (e.g. lipases), group 3.2. are glycosylases 
(e.g. -amylase and xylanase), and group 3.4 proteases. 

Lipases hydrolyse di- and triglycerides into mono- or diglycerides and lysolipids 
(Castello et al., 1998). Lipase has been reported to improve the volume and 
softness of bread (Si, 1997, Monfort et al., 1999, Purhagen et al., 2011). The 
glycosylase enzyme -amylase randomly hydrolyses the -(1,4) glycosidic bonds 
of damaged or gelatinized starch of the dough, resulting in low-molecular-weight 
dextrins (van Oort, 2009a). The degradation of starch weakens the recrystallised 



1. Introduction
 

33 

amylopectin network, and reduced firming rate of the bread during storage is 
observed (Goesaert et al., 2009). Amylases also promote yeast fermentation by 
increasing the level of fermentable sugars in the dough, which improves the 
volume of the bread (Goesaert et al., 2009). 

Xylanases (endo-1,4- -xylanase, EC 3.2.1.8, XYL) cleave the xylan backbone 
of arabinoxylan (AX), subsequently increasing the solubility of water-unextractable 
arabinoxylan (WUAX). The water-unextractable nature of the AX is due to a 
combination of non-covalent interactions and covalent bonds with neighbouring 
AX molecules, proteins, cellulose and lignin (Iiyama et al., 1994). Concomitantly, 
XYL also reduces the MW of water-extractable arabinoxylan (WEAX) (Courtin & 
Delcour, 2002). WEAX consists mainly of linear molecules behaving as semi-flexible 
coils in solution (Adams et al., 2003). The solubilisation of WUAX, increased 
viscosity of the dough aqueous phase by WEAX, and the subsequent water 
redistribution from WUAX to gluten may improve the specific volume and softness 
of the bread crumb (Courtin & Delcour, 2002). The gluten macropolymer (GMP) 
extracted from XYL-treated dough has been found to contain less pentosans, but 
higher protein content and protein density than GMP of control dough (Primo-
Martin et al., 2003). According to Veraverbeke et al. (1999), breakdown of AX by 
XYL could produce less viscous dough, resulting in increased mobility of protein 
fragments or facilitating hydrophobic interactions between proteins. This, in turn, 
could improve the aggregation of proteins (Veraverbeke et al., 1999) or the 
release of AX entrapped in the gluten network (Saulnier et al., 1997, Roels et al., 
1998). However, in the study by Primo-Martin et al. (2001), XYL did not 
significantly affect the rheological properties of GMP as measured by the Kieffer 
microextensibility test and rheometer.  

1.3.3.2 Oxidoreductases 

This class (EC 1) comprises all enzymes catalysing oxido-reductions, for example, 
glucose oxidase, laccase, tyrosinase and sulphydryl oxidase. Laccase (benzene-
diol:oxygen reductase, EC 1.10.3.2, LAC) and tyrosinase (EC 1.14.18.1., TYR) are 
oxidative enzymes that are capable of catalyzing cross-linking biopolymers via 
their phenolic moieties. The enzymes generating covalent bonds within or 
between cereal biopolymers are interesting, as the covalent linkages can 
contribute remarkably to the viscoelastic properties of dough and bread. 
Depending on the enzymes used, either carbohydrates or proteins, or both, can be 
cross-linked, as reviewed by Buchert et al. (2007). 

LAC is a multicopper enzyme catalyzing the oxidation of a variety of organic 
substrates with concomitant reduction of molecular oxygen to water. LAC can 
oxidize various aromatic compounds such as substituted mono- and polyphenols 
and aromatic amines and thiols, producing reactive radicals. Further reactions of 
radicals may result in cross-linking of monomers, degradation of polymers and ring 
cleavage of aromatics (Claus, 2004). LAC can oxidize FA into a phenoxy radical 
that reacts non-enzymatically to produce di- and triFA. As a result, cross-links are 
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formed between feruloylated AX of wheat (Carvajal-Millan et al., 2005a, Labat et 
al., 2000, Figueroa-Espinoza et al., 1999, Figueroa-Espinoza et al., 1998). The 
thiols of cysteine and glutathione may reduce the phenoxy radicals, formed by 
LAC, back to original FA with concomitant oxidation into disulfides (Labat et al., 
2000, Figueroa-Espinoza et al., 1998). Furthermore, heteroconjugate formation 
between tyrosine and tyrosine-containing peptides or proteins and feruloylated AX 
have been reported by LAC (Mattinen et al., 2005) and peroxidase (Boeriu et al., 
2004, Oudgenoeg et al., 2002, Oudgenoeg et al., 2001). 

LAC decreased the AX extractability of wheat dough by increasing the oxidative 
gelation of AX through dimerization of feruloyl esters (Labat et al., 2000). With 
added FA, the sulfhydryl (SH) oxidation of wheat dough with LAC increased by 
47%, when compared to control dough (Labat et al., 2000). In oat dough, LAC did 
not affect the WEAX content of the dough (Renzetti et al., 2010), but protein 
polymerization of oat dough was suggested on the basis of a significant decrease 
in the amount of extractable -amino nitrogen, the relative concentration of protein 
bands between 21–70 kDa, and the formation of large protein aggregates as 
visualized by confocal laser scanning microscopy (Renzetti et al., 2010). LAC at 
activity levels of 5–50 nkat/g flour have been reported to decrease extensibility, 
increase resistance to stretching (Selinheimo et al., 2006), and increase wheat 
dough consistency in comparison with the control (Labat et al., 2000). At high 
activity levels (50 nkat/g flour), resistance to stretching has been found to 
decrease as a function of wheat dough resting time, suggesting depolymerisation 
of AX (Selinheimo et al., 2006). LAC has been found to improve the specific 
volume of white wheat breads by 4–9% (Si, 2001, Primo-Martin & Martinez-Anaya, 
2003, Selinheimo et al., 2007b). The softness of fresh white wheat bread has been 
improved by 17–19% by LAC (Primo-Martin & Martinez-Anaya, 2003, Selinheimo 
et al., 2007b) and by 25% after 4 days storage (Primo-Martin & Martinez-Anaya, 
2003), whereas Selinheimo et al. (2007b) observed no significant difference 
between the softness of LAC-treated and control wheat bread after 3 days 
storage. In oat, the increased elasticity, softness and deformability of the dough 
was explained by protein polymerisation by LAC and -glucan depolymerisation by 
the side-activity of LAC (Renzetti et al., 2010). This improved the specific volume 
and softness of fresh oat bread (9% and 17%, respectively) when compared to 
control oat bread (Renzetti et al., 2010). 

TYR can catalyse the hydroxylation of monophenols to o-diphenols, and 
subsequent oxidation of these to o-quinones (Lerch, 1983). Thus, TYR can accept 
both mono- and diphenols as substrates (e.g. p-coumaric and caffeic acid, but not 
FA) (Selinheimo et al., 2007a). Quinones may further react non-enzymatically to 
produce mixed melanins and heterogeneous polymers. Tyrosine side chains in 
proteins can be oxidized by TYR, and lysyl, tyrosyl, cysteinyl, and histidinyl 
moieties may react further with TYR-oxidized tyrosine residues (Buchert et al., 
2007, Xu et al., 1997, Takasaki & Kawakishi, 1997). 

TYR has been shown to cross-link wheat gliadin (Selinheimo et al., 2007b, 
Takasaki & Kawakishi, 1997, Takasaki et al., 2001), which was assumed to be the 
main reason for improved strength and decreased extensibility of the wheat dough 
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(Selinheimo et al., 2007b). The specific volume of wheat bread increased by 9 and 
14% when TYR was added at 5 and 10 nkat/g flour, respectively (Selinheimo et 
al., 2007b). The softness of fresh wheat breads also improved by 12%, but after 3 
days storage bread with a higher dosage of TYR (10 nkat/g flour) was 13% harder 
than the control bread (Selinheimo et al., 2007b). 

1.3.3.3 Combination of hydrolytic and oxidative enzymes 

The combination of LAC and XYL has been found to decrease the wet weight of 
the SDS-insoluble gluten macropolymer (GMP)/freeze-dried dough weight, as well 
as the amount of AX in GMP, while the protein content of GMP remains affected 
(Primo-Martin et al., 2003). This indicates that XYL released the AX that was 
associated with proteins (Primo-Martin et al., 2003). The increased WEAX content 
of the doughs with both enzymes reflected the predominance of XYL over the 
oxidative activity of LAC (Primo-Martin & Martinez-Anaya, 2003). The elastic and 
viscous modulus of GMP were both decreased, showing weaker gel than GMP 
without enzymes (Primo-Martin et al., 2003). In wheat dough, the combination of 
enzymes (5 nkat LAC and 50 nkat XYL/g flour) did not affect dough strength, but 
decreased extensibility (Selinheimo et al., 2007b). The combination of enzymes 
increased the specific volume of wheat breads by 10–11% when compared to 
breads with XYL or LAC alone (Primo-Martin & Martinez-Anaya, 2003). This was 
related to a higher amount and MW of WEAX with a lower amount of arabinose 
side chains (Primo-Martin & Martinez-Anaya, 2003). A similar synergistic effect 
(5% increase) on the specific volume of whole wheat bread has been observed 
(Si, 2001). In addition, a combination of LAC and -amylase showed a synergistic 
effect in a 14–23% increase in specific volume of wheat bread in comparison to 
LAC or -amylase alone (Caballero et al., 2007). Conversely, Si (2001) and 
Selinheimo et al. (2007b) obtained the same specific volume for white wheat 
breads with a combination of LAC and XYL as with XYL alone (Si, 2001, 
Selinheimo et al., 2007b) or LAC alone (Selinheimo et al., 2007b). The combination of 
enzymes improved the softness of wheat breads more than LAC or XYL alone 
(Primo-Martin & Martinez-Anaya, 2003, Selinheimo et al., 2007b). 

The combination of TYR and XYL improved the strength and reduced the 
extensibility of the wheat dough, and improved the specific volume and softness of 
wheat breads (Selinheimo et al., 2007b). Selinheimo et al. (2007b) proposed that, 
by hydrolysing AX, XYL could have diminished the possible TYR-mediated 
association of AX with gluten, which in turn could have the improved formation of 
the gluten network. 
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1.4 Aims of the study 

Oats are an excellent raw material for both health-promoting and gluten-free bread 
products. However, the lack of gluten proteins as well as the high fibre content of 
oats pose technological challenges with respect to the textural and flavour 
demands of consumers. In order to exploit the health-promoting effects of oats in 
breads, there is a need to develop methods of producing oat breads that have 
good texture, flavour and shelf-life, and contain -glucan in a physiologically 
favourable form. The aim was to study the effects of baking and bioprocessing 
methods, namely the use of sourdough and enzymes, on the chemical and 
rheological properties of oat doughs, the stability of -glucan, and the quality 
attributes of oat breads. 

More specifically, the aims were to: 

1. Study the effects of ingredients and processing parameters on texture, 
flavour and shelf-life of oat bread with a high content of whole grain oat 
(51% of flour) and -glucan (1.0 g/portion). 

2. Characterize the effects of wheat sourdough parameters on texture, flavour 
and shelf-life of oat bread with a high content of whole grain oat (51% of 
flour) and -glucan (1.0 g/portion). 

3. Compare the effects of laccase and xylanase on the chemical and 
rheological properties of oat, wheat and oat-wheat doughs and relate the 
textural properties of oat breads to the enzyme-induced changes in these 
dough matrices. 

4. Compare the effect of laccase and tyrosinase on the chemical and 
rheological properties of gluten-free oat doughs and relate the textural 
properties of gluten-free oat breads to the enzyme-induced changes in the 
dough matrix. 
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2. Materials and methods 

The materials and methods used in this study are described in detail in the original 
publications I–IV. A general outline of the materials and methodology used is 
given below. 

