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Abstract

Wholegrain foods are known to be health-beneficial but their sensory characteristics may be a limiting
factor for consumption. Many cereals like rye, oats, barley and sorghum are actually used mainly as
wholegrain, whereas for wheat the situation is the opposite. This review deals with factors that
differentiate the sensory properties of wholegrain and bran-rich foods from those of refined cereal
foods. Hitherto established means of modulating sensory quality and thus improving acceptability of

wholegrain foods are also presented.
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Highlights

e Most sensory attributes of wholegrain foods are formed during processing

e Phenolics, peptides, Maillard reaction products and lipids are the major compounds
determining the specific flavour of wholegrain foods

e Bran particle size, surface interactions and water binding are key factors in affecting texture
formation

e Milling, fractionation, bioprocessing and choice of raw materials are among the tools to
improve the sensory characteristics of wholegrain foods

1. Introduction

Cereal grains are a major energy source globally. In Europe, wheat is the most commonly used of all
grains. While bread and pasta are elementary parts of the daily diet, the consumption of biscuits,
breakfast cereals and snacks is increasing. In the past, cereal foods were based on wholegrain flour. In
the 1900s”, industrialization brought along development of the milling industry, which led to increased
production of refined white flour and separation of the outer bran layers of the kernel mainly to be used
as animal feed or biofuel. This refining, driven by facilitated processing, food safety and consumer
preferences for white flour, was accompanied by a decrease in intake of dietary fibre (DF) and nutrients
present in the wholegrain (Slavin, 2000). In the Western world, due to growing prosperity and abundant
availability of food, white wheat flour became the standard raw material for the wheat based cereal
industry, leading to product and process development of refined wheat products. In addition to
improving public health, utilisation of wholegrains for human food would also contribute to food

security and sustainable food production.



Since the 1970s’ there has been a growing understanding of the importance of sufficient DF in the
human diet. This led to the current wide recognition of the nutritional significance and health benefits
of using wholegrain vs. refined grain. Consumption of foods containing wholegrain and especially
cereal DF has in numerous epidemiological studies been shown to reduce the risk of chronic diseases
(Ye, Chako, Chou, Kugizaki, & Liu, 2012), and dietary recommendations in different parts of the
world urge to eat more of this kind of foods. However, even though the offering of wholegrain foods is
increasing, there is a huge gap between recommendations and intake. This can mainly be attributed to
the sensory characteristics vs. consumer expectations. Less than 10% of the US population was
reported to consume the recommended three servings per day in 2000 (Cleveland, Moshfegh,
Albertson, & Goldman, 2000). In UK, only 3% of adult respondents met the US recommendations of 3-
5 servings/ day (Lang and Jebb, 2003), and 27% of them were consuming no wholegrain at all (Thane,
Jones, Stephen, Seal, & Jebb, 2005).

Identification of factors underlying flavour and texture formation helps to improve the sensory
attributes of cereal products containing wholegrain or bran, and thus contributes to healthier and more
sustainable diets. This paper reviews progress in this area, as well as processing techniques which can

be utilised to enhance the sensory characteristics and acceptability of wholegrain cereal products.

2. Consumer perception of wholesome cereal products

Foods with health benefits need to have high sensory acceptance in order to be chosen and eaten, and it
is of great importance to identify causes of sensory concerns in wholegrain foods. In addition to
sensory product properties, extrinsic properties such as packaging, product information, claims etc.
influence the acceptance of a product. Preferences for the sensory attributes found in refined bread are
often stated as the reason for the relatively low consumption of whole wheat bread and other
wholegrain cereal foods. Hersleth, Berggren, Westad, and Martens (2005) showed that texture
attributes in bread are important for consumers’ sensory perception, and Heenan, Dufour, Hamid,
Harvey, and Delahunty (2008) demonstrated that odour and flavour attributes are positive drivers of
bread freshness. Bakke and Vickers (2007) conducted an acceptance test including nine different
breads chosen to represent comparisons between equivalent refined and whole wheat breads, and

concluded that sensory preferences may be a barrier to whole wheat bread consumption, but ingredient



or processing modifications can improve liking of such products. Arvola et al. (2007) suggested that
making more wholegrain foods available with sensory characteristics comparable to refined grain foods
would be a good strategy to promote wholegrain food consumption. Moreover, traditional bread
consumption is changing among young consumers from home use towards fast food bread and bread
consumed outside home (Sandvik, Kihlberg, Lindroos, Marklinder, & Nydahl, 2014). Thus, there is a
current need to develop new appealing product concepts as well as tailored communication strategies
focused towards younger consumers. Nudging has recently been studied as a tool to influence healthy
food choice by affecting unconscious behavioural processes. Van Kleef, Vrijhof, Polet, Vingerhoeds
and de Wijk (2014) provided school children with bread in regular or funny shapes. Their intervention
study showed that whole wheat bread consumption doubled when presented as fun-shaped products,

demonstrating that visual appeal can stimulate wholegrain consumption.

Health information of cereal products induces sensory and hedonic expectations, and it is important
that these expectations are fulfilled during consumption (Di Monaco, Cavella, Di Marzo, & Masi,
2004). Consumers’ beliefs and expectations of healthy cereal products have been widely studied lately
(Dean et al., 2007; Arvola et al., 2007; Saba et al., 2010; Shepherd et al., 2012), as well as the
motivational factors underpinning consumers’ understanding of health claims (Dean et al., 2012). Dean
et al (2007) showed that nutritional improvements of staple foods were perceived as more beneficial for
health than those of fun foods, e.g. pizza, biscuits. Arvola et al (2007) concluded that consumers
generally seem to regard cereal products as good for their health. However, the awareness of
wholegrain products being healthier for you than refined grain products varied between consumer
groups. Country-wise differences in perception of health- related messages in cereal based food

products were demonstrated in Saba et al. (2010) and Shepherd et al. (2012).

Schaffer-Lequart et al. (2015) reviewed the current use and challenges of wholegrain in manufactured
foods, as well as possibilities to increase the intake. However, their paper did not discuss sensory
characteristics of wholegrain products. Consumers’ acceptance of wholegrain foods was also recently
reported by Kuznesof et al. (2012), who identified that barriers for sufficient intake included taste
preferences of the family, cooking skills, price and availability of wholegrain foods. Participants’ self-
reported benefits of eating wholegrain foods included perceived naturalness, high fibre content,

superior taste, improved satiety and increased energy levels. There is clearly a need to take the



variation between different cultures, traditions and eating habits into account when introducing healthy

cereal based products to the market. In any case sensory appeal remains a key food choice factor.

3. Flavour- active compounds in wholegrains

Cereal grains each have their characteristic flavour profiles and precursors, even though the flavour of
native, untreated grains is mild and bland (Heini6, 2014). The flavour and texture of cereal foods are
mostly formed during processing due to process-induced changes in the grain biopolymers and flavour-

active compounds (Figure 1). White wheat flour furnishes a small amount of volatile compounds and

Perception by consumers

Sensory attributes

Colour Odour Texture Flavour

Physical and chemical composition of cereal food

Food processing

.

Physics and chemistry of wholegrain and bran
vs. refined grain

Figure 1. Formation of sensory attributes as interplay of raw materials and processing conditions



aroma precursors, and their contribution to bread flavour is estimated to be small (Drapron and Molard,
1979). In wholegrain wheat flour, the amount of volatile compounds as well as amino acids is
considerably higher (Czerny and Schieberle, 2002). Fermentation and baking are the main sources of
flavour of wheat bread, and both steps are essential (Hansen and Schieberle, 2005). Volatile
compounds are generated from previous precursors present in ingredients or resulting from enzymatic
or mechanical degradations (Drapron and Molard, 1979). The most important precursors of the
identified compounds are sugars and amino acids (Spicher and Nierle 1988; Martinez-Anaya, 1996;

Thiele, Ginzle, & Vogel, 2002).

