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Abstract

Antioxidants, including vitamin E, may have a positive effect on human health but
may be affected during storage, malting and/or other processing such as making pita
bread. Those components are reported to be higher in barley compared to wheat and
other grains. Therefore, as well as being a source of fibre, barley has potential for use
in foods. However, there is limited knowledge about how vitamin E and antioxidant
capacity might change in the barley food chain; and; whether there is genetic
variability for these and what the genetic basis of differences between barley genotypes
might be. Therefore, this research aimed to address the following questions: Do
different barley genotypes have different antioxidant capacity, vitamin E content and
isomers? What is the genetic basis of any differences in vitamin E content and
antioxidant capacity observed? How are vitamin E and antioxidant capacity affected
by common industrial practices for storage and processing (pearling, malting and
baking) for barley genotypes high in those components?

Vitamin E content and antioxidant capacity were measured in 25 barley
genotypes using high performance liquid chromatography (HPLC) and ability to
scavenge DPPH radicals, respectively. Vitamin E comprises eight isomers: a-, -, y-,
d-tocopherol (T) and a-, B-, y-, d-tocotrienol (T3). As expected, a-tocotrienol (a-T3)
and o-tocopherol (a-T) were the predominant tocol isomers. Vitamin E content and
antioxidant capacity varied significantly among those genotypes. Vitamin E ranged
from 8.5 to 30.8 pg/g dry weight (DW) while ascorbic acid equivalent antioxidant
capacity (AEAC) varied from 57.2 to 158.1 mg AEAC/100 g fresh weight (FW).

Generally, lower vitamin E content or antioxidant capacity was observed in all



coloured (Jet, Sumire mochi, ICARDA 16, ICARDA 19, ICARDA 26, ICARDA 35
and ICARDA 39) or hulless genotypes (Jet, Sumire mochi and Macumba) except for
the hulless variety Finniss. Results suggest some genotypes are potential candidates
for breeding of barley cultivars with high vitamin E content or antioxidant capacity.

To determine the genetic basis of differences in vitamin E content and
antioxidant capacity, the measurement of these compounds was conducted across two
years for the Amaji nijo x WI2585 and Tadmor x ERApm mapping populations
respectively. Quantitative trait loci (QTLs) were detected for vitamin E, two major
isomers and two minor isomers. QTLs were identified on chromosome 7H for vitamin
E (LOD=3.4 and 4.2), 7H for o-T (LOD=3.32), 5H and 7H for a-T3 (LOD=3.74 and
3.90 respectively), 2H for B-T (LOD=3.27), 4H and 5H for -T3 (LOD=3.76 and 3.50
respectively) and 2H for y-T (LOD=3.10). Some QTLs overlapped each other and
associated markers have also been linked to other traits such as frost, salt and black
point tolerance, all of which have all been correlated to antioxidant capacity. However,
no QTL was found for antioxidant capacity in the Tadmor x ERApm mapping
population.

Four months storage at 10°C decreased antioxidant capacity in all genotypes
except the coloured genotypes (ICARDA 19, ICARDA 26, ICARDA 35, ICARDA
39, Sumire mochi and Tadmor) but vitamin E content was increased in all genotypes.
Vitamin E content was significantly lower in the steeping, germination and kilning
stages of malting for all genotypes compared to the unprocessed samples. However,
the antioxidant capacity in the malt was higher than in the unprocessed samples for the

majority of the genotypes. A strong correlation (r=0.9, n=14, p<0.05) between



antioxidant capacity before and after malting indicated that barley varieties which have
higher antioxidant capacity at harvest retain their antioxidants after malting.

The same trend was observed in pita bread made with a substitution of wheat
flour with barley flour made from whole grain, pearled grain (at 10%, 15% or 20%
pearling) or malt. Higher antioxidant capacity and vitamin E content were observed in
barley flour, even when made from pearled grain, and consequently they remained
higher in barley pita after baking. Pitas made with barley flour from malt, Finniss
whole grain or 15% pearled WI12585 were acceptable to consumers and retained
similar physical and sensory properties to those in the control pita indicating the
potential use as functional food.

In summary, this study has shown that (i) certain barley genotypes have
potential for use in pita bread due to their high antioxidant capacity and/or vitamin E
content at harvest and the maintenance or increase of that during storage and
processing; and (ii) the identification of QTL and genetic variability in vitamin E will
allow barley breeding programs to develop varieties with greater vitamin E content.
Further research could identify candidate genes responsible for vitamin E and
antioxidant capacity in barley grains and should also ensure the bioavailability of

vitamin E and antioxidant capacity to confirm its functionality in the human diet.
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Chapter 1 LITERATURE REVIEW



1.1 Barley and its uses

Barley (Hordeum vulgare L.) belongs to the Poaceae family, the tribe Triticeae, the
genus Hordeum and originated from the Middle East (Bhatty 1993). Barley can be
classified by vegetative stage, flowering stage, maturity, head characters or grain
characters. However, classification is usually based on whether the head type is two or
six-rowed (depending on the kernels’ physical arrangement) and the intended use for
that (malt or animal feed).

Barley is one of the most important crops in the world. Its annual production
(129 million tonnes, 2002-2006 mean) ranks fifth behind maize (Zea mays, 610 million
tons), wheat (Triticum spp, 551 million tons), rice (Oryza sativa, 429 million tons) and
soybean (Glycine max, 180 million tons), and ahead of sugar cane (Saccharum spp.,
93 million tons), potato (Solanum tuberosum, 60 million tons) and sorghum (Sorghum
bicolor, 50 million tons) (Ullrich et al. 2008). The Food Agricultural Organisation
(FAO) also reported that in 2007, with an average yield of 2.4 tons per ha, world barley
production reached 136.2 tons and in 2008 barley output worldwide increased
significantly by some 10% (nearly to 148 million tons) (Ullrich et al. 2008). Australia
is one of the top ten countries contributing to this barley production as barley is the
second most important cereal crop after wheat in this country (Murray and Brennan
2010). According to Fitzsimmons and Wrigley (2000), since 1990, barley growth has
increased dramatically in Australia, with a tenfold increase in New South Wales, for
example. Punda (2009), also reported that Australia is the highest barley exporter
world-wide (24%), followed by France (22%), Germany (11%), Canada (8%) and
Russia (5%). However, the application of barley for food world-wide in general, and

Australia in particular is limited. About two-thirds of the barley crop has been used for



animal feed and one-third for malting, with only about 2-3% used directly for human
consumption (Akar et al. 2004). Along with global trends, Australians consume only
0.3 kg per capita annually even though they produce a huge amount of barley (Punda
2009).

Barley is mainly consumed by livestock. In Spain, France and Germany, for
instance, feed consumption accounts for 87, 85 and 72% of total production,
respectively (Akar et al. 2004). Due to its lower protein content and uniform grain size,
two-row barley is more suitable for malt production while six-row barley is used for
animal feed (Punda 2009). However, both are used for animal feed with commonly
grown two-row Vvarieties in Australia including Brindabella, Bandulla, Cantala,
Chebec, Ulandra and Yambla; and common six-row varieties including Abyssinian,
Beecher and Yerong (Fitzsimmons and Wrigley 2000; Menz 2010).

Barley is also used for malting which is a source for various processes such as
brewing, distilling and vinegar production (MacGregor and Bhatty 1993). For
brewing, barley is the best material among other grains like wheat and maize because
of its germination, filtering and firm texture (Akar et al. 2004). The selection of
malting barley is based on the combination of low protein, high malt extract, high
yield, low modification, and high germination ability. Other factors involved are starch
content, enzyme activity and flavour compounds for distilling and aroma of beer
making (Punda 2009). For these features, the cultivars Bass, Baudin, Granger, Scope,
Schooner, Navigator and Westminster were used commonly as malting barley in
Australia (Paynter et al. 2015; Wheeler 2015). More recently cultivars such as
Gairdner, Flagship and Commander, Buloke and VVlamingh are used in the malting and

brewing industries.



A minor use of barley grain is for food where both hulled and hull-less are
utilised. Hulled barley has grains with adhering hulls, while hull-less barley (husk-less
or naked) has grains without adhering hulls. Hull-less barley is preferred and used over
hulled barley in food production due to several reasons: (1) less processing being
required (Elsayed and Peter 2005); (2) the grain containing more protein, starch and
total soluble fibre due to the need not to remove hulls (Bhatty 1999); and (3) the grain
can be added directly to food without preparing extract and syrups (Elsayed and Peter
2005). Hull-less barley is ideal for the human diet but could also be used for feed for
livestock. However, Bhatty (1999) reported that crude fibre is higher in hulled seeds
compared to hull-less seeds (3-6% vs 1.5-3%). Hence, in order to provide a rich crude
fibre feed for animals, feed barley should be made from hulled grains rather than hull-
less grains. In terms of malting barley, hulled grains should be utilised because they
contain husk which can control germination in malting (Punda 2009). According to
Quinde et al., (2004), both hulled and hull-less varieties are used for food in Australia
including cultivars such as Crest, Morex and Kold (hulled barley); Condor and Finniss
(hull-less barley). Hindmarsh is reported as a more recently cultivar grown in Western
and Southern Australia (Paynter et al. 2015; Wheeler 2015). In conclusion, not only

hulled barley grain but also hull-less grain has great potential for use in human food.