2.1 Raw materials and processing 

2.1.1 Flours 

The same endosperm wheat and whole grain oat flours were used for Publications 
I and II. New batches of these flours were used in Publication III, and endosperm 
oat flour was used in Publication IV. The properties of the oat and wheat flours are 
presented in Table 4. The analysis methods used are presented in Publications I–IV. 
All chemical analyses were made in duplicate. 

Table 4. Quality attributes of flours used. 

Analysis, (% dry basis) EWF1 EWF2 WOF1 WOF2 EOF 

Moisture 12.1 12.4 10.6 9.1 8.6 

Protein (Nx5.7 for wheat, Nx6.25 for oats) 12.9 13.2 19.0 18.2 12.3 

Ash 0.7 0.7 2.8 2.4 1.1 

Wet gluten 28.1 30.9 nd nd nd 

Water absorption (farinograph 14% moisture basis) nd 59.8 nd 86.9 75.8 

Dietary fibre nd nd nd nd 5.8 

-glucan 0.3 0.2 6.0 5.3 1.3 

Publication I–II III I–II III IV 

Abbreviations: EWF, endosperm wheat flour, WOF, whole grain oat flour, EOF, endosperm oat flour, nd, not 
determined 
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2.1.2 Enzymes 

The effects of LAC, TYR or XYL alone and combinations of XYL with LAC or TYR 
were studied in this work. LAC was produced by the white rot fungus Trametes 
hirsuta and partially purified by anion exchange chromatography (Rittstieg et al., 
2002). TYR was derived from the filamentous fungus Trichoderma reesei and 
overexpressed, produced, and purified as described by Selinheimo et al. (2007b). 
XYL was a commercial product (Pentopan mono BG, Novozymes A/S, Bagsvaerd, 
Denmark) originating from Thermomyces lanuginosus. LAC and/or XYL were used 
in Publications III and IV, and TYR in Publication IV. 

2.1.3 Model doughs 

Model doughs containing four different flours and water were prepared to study 
the effects of enzymes on the chemical and rheological properties as well as the 
microstructure of doughs. Detailed recipes of the doughs are presented in the 
respective Publications. 

a) Wheat dough with and without LAC, XYL and with a combination of LAC 
and XYL (Publication III). 

b) Whole grain oat dough with and without LAC, XYL and with a combination 
of LAC and XYL (Publication III). 

c) Oat-wheat dough (51% whole grain oat flour and 49% wheat flour by flour 
weight) with and without LAC, XYL and with a combination of LAC and XYL 
(Publication III). 

d) Endosperm oat dough with and without 10 or 30 nkat TYR/g flour 
(Publication IV). 

2.1.4 Breads 

Four different bread types were used in the study. Detailed recipes are presented 
in the publications referred to below: 

a) Oat-wheat breads (Publications I–III). These breads contained 51% whole 
grain flour and 49% wheat flour by weight of the flour mixture. 

b) Oat-wheat breads with sourdough (Publication II). These breads contained 
wheat sourdough. The wheat sourdough was prepared using a freeze-dried 
commercial starter, Florapan L-73, Lactobacillus plantarum (Lallemand 
Ltd., Blagnac, France). The breads contained 51% whole grain oat flour 
and 49% wheat flour by weight of the flour mixture. 

c) Whole grain oat breads (Publication III). These breads contained whole 
grain oat flour. 
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d) Endosperm oat breads (Publication IV). These breads contained endosperm 
oat flour. 

2.1.5 Preparation of model doughs 

The amount of water added to the doughs was determined according to 
farinograph water absorption at a consistency of 500 BU. LAC was added to the 
water immediately before mixing with the flours, and XYL was added prior to 
mixing of oat, wheat, and a combination of these flours. The mixing times were 
optimised with a plastograph (Plasti-Corder PL2100, Brabender, Duisburg, 
Germany) (Publication III). A 50 g farinograph bowl and z-blades were tempered 
to 26 °C and the doughs were mixed until the time to peak of the torque of 
duplicate doughs were reached. After mixing (oat doughs for 6 min, wheat doughs 
for 4 min, and oat-wheat doughs for 5 min), the doughs for chemical analysis were 
incubated at 30 °C (Panimatic PSF10, Souppes-Sur-Loin, France) for 60 min. The 
doughs (10 g) were then frozen immediately in liquid nitrogen and freeze-dried. 
The dried doughs were ground in a laboratory mill (Prolab no. 62130) for 1 min. 

For the microscopic and rheological analyses performed in Publication IV, TYR 
(0, 10, and 30 nkat/g flour) was added to the water (amount determined by 
farinograph) immediately prior to mixing with the flours. The doughs were mixed 
with a farinograph (Brabender GmbH, Duisburg, Germany) at 25 °C for 4 min at 
slow speed (63 rpm). 

2.1.6 Preparation of breads 

The mixing time of the trials for optimization of ingredients was based on the 
results of previous screening tests. Other mixing times were based on the process 
optimization trials or farinograph and test bakings. With the oat-wheat bread 
doughs, the wheat dough was mixed first and the oat flour and the rest of the 
water or sourdough was then added before switching the mixing speed. After 
intermediate proofing at 28 °C, 80% RH for 12 min, the dough was divided into six 
400 g pieces, rounded and moulded by hand and placed into tempered pans and 
proofed at 80% RH, 35 °C for 65 min. The breads were baked at 195 ºC for 30 min 
(Publication I). The trials for optimization of the baking process were performed 
according to the experimental design (Publication I). Details of the baking process 
for oat doughs with 100% whole grain or with endosperm oat flour with or without 
enzymes are presented in Publications II and IV, respectively. 

Wheat sourdough was prepared by mixing a freeze-dried starter of 
Lactobacillus plantarum (0.1 g/100 g flour) thoroughly with the wheat flour. The 
amount of water added to the sourdough as well as fermenting time and 
temperature were according to the experimental design (Publication II). Samples 
of fermented sourdoughs were immediately added to the dough and part of it was 
frozen at -20 °C for chemical analysis. 
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The amount of wheat sourdough added to the bread dough was according to 
the experimental design (Publication II). The dough contained the same ingredients 
as the straight dough bread recipe. The baking process is presented in more 
details in Publication II. 

2.2 Chemical analysis 

2.2.1 Acidity of sourdoughs and breads 

Acidity (pH and total titratable acids, TTA) was analysed according to a standard 
method (Arbeitsgemeinschaft Getreideforschung e.V., 1994). Frozen samples 
were melted 30 minutes before analysis. Lactic acid (D+L-isomers) content was 
determined by using an enzyme kit (Boehringer-Mannheim GmBh, Mannheim, 
Germany). Filtered samples were stored at -20 °C and melted 30 minutes before 
determination. 

2.2.2 Enzyme activity assays 

The activity of LAC was measured using ABTS (2,2’azino-bis(3-ethylbenzthiazoline-6-
sulphonic acid) substrate (Niku-Paavola et al., 1988). One nkat corresponds to the 
oxidation of 1 nmol of ABTS/sec at 25 °C and pH 4.3. The activity of TYR was 
measured using 15 mM l-dopa (3,4-dihydroxy-l-phenylalanine) substrate (Robb, 
1984). The activity of XYL was determined using birch glucuronoxylan substrate 
(Bailey et al., 1992). -glucanase activity was measured using the method 
described by Zurbriggen et al. (1990) and a modified method of the Institute of 
Brewing Analysis, Committee (1982). The endoglucanase (Ghose, 1987), -
amylase (Fisher & Stein, 1961), protease (Protazyme AK tablets, Megazyme 
International Ireland Ltd.) and glucoseoxidase (modified method of (Werner et al., 
1970)) activities were also determined from the enzymes. The activities of the 
enzyme preparations are shown in Table 2 of Publication III. 

2.2.3 Analysis of non-starch polysaccharides 

The -glucan content of the doughs and breads were determined by a standard 
method 32-23.01 AACC International (2011) (Publications I–III). Mw of -glucan of 
the flours and breads was analysed after stirring 1 g of the sample overnight with a 
magnetic stirrer in 1 litre of 0.1 N NaOH containing 0.1% NaBH4. The samples 
were analysed by HPLC-SEC with Calcofluor staining using right-angle laser light 
scattering for detection (Suortti, 1993) (Publications I–III). 

For the determination of WEAX content, aqueous extracts of non-starch 
polysaccharides (NSP) of the flour and dough samples were prepared according 
to Rouau & Surget (1994) with modifications  (Publication III). The supernatant was 
frozen until further analysis. The carbohydrate content of the flour, dough and 
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aqueous extracts thereof were estimated by gas-liquid chromatography (Blakeney 
et al., 1983). Alditol acetates were injected on a DB-225 capillary column (J6W 
Scientific, Folsom, CA) using inositol as the internal standard. 

The apparent MW distribution of the aqueous extract components of the flour 
and dough samples was studied by size-exclusion chromatography (SE-HPLC) 
using a Waters (Millipore Co., Milford, MA) Ultrahydrogel 1000, 10 m, column 
(7.8 x 300 mm), with a pullulan limit exclusion 106 Da, and a Waters 410 differential 
refractometer was used for detection (Carvajal-Millan et al., 2005b) (Publication III). 

2.2.4 Analysis of phenolic compounds 

The contents of free and total monomeric caffeic, chlorogenic, p-coumaric, sinapic, 
and ferulic acids were analysed after alkaline hydrolysis by RP-HPLC with diode 
array detection with modifications (Bartolomé & Gómez-Gordovés, 1999) 
(Publication III). The total phenolic acids content was analysed using a 20 mg 
sample, which was first hydrolysed with 1.1 ml of 2 M NaOH at room temperature 
for 16 hours. Before extraction with ethyl acetate (3 × 2 ml), the sample was acidified 
with 0.7 ml of 5 M HCl. The combined ethyl acetate extract was evaporated to 
dryness and the residue was dissolved into 50% MeOH prior to RP-HPLC analysis 
on an Agilent Hypersil BDS-C18 column (4.6 × 150 mm, 5 m). The free phenolic 
compounds were analysed correspondingly but using water instead of NaOH and 
50 l of 5 M HCl for acidification (Publication III). The linear gradient was from 5 to 
95% MeOH in 1% acetic acid at a flow rate of 0.8 mL/min. Quantitation was based 
on calibration curves of reference substances at 324 nm. The 8-5’-coupled 
diferulate (benzofuran) was synthesized for use as standard for analysis of free 
and total DFAs. 

2.2.5 Analysis of proteins 

The contents of SDS-insoluble and SDS-soluble proteins of the flours were 
analysed using the Kjeldahl method 46-12.01 (AACC International, 2011) 
(Publication III). Extraction of protein and the molecular size distribution of SDS-
soluble and insoluble proteins in the doughs were analysed by SE-HPLC 
(Dachkevitch & Autran, 1989) with modifications as described by Morel et al. 
(2000b) (Publication III). 

The SH-content of the flours and doughs was determined using Ellman’s 
reagent (5,5’-dithiobis-2-nitrobenzoic acid or DTNB) as described by Morel et al. 
(2000a) (Publication III). 