Volatile compounds, such as aldehydes, ketones and alcohols, are perceived as odour, and have
traditionally been studied for decades as the only contributors of perceived grain and cereal product
flavour causing for example green, sweet and fruity odour notes (Kirchoff & Schieberle, 2002; Heinio
et al., 2003a). For example, volatile compounds in the headspace of bread give information on the
freshness of bread (Heenan, Dufour, Hamid, Harvey, & Delahunty, 2009). More recently, the role of
non-volatile compounds, such as phenolic compounds, amino acids, small peptides, fatty acids and
sugars, as flavour- active compounds has been realised (Mattila, Pihlava, & Hellstrém, 2005, Heinio et
al., 2008). The most dominant and challenging taste caused by some of these is the bitter note (van
Gemert, 2011; Heinio, 2009; Heinio, 2014; Heinio et al., 2008; Heinio, Nordlund, Poutanen, &
Buchert, 2012). The number of other sensory attributes besides bitterness detected as typical of
wholegrain, bran and germ is very limited. Bitter flavour of rice correlates positively with dark colour

(Bett-Garber, Lea, Champagne, & McClung, 2012).

Many bioactive compounds are bitter or astringent in taste, and thus aversive to large consumer groups.
Bitterness has even been hypothetized to be linked to likeliness to adopt a healthy diet. Non-volatile
chemical compounds are concentrated locally in the grain kernel (Glitsg & Bach Knudsen, 1999;
Heinio, Liukkonen, Katina, Myllymiki, & Poutanen, 2003b). Phenolic compounds are located
unevenly in the outer layers of grain, making it possible to produce differently flavour-active fractions
by milling. For example, different rye fractions - wholegrain, endosperm and differently processed bran
fractions - have dissimilar chemical properties and sensory profiles, but also different storage stability
(Heiniod, 2003; Heinid, Liukkonen, Katina, Myllyméki, & Poutanen, 2003b; Heini6é et al., 2008).

Endosperm had the mildest flavour, but its storage stability was poorest. Rye bran, highest in dietary



fibre and antioxidants, had an intense, bitter flavour, which became more intense during storage with
no concurrent increase in rancidity. Between the mild-tasting innermost, endospermic part of rye grain
and the bitter-tasting outermost bran fraction, a rye-like flavour without any obvious bitterness was
observed. This fraction also contained significant amounts of bioactive compounds, such as
alk(en)ylresorcinols and phenolic acids (Heini6 et al., 2008). In sorghum bitterness and astringency are
also caused by phenolic compounds, especially by condensed tannins (Kobue-Lekalake, Taylor & De

Kock, 2007; Kobue-Lekalake, 2008).

Bitter and pungent flavour notes are often associated with wholegrain foods. Phenolic compounds are
one important contributor of bitterness in cereal products, especially pinoresinol and syringic acid
(Heinio et al., 2008). Only free phenolic compounds are flavour-active because they can adhere to the
taste receptors. For example, ferulic acid is the most abundant phenolic acid in rye but is mainly in a
bound form and thus not flavour-active. Phenolic compounds often also act as antioxidants in cereal
foods, and are thus considered beneficial for health (Fardet, 2010; Bondia-Pons et al., 2009). They are
concurrently expected to improve product stability. Phenolic compounds, such as phenolic acids,
lignans, alkylresorcinols, benzoxazinoids etc., are mainly located in the outer layers of the grain, and
therefore their content is high in products rich in wholegrain and bran (Dimberg, Molteberg, Solheim,
& Frglich, 1996; Heinio, Liukkonen, Katina, Myllyméki & Poutanen, 2003b; Heini6 et al., 2008;
Andersson, Gimberg, Aman, & Landberg, 2014). The total phenolic acid content of red and white
wholegrain wheat bread and crackers has been shown to correlate with perceived bitterness
(Challacombe, Abdel-Aal, Seetharaman, & Duizer, 2012). Both free and bound phenolic acids
correlated with bitterness in bread crumb, whereas only bound phenolic acids did so in crackers. The
researchers explained the difference to originate from the different moisture content of the products.
However, the reason could also be in different binding of compounds on taste receptors (Soares et al.,
2013): the impact of bound phenolic compounds on flavour is expected to be smaller than that of free

compounds.

Small molecular weight peptides are considered to be one of the contributors inducing the bitter taste in
rye (Heini6, Nordlund, Poutanen, & Buchert, 2012). Proteolytic enzymes, mainly located in the outer
layers of the kernel, may cause formation of bitter peptides during processing of wholegrain (Brijs,

Bleukx, & Delcour, 1999). Proteolysis of albumins and globulins in wholegrain wheat flour, followed



by the Maillard reaction, was suggested to be a reason for the bitter notes in wholegrain wheat bread
(Jiang & Peterson, 2013). It was also suggested that the Maillard reaction may be catalysed by presence
of phenolics in the wheat grain. Tryptophan and three Maillard reaction products were shown to be
mostly responsible for the bitter flavour in wholegrain wheat bread (Bin, Jiang, Cho, & Peterson, 2012).
The amino acid composition of peptides has been considered to be a more important determinant of
bitterness than peptide size (Lemieux & Simard, 1992). Peptides with a molecular mass between 500
and 3000, corresponding to peptides ranging from 2 to 27 amino acids, have been found to be the most
bitter ones in dairy (Lee & Warthesen, 1996a, 1996b) and meat (Henriksen & Stahnke, 1997) products.
The role of peptides and amino acids in perceived flavour of cereal products is, however, largely yet

unknown.

Rancidity, as a result of lipid hydrolysis and subsequent fatty acid oxidation, is known to be another
contributor to bitterness, and is known to create specific off-flavours. In general, bran and especially
germ have higher lipid content than endosperm, and are therefore more susceptible to oxidation. If
these lipid-rich parts of grain are used, they obviously contribute a lot to the perceived flavour due to
oxidation during storage. The role of lipids depends on the variety of grain: in oats lipids are present in
the entire grain, in wheat, corn and sorghum they are concentrated in the germ, and lipid oxidation
activity is especially high in barley germ (Baik & Ullrich, 2008) and pearl millet (Nantanga,
Seetharaman, de Kock, & Taylor, 2008). Among wholegrain foods, the role of lipids has been studied
most in oats, which contain about 6% lipids. Depending on processing conditions, lipid hydrolysis may
occur by enzymatic or chemical reactions, and subsequent fatty acid oxidation may create off-flavours.
Control of free fatty acid formation is thus important with respect to flavour stability of wholegrain

foods.

Lipid hydrolysis has the most significant impact on flavour stability of wholegrain flour, although some
smaller changes may also be caused by protein or carbohydrate degradation (Doblado-Maldonado,
Pike, Sweley, & Rose, 2012; Heinio, Lehtinen, Oksman-Caldentey, & Poutanen, 2002). During
storage, lipolysis takes place, and has a negative impact on the sensory characteristics of flour,
perceived as rancid and bitter notes. The shelf-life of whole wheat flour is shorter than that of white
flour (Doblado-Maldonado et al 2012). Rancidity appears alike more pronounced in wholegrain than

refined wheat bread during storage due to lipid oxidation (Jensen, Oestdal, Skibsted, Larsen, & Thybo,



2010; Jensen, @stdal, & Thybo, 2011). Lipase activity, located mainly in the bran fraction of the grain,
causes rancidity by hydrolyzing triacylglycerols to fatty acids (Heinio et al., 2002). Enzymatic
oxidation of free fatty acids is caused by lipoxygenase, located in germ and bran in wheat. Thus, the
amount of endogenous lipids in the flour and cereal product greatly influences stability. For example,
pearl millet, a very small grain (3—15 mg) has a proportionally larger germ than all other cereal grains,
except perhaps maize (Nantanga et al., 2008). It tends to contain a proportionally higher content of
triglycerides, and is thus extremely susceptible to rancidity within a few days after milling causing off-
flavours during storage, especially under conditions of moderately high moisture and oxygen exposure.
The high phenolic content of bran seems to reduce the formation of flavour-active lipid-derived
oxidation products through high antioxidant activity. In the storage of rye grain fractions,
triacylglycerols were shown to cause bitterness, whereas free fatty acids caused rancid perception
(Nordlund et al., 2013). Increase in flavour intensity and bitterness in bran is due to reactions related

either to lipid, protein or phenolic compounds (Table 3).