1.1.1 Barley food uses

Barley has been used as a food source world-wide, due not only to its taste but also
natural flavour and colour. In Asian countries, including Japan, India, Tibet and Korea,
barley has been popularly used for traditional dishes (Elsayed and Peter 2005). The

preferred drink, Sattu, consumed widely in India, for example, is made from ground



toasted barley with sugar and water (Paras and Gujral 2011). In Western countries,
barley has been an ingredient of many products such as cakes, bread, breakfast cereals,
snacks, soups, noodles and baby food (Bhatty 1993). With regards to baby food, malt
is an excellent material due to high enzyme activity, particularly a-and B-amylases.
These enzymes can convert starch to maltose which can be digested more easily than
other types of starch (Bhatty 1999). For this reason, barley malt flour and extracts are
also utilised for bread with the further advantage of yeast activity promotion (Bhatty
1999). A ratio of either 50:50 or 65:35 barley-rice is suggested for nutritious ready-to-
eat cereal with good sensory characteristics of shape and crispness (Berglund et al.
1994), whereas 100% barley flour is suitable for quality cookies (Baik and Ullrich
2008). However, in normal bread (also called loaf bread or U.S pan bread) and instant
noodles, a high amount of barley causes limited loaf volume leading to a hard texture
of bread, and darkness, hardness and chewiness of noodles. Therefore, only 15-30%
(Trogh et al. 2005) and 20-30% barley flour (Baik and Czuchajowska 1997) are
acceptable for normal bread and noodles, respectively.

An alternative to normal bread may be the flat breads which include pita bread
(also called pocket bread or Egyptian Balady bread) and Turkish flat bread (also called
Bazlama). Pita bread form pockets during baking while Turkish flat bread does not.
This pocket allows food to be easily added inside pita bread making it a popular choice
with consumers (Morad et al. 1984; Basman and Koksel 1999; Blandino et al. 2015).
Pita bread also requires less leavening than normal bread therefore providing the

possibility to increase the ratio of barley used (Blandino et al. 2015).



1.1.2 Barley product processing

Processes such as steaming, toasting, germination, fermentation and extrusion cooking
are applied to produce popular products such as bread, cereal and baby food
(Fernandez-Artigas et al. 2001). Extrusion cooking is a process by which food is
heated under high pressure then slowly forced through fine pores. As this process takes
place, water evaporates rapidly and food is dried, cooked and textured. To make bread,
mixed flour will be followed by fermentation and baking steps (Hoseney 1994). To
make ready-to-eat cereal, grain will be either extruded or steamed. During extrusion,
flour is put into the extruder at 123-125°C and extruded cereal is subsequently toasted
at 176°C for 15 min (Berglund et al. 1994). With steaming, the whole kernel is pressure
steamed and then flaked to make smooth rolls (Hoseney 1994). Both extrusion and
steaming are suitable for making baby food. However, the difference between
commercial cereal and infant cereal is enzyme addition and product shape (Angle
1994). Baby foods based on ground cereals must also have a-and B-amylases added,
due to babies’ limited digestive ability (Fernandez-Artigas et al. 2001). Therefore,

barley malt flour and extracts are potentially ideal material for baby cereal-based food.

1.1.3 Barley as a functional food

Functional food can be defined as a conventional food that meets consumer needs for
general health and wellbeing, and the prevention and management of compromised
health conditions (Tapsell et al. 2005). As a possible constituent of so many food
products, barley has potential for use in functional food for a number of reasons. A
major advantage of barley is its high dietary fibre content (14-24% including 11-14%

insoluble and 3-10% soluble dietary fibre) which has been credited with promoting



heart, cholesterol and digestive health (Panfili et al. 2008; Levitsky and Pacanowski
2011). In comparison with other cereals, barley also has a high level of B-glucan (4-
9%) which contributes to the dietary fibre content. Extensive research has shown that
high B-glucan content is linked to lower blood cholesterol level and cancer risk (Panfili
et al. 2008). Another function of B-glucan is that it may aid in weight loss as a
consequence of induction of satiety after barley consumption (Levitsky and
Pacanowski 2011).

In addition, the type of barley starch is an important contributor to improving
human health. With a 3:1 ratio of amylose to amylopectin in starch, high amylose-
barley (BARLEYmax, for example) can prevent and manage type Il diabetes, heart
disease, colon and rectal cancers, obesity, constipation and diverticular disease
(Topping et al. 2003). Jenkins et al., (2008) also indicated that high resistant starch in
rich amylose-barley results in a low glycaemic index (a measure of the effects of
carbohydrates on blood sugar levels). For this reason, BARLEYmax was produced
commercially as a primary resistant starch product (Matthews and McCaffery 2011).

Furthermore, barley is considered to be a good source of protein and contains
more of the essential amino acid lysine compared to other cereals (John et al., 2011).
The total protein content in barley (13.2%) is comparable with wheat (13.5%) and
higher than that of rice (12.2%), sorghum (11.0%) and corn (8.8%). Within protein, a
higher content of lysine is observed in barley (0.5%) in comparison with wheat
(0.35%), rice (0.4%), sorghum (0.27%) and corn (0.21%) (John et al., 2011).

Food may also be functional due to antioxidant activity. Although the potential
roles of antioxidants need further study (Bjelakovic et al. 2007), clinical trials of

antioxidants suggested that they can prevent and combat diseases (Block 1991;
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Serafini et al. 1996; Temple 2000; Young and Woodside 2001; Axelsen et al. 2011;
Ostertag et al. 2011). Antioxidants are highly concentrated in barley, especially
vitamin E whose content reportedly ranges from 30.5 mg/kg to 80.6 mg/kg (Elsayed
and Peter 2005). Zhao et al., (2008) also reported from 14 barley varieties, the
antioxidant activity or value of DPPH radical scavenging activity ranged from 9.33 to
11.78 umol Trolox equivalents (TE) per g dry weight (DW). In comparison with other
rich antioxidant source, antioxidant activity in barley was higher than each fruit cedar
bay cherry (9.57 umol TE/ g DW), lllawarra plum (8.85 pmol TE/ g DW) and molucca
raspberry (5.29 umol TE/ g DW) (Netzel et al. 2006). For this reason, the future of
barley for use in food as an antioxidant source is therefore promising provided they
are bioavailable. The term bioavailability refers to the proportion of a compound
absorbed and utilised from the intestine by the body (Ball 2006). Vitamin E
bioavailability differs among products (Reboul et al. 2006), hence, the understanding

of whether the vitamin E in barley is readily bioavailable needs to be ascertained.

1.2 Antioxidants

1.2.1 Free radical reaction and disease

Free radicals are defined as any atom which contains at least one unpaired electron in
the outermost shell. This unpaired electron makes them extremely reactive with other
components within the living cell, allowing damage to occur. Free radicals including
the hydroxyl radical (OH"), superoxide and its protonated form, the perhydroxyl
radical (O2/HOz"), singlet oxygen (O") and the nitric oxide radical (NO") are produced
naturally during metabolism or by toxic environments such as pollution, cigarette

smoke, herbicides and radiation (Young and Woodside 2001). The hydroxyl radical is



generated when electromagnetic radiation splits water in the body but O2/HO;" and
NO’ can be byproducts of respiration and therefore unavoidable (Gutteridge and
Halliwell 2000). Even though some O2/HO2" and NO" are necessary for signaling
within physiological processes (Young and Woodside 2001), free radicals are
generally considered toxic because they react so readily with compounds in the cell.
Another free radical, the peroxyl radical (ROO") is formed when the H atom is replaced
by an organic group (Marnett 1987). This radical is formed in biological systems in
which its principal pathway is auto-oxidation such as lipid peroxidation (Zeev 1997).

Epidemiological studies have suggested free radicals cause chronic diseases
such as heart disease, diabetes (Willet 1994), atherosclerosis, low density lipoprotein
(Young and Woodside 2001), cancer, cardiovascular (Layton et al. 1992), rheumatoid
arthritis, inflammatory bowel and Parkinson’s disease (Halliwell 1996). In order to
avoid these diseases, antioxidants are therefore considered to be an important

protectant.

1.2.2 Antioxidant defence
Antioxidants can prevent cell damage because they act as scavengers, preventing the
formation of free radicals or promoting their decomposition (Young and Woodside
2001). Antioxidants include vitamin E, vitamin C, carotenoids, phenolics and
antioxidant enzymes. Each type of antioxidant has a different mechanism for
scavenging free radicals.