Oat protein fractions were extracted from the whole grain and endosperm oat 
flours. Albumin and globulin were isolated using sequential extraction as described 
by Mikola & Jones (2000), and prolamin was isolated according to the method of 
Mikola et al. (2001). The albumin was freeze-dried, and the globulin and prolamin 
were frozen at -20 °C. The protein content of the fractions were analysed using the 
Lowry method (DC protein assay, Bio-Rad, CA) with bovine serum albumin as 
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standard. Albumin and prolamin (3 mg/ml) were suspended and treated in a 200 mM 
Na-citrate buffer of pH 6.0 (50 mM Na-acetate buffer, pH 5.0 was used in 
Publication III). 0.2 M NaCl was added to the globulin buffers. LAC and TYR (0, 
100 and 500 nkat/g protein) were added to the protein suspensions and incubated. 
After incubation, the reaction was stopped. 12% Tris-HCl gel (Bio-Rad) was used 
for the albumin and globulin, and a 16–18% Tris-HCl gradient gel for the prolamin. 
The MW mass standard with a range of 21.5–113 kDa was used (Publications III–IV). 

2.3 Microstructure of the doughs and breads 

The dough cubes were prepared as described by Selinheimo et al. (2007b). 
Sections of 4 m were cut using a Leica rotary microtome (Heidelberg, Germany) 
and transferred to glass slides. The sections were stained either with protein-
sensitive 0.2% Xylidine Ponceau or 0.1% Acid Fuchsin (Gurr, BDH Ltd, Poole, 
England) and 0.01% Calcofluor (Fluorescent brightener 28, Aldrich, Germany). 
Both Xylidine Ponceau and Acid Fuchsin stain proteinaceous structures red, 
whereas Calcofluor stains cell walls (mainly -glucan) blue. Starch remains 
unstained and appears black. The stained sections were examined using an 
Olympus BX-50 microscope connected to a PCO SensiCam CCD colour camera 
with Cell^P imaging software, which was also used for image analysis (Publication IV). 

In order to validate the visual observations, the particle size distributions of 
structures stained with Xylidine Ponceau were analysed from 20 images/dough 
sample by classifying particles according to their area and number. A similar 
particle analysis of protein and cell wall structures was performed on the sections 
stained with Acid Fuchsin and Calcofluor (10 images/dough sample) (Publication IV). 

Pieces of bread crumb were embedded in 1% agarose, fixed in 1% glutaraldehyde 
in a 0.1 M phosphate buffer of pH 7.0, dehydrated with ethanol, embedded in 
Historesin, and sectioned with a Leica microtome. For fluorescence microscopic 
examination, the bread sections were stained with specific fluorochromes (Fulcher 
& Wong, 1980, Parkkonen et al., 1994). Protein was stained with aqueous 0.1% 
(w/v) Acid Fuchsin, and -glucan was stained with aqueous 0.01% (w/v) Calcofluor 
White (Publication I). 

2.4 Rheology of the doughs 

The rheological properties of the doughs were measured by uniaxial extension 
measurements using a Kieffer dough extensibility rig fitted onto a TA.XT2 Texture 
Analyzer (Stable Micro Systems Ltd, Godalming, UK) and equipped with a 5 kg 
load cell (Publications III–IV). Kieffer tests were performed with a few modifications 
concerning resting times and temperatures (Kieffer et al., 1998). After mixing the 
doughs in a farinograph, the doughs were rounded in an extensograph 
(Brabender, Duisburg, Germany), divided into 4 pieces, and moulded to bars by 
hand to fit the press immediately after mixing. The press was transferred to a 
resealable polyethylene bag and was kept in an incubator at 30 °C for 20 and 60 
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min (40 min in Publication IV) to allow stress relaxation before measurements. 
Large deformation rheological properties were measured for 14 replicate dough 
strings per enzyme dosage using a Kieffer dough extensibility rig. The crosshead 
speed was 3.3 mm/s. The rig’s measurement hook extends the dough string until 
its elastic limit is exceeded and it ruptures; thereby the maximum resistance (a 
peak force) and the extensibility (distance of the hook from the start point) of the 
dough string are recorded. 

2.5 Quality attributes of the breads 

After baking, the loaves were cooled for 2 h before being weighed. Specific 
volume was determined for six breads/bread type using a BreadVolScan scanner 
(Backaldrin, Aspen, Austria). Crumb hardness was measured at 2 h and 48 
(Publication IV) or 72 h after baking, with a TA-XT2 Texture Analyser (Stable 
Micro Systems, Godalming, UK) using the Texture Profile Analysis (TPA) test. Six 
25 mm thick slices were used for the analysis; two slices were taken from the 
middle of each of the three breads/bread type. The crust of the slices was 
removed so that only textural parameters from the crumb were measured. The 
slices were compressed by 10 mm (40%) at a speed of 1.7 mm/s. A trained 
descriptive sensory panel (n = 5) evaluated the characteristics of the breads 
(Publication I–II). Attribute intensities were rated on 5-unit, verbally anchored 
intensity scales. Altogether, 6–9 attributes were selected to describe the texture, 
mouthfeel, and flavour of the breads. 

2.6 Experimental design and data analysis 

2.6.1 Experimental design of the optimization trials 

A fractional factorial design was used to screen the most important factors 
(ingredients and processing conditions) affecting the specific volume, instrumental 
crumb hardness and sensory properties of the breads and to choose the most 
significant ones and their appropriate range for optimization tests. 

A central composite face-centred design (CCF) was used with two variables 
and four replicated experiments at the centre point, for a total of 12 experiments 
for optimization of ingredients. The two recipe variables optimized were gluten (G, 
g/100 g flour) and water content (W, g/100 g flour). A detailed description of the 
experimental conditions is presented in Publication I. 

For optimization of process parameters, a CCF with five process variables and 
four replicates at the centre point was used, for a total of 30 experiments. The five 
process variables studied where mixing time (tm, min), intermediate proofing time 
(floor time) (ti, min), final proofing time (tf, min), final proofing temperature of the 
cabinet (Tf), and baking temperature (Tb). The experimental conditions are 
described in more detail in Publication I. 
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For optimization of the sourdough process, a CCF with four variables and four 
replicated experiments at the centre point for a total of 24 experiments was used. 
The four sourdough variables studied included dough yield (DY,  =  (weight  of  
sourdough/weight of flour in sourdough)*100), fermentation temperature (Tf, °C), 
fermentation time (tf, h), and amount of sourdough added (S, g/100 g dough). The 
experimental conditions are presented in detail in Publication II. 

2.6.2 Data analyses for optimization trials 

A CCF enabled approximation of the measured data (yobs) using a response 
surface model (RSM) expressed in variable equations comprising a constant, the 
main effect of each variable, interaction effects between variables, and square 
coefficients of a variable, to reveal whether any of the variables give a maximum 
or minimum within the experimental domain. 

The results were examined by the computer program MODDE version 6.0 
(Umetrics Ab, Umeå, Sweden). The RSM was estimated by partial least squares 
(PLS) for the 12 and 30 (Publication I) and 24 (Publication II) experiments in the 
CCF design. The centre point made it possible to estimate the pure error of the 
analyses, which was used to predict whether the models gave significant lack of fit 
(Carlsson, 1992). The reliability of the models was evaluated by calculating the R2 
and Q2 values for each model, where R2 is the variation of the response explained 
by the model and Q2 is the fraction of the variation of the response that can be 
predicted by the model. Q2 should be > 0.5 if conclusions are to be drawn from the 
model (Lindgren, 1995). Generally, a model is considered excellent if R2 and Q2 

exceed 0.9 (Lindgren, 1995). A verification experiment was performed to estimate 
the predictive capacity of the models. Optimization was first carried out on the 
recipe, and the optimized recipe was then used to carry out optimization of the 
process. The optimized recipe and process parameters were used for the 
sourdough optimization trials. 

2.6.3 Other statistical analysis 

One-way analysis of variance (ANOVA) and the Tukey test were performed to 
determine significant differences (p < 0.05) between different enzymatic treatments 
using the statistical program SPSS 17.0.1 for Windows (SPSS Inc., Chicago, IL) 
(Publications III–IV). 
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3. Results and discussion 

3.1 The effects of recipe and process parameters on the 
quality attributes of oat-wheat bread (Publication I) 

Oat-wheat breads containing more than 20% oats tend to lose consumer 
appealing properties, such as good flavour, high volume and crumb softness. 
However, in the case of whole grain oat flour, at least 50% of the flour must be oat 
in order to obtain the required amount of -glucan in the bread for a health claim. 
In light of these challenges, the effects and interactions of ingredients and 
processing parameters on the specific volume, instrumental crumb hardness, and 
sensory properties of oat-wheat bread were studied using experimental design 
and mathematical modelling. Linear or quadratic models were obtained after 
estimation of RSM by PLS (Tables 5 & 6 of Publication I). A multiple response 
method called desirability was used for the reliable models to predict the levels of 
ingredients and processing parameters for optimized specific volume, softness 
and sensory quality of oat-wheat breads. There are no reported studies in which 
the quality attributes of oat-wheat bread in response to ingredients and baking 
process have been simultaneously studied. 

3.1.1 Optimization of ingredients 

The results of ingredient optimization showed that a water content of 91.5 g and a 
gluten content of 15.2 g per 100 g flour were required for maximal specific volume 
and minimal instrumental hardness (measured after 2 and 72 hours) (Table 5). 
The optimized sensory attributes of crust evenness and crumb moistness were 
also achieved with these gluten and water contents. Lower gluten content was 
needed for the softest bread crumb as well as lower water content for most elastic 
bread crumb. 
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Table 5. Contents of gluten and water for optimized textural and sensory attributes 
of oat-wheat breads. 

Attributes Measured min 
and max values 

Target value Gluten, 
% of f.w. 

Water, 
% of f.w. 

Specific volume, ml/g 2.4–3.7 3.7 15.2 91.0–91.5 

Hardness 2 h, kg 0.1–0.5 0.1 15.2 91.0–91.5 

Hardness 72 h, kg 0.2–1.2 0.2 15.2 91.0–91.5 

Evenness of the crust 3–4 5 (even crust) 8.3–15.2 88.0–98.0 

Moistness of the crumb 3–4 3 (slightly moist) 9.0–15.2 88.0–91.5 

Softness of the crumb 3–5 5 (very soft) 12.0 90.5–98.0 

Elasticity of the crumb 4–5 5 (very elastic) 8.5–9.2 78.0–84.0 

 
The results are in line with Oomah (1983), who achieved the highest bread volume 
by the addition of extra water to wheat-oat breads containing 10% oat flour by flour 
weight. Similarly, addition of gluten and water improved the volume and softness 
(measured after 1 and 2 days storage) of wheat-oat breads with 5–20% oat flakes 
by flour weight (Gormley & Morrissey, 1993). The decrease in loaf volume caused 
by oats or other sources of dietary fibre is probably related to the suppression of 
gluten development during mixing and proofing (Rudel, 1990). The suppressed 
gluten development may be due to the competition of water between dietary fibre 
and gluten (Wang et al., 2002, Saeed et al., 2011). Dietary fibre particles may also 
act as a physical barrier (Autio, 2006, Labat et al., 2002) and/or the interactions 
between fibre and gluten components may suppress gluten network formation 
(Wang et al., 2002, Noort et al., 2010). It is likely that a combined effect of both 
chemical and physical mechanisms lies behind the observed effects on gluten 
properties (Noort et al., 2010). If the gluten molecules remain insufficiently 
hydrated during mixing and proofing, the gluten bonding will be restricted. The 
presence of large dietary fibre molecules in the dough may also reduce the 
possibilities of gluten to depolymerize and re-aggregate. With optimal amounts of 
water and gluten, a proper gluten network may be formed. Solubilisation of -
glucan and AX may also act as a hydrocolloid to strengthen gluten network and 
allow optimal gas expansion by the yeast action as well as gas retention in the 
dough during proofing and baking (Izydorczyk & Biliaderis, 2007, Wang et al., 1998). 