Oats is different from other cereal grains due to its high B—glucan and lipid contents and low starch
content. Oats has a positive health image, and it is often used as wholegrain. It is perceived as a tasty
cereal giving a nutty flavour, but may have a bitter off-flavour originating from its poor stability, and
the tendency to rancidity limits the use of oat (Heinid, Kaukovirta-Norja, & Poutanen, 2011). Thus, the
inhibition of the lipase activity in oat processing is necessary. High water content and phenolic
compounds have been shown to contribute to rancidity and bitterness in oat (Molteberg, Solheim,

Dimberg, & Frglich, 1996).

4. Flavour and texture formation in processing wholegrains and bran

Good taste, together with other perceived characteristics, is the most important criterion for food
choice, and an essential requirement for products to survive on competitive markets. Sensory
characteristics of refined and wholegrain products differ in many aspects (Table 1) (Callejo, 2011; Elia,
2011), and cereal products containing wholegrain or bran face numerous challenges in this respect. As
compared to refined products, the main sensory concerns and barriers to overcome in wholegrain and

high-fibre foods are flavour, texture and colour.
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Table 1. Examples of typical sensory descriptors of wholegrain and white wheat products.

Wholegrain Product Examples of typical sensory attributes References
Wholegrain Bread Dark colour, ‘speckled’ appearance Callejo, Vargas-Kostiuk, M., and
wheat Coarse, hard texture Rodriguez-Quijano (2015)

Nutty odour Challacombe et al. (2012)

Bitter/ sour taste Eckardt et al. (2013)

Grain-like, ‘seedy’ flavour, malted note, musty Heenan et al. (2008)

Jensen et al. (2010)
Katina et al. (2006)

Biscuit, cracker | Astringent Challacombe et al. (2012)
High wheat, toasted and earthy notes

White wheat Bread Light colour Callejo et al. (2015)

Only slight grain-like flavour or malted note Challacombe et al. (2012)
Eckardt et al. (2013)
Hayakawa et al. (2010)
Heenan et al. (2008)
Jensen et al. (2010)
Katina et al. (2006)
Lotong et al. (2000)

Biscuit, cracker | Only slight wheat, toasted and earthy notes; Challacombe et al. (2012)
strong dairy note

Flavour is a simultaneous perception of taste, odour and chemical stimuli. The nature and relative
amount of volatile and non-volatile flavour-active compounds, their availability to the senses as a
function of time, and the mechanism of perception determine flavour perception (Heinio, 2003, 2014).
Eating is a dynamic process: the profile of compounds in mouth changes as a function of time, when
the structure of the food changes during chewing. Flavour perception depends also on chemical and

physical binding of the flavour-active compounds within the starch/protein matrix.

Wholegrain products include the outer layers of the grain, which contain several non-volatile, flavour-
active substances. Lignocellulosic layers, large particles and insoluble fibre may also cause a hard and
gritty texture in a product (Heinid, 2009). DF content of cereals varies considerably, being 11.2% in
wholewheat flour, 10.6% in naked oat, 18.5-23.4% in hulled oat, 17.7-19.3% in wholegrain rye, 20-
24% in barley and 0.7-19.2% in rice (Ktenioudaki & Gallagher, 2012). High DF content decreases loaf
volume, increases hardness of crumb, decreases crispiness, changes colour and causes aftertaste in
baked products. The colour of bran is often dark, affecting food acceptance. Non-appetising colour,

such as a dark colour of rye (Heinio, 2009, 2014 ), greyish colour of barley (Baik & Ullrich, 2008), or
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dark colours of rice (Bett-Garber, Lea, Champagne & McClung, 2012) and sorghum (Kobue-Lekalake,
2008) are suggested to be caused by polyphenols, and often to be associated with bitter or astringent
taste (Bett-Garber et al., 2012). Colour and texture may be even more important than flavour for the

acceptance by consumers used to eat refined cereal foods.

Raw materials and ingredients are the key factor for flavour formation, but the choice of processing
technique and conditions is equally important (Figure 1). Process steps known to influence the flavour
of cereal products include mechanical processing, such as milling, fractionation, peeling and flaking of
grain; thermal processing, such as baking, extrusion, puffing and roasting where Maillard reaction takes
place; or bioprocessing, such as sourdough fermentation, germination/ malting and enzymatic
modification (Heinio, 2003, 2014). Recently, superfine milling (down to D 59 = 4 um) was shown to
decrease bitterness and roughness, and increase sweetness of defatted soybean flour (Muttakin, Kim &

Lee 2015).

Potential chemical reactions occurring in processing include non-enzymatic reactions, oxidation and
enzymatic reactions induced by endogenic and/or added enzymes (Table 3). As a result of a hot and dry
atmosphere, flavour notes and darker colour will appear due to Maillard compounds formed. Eight
compounds, both Maillard- and fermentation-derived compounds, were identified as potential chemical
markers to predict bitterness of whole-wheat bread (Bin et al., 2012). Bread crust was the most bitter
portion of wholegrain wheat bread, and two mechanisms were suggested for bitterness generation:

fermentation and Maillard pathways (Jiang & Peterson, 2013).

At high temperatures, free amino acids or small peptides together with free sugars are especially
important flavour precursors and form volatile flavour-active compounds, such as heterocyclic
pyrazines, pyrroles, furans, and sulphur-containing compounds. These compounds are especially
abundant in high-temperature, low-moisture extruded oats, and the products are described as roasted or
toasted, caramelized and somewhat sweet, or nutty in flavour (Heydanek & McGorrin, 1986; Parker,
Hassell, Mottram, & Guy, 2000; Klensporf & Jelén, 2008). In contrast, proteolytic reactions release
peptides which are perceived as less appealing. Enzymatic reactions release compounds from the

matrix, or hydrolyse or oxidise the compounds, and have in that way impact on flavour formation.
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The ash content of flour, indicating presence of outer grain layers and hence more nutrients and
precursors for fermentation, has been reported to be a major factor in determining the intensity of the
sensory attributes of sourdough bread (Esteve, Barber, & Martinez-Anaya, 1994), the bread being most
preferred if flour with low or medium levels of ash was used (Rouzaud & Martinez-Anaya, 1997).
Utilisation of wholegrain flour in wheat bread increased intensity of flavour, aftertaste and also pungent
flavour of bread. Addition of wheat bran (15% supplementation level) to wheat bread similarly
increased flavour intensity, pungent flavour, aftertaste and coarse mouthfeel in sourdough baking
(Coda, Rizzello, Curiel, Poutanen, & Katina, 2014b). Already 5% bran addition to wheat flour
increased the amount of free amino acids, total phenols, dietary fibre, and phytic acid and antioxidant
activities of dough compared to white wheat flour, enhancing potentially bitter and pungent flavour
notes (Rizzello, Coda, Mazzacane, Minervini, & Gobbetti, 2012). In addition, sourdough fermentation
still increased the amount of these nutrients in baked breads, and concurrently enhanced the intensities

of sensory attributes.

5. Product-specific sensory challenges

Perceived characteristics of wholegrain foods depend significantly on both grain and food type.
Examples of typical sensory descriptors of wholegrain and white wheat foods are presented in Table 1,
and of non-wheat wholegrain products in Table 2. Examples of changes in appearance and structure of

different wholegrain foods are shown in Table 4 and discussed more detailed below.