Vitamin E has eight different forms: a, B, v, 6- tocopherol (T) and tocotrienol
(T3), collectively called tocols. Vitamin E is the most important lipid phase chain

breaking antioxidant due to its unsaturated tail (Figure 1.1).
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a-tocopherol, Ry = Ry = Ry = CH, y-tocopheral, Ry =R;=CH; Ry =H

a-tocotrienol, Ry = R; = Ry = CHy y-tocotriencl, Ry = R; =CH; Ry =H
[i-tocopheral, Ry =R3=CH3 Rz =H d-tocopherol, Ry =R;=R3=H
fitocotrienol, Ry =R3=CHy; Rz =H d-tocotrienol, Ry=R;=Ry=H

Figure 1.1 The structure of eight tocol homologues (Burton and Ingold 1981)

For this reason, the peroxyl radicals (ROO") quickly react with vitamin E
instead of polyunsaturated fatty acids. Hence, polyunsaturated fatty acids are protected
and lipid peroxidation is prevented. Tocopheroxyl radical, the product of the reaction
between vitamin E and ROO’, then combines with another tocopheroxyl radical to
become stable. Tocopheroxyl radical can also join with tocopherol quinine or vitamin
C to transfer back to tocopherol (Burton and Ingold 1981).

The crucial function of vitamin E in the role as an antioxidant is indicated not
only by this mechanism but also in epidemiological studies. For instance, vitamin E is
mentioned as a main preventative of cardiovascular disease (Reboul et al. 2006). The
dietary recommendation for vitamin E is 15 mg of a-T daily, and the estimated average
requirement is 12 mg as a preventative factor for cardiovascular disease, cancer and
Alzheimer’s disease (Gassmann 2000). However, there is some controversy about this
since Bjelakovic et al., (2007) reported that vitamin E supplements significantly
increased mortality.

Moreover, the bioavailability value of vitamin E in bread has been

demonstrated to be higher than that in other products. Bread appears to have much

10
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more accessible values than others (almost 100% in wheat bread versus less than 1%
in apple and below 30% in dairy products) (Table 1.1). This can be explained by the
dependence on chemical forms and other gathered components of the ingested food
matrix such as fibre and lipids which can interfere or stimulate vitamin E utilisation

by the body (Reboul et al. 2006).

Table 1.1 Bioacessibility of vitamin E from food

Products o-T (%) B- T (%) References
Apples (fresh) 0.47 £0.13 6.54 + 2.60 (Reboul et al.
Bread (white wheat bread ) 99.62 +£ 11.30 8.36 + 4.60 2006)

Cheese 28.67 £ 6.22 59.09 £9.17 (Leonard et al.
Milk 21.95+ 1.60 6.76 £ 2.59 2004)

While vitamin E seems to be the most efficient antioxidant which breaks the
chain reaction of lipid peroxidation, vitamin C is considered to be an aqueous phase
chain breaking antioxidant for two reasons. Firstly, vitamin C may inhibit nitrosamine
caminogenesis which are the mutated compounds made when nitrite reacts with amine.
In other words, vitamin C can prevent DNA damage. In addition, vitamin C plays an
important role in combating lipid peroxidation by assisting a-T. The tocopheryl radical
can be recycled by combining with vitamin C to form tocopherol quinone (Halliwell
1994). In fact, epidemiological data shows that vitamin C intake has been associated
with a decreased risk of oesophagus, stomach and lung cancers (Block 1991; Byers
and Guerrero 1995; Temple 2000).

Similar to vitamin E, carotenoids are within the lipid soluble group and might

have the same function in inhibiting lipid peroxidation. -carotenoid traps the peroxyl
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radical and reacts with singlet oxygen (Fukuzawa et al. 1998). Other reports also
indicate that carotenoids may have an antioxidant function in vivo under certain
conditions (Gottlieb et al. 1993; Krinsky 1993; Dixon et al. 1994). Although there is
a hypothesis that carotenoids may use a similar mechanism to scavenge free radicals
as vitamin E, its bioavailability is not clear. Bioaccessibilities measured for vitamin E
were much higher than those for carotenoids (Reboul et al. 2006). However, Halliwell
(1996) provided evidence of no change in health promotion of smokers who consumed
carotenoids. This is in agreement with a clinical trial which demonstrated no evidence
of a relationship between cancer prevention and carotenoid consumption (Hennekens
et al. 1996; Heinonen et al. 1998).

In contrast to carotenoids, there is strong epidemiological evidence that
phenolic compounds can help to prevent chronic diseases such as coronary heart
disease exists (Hertog et al. 1993; Rimm et al. 1996). According to Podsedek et al.,
(2000) phenolics might also prevent brittleness and excessive permeability of capillary
blood vessels. Lee et al., (2003) also showed that phenolics can protect cells from
damage caused by free radicals. However, phenolic compounds are probably only
efficient with a high intake because only high concentrations of some phenolic
compounds (more than 100 pM) show the inhibition of platelet activation and
aggregation in vitro (Ostertag et al. 2011). Moreover, the understanding of how
phenolics act as antioxidants is limited. Some reports show that the bioavailability of
phenolics is poor (Hollman et al. 1995; McAnlis et al. 1999), and most phenolic
compounds were found in human urine (Ostertag et al. 2011), whereas other findings
suggest intake of phenolics is important to enhance total antioxidant level (Serafini et

al. 1996).
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Besides phenolics and vitamins, various antioxidant enzymes including
catalase, glutathione peroxidase and superoxide dismutase efficiently protect against
oxidants in biological systems. Catalase and peroxidase remove hydrogen peroxide
(H202) within cells to prevent the damage normally caused by its reaction with other
compounds leading to the formation of OH" (Halliwell and Gutteridge 1989). Catalase
catalyses the reaction from H20O> to oxygen and water, while glutathione peroxidase
catalyses the reaction between H>O. and glutathione (GSH) to form water and
glutathione disulfide (GSSG) (Jones 2002). These antioxidant enzymes are present in
all major body organs and their enzyme capacity follows the descending order liver,
erythrocytes, brain, heart and skeletal muscle (Halliwell and Gutteridge 1989). The
antioxidant enzymes cannot be taken up from food like antioxidant phenolics and the
vitamins (Young and Woodside 2001). Therefore, for the purpose of functional food
consumption (and in particular, using barley), only phenolics and vitamins would be

considered.

1.3. Antioxidants in barley

1.3.1 Antioxidant composition in barley

Tocols (vitamin E), carotenoids, phenolics and enzymes are the main antioxidants
found in grain, as the vitamin C content is negligible or not detected (US Department
of Agriculture, 2011). Goupy et al., (1999) reported that the antioxidant compounds in
barley can be divided into two types, either apolar or polar compounds. The former
are the apolar compounds combining tocols and carotenoids (especially lutenin and
zeaxanthin). The latter are the polar compounds or the phenolics. There are many

different phenolics, of which flavan-3-ols can contribute between 70 and 80% of the
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total phenolics in barley. Flavan-3-ols appear in both monomer and polymer form
including catechin, epicatechin and gallocatechin (Goupy et al. 1999). Flavonol and
phenolic acid are also present. Anthocyanins have also been reported as responsible
for differences in barley colour (Abdel-Aal et al. 2006) with the main forms being
cyanidin-3-glucose and delphinidin-3-glucose. Furthermore, proanthocyanidin,
another structure observed in barley, also has antioxidant activity (Abdel-Aal et al.
2006).

In terms of vitamin E, the main source for dietary intake is from plants,
especially cereal grains that are also rich in high-potency oils (Ball 2006). According
to Yang (2003), vitamin E sources in food are primarily oil, cereal, nuts and green leaf
vegetables. Barley has high vitamin E content (136 mg/100 g) behind wheat germ (254
mg/100 g), sea buckthorn seed/ gooseberry (247 mg/100 g), cloudberry (200 mg/100
g) and ahead of many nuts and seed oils such as soybean (121 mg/100 g), rice bran (98
mg/100 g), sunflower (64 mg/100 g) and peanut (37 mg/100 g) (Yang 2003). However,
vegetable oils cannot be consumed in the same quantity as grains and grains are stable
suggesting they are a potentially greater source of vitamin E. The comparison of
vitamin E in terms of serves may therefore be much better. Among 1000 food serves
in different groups (including cereal, nuts, sea food, vegetable, fruit dairy products,
chips and meat), the ready-to-eat cereals or whole grain products were reported as
containing the highest vitamin E (13.5 mg/serve), followed by almonds (7.43
mg/serve), oil for salad (4.64 mg/serve) and mixed vegetables (0.69 mg/serve) (U.S.
Department of Agriculture 2011). Among grains, Holasova et al (1995) found that the

content of vitamin E in barley caryopses was significantly higher (21.9 — 25.5 mg/kg)
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compared to triticale (4.8 — 18.8 mg/kg), wheat (13.5 — 17.6 mg/kg), oat (13.6 — 17.6
mg/kg) and rye (15.5 — 18.7 mg/kg).