3.1.2 Optimization of the baking process 

The specific volumes of oat-wheat breads ranged from 2.6 to 3.7 ml/g, which 
shows the importance of processing conditions on bread quality. Final proofing of 
the dough at 40 °C for 75 min and baking at 210 °C resulted in the highest specific 
volume of oat-wheat bread (Table 6). The softest bread crumb (measured after 2 
and 72 h) was obtained with the same proofing and baking conditions as for the 
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maximal specific volume together with the shortest mixing time and intermediate 
proofing times. 

Ingredients mainly affected the crumb properties, whereas processing affected 
the crust properties. Processing conditions had the most pronounced effect on the 
crispness and flavour of the crust. The thickness and colour of the crust as well as 
richness of the crumb flavour varied only slightly. Optimal flavour intensity and 
crust crispness were achieved with the same processing conditions as for bread 
volume and hardness. A long mixing time and intermediate proofing time together 
with shorter final proofing time resulted in well developed crust colour. Optimal 
crust thickness was achieved with the same processing conditions as for crust 
colour, although mixing time did not affect this property. A slightly lower proofing 
temperature was needed to obtain the richest crumb flavour. During proofing and 
fermentation, yeast converts sugars to carbon dioxide and alcohol. Baker’s yeast 
is most active at 35 to 40 °C (Cauvain, 2003). Proofing the dough at 40 °C for a 
slightly shorter time than is optimal for bread volume may, therefore, have resulted 
in more sugars being available for the Maillard reaction to develop optimal crust 
colour during baking. When the dough was proofed at 30 °C instead of 40 °C, 
more sugars remained in the dough due to lower fermentation rate, which may 
have contributed to the development of flavour precursors and richer flavour of the 
bread. During baking, the temperature inside the cooler dough rose more slowly, 
thus possibly extending the timeframe for formation of volatile compounds. 

Table 6. Values of processing parameters for optimized textural and sensory 
attributes of oat-wheat breads. 

Attributes Measured 
min and max 
values 

Target value Mti Iti Pti Pte Bte 

Specific volume, 
ml/g 

2.6–3.7 3.7 ns ns 75 40 210 

Hardness 
2 h, kg 

0.1–0.3 0.1 4 5 75 40 210 

Hardness 
72 h, kg 

0.3–0.7 0.3 4 5 75 40 210 

Colour of 
the crust 

4–5 5 (not too light 
or dark) 

7–8 20 56–71 40 210 

Thickness of 
the crust 

2–3 3 (3–4 mm) ns 16–19 68–72 40 207–210 

Flavour of  
the crust 

2–4 4 (quite intense 
flavour) 

4–8 5–20 55–75 ns 208–210 

Crispness of  
the crust 

1–5 5 (very crisp) 4–5 5 75 40 210 

Richness of 
crumb flavour 

3–4 4 (rich flavour) 8 20 63 30 210 

Abbreviations: Mti, mixing time; Iti, intermediate proofing time; Pti, proofing temperature; Bte, baking temperature. 
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3.1.3 Optimized oat bread properties 

A verification experiment was performed using an optimized regime to test the 
predictive potential of the PLS models. The proposed optimal conditions used for 
the bread are presented in Table 7. The final proofing time and temperature were 
slightly reduced (from 75 to 65 min and from 40 °C to 39 °C) in order to achieve 
optimum richness of crumb flavour and crust colour. When these proposed optimal 
conditions were used during a further baking test, the actual responses were 
found to compare quite well with the predicted responses (Table 7). 

Table 7. Measured and predicted values for specific volume and hardness of the 
verification experiment*. 

 Measured value Predicted value 

Specific volume (cm3/g) 3.60±0.07 3.40±0.1 

Hardness (kg), 2 h 0.14±0.02 0.19±0.02 

Hardness (kg), 72 h 0.29±0.04 0.44±0.04 

*Gluten content 15.2 and water content 91.5 g per 100 g flour, mixing time 6 min, 
intermediate proofing 12 min, final proofing 65 min at 39 °C, baking temperature 210 °C. 

 
Optimization of ingredients and processing both produced breads that were superior to 
the bread obtained after the preliminary screening test in terms of volume, instrumental 
softness and sensory properties (Figure 5). This knowledge of the effects and 
interactions of ingredients and processing parameters on bread quality was exploited 
later when oat bread with 51% oat content was developed on an industrial scale 
(Pielispakari Ltd., Pielisen kauraeväs). Flavour and quality are essential considerations 
when increasing the popularity of healthier breads among consumers. 

A B C 

   

Figure 5. Oat bread from the preliminary screening test (A), after optimization of 
the recipe (B) and after optimization of the process (C). 
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3.2 Effects of wheat sourdough process on the quality 
parameters of oat-wheat bread (Publication II) 

Wheat and rye sourdoughs are the most common sourdough types used by 
bakeries. The sourdough process is an additive-free bioprocessing method used to 
enhance the flavour, texture and nutritional properties as well as mould-free shelf-life 
of breads (Clarke et al., 2002, Thiele et al., 2002, Poutanen et al., 2009, Katina et 
al., 2006, Crowley et al., 2002, Lavermicocca et al., 2000). Rye sourdough has been 
shown to degrade the MW of oat -glucan (Åman et al., 2004, Degutyte-Fomins et 
al., 2002). As the endogenous cell wall degrading enzymes, such as -glucanase, 
are concentrated in the aleurone layer, the sourdough of endosperm wheat flour 
could provide lower -glucanase activity than whole grain rye flour. The objectives 
were to study whether wheat sourdough could be used to produce a new type of oat 
bread without compromising on taste, texture or -glucan properties. 

3.2.1 Effects of sourdough parameters on the acidity of wheat sourdoughs 
and breads 

The effects of sourdough parameters on the acidity of sourdoughs and breads are 
presented in Table 3 of Publication II. The pH of the sourdoughs varied from 3.8 to 4.2. 
The acidity range obtained by varying the DY, fermentation time, and fermentation 
temperature of the sourdough was in accordance with earlier studies of wheat 
sourdoughs started with Lb. plantarum (Clarke et al., 2002, Robert et al., 2006). 
Fermentation temperature had the largest effect on sourdough acidity. Increased 
fermentation temperature resulted in lower pH, higher TTA and lactic acid 
accumulation. Sourdough with lower DY and longer fermentation time also significantly 
increased the TTA and lactic acid concentration of the sourdoughs (p < 0.05). A 
positive correlation between fermentation time, temperature, and lactic acid formation 
of wheat sourdough with Lb. plantarum was also reported by Katina et al. (2004). 

The pH and TTA of sourdough oat-wheat breads (7–39% of the total flour 
fermented) varied from 4.9 to 5.6 and from 4.8 to 8.1 ml (0.1 mol/l) NaOH per 10 g 
bread, respectively. Sourdough wheat bread had similar or slightly lower pH (4.5–5.2) 
when 5–20% of the total flour was fermented with Lb. plantarum, but the TTA was 
lower (4.1–4.6 ml (0.1 mol/l) NaOH/10 g bread) (Clarke et al., 2002, Hansen & 
Hansen, 1996). This reflects the higher ash content of oat-wheat bread. The typical 
value of TTA for white wheat bread is below 6, and for mixed wheat bread between 
6–8 ml (0.1 mol/l) NaOH per 10 g bread (Arbeitsgemeinschaft Getreideforschung 
e.V., 1994). A positive correlation between sourdough content and bread acidity was 
observed, which is in agreement with the work by (Crowley et al., 2002). 

3.2.2 Effects of sourdough parameters on the bread characteristics 

The maximal specific volume and minimal instrumental hardness (measured after 
2 and 72 hours) of sourdough oat-wheat bread was obtained when a slack 
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sourdough was fermented at 40 °C for 18–20 h before addition to the bread dough 
(10 g sourdough/100 g dough) (Table 8). The acidities of these breads were lower 
than with other sourdough conditions studied. Furthermore, in wheat breads, a 
higher sourdough fermentation temperature and lower sourdough content 
enhanced the specific volume and softness of the breads (Katina et al., 2006, 
Crowley et al., 2002). A long fermentation time of sourdough improved the 
softness of oat-wheat bread after 3 days storage, as also observed in sourdough 
wheat breads (Katina et al., 2006). The specific volume and hardness of the 
optimized sourdough bread corresponded to the values obtained for straight 
dough breads (Figure 4 of Publication II). This is in accordance with Dal Bello et 
al. (2007), Hansen & Hansen (1996), and Robert et al. (2006), who compared the 
volumes of white wheat breads fermented with Lb. plantarum to corresponding 
straight dough breads, and De Angelis et al. (2007), who compared the volume of 
wheat bread that contained oat fibre and wheat sourdough to corresponding 
straight dough bread. On the other hand, Clarke et al. (2002) reported increased 
volume of white wheat bread that was fermented with Lb. plantarum when 
compared to corresponding straight dough bread. The same instrumental 
hardness of wheat breads with or without sourdough was also reported by Corsetti 
et al. (1998, 2000) whereas Dal Bello et al. (2007) obtained significantly softer 
wheat breads with than without sourdough. 

Table 8. Values of sourdough processing parameters for optimized textural and 
sensory attributes of oat-wheat breads. 

Attributes Measured min 
and max 
values 

Target value DY* Tf tf S 

Specific volume, ml/g 2.9–3.5 3.5 300 40 18 10 

Hardness 2 h, kg 0.1–0.3 0.1 228 40 ns 12 

Hardness 72 h, kg 0.3–0.7 0.3 258 40 20 10 

Crumbliness 2–3 2 (only a few crumbs) 300 40 ns 36 

Intensity of the crumb 
flavour 

3–4 4 (quite strong 
flavour) 

ns 38 ns 36 

Sourness of the 
crumb 

1–3 3 (quite sour) 300 26 20 36 

Pungent flavour 1–2 1 (not at all pungent) 200 ns 20 15 

Intensity of the 
aftertaste 

1–3 1 (no aftertaste) 200 37 20 10 

*Abbreviations: DY, dough yield; Tf, fermentation temperature; tf, fermentation time; S, amount of 
sourdough in dough; ns, not significant 

 

During sourdough fermentation, lactic acid bacteria produce organic acids from 
different sugars. This acidification improves the swelling and solubility of gluten, 
solubility of AX, and water-binding capacity of starch granules. At least part of 
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these changes are due to the acidity-induced activation of enzymes present in 
wheat flour (Arendt et al., 2007, Katina et al., 2007, Hammes & Gänzle, 1998). 
Clarke et al. (2002) showed that acidity and proteases solubilise gluten, thus 
increasing the softness of the dough. This may have positive or negative effects 
on the volume and staling rate of the sourdough bread, depending on the degree 
of acidity and degradation of gluten (Gänzle et al., 2008). Additionally, sourdough 
may affect the water distribution and modify the physicochemical properties of 
gluten, starch and polysaccharides during mixing, proofing and baking of the 
dough. It may be hypothesized that the high acidity of sourdough increased 
proteolysis, which, in turn, significantly decreased the volume and softness of the 
bread, while no detrimental effects on the texture of oat-wheat bread were 
detected when optimized sourdough producing mild acidity in the dough was used. 