Bread baking

The use of wholegrain or inclusion of bran fractions is known to affect bread processing as well as final
product properties. In comparison with white bread, the inclusion of bran fractions results in darker
colour, specific flavour, lower specific volume and denser crumb texture (Pomeranz, Shogren, Finney,
& Bechtel, 1977; Gan, Galliard, Ellis, Angold, & Vaughan, 1992; Lai, Hoseney, & Davis, 1989; Della
Valle et al., 2014), often regarded as negative effects by consumers. The colour and flavour aspects

were already discussed above; the reasons related to altered bread structure are discussed here.



Table 2. Examples of typical sensory descriptors of non-wheat wholegrain products.
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Wholegrain Product Examples of typical sensory attributes References
Rice Cooked rice Brown rice: Grainy/starchy, cooked cereal and Bett-Garber et al. (2012)
corn/popcorn/buttery flavour
Black rice: Oily, darkberry, medicinal and
smoky/burnt flavour
Red rice: Beany, animal/wet dog and earthy
flavour
Dark cultivars: Bitter taste and astringent
mouthfeel
Corn/Maize Bread White to yellow colour Bredie et al. (1998)
Tortilla Slippery, firm, particles Zeppa et al. (2012)
Polenta Cooked potato (starch), cooked chestnut, sweet,
metallic, porridge-like, cooked milk, cooked
vegetable, popcorn, toasted and puffed wheat
notes
Bitter taste
Rye Bread Dark colour Heinio et al. (2003a)
Snacks Coarse texture Heinio et al. (2003b)
Grainy odour Heinio6 et al. (2011)
Bitter, sour, germ-like, strong flavour and
aftertaste
Oats Flakes/ Porridge | Light colour Heinio et al. (2001)
Bread Sticky, thick, adherent to spoon ,coarse, slippery | Heinio et al. (2002)
texture Lapveteldinen and Rannikko
Nutty, toasted, cereal, chemical, paint-like, (2000)
creamy flavour Molteberg et al. (1996)
Sweet taste Salmenkallio-Marttila et al.
(2004)
Barley Flakes/ Porridge | Grey colour Holtekjglen et al. (2008)
Bread Sticky texture
Bitter, astrigent
Sorghum Porridge Dark colour, specky Kebakile et al. (2008)
Cooked Cohesive, stiff, sticky, coarse texture, chewy Kobue-Lekalake et al. (2007)
wholegrains Branny aroma

Cereal-like, starchy, painty flavour
Astringent, bitter taste




Table 3. Key mechanisms leading to bitterness in wholegrain foods.

Action

Mechanism

References

Phenolic compounds

Release of unbound flavour-active phenolic
compounds, such as certain phenolic acids, lignans,
alk(en)ylresorcinols, etc.(especially pinoresinol and
syringic acid)

Tannins

Challacombe et al. (2012)
Heinid et al. (2008)
Kobue-Lekalake et al.
(2007)

Soares et al. (2013)

Proteolysis

Proteolysis of the albumins and globulins forming
bitter peptides

Brijs et al. (1999)
Heinio et al. (2012)

Maillard reaction (in roasting)

Reaction between free amino acids/ small peptides
with free sugars at high temperatures forming volatile
flavour-active compounds, such as heterocyclic
pyrazines, pyrroles, furans and sulphur-containing
compounds

Jiang and Peterson (2013)
Bin et al. (2012)

Lipid deterioration

Release of fatty acids in lipolysis. Hydrolytic
rancidity by hydrolyzing triacylglycerols to fatty
acids and other small lipid compounds by lipase.
Enzymatic oxidation of free fatty acids caused by
lipoxygenase.

Triglycerols cause bitterness, and free fatty acids
rancid perception.

Doblado-Madonado et al.
(2012)

Heinid et al. (2002)
Jensen et al. (2010, 2011)

Table 4. Typical structural challenges in wholegrain foods.

Product Examples of changes in appearance and structure | References
of wholegrain foods

Bread Reduced volume, dense/hard texture, reduced Pomeranz et al. (1977)
cohesiveness/increase crumbliness, darker colour, Lai et al. (1989)
branny flavour Coda et al. (2014b)

Biscuit Increased spread ratio, thinner biscuits, increased Stanyon and Costell

water absorption, harder texture, darker colour

(1990)
Sudha et al. (2007)
Sozer et al. (2014)

Extruded snacks

Reduced expansion, reduced crispiness, hard/crunchy
texture, darker colour

Robin et al. (2011a,
2011b)

Alam et al.( 2014)
Sibakov et al. (2015)

Pasta

Increased surface roughness, less glossy, dark colour,
more chewy, sticky and harder texture

Chillo et al. (2008)
West et al. (2013a, 2013c¢)
Sobota et al. (2015)

There is a strong correlation between quality and quantity of flour endosperm protein and bread making
quality. Although wholegrain flour in general has higher protein content than refined flour, the proteins

of the outer layers have only small contribution to bread quality. This may be due to the different
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biological role and types of proteins in the outer layers (defense layer bran and reproduction part/
germ), vs. the endosperm protein (storage proteins). Because of that it may be evident that wholegrain
flour has a lower bread making quality than refined flour due to the dilution of endosperm protein (Gan

et al., 1992).

Secondly, the bran components have high water absorbing capacity. During dough mixing, processing
and bread storage, bran thus competes with gluten and starch for the available water, negatively
influencing bread texture. Therefore, not only the initial water absorption, but also the level of water
binding may be of influence. When bran fractions are well hydrated prior to dough mixing, the negative
effects on dough mixing properties as well as on bread making quality is partly overcome (Noort,

unpublished results). The role of water distribution on texture and staling is ambiguous.

The coarser crumb structure and reduced gas holding capacity of wholegrain dough is often attributed
to interference of the gluten network or the dough foam structure by bran particles. Physical hindrance
of the gluten network by the introduction of particles has been postulated by Lai et al. (1989). Courtin
and Delcour (2002) explained the negative effects of water unextractable arabinoxylans by large fibre
particles that may pierce gas cells. In a series of papers, Wang et al. 2003a; Wang, Oudgenoeg, van
Vliet, & Hamer, 2003b; Wang, van Vliet, & Hamer, 2004a, 2004b reported a systematic study on the
effects of both soluble arabinoxylans (WEAX) and water insoluble solids (WUS) of wheat flour on the
formation of the gluten network. They concluded that - in principle - both fractions have the same
negative effect on gluten formation: less gluten is formed and the gluten is stiffer and less extensible.
They hypothesized that arabinoxylans act by a combination of physical and chemical mechanisms. The
physical mechanism was related to water binding and size depletion phenomena; the chemical
mechanism was related to the presence of ferulic acid. This ligand of arabinoxylans is not only able to
mediate AX-AX cross-linking, but - according to these authors - also AX-protein cross-linking, thus
changing the agglomeration properties of gluten. Following this approach Noort, van Haaster, Hemery,
Schols, and Hamer, (2010) hypothesized that monomeric ferulic acid may be responsible for the
chemical effect, and reducing the particle size may increase the reactive surface and hence the amount

of negative interactions.
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Biscuit baking

Biscuits are mainly made of flour, sugar and fat. Sucrose and water from the glassy continuous matrix
where mostly ungelatinized starch granules and underdeveloped gluten are embedded. Adding bran
particles changes this system remarkably. As reviewed by Pareyt and Delcour (2008), important quality
parameters in biscuit baking include the size, i.e. width and height, and bite, i.e. structure. The degree
of spread of biscuit dough, determining biscuit size, is controlled by spread rate and set time. Bran or
wholegrain flour, having high water binding capacity, often cause decreased spread and changes in
biscuit structure. Addition of 20—30% wheat bran has been shown to render dry mouthfeel and increase
biscuit crumbliness and chewiness as well as dark colour (Stanyon & Costello, 1990; Sudha,
Vetrimani, & Leelavathi, 2007; Sozer, Cicerelli, Heinio, & Poutanen, 2014). Whole grain sorghum—
soya and pearl millet—soya composite biscuits have shown to have several similar texture attributes as a
whole grain wheat biscuit (hardness, roughness, coarseness) but to be darker, less crisp, less dry and
denser with a typical sorghum flavour (Omoba et al., 2015). According to Sudha et al 2007 the sensory
quality of biscuits was acceptable after addition of 30% oat bran or 20% wheat or barley bran. Particle
size reduction of wheat bran (from 450 pm to 68 um) increased the elastic modulus and hardness of
biscuits at addition level of 15 % of flour mix (Sozer et al., 2014). Addition of wheat bran decreased
the intensity of freshness of odour and flavour of biscuits (Sozer et al., 2014), and made the aftertaste

and wheat flavour stronger (Sudha et al., 2007).