Bramley et al., (2000) reported that in barley, tocols are present as a, B, y and
6-T and a, B, y and 8-T3. The T3 content is higher than that of T, with approximately
63 and 37% of total tocols respectively (Holasova et al., 1998, cited by Panfili, 2008).
The concentration of each isomer in barley grain in descending order is: a- T3 (42-
63%), o-T (11-19%), v-T3 (10-22%), B —T3 (7-20%), v-T (2-10%), B-T (0.6-2%), 5- T
(0.4-1.2%), 5-T3 (not detected to 1.7%) (Panfili et al. 2008). However, isomer contents
are not parallel with their antioxidant activity. According to Ball (2006), the order of
in vitro antioxidant activities of the tocols conforms to their oxidation potentials and
parallels their biological activities, that is a, B, y and 6 - tocols. Sheppard et al., (1993)
also found that among T and T3, the descending order of antioxidant activity is: a-T,
B-T, o-T3, y-T, B-T3, and 3-T (y-T3 and 4-T3 have no function). In contrast, some
studies reported that a-T3 is more effective than a-T (Theriault et al. 2002).

The variation in vitamin E content in barley may be due either to the effects of
the environment as observed in (Lampi et al. 2010) or have a genetic basis. The
enzymes responsible for the production of vitamin E and its various forms (Figure 1.2)
(Chander et al. 2008) are likely to be responsible for differences between varieties.
Differences may occur in the genes that encode for the enzymes (thereby affecting
amino acid sequence and function) or in the regulation of their production (affecting

content).

15



Shikimate Pathway | | Xsoprenoid Pathway/IPP/MEP |
¥

v
t C®PsYDD 5 Carotenoids (Vitamin A)
Tyrosine GGPP ———» GG Chlorophyll a

‘ ™
4-Hydroxyphenylpyruvate Chilorophyil a
i Chlorophyllide a ‘J
prnl (PDS1) _ Phytol

S

(VTE2) ‘Vitamin K
L MPBQMT
MPBQ —.—. T DMPBQ

TC (VTE1)
CSXDi>

ﬁ-ionopherol y-tocopherol
Y-ITMT (VTEA)

B-tocopherol a~tocopherol

Figure 1.2: Tocopherol (T) biosynthesis pathway in plants (maize) (Chander et al.
2008).  Geranylgeranyl  pyrophosphate  (GGPP);  phytylphosphate  (PP);
phytyldiphosphate (PDP); homogentisic acid (HGA); 2-methyl-6-phytyl-1,4-
benzoquinone (MPBQ); 2,3-dimethyl-5-phytyl-1,4-benzoquinone (DMPBQ). T
pathway enzymes include: HPP dioxygenase (HPPD) at PDS1 locus; homogentisate
phytyltransferase (HPT) at VTE2 locus; MPBQ methyltransferase (MPBQ MT) at
VTE3 locus; tocopherol cyclase (TC) at VTE1 or SXD1 locus; c-tocopherol
methyltransferase (c-TMT) at VTEA4; phytol kinase at VTES locus.

Tocols are synthesized only in photosynthetic organisms and mainly in
plastids: in chloroplast membranes and in the oil bodies of seeds. T are widely
distributed in higher plants, whereas T3 occurs mainly in some non-photosynthetic
tissues, such as seeds and latex, and principally in the embryo of monocotyledonous
seeds (including barley) (Lampi et al. 2010).

At the genetic or molecular level, only limited information is available. Genetic
dissection of tocol content and composition in barley has not occurred but

corresponding information is available for maize (Figure 1.2). Wong et al., (2003)
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mapped several quantitative trait loci (QTL) for T in maize using a segregating
population. Subsequently, Chander et al., (2008) (Figure 1.2) found six candidate
genes located on individual loci in the T biosynthesis pathway. Finding the locus (loci)
corresponding to tocol production is crucial for the enrichment of vitamin E in grain
through breeding or molecular methods. An example of this is the 80-fold increase of
a-T level that has been observed after over-expression of VTE4 (vitamin E on
chromosome 4) in Arabidopsis (Shintani and DellaPenna 1998). Hence, determining
QTL for tocols in barley may provide knowledge about the genetic basis for use in

future breeding strategies for the over production of a natural source of vitamin E.

1.3.2 Antioxidant activity in different barley fractions

Each barley fraction differs in terms of weight proportion and tocol antioxidant
activity (Table 1.2). In general, starchy endosperm has been found to have a lower
amount of tocols than other fractions. In contrast, the outer layers including the germ
and hull are rich in tocols. In addition, (Salomonsson et al. 1980) showed that
phenolics were lowest in the centre of the barley kernel and increased dramatically in
the outer layers, including lignified husk. However, information about total antioxidant

capacity in barley fractions is limited.
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Table 1.2 Antioxidant activity in different barley fractions

Barley fractions Fraction mass (%)  Total tocols References
(mg/kg)
Whole grain 100 40.3 (Peterson 1994)

(Ko et al. 2003)
(Wang et al. 1993)
Hull 17.5-25 28.9-34.1 (Peterson 1994)
(Ko et al. 2003)
(Wang et al. 1993)
Germ 02-05 134 - 206.5 (Peterson 1994)
(Ko et al. 2003)
(Wang et al. 1993)
Endosperm 73-75.1 11.6 - 33.3 (Peterson 1994)
(Ko et al. 2003)
(Wang et al. 1993)

1.3.3 Antioxidants during storage and processing of barley products

1.3.3.1 Antioxidants during storage

Newly harvested barley will often be in storage for between 4 and 18 months before
processing (Idaho Barley Commission 2011). This storage time may have an effect on
total tocol content and antioxidant capacity in both whole grain and flour. Barley flour
seems to lose more tocols than whole grain during storage. Tyopponen and
Hakkarainen (1985) cited by Liu and Moreau (2008) found that the tocol content in
barley flour decreased by 5% weekly during 8 weeks of storage at 25°C. At the same
temperature, however, the degradation is less in intact barley with only 1% loss of
tocols monthly during 11 months of storage (Hakkarainen et al. 1983). In terms of the
eight isomers of tocols (Figure 1.1), the influence of storage is not the same. Wang et

al., (1993) reported that after storing at 27°C, T remained stable, while T3 significantly
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changed (specifically, decreasing a-T3 and increasing 6-T3). In contrast, a similar
content of T3 and a slight increase of T were observed after holding barley at 35°C
(Liu and Moreau, 2008).

Although Tyopponen and Hakkarainen (1985), cited by (Liu and Moreau
2008), showed the tocol loss from barley flour exposed to light, the reason for tocol
degradation was not explained. According to Ball (2006), T and T3 may be destroyed
fairly rapidly by sunlight and artificial light containing wavelengths in the UV region.
However, light was not the only factor in this case because tocol reduction was also
observed in the dark at 27°C (Wang et al. 1993). Wang assumed that the isoforms are
slowly oxidised by atmospheric oxygen to form mainly biologically inactive quinones.
The oxidation was accelerated by light, alkalinity, certain trace metals and heat. Heat
may be also an important factor in grain preservation (Metz 2006) (Table 1.3).

From these data, heat combined with moisture negatively affects barley shelf
life. Barley should be stored at 10-20°C and at less than 11.5% moisture to be kept
for a period of more than 6 months. Newman (2002), also suggested that storage
between 4.4°C and 15.5°C with moisture below 12.5% are safe conditions for barley.
On an industry scale, barley has been stored in silos with cooling aeration systems to
cool grains to less than 15°C and ideally 10°C (Viljoen 2001). Although the optimal
conditions for storage have been determined, research on the influence of temperature
and moisture on tocols and antioxidant capacity is limited. There is no report on the

change of tocols and antioxidants during industrial storage.
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Table 1.3 The effect of storage temperature on barley shelf life at different grain

moisture (Metz 2006)

Barley moisture % Storage temperature

Potential storage period

10°C-20°C

<10.5 20°C-30°C

>30°C

10°C-20°C

10.5->11.5 20°C-30°C

>30°C

10°C-20°C

11.5->125 20°C-30°C

>30°C

10°C-20°C

>12.5 20°C-30°C

>30°C

Very long (12-18 months)
Moderate (6 months)
Short (3 months)

Long (12 months)
Moderate (6 months)
Short (3 months)
Moderate (6 months)
Short (3 months)

Very short (< 3months)
Short (3 months)

Very short (< 3 months)

Perhaps (1 month)

In addition, antioxidants are considered to be preservatives in processed food

and to lengthen shelf life of food during storage (Ronald et al. 1991). For example,