The sourdough conditions for highest perceived sourness (Table 8) correlated 
positively with the highest acidity of the bread (Figure 2 of Publication II). In both 
cases, the amount of sourdough was the main factor determining sourness and 
acidity. A high fermentation temperature and long fermentation time clearly 
increased the proteolysis and acidification of sourdough. Use of a high amount of 
wheat sourdough in baking increased the acidity and formation of aromatic 
compounds due to acidification, proteolysis and formation of volatile compounds in 
sourdough, and resulted in strong perceived acidity of the subsequent wheat 
bread (Katina et al., 2006). All of the sourdough parameters produced satisfactory 
sensory qualities in the oat-wheat bread, which had an intense crumb flavour 
without excessive sourness, pungent flavour, aftertaste or crumbliness (Table 8). 
The sourdough content of the dough was the most important parameter affecting 
these taste attributes, whereas the crumbliness of bread was affected most by DY. 
The sourdough conditions for most optimal specific volume and hardness (DY300, 
fermented at 40 °C for 20 h, 10 g sourdough/100 g dough) were used to predict 
the sensory attributes at this point. The most optimal sensory values for 
crumbliness and intensity of flavour (2 and 4, respectively) were obtained also with 
these sourdough parameters. The sourness was slightly lower (2 instead of most 
optimal 3), and pungent flavour as well as aftertaste intensity were slightly higher 
(2 instead of 1). This means that the sourdough conditions that produced oat-
wheat bread with highest specific volume and softness had a strong crumb flavour 
without excessive sensory sourness. The sensory scores of the optimised 
sourdough oat-wheat bread were compared to the earlier results obtained by 
Katina et al. (2006) and Hansen & Hansen (1996) for optimised sourdough wheat 
bread started with Lb. plantarum. The intensity of flavour of oat-wheat bread was 
perceived as 74%, pungent flavour as 28% and aftertaste 28% of the maximal 
score, while the corresponding values for wheat bread were 70, 36, and 32% of 
the maximal score of the sensory scale (Katina et al., 2006). The perceived 
sourness of the oat-wheat breads was slightly lower (24–56%) than in the wheat 
breads reported by Hansen & Hansen (1996) (16–81% of the maximal score), 
although the sourdough content of the oat-wheat breads was higher than that of 
the wheat breads (7–39% of the total flour in our oat-wheat breads was used in 
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the sourdough, whereas 5–20% of the flour in the wheat breads of Hansen & 
Hansen (1996) was used in the sourdough). 

Comparison of the sourdough and straight dough oat-wheat bread 
demonstrated that optimized sourdough bread could be developed without 
detrimental effects on the quality of the oat-wheat bread (Figure 4 of Publication II). 
Mathematical modelling of the parameters affecting the sensory properties of oat-
wheat bread showed that ingredients had the biggest effect on the textural 
properties of the crumb, while processing had the biggest effect on the crust, and 
sourdough had the biggest effect on the intensity of bread flavour (Tables 5 and 6 
of Publication I and Table 4 of Publication II). 

Additionally, the combination of wheat sourdough and oat ingredient could be a 
potential means to reduce the GI of wheat bread (De Angelis et al., 2007), 
providing an additional health-promoting factor for this bread type. 

3.3 The content and molecular weight of -glucan in straight 
dough and sourdough breads (Publications I and II) 

Wheat sourdough parameters did not significantly affect the content of -glucan in 
oat breads (Table 3 of Publication II). The -glucan of optimized sourdough oat-
wheat bread was compared to the corresponding straight dough bread. The -
glucan content was 2.4–2.7 g per 100 g bread (d.w.), and the Mw of the -glucan 
was 0.5 million for both sourdough and straight dough oat breads, while the Mw of 
the oat flour was 1.0 million (Table 5 of Publication II). This indicates that wheat 
sourdough fermented with Lb. plantarum L-73 did not cause further -glucan 
degradation. The -glucan degraded only during the proofing and baking phase, 
with no effect of sourdough acidity on the -glucan, which explains the same 
content and Mw of -glucan in both straight and sourdough oat-wheat breads. 

The amount of -glucan in fresh bread was 1.5±0.1 g per 100 g. This means 
that a portion (2 slices, á 34 g) of the bread contains 1.0 g -glucan. This fulfils the 
requirements for a cholesterol-lowering health claim authorised by the European 
Commission if consumers are also informed that the beneficial effect is obtained 
with a daily intake of 3 g of oat beta-glucan (European Commission, 2011). 

In addition, the physicochemical properties of oat -glucan should also be 
considered when assessing the cholesterol-lowering ability of oat products 
(Wolever et al., 2010, Åman et al., 2004, Wood, 2007). The LDL-cholesterol-
lowering effect of -glucan was shown to depend on viscosity, which is controlled 
by the MW and amount of oat -glucan solubilized (Wolever et al., 2010). The 
subjects received ready-to-eat wheat-bran cereal or oat bran cereal providing a 
total of 3 or 4 g -glucan per day with high, medium or low MW -glucan. LDL-
cholesterol was significantly less with oat bran cereal (3 g -glucan with peak MW 
of  500,000) than with wheat-bran cereal (0.5 g -glucan with peak MW of 40,000). 
No significant effect on LDL-cholesterol was observed with oat bran cereal when 
4 g of -glucan with a peak MW of  200,000 was consumed (Wolever et al., 2010). 



3. Results and discussion
 

53 

The MW of -glucan in oat breads and muffins has been shown to be smaller 
than in oat flour or bran (Beer et al., 1997, Kerckhoffs et al., 2002, Åman et al., 
2004, Kerckhoffs et al., 2003). Degutyte-Fomins et al. (2002) observed a 
decreased Mw of -glucan in oat slurry with rye or rye sourdough when compared 
to oat slurry alone. This was assumed to be due to the endogenous enzyme 
activity of rye, which degraded part of the -glucan into smaller molecules. Åman 
et al. (2004) also reported both a decreased Mw and amount of -glucan in oat-
wheat bread with oat-rye sourdough when compared to corresponding straight 
dough bread without rye. Regand et al. (2009) also observed significantly decreased 
MW of -glucan in oat crisp bread containing rye bran and whole grain wheat. 

It may be postulated that the endogenous enzyme activity of whole grain rye or 
wheat is higher than the enzyme activity of endosperm wheat flour. Additionally, 
the incorporation of oats together with rye in the sourdough could provide a 
twofold potential for oat -glucan to be degraded – during sourdough fermentation 
by rye enzymes, and during the proofing and baking phase by wheat enzymes. 

Törrönen et al. (1992) prepared oat breads without wheat for clinical studies. 
They did not detect any changes in Mw of -glucan during baking or storage. This 
indicates that -glucanase from wheat could be the main reason for degradation of 
high MW -glucan during baking (Åman et al., 2004) and/or depolymerization of -
glucan by ascorbic acid-induced oxygen radicals present in the wheat flour (Kivelä 
et al., 2009). Kerckhoffs et al. (2003) did not gain a LDL-cholesterol-lowering effect 
in mildly hypercholesterolemic subjects even though the daily dose of -glucan 
from oat bread and biscuits was 5.9 g. The Mw or peak MW of -glucan in their 
oat bran-wheat bread was not reported, but the MW distribution was 15% high-
MW (> 1 mill.), 30% medium-MW (0.25–1.0 mill.), and 55% low-MW (< 0.25 mill.). 
If all of the -glucan in the medium-MW proportion was near to 250,000, then the 
daily dose of -glucan of MW > 500,000 could have been only 0.9 g, thus reducing 
the ability of bread to produce enough viscosity in the gut. 

Microstructural analysis of the oat breads showed that the -glucan was located 
mainly in insoluble form in the cell walls of large bran particles (Figure 3 of 
Publication I). It appears that the use of coarse flour is advantageous for 
protection of -glucan from enzymatic degradation. Hydration of large particles is 
slower than hydration of small particles, and the complex structure and thickness 
of the cell walls slow the solubilisation of -glucan and other cell wall polymers. 
Åman et al. (2004) found that large particle size of oat bran and short fermentation 
time limited -glucan degradation during baking. 

The mixing method probably affects the distribution of water between wheat 
and oat flour components. This may have had a protective effect against degradation 
of high molecular level -glucans, because the oat flour was incorporated into the 
dough with slow mixing speed after formation of a proper gluten network with fast 
mixing speed. The degrading effect of -glucanase and mixing might have been 
stronger if all of the ingredients had been mixed at the same time at fast speed. 
Long fermentation of the dough at high temperature could have activated the -
glucanase of the wheat flour and degraded part of the -glucan. The incorporation 
of oat groat or grain instead of oat flour into the bread dough or inactivation of the 
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-glucanase of wheat flour are potential solutions for further reducing the 
degradation of -glucan during the processing of oat bread. 

3.4 Comparison of chemical properties of oat and wheat 
flours and doughs (Publication III) 

The chemical properties of whole grain oat flour, endosperm oat flour and 
endosperm wheat flour were compared first to study the amount and type of most 
probable substrates of these flours for xylanase, laccase and tyrosinase. These 
enzymes mainly affect water-soluble non-starch polysaccharides (WSNSPs), 
phenolic acids and proteins of wheat and oats. Firstly, changes in these 
compounds during the flour-to-dough stage were monitored to understand their 
role in dough formation. Secondly, the influence of enzymes on the dough matrix 
was studied. This approach clarified the overall alterations in the chemical profile 
from flour to dough and enzyme-modified dough. 

The AX and WEAX contents of whole grain oat and endosperm wheat flours 
are presented in Table 4 of Publication III. The WEAX content of oat flour was 
lower (0.1% of d.w.) than obtained by Frölich & Nyman (1988) and Westerlund et 
al. (1993) (0.3–0.4% of d.w.); otherwise the values were similar to those presented 
in Table 2. Mixing and incubation of the oat dough increased the relative amount 
of WEAX significantly when compared to the WEAX content of the corresponding 
flour. Disaggregation of weakly bound AX chains in the cell walls by a temperature 
increase or mechanical action is proposed to increase the hydrolysis of AX (Trogh 
et al., 2004, Rouau et al., 1994, Cleemput et al., 1997, Dornez et al., 2007). 

The MW distributions of WSNSPs of flours and doughs are presented in 
Figures 1 A–D of Publication III. The changes in MW of oat WSNSPs were due to 
changes in both AX and (1 3,1 4)- -D-glucan populations. The peak MW of 
WSNSPs of oat flour increased and shifted from 300,000–500,000 to 500,000–
800,000 in dough, indicating an increase in the size and amount of WEAX and 
water-soluble -glucan during mixing and incubation. The significant increase in 
WEAX content from oat flour to incubated dough was in accordance with these 
results. Because of the low (1 3,1 4)- -glucan content in wheat flour, variations 
in HPSEC profiles can be attributed to AX. Preparation and incubation of wheat 
dough increased the proportion of WSNSPs with MW < 20,000 (Figure 1 C, black 
line of Publication III) when compared to the MW curve of wheat flour (Figure 1 A, 
red line of Publication III), thus also suggesting a slight increase in WEAX content. 
The total -glucan contents (about half of it water-soluble) of oat, wheat, and oat-wheat 
doughs were 5.2, 0.2 and 2.9% of d.w., respectively (Table 4 of Publication III). 

The most abundant phenolic acids both in the whole grain oat and the 
endosperm wheat flours were FA (250 and 97 mg/kg d.w.), sinapic acid (36 and 
22 mg/kg d.w.), and 8-5’ DFA (benzofuran) (23 and 5 mg/kg d.w.). The results are 
in line with Mattila et al. (2005), except that their study obtained a higher content of 
DFAs than sinapic acid, because DFAs were determined semiquantitatively. Only 
the contents of free and total FA were significantly affected by the enzymes, and 
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are thus presented in Figures 2 A and B of Publication III. The values obtained 
correspond with those previously reported (Zielinski et al., 2001, Mattila et al., 
2005, Peyron et al., 2002). However, Zielinski et al. (2001) and Sosulski et al. 
(1982) determined lower levels of free FA in oat flour (1.5–2.4 mg/kg) than was 
obtained in the present study (9 mg/kg) (Sosulski et al., 1982, Zielinski et al., 
2001). Hydrothermal processing by means of steaming the grain may liberate 
phenolic acids and their derivatives from the wall cells (Zielinski et al., 2001). The 
amount of total 8-5’ DFA (benzofuran) in oat flour was significantly (p < 0.05) 
higher than in wheat flour (23 and 5 mg/kg d.w., respectively). The amount of free 
8-5’ DFA did not differ significantly between the flours. 