Extrusion processing

Extrusion processing is a high temperature short time process which is used to produce directly or
indirectly expanded snacks or breakfast cereals. Expansion during extrusion processing is mainly starch
driven, and products are generally rich in starch and mainly consist of refined flour (Sozer & Poutanen,
2013). Extrusion processing can be utilized to develop snacks or breakfast cereals made from
wholegrains and bran; although bran addition levels exceeding 15% of the flour mix would be
challenging as there will be an increase in hardness and density along with a reduction in crispiness
(Sozer & Poutanen, 2013). This has been mainly attributed to the presence of insoluble DF leading to

decreased expansion.
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Increasing the wholegrain content from 0 to 40—60% of recipe did not have a significant impact on
structural and textural properties of wheat extrudates (Chassagne-Berces et al., 2011). However, a
significant decrease in expansion and a drop in structural and instrumental texture quality were
observed when 10-20% of oat and wheat brans were added in the same recipe. High content of
wholegrain and bran used together had a profound negative impact on both structure and texture
(Chassagne-Berces et al., 2011). These changes might be attributed to the interference of bran with
starch continuity during extrusion processing and the latter die expansion. Robin et al. (Robin, Dubois,
Curti, Schuchmann, and Palzer (2011a) and Robin, Dubois, Pineau, Schuchmann, and Palzer (2011b))
added 12.6 or 22.4% wheat bran in wheat flour extrusion, and suggested the reduced expansion to be
due to differences in rheological properties of the starch and bran matrices and their interactions and

low compatibility.

There are several studies about extrusion of oat flours and brans, showing that a highly expanded oat
based extruded product is difficult to achieve due to high contents of lipids and fibre (Liu, Hsieh,
Heymann, & Huff, 2000; Yao, Jannink, Alavi, & White, 2006; Yao, White, & Alavi, 2011). High lipid
content of oats results in polymer stick-slip phenomenon which might cause instabilities during
extrusion processing. Lipid levels of more than 5 % interfere with expansion and result in inferior
texture (Cheftel, 1986). Thus it is beneficial to remove excessive lipids from bran prior to extrusion.
Wholegrain oat flour was mixed with corn flour with addition levels of 55:45, 70:30, 85:15, and 100:0
(Liu et al., 2000). Increasing the percentage of oat flour resulted in extrudates with a lower specific
length, higher bulk density, lower lightness, higher redness, lower yellowness and higher hardness.
Sensory profiling was made by descriptive analysis with 10 trained panellists. Principal Component
Analysis showed that decreasing moisture content and increasing screw speed resulted in increased
product temperature, which was highly correlated with attributes of a more expanded product such as
lightness, crispness, shininess, and an open cell structure. Sensory properties such as roughness,
compactness, dry surface, curving, and irregular shape increased by increasing the wholegrain oat flour
content. The effects of using oat flour with high B-glucan content (20%) vs lower B-glucan content
(12%) on wheat flour based extruded snacks were evaluated (Yao, Jannink, Alavi, & White, 2006). The
high water binding capacity of B-glucan restricted water distribution during extrusion especially at the
higher level of B-glucan, which further reduced expansion, increased hardness and brownness, whereas

roasted flavour and gumminess of extrudates were same regardless of B-glucan content. Wholegrain oat
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flour with B-glucan content of 8.6%, 7.6%, 5.3%, and 5.9% was used in extruded breakfast cereals
(Yao, White, & Alavi, 2011). Based on results of both trained sensory panel (n=11) and a consumer
test (n=115) the lowest B-glucan containing sample was least brown and less hard whereas high level of

B-glucan caused harder product structure.

In a recently published paper defatted wholegrain oat flour (WF) and defatted endosperm oat flour (EF)
were extruded with differently treated oat bran fractions [untreated oat bran concentrate (OBC), ultra-
fine ground, enzymatically hydrolysed and hot water-extracted solubles and insoluble residue] with
addition levels of 10 or 20 % (Sibakov et al., 2015). Extrudates made of WF had poor expansion and
hard texture compared to EF. Addition of OBC decreased expansion and resulted in a harder texture
compared to that of EF 100 % extrudates. The lower expansion of wholegrain and bran enriched
extrudates was due to the higher content of insoluble fibre. Water insoluble-OBC fraction significantly
decreased expansion and increased hardness, whereas the addition of water soluble-OBC enhanced
expansion and resulted in less hard textures (Sibakov et al., 2015). These findings were in line with
previous literature showing that soluble fibre promotes expansion and insoluble fibre particles and
lipids restrict expansion (Lobato, Anibal, Lazaretti, & Grossmann, 2011; Parada, Aguilera, & Brennan,

2011; Yao et al., 2011).

In addition to textural features, the flavour of extrudates is crucial for their acceptability. Although the
acceptability and texture of extruded non-tannin sorghum breakfast cereal (up to 70% sorghum from
dry mix) was comparable to the oat reference, the appearance and aroma liking was found to be
considerably reduced (Mkandawire et al., 2015). Various pre-treatments used before the extrusion
process — sourdough fermentation, germination and milling fractionation —have much larger impact on
adjusting the flavour formation of rye extrudates than the cultivar or extrusion process itself (Heinio et

al., 2003b).

Pasta processing

Pasta is mainly produced from durum wheat semolina or mixtures of semolina and granular durum
wheat flour. Semolina and water (25-30 kg water /100 kg semolina) are premixed, cold extruded and
dried to moisture content around 12.5%. Wholegrain pasta, like other wholegrain based cereal

products, is an excellent source of fibre, mineral and phytochemicals. The total DF content of whole
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grain pasta is between 11.3-13.2 % (Mariani-Costantini, 1988). However, wholegrain or bran enriched
pasta is generally not preferred by consumers due to inferior texture, flavour and colour (Edwards,
Biliaderis, & Dexter, 1995; Kordonowy and Youngs, 1985; Sahlstrom, Mosleth, Bavre, Gloria, &
Fayard, 1993; Sozer, Dalgic, & Kaya, 2007). Particularly, high hardness and surface stickiness (due to
extensive starch leaching) accompanied with high cooking losses in these pasta products are
undesirable (Sozer et al., 2007; Sozer, Kaya, & Dalgic, 2008). These properties are generally associated
with the disruption of the continuity of the gluten matrix during dough formation by insoluble fibre

particles (Sobota, Rzedzicki, Zarzycki, & Kuzawinska, 2015).

More than 15% durum wheat bran and buckwheat addition to wheat semolina gave darker and inferior
textural properties compared to durum wheat semolina pasta (Chillo, Lavers, Falcone, Protopapa, &
Del Nobile, 2008). Whole grain pasta had more bitter and branny flavour and more rough texture than
pasta made from refined flour (West, Seetharaman, & Duizer, 2013c). Descriptive analysis on
wholegrain and refined flour pastas subjected to low and high temperature drying profile was
performed by 12 trained panellists (West, Duizer, & Seetharaman, 2013a). Wholegrain pasta had
significantly lower firmness and higher adhesiveness than the refined flour pasta which was attributed
to weak protein network. The values were elevated for low temperature drying profile which was
suggested to result in poor starch encapsulation (West et al., 2013a). A trained sensory panel of 12
subjects evaluated wholegrain pasta for flavour interactions with sodium reduced cheese sauce (West,
Seetharaman, & Duizer, 2013b). Wholegrain addition levels were 0%, 25%, 75% and100 %. Increasing
the wholegrain content increased bran flavour, wheat flavour and bitterness but decreased starch
flavour and sweetness were noticed. The use of low-sodium cheese sauce in general decreased the
flavour intensity for 75% and 100% wholegrain pasta but increased the intensity of flavour and

bitterness for 0% and 25% wholegrain pasta (West et al., 2013c).