Pereira de Abreu et al., (2010) demonstrated the efficacy of the packaging film

containing natural antioxidants from barley in slowing down lipid damage in Atlantic

salmon and lengthening the storage time of salmon. Vitamin E, therefore, may be able

to maintain barley and its products during storage. In other words, the grains with

more vitamin E and antioxidant capacity might store for longer than other grains.
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1.3.3.2 Antioxidants during pearling
Pearling refers to the procedure that separates the fractions of grain (pearled grain) and
pearling flour (hull, aleurone, sub-aleurone and germ). Because, tocols are more
concentrated in outer layer fractions rather than the starchy endosperm (Table 1.2),
pearling flour was reported to have higher tocol content than both the whole grain and
remaining flour (Wang et al. 1993; Peterson 1994). The pearling fraction might have
a possible use as a nutrient-rich source (2.7, 3.5, 4.4 and 8.0 times higher in a-T3, y-
T3, o-T and B-T content respectively compared to the whole grain) (Wang et al. 1993;
Peterson 1994). In a comparison between pearling flour and hulled grain, Panfili et al.,
(2008) reported four-, seven- and five-fold increases in tocols total, each T and T3
content, respectively. Hence, the pearled barley has a significant lower tocol
concentration when compared to the whole kernel. Bhatty (1999) also reported that
removing bran (hull, aleurone and sub-aleurone) caused a significant loss of tocols
(74.8 — 116.6 mg/kg in bran versus only 40.3 mg/kg in whole grain). Phenolics have
also been reported to be removed during pearling because it is located in the outer
layers of kernel. Gong et al. (2012) reported that phenolic content of the first fraction
(10% pearling) was double that of the second fraction (20% pearling) in hulless barley.
Although pearling might reduce vitamin E content and antioxidant capacity,
the percentage of pearling flour removed was different between studies most likely
due to the different fraction mass between genotypes (Table 1.2). The concentration
of vitamin E and antioxidants in outer layers also varied among genotypes (Evers et
al. 1999). In addition, the removal of hull by pearling contributed to lower tocols in
pearled grain suggesting the potential of hull-less barley (Bhatty 1999). However, the

comparison in terms of tocol content in hulled and hulless barley is required.
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1.3.3.3 Antioxidants during malting

The findings among studies regarding the change of vitamin E or antioxidants during
malting including steeping, germination and kilning are not uniform. While there is no
significant change in tocols (or individual isomers) after malting according to Peterson
(1994), other studies have shown an effect of malting on tocol levels. For example,
upon evaluation of the total tocol levels in nine barley varieties and their corresponding
malt, Goupy et al.,(1999) demonstrated that five varieties lost between 12 and 32%
tocols after malting but that tocol content increased significantly in four other varieties
(by 4-9%). The enrichment in tocols in malted barley was also reported in llona et al.,
(2011) with a 38% increase compared to raw hull-less barley. This increase might be
due to an increase in tocol synthesis during germination as has been observed for lupin
(Frias et al. 2005). Antioxidant activity has been shown to increase during wheat
(Yang et al. 2001) and lupin germination (Frias et al. 2005). Antioxidant activity was
also reported to be higher in barley samples steeped for one day compared to two days
stepping due to lack of adequate oxygen (llona et al. 2011).

Any decrease of tocols might be attributed to high temperature impact in
kilning. For instance, there is no effect of low kilning temperature (75-80°C) on tocol
content in Pilsener malt, whereas a significant influence has been detected at the higher
temperatures used to produce Munich (100°C), Caramel (150°C) and Black (230°C)
malt (llona et al. 2011). Although the unstable tocol level was ascribed to the range of
kilning temperatures (dependent on type of malt), the cultivar may also contribute
because at the same kilning temperature, the content of vitamin E in hulled commercial
(Pilsener, Munich, Caramel and Black) malt type was lower than in hull-less

experimental malt (Klass, 3528, L-400, 3475, 3537) (llona et al. 2011). This might
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indicate the important interaction between genotypes (or genetic basis) and type of
malt. However, a detailed analysis of the effect of malting on antioxidants in different

barley genotypes is needed.

1.3.3.4 Antioxidants during thermal processing of barley
According to Ball (2006), all fat soluble vitamins are degraded during thermal
processing except for vitamin K. However, these descending levels depended upon the
type of processing and temperature. Firstly, extrusion cooking and hydrothermal
processing used for breakfast cereal (or flakes and chips) and dried barley respectively
were analysed. The rate of vitamin E loss depended upon the temperature but
temperatures from 80°C to 200°C used in extrusion cooking have also been shown to
negatively affect tocol capacity in barley (Zielinski et al. 2001). Earlier studies,
Millauer et al., (1984) cited by (Zielinski et al. 2001) suggested losses up to 66%. In
hydrothermal processing, barley was soaked and then dry steeped at 120-200°C and
the reported decrease in tocols was 63%-94% (Zielinski et al. 2001). Besides extrusion
and hydrothermal cooking, the effect of baking on tocols (for bread and biscuit) and
extrusion combined to dry (for pasta) were examined. The average tocol losses were
21.4%, 28.2% and 41.1% in bread, biscuit and pasta, respectively (Hidalgo and
Brandolini 2010). However, these products were made from wheat, and no information
is available in the literature for barley.

In addition, the degradation of tocols might be reduced if either a steaming or
a microwave treatment step is applied before processing (Hakansson and Jagerstad
1990). The explanation for this may be related to enzymic (enzyme lipoxygenase is

active immediately when cereals mixed with water) or non-enzymic lipid oxidation
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(peroxidized lipids can be formed due to the non-enzymic catalysts copper and iron
derived from cooking water or processing equipment) (Hakansson and Jagerstad
1990). Moreover, according to Gassmann (2000), antioxidants can prevent lipid
peroxidation thus if there is more antioxidant, cereals might be protected during

processing.

1.4 Literature summary

Barley is a very important crop worldwide with a huge annual yield but only 2-3% of
barley grains are consumed by people in products such as breakfast cereal, bread,
noodles, biscuits and soup. However, barley is a food ingredient rich in antioxidants
especially vitamin E which scavenges free radicals in the human body and may
therefore combat diseases such as cardiovascular disease and cancer. Although vitamin
E level and antioxidant capacity has been shown to be different among some varieties,
little is known for most Australian barley varieties or the genetic basis for those
differences. No one study has followed the vitamin E content of different genetic
backgrounds through the food chain to the consumer. Vitamin E content is affected by
storage but knowledge of the effect of industry conditions is limited. After storage,
barley is passed through processing such as pearling, malting and thermal processing
into products such as pita bread. Pearling reduces vitamin E content and antioxidant
capacity in barley because this component concentrates in the hull. Thermal processing
may negatively affect vitamin E level due to lipid degradation. However, the influence
of malting on vitamin E and antioxidants is unclear. In addition, the vitamin E content

and antioxidant capacity remaining in potential food products is unknown.
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1.5 Research questions and aims of the project

As summarised above, there is limited knowledge about how vitamin E content and
antioxidant capacity might change in the barley food chain and the genetic basis of
differences between barley varieties. This research therefore aimed to address the
following questions: Do different barley genotypes have different antioxidant capacity
and vitamin E content? What is the genetic basis of any differences in antioxidant
capacity and vitamin E content observed? How are antioxidant capacity and vitamin E
content affected by common practices for storage and processing (pearling, malting
and baking) for barley genotypes high in those components? In particular, this research
has established

e Optimised methods for analysis of the contents of vitamin E and its individual
isomers as well as antioxidant capacity of vitamin E (Chapter 2);

e The effect of genotypes and storage on antioxidant capacity and vitamin E
content (and its isomers) [Chapter 3, (Do et al. 2015a)];

e The effect of malting on antioxidant capacity and vitamin E content in different
barley genotypes [Chapter 4, (Do et al. 2015b)];

e The potential of pita bread containing barley with enriched antioxidant
capacity and vitamin E content and the impact of pearling [Chapter 5, (Do et
al. 2016)] and,

e The genomic regions (QTLs) responsible for differences in vitamin E content

[Chapter 6, (Do et al. to be submitted Crop and Pasture Science)].
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Chapter 2: OPTIMISATION OF METHODS
FOR THE ANALYSIS OF VITAMIN E

CONTENT AND ANTIOXIDANT CAPACITY
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2.1. Introduction

Prior to this thesis, antioxidant capacity and vitamin E content in barley had been
analysed in several studies [including Panfili et al. (2003), Omwamba and Hu (2009),
Lampi et al. (2010)]. However, these existing studies had only included a limited
number of barley genotypes and had not directly compared covered with hulless
genotypes or waxy with non-waxy genotypes. Moreover, the specific contribution of
vitamin E to total antioxidant capacity in barley had not been measured previously.
Therefore, one of the central aims of this thesis was to measure vitamin E and its
antioxidant capacity in addition to total antioxidant capacity in barley grain from a
wide range of different genotypes, including both hulled and hulless and waxy and
non-waxy varieties.