Mixing and incubation did not significantly affect the content of SH-groups in oat 
dough (0.53 mol SH/g flour), thus 92% of the initial flour SH remained in the 
dough (Table 5 of Publication III). The behaviour of oat proteins during baking is 
poorly studied, but it is known that 70–85% of oat proteins consist of globulins, 
which do not form a protein network comparable to gluten, which, in turn, are the 
main proteins (70–80%) of wheat. Furthermore, heat treatment (kilning and 
steaming of oat before milling in order to inactivate lipase) may affect the 
behaviour of oat proteins and endogenous oxidases present in oat grain. The 
amount of SH-groups in wheat dough was only 14% of the original content of SH-
groups in flour (0.77 mol/g) (Table 5 of Publication III), indicating a strong thiol-
oxidising mechanism during dough mixing and incubation, probably also due to 
ascorbic acid present in commercial wheat flour. The amount of SH-groups in oat 
and wheat flour did not differ significantly. The SH-groups in the mixture of oat-
wheat flour decreased to the same level as in wheat when mixed with the dough. It 
may be hypothesized that the ascorbic acid and/or endogenous oxidative 
enzymes present in wheat flour could also oxidize the SH groups present in oat 
flour during mixing and incubation. 

3.5 Effects of laccase, tyrosinase and xylanase on the oat, 
wheat and oat-wheat doughs (Publications III and IV) 

3.5.1 Effects of enzymes on the non-starch polysaccharides of doughs 

The impact of LAC (dosage 14 nkat/g flour) and XYL (dosage 46 nkat/g flour) 
treatments on the chemical composition of oat dough was first investigated. A 
significant decrease in the amount of WEAX (14%) and increase in the ratio of 
arabinose/xylose in WEAX (12%) was detected in oat dough treated with LAC 
(Table 4 of Publication III). LAC alone and together with XYL significantly decreased 
the amount of total and free FA of oat dough (Figure 2 A, B of Publication III). This 
was apparently due to cross-linking of WEAX and concomitant decrease in the 
water-extractability of the AX to WUAX. However, LAC alone or together with XYL 
did not increase the amount of free or total 8-5’-DFA (benzofuran). This could 
indicate the formation of other FA dimerisation products that were not detectable 
by the assay. The size of WSNSPs decreased (from MW  400,000–800 000 to 
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100,000–200,000) and the amount of WSNPs slightly increased when compared 
to control dough (Figure 1 B of Publication III). Because the -glucan content of 
oat dough was higher than the AX content, it may be postulated that more -
glucan than WEAX was present in the WSNSPs of oat dough. Because LAC 
decreased the amount of WEAX, the higher peak MW of WSNSPs in LAC-treated 
dough is probably caused by -glucan (Figure 1 B of Publication III). A minor side 
activity of -glucanase in LAC preparation (2.3 nkat/ml, corresponding to 0.08 
nkat/g -glucan in oat dough) may be the reason for a small but significant 
(p < 0.01) decrease in the Mw of total -glucans of oat dough from 1 million in 
untreated oat dough to 0.9 million in LAC-treated oat dough (Figure 6). The -
glucanase activity might have mainly changed the MW distribution of easily water 
soluble -glucans and thus affected a decrease in molecular size and slight 
increase in the amount of water soluble -glucans (Figure 1 B of Publication III). It 
may also be possible that the formation of free radicals by laccase may have 
undergone further non-enzymatic reactions with -glucan resulting in slight 
degradation of -glucan (Kivelä et al., 2012, Flurkey, 2003). 

 

Figure 6. The weight-average molecular weight of -glucan in oat doughs with or 
without LAC (n = 14). 

Surprisingly, XYL alone decreased the total FA content of oat dough by 18%, 
without a concomitant increase in free FA (Figure 2 B of Publication III) or free or 
total 8-5’-DFA (benzofuran form). The reason for this remains to be studied, but 
one explanation could be non-enzymatic oxidation reactions. Despite heat-
treatment of whole grain oats to inactivate lipase-degrading enzymes, some 
autoxidation of lipids may still occur during storage of whole grain oat flour 
(Molteberg et al., 1996). Phenolics of oats have an antioxidative capacity against 
rancidity (Peterson, 2001). The degradation of oat AX by XYL during mixing and 
incubation may have enhanced the susceptibility of FA to antioxidant reaction with 
lipid peroxyl radicals, resulting in ferulate radicals. Two ferulate radicals may have 
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then been coupled to form a diferulate (Masuda et al., 2006), which was not 
detectable by the assay used in this study. Although XYL treatment increased the 
WEAX content of oat dough by 45%, it increased the amount of WSNSPs only 
slightly (Figure 1 B of Publication III). This may indicate that WSNSPs consisted 
mostly of -glucan, which was not affected by XYL. When LAC and XYL were 
added together, the WSNSP content decreased more than with LAC alone. By 
degrading AX from insoluble cell walls to WEAX, XYL may have enhanced the 
accessibility of -glucanase from LAC preparation to -glucan molecules resulting 
in a higher amount and smaller molecular size of water soluble -glucans. 

LAC did not affect the WEAX content of wheat dough after 60 min of incubation 
(Table 4 of Publication III). Labat et al. (2000) observed an increase in WEAX 
content (from 26 to 28% of total AX) of LAC-treated wheat dough at peak mixing 
time, i.e. when maximum consistency of the dough was reached, followed by a 
decrease to 23.5% of total AX after 30 min mixing (Labat et al., 2000). The higher 
dosage of LAC (30 nkat) and longer mixing time used by Labat et al. (2000) may 
have favoured the formation of a higher proportion of cross-linked AX and reduced 
WEAX content, while in our case, a lower dosage of LAC (14 nkat/g flour) was not 
sufficient to oxidize WEAX completely. However, an increased amount of high 
molecular size WEAX (MW > 800,000) of wheat dough was obtained, as can be 
seen from the elution peak between 7 and 8 minutes (Figure 1 C of Publication III). 
This could be cross-linked WEAX formed by LAC. However, no significant effects 
of LAC on free or total FA or 8-5’-DFA (benzofuran) contents were detected, 
indicating that only a limited amount of DFA cross-linking was formed (e.g. 8-5’-
(decarboxylated), 8-8’-, and/or 8-O-4’- DFA). 

XYL treatment increased the amount of WEAX significantly in wheat dough 
(Table 4 of Publication III), as has been reported also by (Rouau et al., 1994, 
Courtin et al., 2001). Degradation of WEAX and WUAX resulted in a higher 
proportion of smaller WEAX with MW up to  200,000 in wheat dough (eluted after 
13 min) (Figure 1 C of Publication III). This was also observed when LAC and XYL 
were added together in the wheat dough as well as a small peak of high molecular 
size WEAX at MW 800,000 (Figure 1 C of Publication III). 

As expected, the WEAX contents of oat-wheat doughs with LAC, XYL and 
combination of the enzymes were lower than in wheat but higher than in oat 
doughs. The molecular weight distribution of WSNSPs of mixed oat-wheat doughs 
(Figure 1 D of Publication III) resembled more the elution profile of wheat than oat 
dough, because the content of WEAX originating from wheat was higher than that 
of oat in this dough. LAC increased the content of WSNSPs with molecular weight 
between 600,000 and 10,000 when compared to the control (Figure 1D of 
Publication III). Because the WEAX content did not change significantly (Table 4 
of Publication III), the observed increase in WSNSPs was possibly caused by 
degradation of insoluble -glucan of oat to water-soluble -glucan by -glucanase 
side-activity present in LAC preparation. In contrast to wheat dough, the formation 
of high MW WEAX was not detected by LAC in this dough. It is likely that the high 
content of other WSNSPs than wheat WEAX in the oat-wheat dough hindered the 
cross-linking of wheat WEAX. When LAC and XYL were added together to the 
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dough, degradation of WUAX of wheat and oat to doubled content of WEAX 
enabled more -glucan to be degraded by the side-activity of -glucanase in LAC 
preparation. The combined effects of these enzymes resulted in the highest 
amount of WSNSPs with MW  400,000. 

The effects of the TYR treatment on different flour components, i.e. protein, cell 
wall (e.g. -glucan) and starch, were studied by microscopy. Acid Fuchsin stains 
proteinaceous structures red, whereas Calcofluor stains cell walls (mainly -glucan) 
blue. Starch remains unstained and appears black. TYR affected the cell walls, 
which consist mainly of -glucan in oat. The count and area of particles (of 
diameter 10–1000 m2) dyed with Calcofluor decreased significantly (p < 0.05) as 
the dosage of TYR increased (slides 3 A–C, Figure 2 of Publication IV). This may 
reflect a slight degradation of cell walls by the side-activities of XYL and -
glucanase in the TYR preparation. 

3.5.2 Effects of enzymes on the proteins of doughs 

In oat dough, the ratio of SDS-insoluble proteins/total proteins was not affected by 
LAC (Table 5 of Publication III). The amount of middle-size SDS-soluble proteins 
(630–65 kDa) increased and small-size SDS-soluble proteins (< 65 kDa) 
decreased as a result of LAC treatment in oat dough (HPSEC, unpublished 
results). LAC decreased 55% of the SH-groups (and increased middle-size soluble 
proteins) present in oat dough. It is likely that the oat dough contained sufficient 
amounts of free FA for LAC to form phenoxy radicals, which in turn led to disulfide 
bonds between proteins and low Mr thiols, as proposed in wheat dough with added 
LAC and FA (Labat et al., 2000, Labat et al., 2002). These disulfide bonds were 
not formed in control dough. No novel subunits of proteins could be detected on 
reduced SDS-PAGE (Figure 3 of Publication III). The decreased amount of SH-
groups, increase in middle size SDS-soluble proteins and absence of novel 
subunits in reduced SDS-PAGE indicated that polymerization of globulins by LAC 
was mainly caused by disulfide linkage formation. The use of non-reducing 
conditions in SDS-PAGE may have confirmed these results. As XYL did not affect 
the thiol content of the dough, the reduced thiol content of the oat dough with a 
combination of enzymes was therefore caused by LAC. 

LAC alone and together with XYL significantly decreased the ratio of SDS-
insoluble proteins/total proteins (mainly GMP) of wheat doughs (Table 5 of 
Publication III). The decrease in the ratio of insoluble proteins to total proteins was 
27% for LAC and 34% for the enzyme combination. This result is in agreement 
with the observations of Labat et al. (2000, 2001) and could be due to the 
acceleration of thiol-disulfide interchange during mixing, leading to an earlier 
depolymerisation of the GMP during mixing than in the control wheat dough. LAC 
treatment did not affect the SH-groups present in wheat dough (Table 5 of 
Publication III). When wheat flour and water are mixed together, formation of the 
gluten network starts after hydration of the gluten proteins. Different mechanisms 
have been proposed to explain the depolymerization of the dough proteins during 
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mixing. Don et al. (2005) have shown that mixing shear stress disrupts the GMP 
particles, which then reassemble during dough rest (Don et al., 2005). Shear 
stress would disrupt disulfide bonds, which could further form inter-chain disulfide 
bonds by oxidation of their thiol groups during mixing and incubation. Thus, only 
13% of the free SH-groups were left in the control wheat and oat-wheat doughs 
when compared to the original content of free SH-groups in wheat flour (Table 5 of 
Publication III). Formation of the gluten network is affected by the properties of 
wheat, mixing shear stress, addition of oxidants, and endogenous oxidases 
naturally present in wheat flour. The reaction of phenoxy radicals resulting from 
LAC activity is limited due to a lack of mobile phenolic acids in endosperm wheat 
flour. Thus, there may be less opportunity for phenoxy radicals to oxidise the 
remaining protein thiol groups into disulfides. According to Figueroa-Espinoza et 
al. (1998) and Labat et al. (2000) LAC did not affect SH oxidation of wheat dough 
without added FA. With added FA the SH oxidation increased 47% when 
compared with control dough (Labat et al., 2000). This was probably due to the 
production of mobile thiol radicals through displacement reaction from phenoxy 
radicals to SH groups. Thiol radicals could have partially blocked the reformation 
of protein inter-chain disulfide bonds in favour of disulfide between proteins and 
low Mr thiols. Therefore, the depolymerization of glutenin polymers associated with 
mixing was not compensated by reformation of the disulfide bonds between 
protein chains (Labat et al., 2000). This proposed mechanism could also explain 
why the ratio of SDS-insoluble proteins/total proteins in LAC-treated wheat dough 
was reduced in our study. 