Wheat bran enriched durum wheat semolina pasta (20%, 25%, 35% or 40 % bran addition levels to
semolina) was compared with commercial wholegrain pasta for appearance, colour, taste, hardness,
adhesiveness, chewiness and springiness with a trained sensory panel of 5 subjects (Sobota et al.,
2015). The highest colour and appearance scores were obtained for commercial wholegrain pasta
whereas increasing the supplementation level of wheat bran in durum wheat semolina resulted in dark,
less uniform and less glossy appearance. Beyond 20% wheat bran addition textural attributes were

inferior, i.e. higher hardness, chewiness and adhesiveness but less springiness (Sobota et al., 2015).
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Pasta made with 10% addition of oat bran and resistant starch was compared to control pasta made with
bread flour by a trained sensory panel of 9 experts (Bustos, Perez, & Ledn, 2011). Pasta with oat bran
had the lowest scores for firmness, chewiness, elasticity and highest score for surface stickiness. In
order to deliver the positive health effects of oat bran in a palatable pasta formulation it was suggested
to use lower supplementation levels (i.e. 5% of flour) (Bustos et al., 2011). Durum wheat semolina
substituted with 0-60% wheat germ (5-16.9% TDF) and 0-30% wheat bran (5-14.2% TDF) was
evaluated for appearance, aroma, aftertaste and texture (Aravind, Sissons, & Fellows, 2012). Pasta with
10% wheat germ had sensory properties similar to control durum wheat semolina pasta. An
unacceptable flavour and texture resulted beyond 30% wheat germ and 20 % bran addition (Aravind et
al., 2012). Bran pasta had significantly darker colour, more surface roughness and hardness than wheat
germ added pasta. Wholegrain pasta had more bitter and branny flavour and more rough texture than

pasta made from refined flour (West et al 2013c).

Porridges

Porridges or cereal gruels from maize (or corn as is the preferred term in some countries), sorghum
(Kebakile, Rooney, de Kock, & Taylor, 2008) and the millets (Mouquet-Rivier et al., 2008; Nantanga
et al., 2008) are staple foods in many African countries. Similar products are also part of the diet in
some parts of India. In Western countries, oatmeal porridge is widely used. Dalton, Probst, Batterham,
and Tapsell (2014) reported that the wholegrain content of hot porridge type cereals on the Australian
market comprised on average 74.5 + 8.8% with a range of 60 — 96%. The basic porridge making
processes for the various cereals are fairly similar but vary depending on the type of product (from stiff
to thin and highly viscous). The basic process involves boiling of the meal with water. In some cases

the cooking of the porridge is combined with lactic acid fermentation.

The effect of maize cultivar on the descriptive sensory properties of a porridge-type maize dish polenta
was published by (Zeppa, Bertolino, & Rolle, 2012). Thirteen terms (four for odour, three for taste,
four for flavour and two for texture) differentiated sensory qualities among polenta samples. Polenta
varied in firmness and intensity of cooked corn flavour/aroma. In addition intensity of potato (starch)
aroma, presence of particles and bitter versus sweet tastes were also important distinguishing
properties. Commercial maize meals are roller-milled to various extraction rates. For example, in South

Africa: ‘super’ maize meal is highly refined and the most expensive but most preferred, ‘special’ or
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medium refined, and ‘sifted’ is the least refined and least expensive. In rural areas in Africa many
consumers still grow maize on a small scale, to be milled at nearby village-based hammer mills
(Khumalo, Schonfeldt, & Vermeulen, 2011). Consumer perceptions of the sensory attributes of maize
meal porridge — aroma, colour, visual consistency, hand feel, grittiness in the mouth and taste — play a
major role in overall acceptability. Generally, the whiter and finer the product, the more it is liked.
Consumers reported (Khumalo et al., 2011) that they preferred porridge from white polished grains
because they cooked more quickly and their taste and texture were ‘more desirable than the darker
ones’. The wholegrain hammer milled varieties were the ones consumers disliked most because of the
coarser texture. While many studies have reported consumer acceptance/preference for particular types
of corn/maize porridges (De Groote & Kimenju, 2012; Khumalo et al., 2011), studies reporting

descriptive sensory properties are very limited.

Oats are consumed as a rolled, flaked breakfast cereal throughout the world. Whole oats contain
approximately 13% DF (Soong, Quek, & Henry, 2015), part of which is soluble B-glucan. Yao et al.,
(2011) found that although B-glucan could increase the adhesiveness of a wet oat food such as porridge,
the impact of B-glucan on the sensory properties of cooked oatmeal was minimal. Lapveteldinen and
Rannikko (2000) compared the descriptive sensory properties of cooked oatmeal (rolled oats) from
different cultivars. The main sensory appearance and texture differences of oatmeal, due to cultivar,
flake thickness and cooking time were; porridge thickness, adherence to spoon, size of swollen flake
particles, uniformity of mass, slipperiness, coarseness, and darkness of colour. Odour and flavour were
described as fairly weak and terms most often used were toasted, sweet, cereal, and chemical. Zhou,
Robards, Glennie-Holmes, and Helliwell (2000) reported that only a few volatiles were detected in oat
groats, while more than 50 chromatogram peaks were detected in oatmeals, indicating that most of the
volatiles in oatmeals were induced during heat processing. Varietal differences in oat flavour were also
detected. The major compounds that related strongly to flavour attributes included hydrocarbons
(alkanes: decane, hexadecane, heptadecane, octadecane, nonadecane and eicosane), alcohols (1-
heptanol, 3-octanol, 2-octanol and 1-octanol), acids (heptanoic acid, octanoic acid, nonanoic acid,

dodecanoic acid and palmitic acid) and aldehydes (hexanal, nonanal and decanal).

Kebakile et al. (2008) found that different milling processes had greater effects than sorghum type on

sorghum porridge sensory characteristics. Porridges from roller-milled sorghum were generally darker,
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had more specks, tasted more astringent and had more intense bran-like aroma. Porridges from hand-
pounded meals were more stiff and coarse but had rancid off-flavour and humus odour. Porridges
obtained from meals prepared using abrasive decortication and hammer milling were lighter in colour,
and had more intense cereal aroma and flavour. Sorghums with pigmented pericarps and soft
endosperms generally produced dark, specky, and astringent porridges with branny aroma, while light-
coloured hard grains produced light-coloured porridges with more intense cereal flavour and aroma.
For high quality sorghum porridge, abrasive decortication and hammer milling were proposed as the
best option in addition to using light-coloured hard grain. For consumers in West Africa, the textural
characteristics of stickiness in the mouth and cohesiveness were found to be the most important
sorghum porridge sensory attributes, followed by the taste and aroma of the product (Aboubacar et al.,

1999).