While a number of methods for assessment of vitamin E content had been
reported in previous studies, they have all involved one of two general approaches.
The first approach involves hot or cold saponification of the sample followed by liquid
extraction with organic solvents such as petroleum ether, heptane or hexane (Lampi et
al. 2010). In the second approach, there is no saponification of the sample prior to
extraction, and the vitamin E is extracted using solvents such as ethanol (Omwamba
and Hu 2009), methanol (Panfili et al. 2003) or a mixture of ethanol:acetone:water
(llona et al. 2011); or using supercritical fluid extraction (SFE) (Carlucci et al. 2001)
or pressurized liquid extraction (PLE) (Delgado-Zamarreno et al. 2009). For the
studies in this thesis, the original intention was to extract vitamin E via the non-
saponification method using ethanol, since the resulting extract could then also be used
to analyse antioxidant capacity (Omwamba and Hu 2009). However, a previous study

by Panfili et al. (2003) had reported that the results obtained for vitamin E content
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using the non-saponification method were significantly lower than those obtained
using the hot saponification method on the same sample, suggesting that there was an
improved extraction efficiency when using saponification. Therefore, in order to
select the most efficient method for the studies presented in this thesis, the two
approaches described earlier (saponification and non-saponification) were compared
prior to the start of experiments.

This Chapter describes how the methods used for the measurement of vitamin
E content and antioxidant capacity were adapted and optimised to: (a) allow for the
measurement of antioxidant capacity and vitamin E content in the same sample at the
same time; (b) enable the same method to be used reliably across a range of genotypes;
(c) shorten the time required for the measurements; and; (d) minimise losses of
antioxidant capacity and vitamin E content, both of which are relatively unstable,

during the analysis.

2.2 Methods

2.2.1 Comparison of the saponification and non-saponification method

For the saponification methods, hexane, rather than heptane or petroleum ether, was
selected as the solvent to use post-saponification to separate vitamin E from the lipids.
This decision was based on the lower cost and higher purity of hexane compared to
these other reagents, as well as its suitability for use in High-Performance Liquid
Chromatography (HPLC) analysis as a mobile phase (Panfili et al. 2003). For the non-
saponification method, ethanol was selected as the solvent, due to its suitability for the
measurement of antioxidant capacity in vitamin E by 2, 2-diphenyl-1-picrylhydrazyl

(DPPH) which is soluble in ethanol (Omwamba and Hu 2009). Ethanol had also
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successfully been used in previous studies as a mobile phase solvent in HPLC for the
quantification of vitamin E content (Chiou et al. 1977). The relative efficiency of the
saponification and non-saponificaiton methods in extracting vitamin E from the same
sample were determined by comparison of the peak area obtained by HPLC for a-

tocopherol (the major vitamin E isomer) in the extracts from each of the procedures.

2.2.1.1. Saponification method
The method for vitamin E extraction with saponification previously described in detail
by Lampi and colleagues (Lampi et al. 2004) was used in this experiment (Figure.
2.1A). Briefly, flour (0.5 g), from the barley genotypes Sloop (hulless, non-waxy) and
Finniss (hulled, non-waxy) was accurately weighed into a 30 mL Pyrex glass tube with
a Teflon screw cap. Ascorbic acid (0.1 g), 100% ethanol (5 mL) and nanopure water
(2 mL) were then added. After mixing with a vortex mixer, the tube was flushed with
nitrogen before the addition of KOH (0.5 mL, 10.7M). The tube was then capped and
transferred to a boiling water bath for 25 min. The tube was mixed with the vortex
mixer after 10 min of boiling and then returned to the water bath for the remaining 15
min. The tubes were then removed and cooled in an ice-water bath. After cooling, 5
mL of 50% ethanol was added to the tubes. The unsaponified lipids remaining in the
tubes were extracted by the addition of three volumes (each 10 mL) of n-hexane:ethyl
acetate (8:2). Tubes were shaken for 10 min at 500 rpm, which resulted in the
separation of the samples into two distinct phases.

The clear organic layers were collected in a separation funnel and these organic
extracts were washed three times with NaCl (10 mL, 1M) to prevent the formation of

emulsions. The washed extract was then transferred to a 250 mL round bottomed flask,
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and the organic phase was evaporated by rotary evaporation under pressure (100mm
Hg). Ethanol (2 mL) and n-hexane (2 mL) were added and the sample evaporated again
to remove any remaining water. The residue was dissolved in 3 mL n-hexane and
transferred to a 5 mL volumetric flask. Sample extracts were stored in Kimax test tubes
in the dark at 70°C. Prior to HPLC analysis, extracts were filtered through a cellulose
acetate 0.45 um filter (Micro Analytix Pty Ltd, Australia) to ensure optimum purity.
Concentrations of a-tocopherol in the extracts were quantified according to the
method described by Lampi et al. (2004) with some modifications. The tocols were
separated by a normal phase HPLC using a GRACE Altima HP Silica 150 x 3 mm, 3
micron column and quantified with a fluorescence detector (NP-HPLC-FLD) with an
excitation wavelength of 290 nm and an emission wavelength of 325 nm. The mobile
phase was 1,4-dioxane/n-hexane (3:97, v/v) at a flow rate of 2 mL/min. Base on

retention time (Panfili et al. 2003), the peak area for a-tocopherol was determined.

2.2.1.2. Non-saponification method

The method of extracting vitamin E with ethanol was conducted as previously
described (Omwamba and Hu 2009). Briefly, barley flour (1 g) was extracted in 80%
ethanol (10 mL) in a shaking water bath for 2 h in the dark at 45°C. The supernatant
and residue were then separated by vacuum filtration. The residue was then re-
extracted using the same conditions and the two extraction solutions combined. These
final extraction solutions were stored in the dark at -20°C and analysed within 24 h.
a-tocopherol was separated by a normal phase HPLC using a GRACE Platinum EPS

C18 column and quantified with a fluorescence detector (NP-HPLC-FLD) with an
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059 0149
HOT SAPONIFICATION HOT SAPONIFICATION
Boiling water bath 60°C for Macumba &
mix every 10 min Sumire mochiwith shaker.
80°C for others
EXTRACTION EXTRACTION
By 2mL n-hexane: ethyl By 2mL n-hexane: ethyl
acetate (8:2, viv) acetate (8:2, viv)
WASHING EXTRACT
By water & NaCl
¢ v
SOLVENT SOLVENT
EVAPORATION EVAPORATION
By rotary evaporator* by stream nitrogen**
¢ ¢ EVAPORATE &
DISSOLVE RESIDUE DISSOLVE RESIDUE REDISSOLVE
By 1mL n-hexane By n-hexane By ethanol
VITAMIN E VITAMIN E ANTIOXIDANT
QUANTIFICATION QUANTIFICATION ANALYSIS
By HPLC By HPLC By DPPH

Figure 2.1 Method for vitamin E analysis. (A) The original method for vitamin E
extraction and quantification as described in Lampi et al. (2004). (B) The optimised
method for vitamin E extraction and quantification used in this study. (C) The
optimised method for measurement of antioxidant capacity in the vitamin E extractions
used in this study. * One sample for several hours. ** 24 samples for 20 minutes.

excitation wavelength of 290 nm and an emission wavelength of 325 nm. The mobile
phase was 95% ethanol at a flow rate of 2 mL/min. The levels of a-tocopherol in the
extracts were quantified using the same approach as for the saponification method

(section 2.2.1.1).

2.2.2. Optimisation of the saponification method

The saponification method was more efficient than the non-saponification method and

was therefore chosen to measure vitamin E and optimised further (Figure 2.1B) by
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altering the saponification temperature and drying step with the purpose of increasing

the extraction yield and shortening the extraction time.

2.2.2.1. Temperature of saponification

While hot saponification has been reported to extract more bound lipids from the
sample in comparison to cold saponification (Fratianni et al. 2002; Panfili et al. 2003),
in the initial experiments placing the samples into the boiling water bath was observed
to be associated with a high risk of the sample drying out during this process, as the
ethanol was easily evaporated in the smaller tubes used during the drying step. Thus,
the efficiency of the saponification and subsequent extraction was compared at three
different temperatures [100°C (original method), 90°C and 80°C] by comparing the
amount of a-tocopherol extracted from the same samples of the barley genotypes,
Finniss (hulless, non-waxy) and Sloop (covered, non-waxy) under these different
conditions.

In later experiments, although the waxy, covered genotypes (Macumba and
Sumire mochi) did not dry out when incubated at 80°C, they tended to stick together
which made them difficult to extract and resulted in low extraction yield. Therefore
the temperature in the water bath was further reduced to 70°C or 60°C, coupled with
continuous mixing of the samples throughout the incubation period, until the samples

did not stick together.

2.2.2.2. Drying of extracts

Two of the main disadvantages of the original method described by Lampi and

colleagues were the limited number of samples that could be processed in each run and
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the lengthy extraction time. This was largely due to the fact that this method used a
rotary evaporator, which meant that only one sample could be evaporated at a time and
that each individual sample took several hours to dry. Therefore, an unpublished
method (Robert Asenstorfer, personal communication) using vacuum drying that
reduced the sample volume and allowed processing of multiple samples at any one
time was trialled. The amount of flour sample was reduced from 0.5 g to 0.1 g and the
amount of solvent from 10 mL to 2 mL, thus making the use of a 10 mL Pyrex glass
tube with a Teflon screw cap possible (instead of a 30 mL tube). Samples were then
dried using a SpeediVac (Univapor 150H, Uniequip, Germany). The use of vacuum
drying and the smaller sample size meant that 24 extracts could be dried at one time,
compared to only one in the original method. The evaporation of the samples in the
SpeediVac was also significantly quicker (one hour compared to several hours), thus
reducing the total time required for the procedure. An alternative method for drying
samples was subsequently identified: the use of stream nitrogen, which had been
described as an inexpensive and fast method of evaporating organic solvents (Nevins
et al. 2005). In the current study, this approach was therefore compared with the use

of the SpeediVac in relation to the extraction yield and extraction time.