As in wheat dough, LAC alone and in combination with XYL decreased the ratio 
of SDS-insoluble proteins/total proteins also in oat-wheat dough by 11% and 8%. 
Unexpectedly, XYL also decreased the content of SDS-insoluble proteins/total 
proteins of oat-wheat dough by 16%. Either XYL degraded WUAX entrapped in 
the protein network, or the degradation of WUAX in the dough increased the 
accessibility of solvent to SDS-soluble proteins. 

The ability of TYR to cross-link isolated oat protein fractions was studied by 
SDS-PAGE analysis and compared to the LAC-treated oat proteins. TYR was able 
to cross-link the globulins of oat effectively, as visualized by the formation of 
higher MW products in the gel (Figure 1 of Publication IV). The efficiency of cross-
linking increased as a function of the TYR dosage (Figure 1, lanes 5 and 6 of 
Publication IV). Reduced SDS-PAGE did not show any effect of LAC on globulins. 
Neither TYR nor LAC affected the subunits of albumins or prolamins in reduced 
SDS-PAGE (data not shown). Similar results with LAC- and TYR-treated wheat 
proteins have been reported (Selinheimo et al., 2007b). TYR (100 nkat/g protein) 
was clearly more effective in cross-linking wheat gliadins than LAC (cross-linking 
was detected only at a dosage of 10,000 nkat/g protein) (Selinheimo et al., 2007b). 
Oat globulin contains 2.4% tyrosine residues for potential enzyme oxidation 
(Lasztity, 1998). One explanation could be that the quinones produced by TYR 
might react non-enzymatically with tyrosyl, cysteinyl and lysyl residues of proteins, 
resulting in the formation of covalent tyrosine-tyrosine, tyrosine-cysteine or 
tyrosine-lysine cross-links (Takasaki et al., 2001, Burzio et al., 2000, Bittner, 
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2006). On the other hand, TYR has been reported to be a poor substrate for LAC 
(Mattinen et al., 2005), which may explain the differences observed in reduced 
SDS-PAGE gels of LAC or TYR-treated oat globulins. 

The effects of TYR treatment on different flour components, i.e. protein, cell 
wall (e.g. -glucan) and starch, were studied by microscopy using two different 
staining procedures. The proteins were stained red with 0.2% Xylidine Ponceau 
(slides 1 A-C, Figure 2 of Publication IV). Comparison of control dough with TYR-
treated dough (30 nkat TYR/G flour) showed that the dough proteins were 
predominantly affected by the TYR, visualised as the formation of larger red areas 
(slide 1 C, Figure 2 of Publication IV). The count and area of protein particles with 
sizes between 100 and 1000 m2 (false-coloured blue in slides 2 A-C) of the 
dough with 30 nkat TYR/g flour were significantly (p < 0.05) higher than in the 
control dough (Figure 3 of Publication IV). On the basis of the results of SDS-
PAGE and microscopic analysis, it is suggested that these blue areas are 
probably aggregated globulins formed by TYR-induced cross-linking between the 
oat proteins. 

3.5.3 Effects of enzymes on the rheological properties of the doughs 

Prolonged incubation (from 20 to 60 min) significantly decreased (p < 0.05) the 
resistance to stretching (Rmax) of all doughs except doughs with XYL or oat 
dough with a combination of enzymes (Figure 4 A–C). Incubation of doughs from 
20 to 60 min also increased the extensibility of the control wheat dough, whereas 
the extensibility of other doughs was not affected by incubation time. This is in 
accordance with Selinheimo et al. (2006), who observed softening of LAC-treated 
wheat dough during incubation from 15 to 45 min (Selinheimo et al., 2006). 
However, the degree of softening of the control wheat dough during incubation 
was minimal (Selinheimo et al., 2006). Different wheat flour, incubation temperature 
(21 °C instead of our 30 °C), and incubation time (45 min instead of 60 min) may 
be possible reasons for the observed differences in control doughs. Besides 
hydration and relaxation of the macromolecular network of dough after mixing and 
during incubation, also the endogenous enzymes of wheat, for example XYL, start 
to solubilize AX during resting (Dornez et al., 2007), which could cause softening 
of the dough. 

Oat dough has very poor viscoelastic properties, as can be seen from small 
changes in resistance to extension and its very low extensibility, and thus the 
effects of enzymes on dough rheology remained very small (Figure 4 A). Because 
endogenous enzymes are inactivated in flour milled from kiln-dried oats, the 
softening of oat dough during incubation may be mainly due to hydration of dough 
components, as can be seen from the slight increase in WEAX content of dough 
when compared to the WEAX content of flour (Table 4 of Publication III). Higher 
resistance to extension was observed with XYL-treated oat dough than control oat 
dough after 60 min incubation. Because XYL doubled the WEAX content with 
slightly increased content of WSNSPs, it may have increased the viscosity and 
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tightened the dough. When XYL and LAC were added together in the oat dough, it 
was softer after 20 min incubation than other oat doughs, but after 60 min higher 
softness and extensibility were observed than with XYL-treated oat dough. By 
degradation of WUAX, XYL enabled more -glucan to be degraded from the cell 
walls by the small amount of -glucanase side activity present in LAC preparation, 
leaving the dough softer and more extensible than XYL-treated oat dough. 

LAC significantly increased the resistance to stretching (Rmax) of wheat dough 
when compared to other wheat doughs, and reduced extensibility (Ex) when 
compared to control or XYL-treated wheat doughs (Figure 4 B of Publication III). 
As LAC decreased the ratio of SDS-insoluble proteins/total proteins, and no effect 
on free SH groups could be detected in wheat doughs, cross-linking of WEAX to a 
small amount of WUAX and high MW WEAX could provide an explanation for the 
rheological changes observed. High MW WEAX formed in LAC-treated dough has 
a higher viscosity and could have tightened the structure of the dough and thus 
increased the Rmax and reduced Ex of the dough. The reduction in Rmax between 
20 and 60 min incubation times was more pronounced in LAC-treated dough than 
in control dough. It can be postulated that LAC cross-links WEAX and forms high 
MW WEAX and a small amount of WEAX-derived WUAX. This increases the initial 
Rmax. During incubation, endogenous xylanases also depolymerize part of these 
large WEAX polymers. This could cause a greater drop in Rmax of LAC-treated 
dough incubated for 20 to 60 min than depolymerisation of smaller WEAX 
polymers in control dough incubated for 20 to 60 min. XYL softened wheat dough 
only after 20 min incubation, but after 60 min incubation, the Rmax was the same 
as for control dough (Figure 4 B of Publication III). Similar results have been 
previously reported with a dosage of 50 nkat/g flour of the same XYL, while higher 
dosages softened the dough significantly (Selinheimo et al., 2007b). Primo-Martin 
et al. (2003) also detected no significant effects of LAC or XYL or their 
combination on the Rmax or Ex of wheat dough, when compared to the control after 
60 min incubation. This could indicate higher activity of added XYL already at 
mixing stage of dough preparation, while endogenous xylanases hydrolyse AX 
mainly during incubation of the wheat dough (Dornez et al., 2007). When LAC and 
XYL were added together in the wheat dough, the role of LAC seemed to 
dominate the rheological properties, as the Ex of the dough was reduced. 

LAC did not affect Rmax in oat-wheat dough when compared to control dough. 
No such changes in MW distribution as in wheat dough by LAC were recognized, 
and the amount of WEAX was smaller than in wheat dough. XYL increased the 
softness of the dough also after 60 min incubation when compared to the control 
dough, while in wheat dough the effect was significant only after 20 min 
incubation. Besides doubled WEAX content, this can be explained by smaller 
endogenous XYL activity of the oat-wheat control dough than of wheat dough. A 
combination of the enzymes in oat-wheat dough resulted in the softest dough. XYL 
catalysed the hydrolysis of WUAX in the wheat and oat of oat-wheat dough, and 
resulted in a doubled amount of WEAX. Thus, more -glucan was degraded from 
insoluble cell walls by the side-activity of -glucanase in LAC preparation, 
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improving the softness of the dough. The Ex of the oat-wheat dough was affected 
by neither of the enzymes used. 

TYR increased the hardness of the oat dough, as indicated by an increase in 
Rmax (Figure 4 A of Publication IV). A similar result has been reported in wheat 
dough with TYR (Selinheimo et al., 2007b). The SDS-PAGE assay showed that 
the oat globulins were significantly affected by TYR, which could explain the 
hardening of the oat dough by TYR. LAC neither affected oat globulins nor the 
Rmax (Figure 1 of Publication IV and Figure 4 of Publication III). Microscopic 
examination confirmed an aggregation of the oat proteins caused by TYR (Figure 
3 of Publication IV). Addition of 30 nkat TYR/g flour resulted in a softer oat dough 
than the dough with 10 nkat TYR/g four, but harder than the control dough (Figure 
4 A of Publication IV). Such an effect has not been detected with TYR-treated 
wheat dough or with LAC-treated oat dough (Renzetti et al., 2010, Selinheimo et 
al., 2007b). The higher aggregation of proteins with higher dosage of TYR may 
have increased the redistribution of water from proteins to -glucan. The increased 
mobility of -glucan may have increased the softness of the oat dough. Renzetti et 
al. (2010) observed increased softening of oat dough with increasing dosage of 
LAC, which was assumed to be due to the -glucanase side activity of the LAC 
preparation. TYR with a dosage of 30 nkat/g flour contained low side activities of 
XYL and -glucanase corresponding to 1.26 and 0.24 nkat/g flour, respectively. It 
is possible that the softening of oat dough at higher TYR dosage was due to the 
side activity of -glucanase, but that this did not overcome the effect of protein 
cross-linking, since the dough was still significantly harder than the control dough. 
Similarly to LAC, the TYR did not affect the Ex of the dough. By contrast, TYR has 
been reported to decrease the Ex of wheat dough (Selinheimo et al., 2007b). Oat 
dough has very limited Ex when compared to wheat dough. 