6. Approaches to improve sensory attributes of wholegrain and bran -
containing cereal foods

The flavour and texture of cereal foods are formed during processing, and the choice of raw materials
and ingredients is the first step when considering sensory design (Figure 1). Processing of cereal foods
is often made by combination of several unit operations. Technologies used to add more of the grain in
cereal foods were recently reviewed by Poutanen, Sozer, & Della Valle, (2014). In bread baking, for
example, means to modulate product quality include selection of the flour type and other ingredients,
and improving the gluten network either by using added gluten or dough improvers, or by processing
techniques and parameters, such as sourdough fermentation, proofing time and temperatures etc.
(Ktenioudaki & Gallagher, 2012). Use of enzymes is one potential tool for modifying the flavour and
especially texture of bakery products. Bioprocessing provides new tools for flavour and texture design
of palatable, health-beneficial breakfast and snack applications from cereals by removing unwanted
flavours or by enhancing desired flavours. Basic knowledge models will also provide a good basis for
design of structure at various levels, provided they also are applied to systems high in bran and

wholegrain (Della Valle et al., 2014).
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Breeding or choice of raw materials

The colour of the pericarp of wheat kernels can vary widely, from white to golden yellow, red and even
purple. Most abundant bread making wheats today are red, resulting in distinct red-brown coloured
bran particles in wholegrain and overall dark-brown bread. Dark bran usually contains tannins and
phenolic acids, which give whole wheat flour the slightly bitter taste, whereas white whole wheat has a
mild, sweet and slightly nutty flavour without a trace of bitterness. The use of white wheat varieties is
reported to provide products with a lighter colour, but also milder flavour (Doblado-Maldonado, Pike,
Sweley, & Rose, 2012). When the flavour profile of different varieties of wheat was compared, the
ancient species Emmer, Einkorn and Spelt as well as some old varieties had milder taste and aroma
than the modern varieties in the group tested (Starr, Bredie, & Hansen, 2013). Comprehensive studies
about the genetic variance in flavour profile of grains are not, however, available.

Sorghum cultivars with high levels of condensed tannins have major agronomic advantages, and food
products made thereof have a high antioxidant capacity. However, cooked wholegrain kernels from
tannin sorghums having a relatively soft endosperm texture were perceived as dark, hard, chewy, bitter
and astringent, while tannin-free sorghums having relatively hard endosperm texture were perceived as
soft, sweet and having a maize-like flavour (Kobue-Lekalake, Taylor, & De Kock, 2007). Kobue-
Lekalake, Taylor, and De Kock (2009) showed that selection of sorghum cultivars containing low
concentration of tannins may both promote health and ensure preference by consumers There seems to
be tannin- containing sorghums that are palatable, even to bitter-sensitive consumers, because the
tannin levels are below a detection threshold. Such tannin sorghums could be used to produce high

antioxidant activity foods that are acceptable to consumers.

Milling and fractionation

Enzymes, such as peroxidases, polyphenoloxidases and amylases of the aleurone layer are liberated
from tissues during milling, leading to off-flavour development, pigment darkening, and starch
breakdown. The type of milling technique has been shown to have a greater impact on the sensory
quality of wholegrain wheat bread than the baking technique: bread baked with roller-milled wheat was
described as being sweet, juicy, and compact, with a small slice area, whereas bread baked with stone-
milled wheat was salty, deformed, and roasted (Kihlberg, 2004). Similarly, Kebakile et al. (2008) and
Khumalo et al. (2011) showed that different milling methods greatly influenced the sensory properties,
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in particular texture but also visual properties of sorghum and maize porridges. Efficient separation of
the pericarp from the starchy endosperm depends on the structural integrity of the pericarp and the
milling process used. For sorghum, quantity of specks and porridge colour are associated with

pigmentation of testa (if present) and the pericarp properties of the sorghum kernel.

Removal of the very outer layers of the grain in milling (peeling) might offer one tool for improving, in
addition to safety, also the texture and flavour of the resulting products (Delcour, Rouau, Courtin,
Poutanen, & Ranieri, 2012). Flavour components are unevenly distributed in the kernel (Heinio et al.,
2003a; Heinio et al., 2008; Nordlund et al., 2013), and thus choice of suitable milling fractions is one
option for production of flours rich in e.g. DF but mild in taste. Between the mild-tasting inner
endospermic part of rye grain and the bitter-tasting outermost bran fraction (pericarp), a rather mild-
tasting fraction (aleurone) was detected still high in bioactive compounds, such as alk(en)ylresorcinols
and phenolic acids (Heinio et al., 2008). Polishing or slight peeling of the grain to remove the surface
layers of the grain may also influence processing behaviour by removing microbially derived enzymes
and lignocellulosic hard structures covering the grain, while leaving most of the DF and associated
compounds in the raw material. Mechanical peeling of rye bran used at 20% addition level in wheat
bread decreased significantly the flavour and colour intensity, but concurrently some of the bioactive
compounds located in bran were lost (Heinid, unpublished results). Fermentation of bran produced

from peeled grains improved the flavour of bran-enriched breads.

Particle size

Milling always influences the particle size of flour, and ultrafine milling technologies have recently
been exceedingly studied. The particle size of bran influences product quality by changing water-
holding, swelling, rheological and fat-binding properties of bran (Chinma, Ramakrishnan, Ilowefah
Hanis-Syazwani, & Muhammad, 2015). The effect of bran particle size on bread making is intensively
studied and some contradictory results are reported: For example, Moder, Finney, Bruinsma, Ponte, and
Bolte (1984) and Lai et al. (1989) reported positive effects by reducing the particle size, whereas
opposite results were reported by Zhang and Moore (1999), De Kock, Taylor, and Taylor (1999), Noort
et al. (2010). The contradictions are most probably caused by the use of milling fractions of varying
composition, resulting in complex comparisons. In the study of Noort et al (2010), the chemical

composition of the bran was kept constant, and a substantial negative effect of particle size reduction
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on bread quality was found, which was demonstrated to be related to decreased gluten aggregation.
Crumb colour became darker and more greyish with finer particles, most presumably due to the higher

particle surface area of the bran (Coda et al 2014a, Noort, unpublished results).

Particle size reduction may also result in liberation of reactive compounds locked up in the bran matrix
or in intact cells as suggested by Noort et al (2010). The outer layers, in particular the aleurone tissue,
contain relatively high amounts of compounds which are suspected to influence the baking quality,
such as phytic acid, ferulic acid and glutathione. Breakage of intact aleurone cells may release the cell

contents and hence liberate these reactive compounds.

On the other hand, for products that do not depend on gluten development, the particle size
requirements may be different (Doblado-Maldonado et al., 2012). For extruded snacks, reduction of the
particle size may have a positive effect on expansion and texture. This may be explained by the lower
water binding capacity of the bran. Particle size reduction of rye bran from 440 um down to 30 pm had
a significantly positive impact on expansion rate and instrumental crispiness (Alam et al., 2014).
Cookie baking quality has also been found to be influenced by wholegrain wheat flour particle size
reduction (Charles & Donelson, 1985). Reduction of the particle size produced more spread (Sozer et

al., 2014).

Particle size thus plays an important role in products containing wholegrain and bran. Particle
properties are formed in the milling process, the type of which may also be influential, as the shape,
porosity and surface properties may be different. It is also obvious that the effects of particle size are
different in different processes, particle size reduction being beneficial in expanded snacks and
eventually also biscuit baking, whereas in bread baking often not. The absolute particle size distribution

may also play a role, and it has been variable in the studies made.

Bioprocessing

Bioprocessing includes use of microbes, enzymes and germination of ingredients at different
processing steps. Sourdough fermentation has traditionally been used in processing of wholegrain flour,
and is known to influence nutritional and sensory properties as well as stability (Poutanen, Flander, &

Katina, 2009). The reasons for flavour modifications of wholegrain flour are based mainly on: a)
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intensive proteolysis producing amino acids in wholegrain sourdoughs due the activation of cereal
proteases at a low pH during long fermentations, b) release of phenolic compounds from wholegrain
flour during fermentation (Liukkonen et al., 2003), and ¢) more intensive acidification occurring in

wholegrain flour as compared to refined flour.

Biochemical changes during fermentation are responsible for both desired and undesired modifications
in subsequent bread flavour. Using sourdough as a flavour improver requires therefore carefully
optimised fermentation conditions providing moderate acidity and enhanced level of amino acids, as
well as enhanced level of certain volatile compounds for producing a balanced bread sensory profile.
Furthermore, strain-specific influences on bread flavour are evident (Katina, 2005). In general, lactic
acid bacteria (LAB) -containing sourdoughs modify bread flavour more effectively, producing both
desired and undesired sensory attributes. Sourdoughs containing yeast modify bread flavour less
effectively, and roasted crust flavour cannot be enhanced at all with yeasted sourdoughs. Diminished
roasted flavour due to the use of yeasted preferment has been reported by Zehentbauer and Grosch
(1998). Yeasted preferment has been reported to either improve (Thiele, Giénzle, & Vogel, 2002) or
have no effect on bread flavour (Lorenz & Brummer, 2003), opposite results being most likely due to
different processing conditions of pre-fermentation and the variation of measured sensory attributes in

different studies.