2.2.3. Antioxidant capacity

Total antioxidants were extracted from barley grain using an adaptation of the methods
described by (Omwamba and Hu 2009). In their original method, the mixture of
sample (1 g) and ethanol (10 mL) was placed in an incubator at 45°C and shaken for
two hours. The sample was then filtered through Whatman No.1 filter paper, before

re-extraction of the solid component with 10 mL ethanol for an additional 2 h. In initial
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experiments using this approach, however, a significant proportion of the flour was
observed to be lost through the filter paper during the filtering process. In order to
avoid this, the volume of ethanol used was doubled (to 20 mL) and the extraction time
extended to 4 h, so that the sample was extracted once, rather than twice. In addition,
a syringe filter with a 0.45um pore size (Millex Syringe-driven Fylter Unit, Millipore
Ireland Ltd, Carrigtwohill, Ireland) was used to filter the solution following the paper
filtration step and prior to DPPH analysis to ensure that the sample extract was free
from any residual particles of flour. Alternatively, a Filtropur BT25, 250 mL, 0.45 pm
(SARSTEDT, USA) was used to replace both the filter paper and syringe filter.

Two methods of measuring the antioxidant capacity in vitamin E were also
compared. The first method directly analysed the antioxidant capacity of the vitamin
E extract (dissolved in hexane) while the second method involved first evaporating the
hexane using stream nitrogen and then dissolving the extraction in ethanol before
analysis (Figure 2.1C). Antioxidant capacity was measured as per the DPPH free
radical method reported by Omwamba and Hu (2009). For each extract, 0.1 mL was
added to 2.9 mL of 112 uM DPPH in a 3 mL polystyrene cuvette (SARSTEDT,
Numbrecht, Germany). After mixing, the samples were allowed to stand in the dark
for 20 min at 23°C. The absorbance value was measured at 517 nm after 20 min using
a spectrophotometer (UV/VIS SP 8001, Metertech, Taiwan) and compared for the

extracts from the two methods.

2.2.4. Statistical analysis
The data are presented as means of three determinations. Student’s t test was used to

determine the differences among two means using GenStat 14. One-way Analysis of
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Variance (ANOVA) was performed using GenStat 14 to determine the differences
between more than two means, with the Least Significant Difference (LSD) test

applied post-hoc to determine significant differences between groups at P<0.05.

2.3. Results

2.3.1. Comparison of the saponification and non-saponification method

The a-tocopherol was readily detectable by HPLC in both samples (Finniss and Sloop
genotypes) extracted by hexane (Figure. 2.2A, 2.2B) while this isomer was not
detected in samples extracted using ethanol (Figure. 2.2C, 2.2D). Therefore, the
samples extracted by ethanol were concentrated by evaporating in a SpeediVac until
the volume of sample was reduced four-fold (Figure. 2.2E, 2.2F) prior to quantification
by HPLC. After repeating the analysis, the retention times (tr) of a-tocopherol, as
confirmed by the standard, were 4.8 £ 0.2 min for the hexane extraction and 5.1 £ 0.1
min for the ethanol extraction. However, the peak areas of a-tocopherol in samples
extracted by hexane were significantly higher than those in ethanol extraction (Table
2.1).

Table 2.1 Peak areas of a-tocopherol extracted by hexane and ethanol in Finniss
and Sloop. The number of biological replicates was n=3 for both Finniss and Sloop.
Values were expressed as mean = SE. Different superscripts indicate significant

differences between the a-tocopherol peak area within each variety as determined
using Student’s t test.

Peak areas
Samples Extract by hexane Extract by ethanol
Finniss 21.43+0.07° 6.86+0.18"
Sloop 26.27+0.14% 15.72+0.08°
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Figure 2.2 Representative chromatograms of a-tocopherol derived from two
genotypes of barley by different extraction methods. a-tocopherol is the peak with
the details of the area over it. (A) and (B) a-tocopherol in Finniss and Sloop extracted
by hexane (saponification), respectively; (C) and (D) a-tocopherol in Finniss and
Sloop extracted by ethanol (non-saponification), respectively; (E) and (F) a-
tocopherol in Finniss and Sloop extracted by ethanol after concentrating, respectively.

36



2.3.2. Optimisation of saponification method

2.3.2.1. Temperature

The peak areas of a-tocopherol extracted from Finniss and Sloop at three different
temperatures [100°C (original method), 90°C and 80°C] were compared. Reducing the
temperature of the water bath to 80°C prevented the samples from drying out and
consequently produced a higher a-tocopherol content compared to other temperatures
(Table 2.2). Therefore, incubation of the samples in an 80°C water bath with mixing
every 10 min was applied for the majority of the barley genotypes in future
experimentation.

Table 2.2 Peak areas of a-tocopherol extracted by hexane in Finniss and Sloop at
different saponification temperatures. The number of biological replicates was n=3
for Finniss and Sloop. Values were expressed as mean = SE. Different superscripts
indicate significant differences between the a-tocopherol peak area as determined

using the Least Significant Difference (LSD) (P<0.05) for between temperatures and
within each genotype. LSD=1.33 and 1.58 for Finniss and Sloop, respectively.

Temperature 80°C 90°C 100°C

Samples Peak area  Dry Peak area  Dry Peak area  Dry
Finniss 24.68+0.34*  No 22.29+0.16°  Yes 20.91+0.54°  Yes
Sloop 27.72+0.38%  No 25.87+0.51°  Yes 25.08+0.45°  Yes

In later experiments involving waxy, covered genotypes (Macumba and
Sumire mochi), they were observed to stick together when incubated at 80°C, making
extraction difficult (Figure.2.3). Therefore, the efficiency of the extraction obtained
was compared when the temperature was lowered further (to 70°C and 60°C) in
comparison to 80°C. The peak areas of a-tocopherol extracted from Macumba and
Sumire mochi at these three different temperatures (80°C, 70°C and 60°C) are shown

in Table 2.3. At 60°C, the flour did not become sticky and there was a greater
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extraction yield than that at 80°C. Therefore, incubation at 60°C with continual mixing
of the samples was utilised for Macumba and Sumire mochi varieties in subsequent

experiments.

Table 2.3 Peak areas of a-tocopherol extracted by hexane in Sumire mochi and
Macumba at different saponification temperatures. The number of biological
replicates was n=3 for both Sumire mochi and Macumba. Values were expressed as
mean + SE. Different superscripts indicate significant differences between the a-
tocopherol peak area as determined using the Least Significant Difference (LSD)
(P<0.05) for between temperatures and within each genotype. LSD=1.07 and 0.93 for
Sumire mochi and Macumba, respectively.

Temperature 60°C 70°C 80°C
Samples Peak area Sticky Peak area Sticky Peak area  Sticky
Sumire mochi 18.44+0.25% No 12.70+0.40° Yes 10.02+0.23° Yes
Macumba 21.0+0.25*  No 16.89+0.13° Yes 13.63+£0.36° Yes

2.3.2.2. Drying of extracts

The peak areas of a-tocopherol extracted from Finniss and Sloop using drying methods
including stream nitrogen and SpeediVac as well as the drying time are shown in Table
2.4. There was no difference in the results obtained for a-tocopherol content for the
different drying methods for the Sloop genotype (P<0.05). However, the Finniss
sample that was dried by nitrogen stream had significantly higher yield (P<0.05) of a-
tocopherol compared with that dried by SpeediVac. Given that the stream nitrogen
method only took 20 min compared to 1 h for the SpeediVac, the stream nitrogen

drying approach was used in all subsequent experiments.
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Table 2.4 Peak areas of a-tocopherol extracted by hexane in Finniss and Sloop
using the two different drying methods (stream nitrogen and SpeediVac). The
number of biological replicates was n=3 for Finniss and Sloop. Values were expressed
as mean + SE. Different superscripts indicate significant differences between the a-
tocopherol peak area within each variety as determined using Student’s t test.

Drying method Stream nitrogen SpeediVac
Samples Peak area Time (min) Peak area  Time (min)
Finniss 25.84+0.472 20 24.21+0.12° 60
Sloop 27.76+£0.13% 20 27.04+0.352 60

2.3.3. Antioxidant capacity in vitamin E

The absorbance readings using the spectrophotometer were compared between Finniss
extracted by hexane and Finniss extracted by hexane but re-evaporated and re-
dissolved in ethanol. The result indicated that in the former method the measurements
varied significantly between replicates (the mean was 0.352 + 0.020, relative standard
deviation (RSD) >5%, n=9). In contrast, the later method provided absorbance
readings which were more consistent between replicates (the mean was 0.364 + 0.007,
relative standard deviation (RSD) <2%, n=9). Therefore, for future experimentation,
the hexane was removed from vitamin E extracts by evaporation before dissolving in

ethanol for measurements of vitamin E antioxidant capacity.