3.6 Effects of laccase, tyrosinase and xylanase on the 
quality attributes of oat and oat-wheat breads 
(Publications III and IV) 

In 100% oat bread, LAC or XYL increased the hardness of fresh oat breads, but 
after 2 days storage all of the breads had the same hardness. The combination of 
the enzymes increased the specific volume of 100% oat bread significantly (Table 
6 of Publication III). LAC, XYL and especially their combination increased the 
specific volume of oat-wheat bread significantly (Table 6 of Publication III). 
Similarly, an increase in the volume of wheat bread by LAC, XYL, and their combination 
has been reported in previous studies (Si, 2001, Primo-Martin & Martinez-Anaya, 
2003, Selinheimo et al., 2007b). Fresh oat-wheat breads with XYL and with a 
combination of LAC and XYL enzymes were significantly softer than control bread, 
but after 3 days storage only bread with XYL remained significantly softer than the 
control bread. Similarly, XYL and a combination of XYL and LAC were reported to 
be most effective in retaining the softness of wheat bread after 3 days of storage 
(Primo-Martin & Martinez-Anaya, 2003, Selinheimo et al., 2007b). 
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By combining the enzyme-induced changes in molecular structure with the 
rheological properties of doughs, and with the quality attributes of oat and oat-
wheat breads, it can be concluded that LAC decreased the contents of WEAX, 
and total and free monomeric FA in oat doughs. The increased content of 
WSNSPs with smaller MW was detected as well, which was proposed to be water-
soluble -glucan and WEAX. A slight -glucanase side activity in LAC preparation 
could have hydrolysed part of the insoluble -glucan to water-soluble -glucan, 
and thus increased the proportion of WSNSPs with smaller molecular size. This, in 
turn, could have enhanced the possibilities of LAC to form phenoxy radicals as 
well as formation of cross-links between FA moieties of WEAX molecules resulting 
in WUAX. LAC also decreased the content of SH groups and increased the 
molecular size of SDS-soluble proteins without concomitant effects on the 
subunits of oat protein fractions, as shown by reduced SDS-PAGE. LAC did not 
affect the rheological properties of the oat dough, probably due to its high -glucan 
content and lack of gluten. It is suggested that formation of WUAX by LAC as well 
as increased middle-size SDS-soluble proteins by formation of disulfide bonds 
between proteins and/or low Mr thiols increased the hardness of fresh oat bread. 
XYL doubled the content of WEAX in oat dough and slightly increased the amount 
of WSNSPs. This increased the resistance to extension of the dough after 60 min 
incubation as well as the hardness of the fresh bread, due most likely to a 
reduction in the amount of water available for -glucan by WEAX, and/or higher 
dough viscosity. When LAC and XYL were added together, the slight degradation 
of AX by XYL enhanced the degradation of -glucan by LAC. The synergistic 
effect of the enzymes reduced the amount and size of WSNSPs, which decreased 
the resistance to extension in the beginning of proofing phase (20 min, Figure 4A). 
The lower viscosity of the dough may have enabled the development of larger gas 
bubbles than in control dough. At the end of the proofing phase (60 min, Figure 
4A), the formation of WUAX as well as disulfides between proteins due to LAC-
induced cross-linking hardened the dough and resulted in the same bread crumb 
hardness as the control bread, despite the larger volume. 

In wheat dough, LAC slightly increased the proportion of high MW WEAX and 
decreased the ratio of SDS-insoluble/total proteins, resulting in increased 
resistance to stretching and decreased extensibility of the dough. The cross-
linking of WEAX to high MW was proposed to produce tighter dough due to 
increased water absorption of WEAX. 

In oat-wheat dough, LAC slightly increased the amount of WSNSPs with MW 
between 600,000 and 10,000 when compared to the control. The increased 
content of water-soluble -glucan in the WSNSPs extract due to -glucanase side 
activity in LAC preparation may have increased the WSNSPs and thus the specific 
volume of the bread. XYL increased the contents of WEAX and WSNSPs of oat-
wheat doughs, which increased the softness of the dough and, thus, also the 
specific volume and softness of the bread. When LAC and XYL were added 
together to this dough, degradation of WUAX of wheat and oats to double content 
of WEAX enabled more -glucan to be degraded by the side-activity of -
glucanase in LAC preparation. The combined effects of these enzymes resulted in 
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the highest amount of WSNSPs with MW below 400,000, which was assumed to 
be the main reason for softest dough and highest specific volume of oat-wheat 
bread. 

Effects of TYR, LAC and XYL, either alone or in combination, on the quality 
parameters of gluten-free oat bread were studied by measuring the specific 
volume and instrumental hardness of the breads. TYR, alone and together with 
XYL, significantly (p < 0.05) increased the specific volume of oat breads (Table 3 
of Publication IV). After two days of storage, the bread with a combination of TYR 
and XYL was significantly softer than other breads (p < 0.05) (Table 3 of 
Publication IV). This is in accordance with the effects of TYR alone and in 
combination with XYL on wheat bread (Selinheimo et al., 2007b), except that fresh 
wheat breads prepared with a combination of TYR and XYL were also softer than 
control bread. The cross-linking of oat globulins by TYR may have strengthened 
the protein network of oat dough, resulting in increased specific volume of the oat 
bread. XYL alone did not affect the specific volume or softness of the gluten-free 
oat bread. When XYL was added together with TYR, the degradation of AX by 
XYL, together with polymerization of oat globulins, may have contributed to the 
softer bread crumb after 2 days of storage. Furthermore, slight -glucanase 
activity of the TYR preparation may have contributed to the improved volume of 
this bread. 

As with whole grain oat bread, LAC did not affect the specific volume of gluten-
free oat bread (Table 4 of Publication IV). Similar results have been obtained with 
LAC-treated oat bread (0.01% LAC by flour weight, corresponding to a dosage of 
1.7 nkat/g flour), although with 0.1% addition LAC has been found to increase the 
specific volume of oat bread (Renzetti et al., 2010). The increased depolymerisation of 
-glucan by -glucanase side activity (corresponding to 0.2 nkat/g flour) of the 

LAC preparation was assumed to be the main reason for the increased softness of 
the oat doughs and increased specific volume and softness of the oat breads 
(Renzetti et al., 2010). The -glucanase side activity in our LAC preparation 
corresponded to 0.08 nkat/g flour, which may have been too low to affect alone 
the specific volume or rheology of the oat dough. Only when LAC was combined 
with XYL did the specific volume of whole grain or gluten-free oat bread increase 
significantly (Table 6 of Publication III and Table 4 of Publication IV), and the 
combined degradation of -glucan by LAC and AX by XYL was assumed to be the 
main reason for the improved volumes of these breads. 
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4. Conclusion and future outlook 

This thesis studied the effects of baking and bioprocessing methods, such as the 
use of sourdough and enzymes, on the chemical and rheological properties of oat 
doughs, the stability of -glucan, and the quality attributes of oat breads. 

The concentration of gluten and water in oat breads were first optimized, and 
these concentrations were then used in the optimization of process conditions. 
Maximal specific volume and instrumental softness with even crust and without 
excessive crumb moistness were attained by adding gluten (15.2 g/100 g flour) 
and water (91.5 g/100 g flour) to the dough. Of the five processing conditions, 
baking temperature, proofing time and temperature exhibited the greatest effects 
on bread quality. The maximal specific volume 3.6 (cm3/g) and minimal hardness 
(0.1 kg after 2 h, and 0.3 kg after 72 h) were attained by proofing the bread at 
40 °C for 75 min and baking at 210 °C. Of the sensory attributes evaluated, the 
processing conditions significantly affected the crust properties and richness of the 
crumb flavour. Optimal thickness, flavour and crispness of the crust were attained 
with the same conditions for maximal volume and minimal hardness of the bread. 
From the data presented, it is evident that bread with 51 g whole grain oat flour 
per 100 g flour can be baked and that good taste and structure as well as long 
shelf life can be obtained by optimizing the recipe and processing parameters. The 
results of this work have been applied for commercial production of oat breads 
with high -glucan content. 

The use of an optimized sourdough process in the production of oat bread 
provided a feasible technique for producing new tasty variants of oat bread with 
high -glucan content. The amount and fermentation temperature of the 
sourdough added had significant effects on the texture and crumb characteristics 
of the oat-wheat bread. The most favourable sourdough condition for enhanced 
crumb texture and flavour of the bread was a small addition of wheat sourdough 
(10 g/100 g dough) that was fermented at 40 °C for 20 hours. The use of optimized 
sourdough resulted in bread with similar specific volume and staling rate as the 
corresponding straight dough bread. 

Wheat sourdough did not affect the content or Mw of the -glucan when 
compared to straight dough bread. The amount of -glucan in both breads was 
1.5±0.1 g per 100 g. This means that a portion (2 slices, á 34 g) of the bread 
contains 1.0 g -glucan. This fulfils the requirements for a cholesterol-lowering 
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health claim if the consumers are also informed that the beneficial effect is 
obtained with a daily intake of 3 g of oat beta-glucan. The Mw of the -glucan 
decreased slightly, and to the same extent in both breads when compared to the 
oat flour. The degradation of -glucan occurred during the bread-making phase, 
and was most likely due to the endogenous -glucanase activity present in the 
wheat flour. 

The effects of XYL, TYR, or a combination of XYL and LAC or TYR on the 
properties of oat dough and bread quality were studied for the first time. TYR was 
more effective than LAC in improving specific volume and reducing the firmnesss 
of the gluten-free oat bread, especially in combination with XYL. The degradation 
of AX by XYL together with a slight degradation of -glucan by side activity of -
glucanase in LAC preparation was suggested to improve the specific volume of 
whole grain oat, gluten-free oat, and oat-wheat breads, and the softness of fresh 
oat-wheat bread. The polymerization of oat globulins by TYR together with 
degradation of AX by XYL was suggested to be the main contributors to improved 
volume and softness of gluten-free oat bread. Future structural studies with 
purified LAC and TYR will address the specific reactions between the enzymes 
and selected oat substrates as phenolic compounds, AX and protein fractions. 
Furthermore, the effects of dosage and bread making conditions on optimal 
activity of these enzymes requires further investigation. The results for TYR show 
promising possibilities for commercialization of this enzyme for different food uses, 
such as for improving the texture of different bakery products. 

Of the bioprocesses applied in this study, wheat sourdough proved an effective 
method of boosting the flavour intensity of oat-wheat bread without excessive 
acidity or pungency. Additionally, wheat sourdough did not have a deleterious 
effect on the Mw of -glucan in this bread. Addition of enzymes improved the 
texture of oat-wheat bread more efficiently than wheat sourdough, as the 
combination of LAC and XYL resulted in higher specific volume (4.0 vs. 3.7 ml/g) 
than with the optimised wheat sourdough process. XYL was most efficient in 
retaining the softness of oat-wheat bread (0.2 and 0.3 kg after 3 days storage). 
The identified positive effects of TYR on the baking quality of gluten-free oat bread 
encourage further development of cross-linking enzymes as powerful tools for 
modification of biopolymers in healthy food matrices. 
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Bioprocessing to improve oat bread quality  
 

Oats contain a considerable amount of the soluble fibre β-glucan, 
which has recently received an authorised cholesterol lowering health 
claim in all member states of the EU. The healthy and natural image of 
whole grain oats has made them a desirable ingredient for use in breads. 
However, the absence of gluten-forming proteins and high fibre content 
pose technological challenges with respect to product texture. Fundamental 
understanding of the role of oat components on the structure formation 
of dough and bread is needed to facilitate the development of new 
healthy variants of oat breads with consumer-appealing properties. 
This thesis studied the effects of baking and bioprocessing methods, 
such as the use of sourdough and enzymes, on the chemical and 
rheological properties of oat doughs, the stability of β-glucan, and the 
quality attributes of oat breads.

A concept was created for using whole grain oat flour as a base in an 
oat-wheat bread with good textural and sensory quality and high 
β-glucan content. Ingredient and process parameters for optimised 
texture and taste of the oat-wheat bread were established without 
extensive degradation of β-glucan. The use of an optimized sourdough 
process in the production of oat bread provided a feasible technique 
for producing a new tasty variant of oat bread with high β-glucan 
content. The use of enzymes, such as laccase and xylanase, proved 
highly effective in improving the texture of oat-wheat bread. It was 
shown in this work that tyrosinase efficiently cross-linked oat protein, 
which was suggested to improve the textural properties of gluten-free 
oat bread. The identified positive effects on the baking quality of oat 
bread encourage the food ingredient and baking industry to apply 
bioprocessing as a powerful tool for improving the flavour and texture 
of healthy bakery products.
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