Moderate level of acidity with enhanced levels of amino acids has been obtained by using e.g Lb.
brevis as a starter with wholegrain flour for 20 hours at 24 °C (Katina et al., 2005), delivering improved
flavour. High temperature in combination with long fermentation time is a key factor for intensive
acidification in LAB fermented sourdoughs but less important for intensive proteolysis or formation of
volatile compounds, or for sensory attributes of subsequent bread. Thus, use of lower temperature
allows controlling acidity development and at the same time the high enzyme activity of wholegrain

flour and long fermentation time promotes proteolysis.

Fermentation of wholegrain flour or bran in optimized conditions can also improve the volume, texture
and shelf-life of wholegrain or fibre-enriched breads (Katina, Heinio, Autio, & Poutanen, 2006, Katina

et al., 2012, Coda et al., 2014a, 2014b). This has been assumed to be due to partial degradation of bran
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cell walls and solubilization of arabinoxylan, causing improved rheological properties of wheat doughs

enriched with wheat bran (Hartikainen, Poutanen, & Katina, 2014).

Fermentation of bran may also be a useful pre-treatment for extrusion processing. Bioprocessing of rye
bran with microorganisms producing exopolysaccharides (EPS) prior to extrusion increased the
expansion and crispiness of extruded snacks 10 fold even at 40 % bran addition levels (FI. Patent No.
20145873, 2014). This was probably due to encapsulation of bran particles by EPS which improves the
compatibility and interaction of bran with other food matrix components enhancing the expansion

which further complements crispiness.

Enzymatic treatment in manufacturing bakery products is an efficient technique for modifying the

flavour and texture (Heini6 et al., 2012; Heinio, 2014). In particular, hydrolytic enzymes have been
used for breaking down cell walls or other constituents of the grain. For example, the addition of
amylase delays staling of bread by preventing starch retrogradation. Other useful bakery enzymes

include xylanase, proteases, lipases and oxidases.

Germination followed by a heat treatment is a well-known process for intensifying both the colour and
flavour of grain, and could thus be an optional process for enhancing the sensory characteristics of
cereal raw materials. The use of barley malt is common, but germination has been shown to modify the
flavour profile also of other grains, such as oats (Heinid, Oksman-Caldentey, Latva-Kala, Lehtinen, &
Poutanen, 2001; Heinio et al., 2011). Oat malt has also been shown to be different from wheat and

barley malts in tailoring product structure (Mékinen & Arendt, 2012).

Use of ingredients to mask bitterness of wholegrain

Bitterness is a common sensory concern of plant derived foods (Table 3) (Drewnowski and Gomez-
Carneros, 2000). Bitter-tasting compounds are therefore often removed from plant foods through
breeding or debittering processes. Debittering methods have been suggested for other plant foods, but it
is more feasible in liquid food products such as beverages. In wholegrain, the cereal and DF matrices
themselves might act as adsorbers of flavour-active compounds, the intensity of which may thus be

modulated by processing. Better understanding of taste receptors on the human tongue may lead to
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further innovations in flavour-masking systems. In addition to masking, the perception of bitterness can
be reduced by blocking the bitter taste receptor hTAS2R39 (Roland, 2014). Three 6-
methoxyflavanones were shown to reduce hTAS2R39 activation by epicatechin gallate (ECG). These
bitter receptor blockers were characterized as reversible antagonists. Furthermore, complexation of
epigallocatechin gallate (EGCG) with food proteins reduced hTAS2R39 activation. A trained sensory

panel confirmed reduced bitterness perception.

Sweeteners are often used as flavour-masking agents in whole grain products, and e.g. breakfast cereals
made of wheat bran contain over 10% sugar. Many bakers are turning to honey to build on its ability to
mask off-flavours of wholegrain wheat. In addition to sweeteners, also salt may offer an option in
masking the bitter taste. The bitterness and astringency of rice have shown to be significantly reduced
by adding salt or salt with oil to water in cooking (Bett-Garber, Lea, Watson, & Champagne, 2013).
This could also be the case in mixed meals, like pasta with cheese souce, as sodium cations have been
shown to mask bitter compounds (Keast, Breslin, & Beauchamp, 2001). Masking bitter off-notes in
wholegrain products may be complex in terms of understanding the difference between singular and
multi-dimensional off-notes which require masking. Three approaches in masking off-notes in
wholegrain products have been suggested: a) adding lubricity via saliva-stimulating agents, b)
mouthfeel-enhancers and fat-simulators; masking the bitter and oxidized notes often present in whole
grain products, particularly by enhancing sweetness, and c) using delivery systems to prevent flavour

compounds forming complexes with fibre.

Inferior texture formation properties of wholegrain flour can be compensated by adding standard
baking aids such as gluten, emulsifiers, enzymes and by optimisation of the baking process (Flander et
al. 2012). A widely used way to reduce the negative effects of bran is by compensations made in the
bread formula by addition of vital gluten, or the use of surfactants (Shogren, Pomeranz, & Finney,

1981).
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7. Conclusions and future trends

Wholegrain and bran are among the health beneficial ingredients which consumption should be
increased. They contain flavour-active compounds and flavour precursors as well as resistant cell wall
structures which may during processing cause changes in flavour and texture attributes reducing their
acceptance of wholegrain foods by consumers. Considering the major role of cereal foods in daily diet
and nutrition, it is surprising that the scientific literature of factors influencing sensory quality of
wholegrain foods is rather limited. It is also interesting that actually many food grains, with the
exception of wheat, are traditionally used as wholegrain. The concern about increasing the use of whole

vs. refined grain foods has thus been largest in case of wheat products.

Bitterness is the key sensory attribute known to restrict the use of many plant-derived foods. In
wholegrain foods, different chemical constituents contribute to bitterness: e.g. certain phenolic
compounds, peptides, and Maillard reaction compounds. While their intensities can be controlled by
careful choice of raw materials, processing is the most important step to control bitterness. As the
flavour stimuli are created in bitter taste receptors, controlling their activation is one key area for future
research. Binding of bitter-tasting compounds in the cereal food matrix, e.g. through the use of natural
or added adsorbents, is another option. Control of endogenous enzymes in the raw material is also
essential, as formation of peptides and oxidation of lipids may add off-flavours to wholegrain foods.
Enzymes, both those in grains themselves and added as processing aids, are on the other hand a good
tool especially in design of texture but also flavour of wholegrain foods. This is one of the reasons for
the traditional sourdough processing in baking of wholegrain breads, a technique also having clear

future potential.

The research into flavour formation of refined wheat foods and later also other cereal foods has a long
history, but has almost only concentrated on the research of volatile compounds in the headspace of the
product. This is a very limited approach for understanding perceived flavour. Increased knowledge on
flavour formation has led to the possibility to not only measure but actually also design the flavour.

This is a great option to improve the acceptance and increase the use of wholegrain products.
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The dark colour of wholegrain products may not be appealing to consumers currently choosing refined
products. By using white wheat varieties or by fractionation processing products with lighter colour,

but also milder flavour, can be obtained.

Structure and texture are also important determinants underlying eating quality and stability of cereal
foods. Current fine milling techniques have enabled production of ingredients of various particle size.
Analysis of structure formation at various scales of the heterogeneous systems consisting of various
biopolymers and also insoluble constituents will make the basis for applying modeling techniques to
predict product quality attributes. Water binding and rheological properties of dough and bread change
remarkably with increased DF content, and demand the extension of the current knowledge models to

even more complex systems.
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