2.4. Discussion

This Chapter has described the steps that were followed for the optimisation of
methods for the measurement of vitamin E content, vitamin E antioxidant capacity and
total antioxidant capacity, which were subsequently applied to all measurements
reported in this thesis. The main steps involved in these procedures are illustrated in

Figure. 2.1. For the vitamin E content analysis, the saponification method by hexane
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was found to be more efficient at extracting vitamin E than the non-saponification
method using ethanol. This is in accordance with the findings of Panfili et al. (2003),
which showed the contents of all eight vitamin E isomers in barley extracted by hot
saponification were higher than those in barley extracted by the non-saponification
method using methanol. The low content of all isomers obtained using the non-
saponification method may be attributed to the fact that these isomers exist in ester
form or are bound to the matrix, and are only released when saponification is applied
(Fratianni et al. 2002; Panfili et al. 2003).

In terms of the saponification methods, the optimised method (Figure.2.1B)
provided a higher extraction yield than the original method (Figure. 2.1A), due to the
reduction of the extraction temperature which prevents loss due to evaporation, and
provided a shorter extraction time due to the reduction of sample volume and the
replacement of the rotary evaporator by the stream nitrogen. In addition, the optimised
method enabled a range of barley genotypes, including waxy and non-waxy genotypes,
to be analysed. While the majority of the genotypes were extracted at 80°C, waxy
varieties, including Sumire mochi and Macumba, were prone to clumping at this
temperature and the extraction efficiency was improved by reducing the temperature
to 60°C. There have been no previous studies which have specifically reported
methods for extracting waxy barley genotypes for the purpose of measuring vitamin E
content/antioxidant capacity, however waxy varieties are likely to be gelatinous when
heated at higher temperatures since they contain high amounts of amylopectin and less
than 0.5% of amylose (Banks et al. 1970). According to Jane et al. (1999), the high-
amylose maizes displayed a much higher gelatinisation temperature (~71°C) than

waxy and normal maize starch (~64°C) while waxy rice has a gelatinisation
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temperature at 62°C compared with 70°C for non-waxy rice. In this study, the waxy
barley genotypes seemed to have the same behaviour as waxy maize and rice, such
that a lower temperature was required for the saponification during extraction.

With regards to the analysis method of antioxidant capacity in vitamin E
(Figure. 2.1C), the vitamin E extracted by hexane without re-evaporation and re-
dissolution in ethanol prior to measurement with DPPH resulted in inconsistent
readings. This is likely to be due to the low solubility of ethanol, a polar molecule in
hexane, a nonpolar molecule (Cichos et al. 1997). Therefore, the vitamin E extracted
by hexane but re-evaporated and re-dissolved in ethanol prior to measurement with
DPPH was utilised in subsequent experiments.

The optimised methods for measurement of vitamin E content, total antioxidant
capacity and that in vitamin E were used for the remaining experiments presented in

this thesis.
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Antioxidants, including vitamin E, may have a positive effect on human health and prolong storage of
food items. Vitamin E content and antioxidant capacity were measured in 25 barley genotypes before
and after 4 months storage at 10 °C using high performance liquid chromatography (HPLC) and ability
to scavenge DPPH radicals, respectively. As expected, o-tocotrienol (o-T3) and o-tocopherol (o-T) were
the predominant tocol isomers. Vitamin E content and antioxidant capacity varied significantly among
genotypes. Vitamin E ranged from 8.5 to 31.5 ng/g dry weight (DW) while ascorbic acid equivalent
antioxidant capacity (AEAC) varied from 57.2 to 158.1 mg AEAC/100 g fresh weight (FW). Generally,
lower vitamin E content or antioxidant capacity was observed in hulless or coloured genotypes. These
results suggest that some genotypes are potential candidates for breeding of barley cultivars with high
vitamin E content or antioxidant capacity at harvest, even after storage.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Barley (Hordeum vulgare L.) has historically been used for malt
and livestock feed. Recently, however, there has been growing
interest in the potential use of barley in human foods largely due
to its high content of fibre, B-glucan and antioxidants
(Ehrenbergerova, Belcrediova, Havlova, et al., 2006). Barley is likely
to be a good dietary source of antioxidants not only because of its
high antioxidant capacity but also because of the relatively larger
amounts consumed in typical diets compared to fruit and vegeta-
bles (Kim et al., 2007). Antioxidants are crucial in maintaining
the health of tissues and organs because of their ability to slow tis-
sue damage by preventing the formation of free radicals, scaveng-
ing them, or by promoting their decomposition (Young &
Woodside, 2001). Antioxidant capacity has been reported to be
higher in coloured than white grains, including rice (Htwe et al.,
2010) and barley germplasm (Kim et al., 2007). In addition, the
antioxidants concentrate in the outer layers of the grain
(Peterson, 1994). Thus, removal of these layers (the hull, aleurone

Abbreviations: DPPH, 2,2-diphenyl-1-picrylhydrazyl; MIR, middle infrared; NIR,
near infrared; ATR, attenuated total reflectance; AEAC, ascorbic acid equivalent
antioxidant capacity.
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and germ) in covered barley by the process of pearling, used to
make flour whiter, significantly reduces antioxidant capacity
(Bhatty, 1999). Hulless genotypes, therefore, may have an enriched
antioxidant capacity, since they can be used without the require-
ment for pearling. The different genotypes across coloured and
white barley; covered and hulless barley; food, malting and feed
barley are also likely to differ in antioxidant capacity.

Antioxidants are generally accepted as including vitamin E
(tocotrienols and tocopherols), ascorbic acid (vitamin C), enzymes
(catalase, glutathione peroxidase and superoxide dismutase), phe-
nolic compounds, and carotenoids (Goupy, Hugues, Boivin, &
Amiot, 1999). Vitamin E is a lipid phase chain-breaking antioxidant
that appears effective in improving health outcomes in clinical tri-
als with diminished risk of cancer and cardiovascular disease,
especially in smokers (Reboul et al., 2006), although benefits have
not been reported in all studies (Bjelakovic, Nikolova, Gluud,
Simonetti, & Gluud, 2007). Vitamin E has eight isomers: a-, -, y-,
d-tocopherol (T) and a-, B-, Y-, 8-tocotrienol (T3). Tocopherol and
tocotrienol are also called tocols. Ball (2006) reported the descend-
ing order of their antioxidant capacity to be a-, B-, y- and 3-tocols.
Sheppard, Pennington, and Weihrauch (1993) however found that
among T and T3, the descending order of antioxidant activity was:
o-T, B-T, a-T3, y-T, B-T3, and &-T (y-T3 and 5-T3 had no function).
However, some studies reported that o-T3 is a more effective
antioxidant than o-T (Packer, 1995).

Among different cereals, vitamin E has been reported to be higher
in barley compared to other grains (Panfili, Fratianni, & Irano, 2003)
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suggesting that barley may have potential applications as a func-
tional food providing vitamin E. However, the reported content of
vitamin E in barley differs between studies, for example 51.6 pg/g
DW in Ehrenbergerova, Belcrediova, Havlova, et al. (2006), 59.0 pg/
g DW in Bhatty (1999) and 69.1 pg/g DW in Panfili, Fratianni,
Criscio, Marconi (2008). The contribution to vitamin E content of
the eight isomers in these studies was also different. The dis-
crepancies between studies could be due, at least in part, to the fact
that different genotypes were studied, as different genotypes may
contain different amounts of vitamin E. These studies also differed
in the extraction methods used, that is, whether saponification
was used and which solvent. Methods using saponification and hex-
ane as a solvent are currently regarded as the most reliable for tocol
extraction in cereals because esterification is prevented and recov-
ery is greatest (Panfili et al., 2003).

Another issue to be considered is storage. Antioxidants and vita-
min E, in particular, can be easily destroyed by light, water and
heat (Wang, Xue, Newman, & Newman, 1993). Newly harvested
barley will often be in storage for between 4 and 18 months before
processing (Idaho Barley Commission, 2011). Even though barley is
usually stored in silos with cooling aeration systems at less than
15°C and ideally to 10°C (Viljoen, 2001); storage may have an
effect on vitamin E content and antioxidant capacity. Indeed, stor-
age at 25, 27 or 35 °C led to a significant loss of vitamin E content
(Liu & Moreau, 2008; Wang et al., 1993). However, research has not
been published on the influence of storage on both antioxidant
capacity and vitamin E content in barley at the usual temperatures
used by industry.

This study focused not only on the antioxidant capacity of bar-
ley genotypes but also on the content of vitamin E, which is often
claimed to be an important antioxidant compound. The objectives
of this study were to evaluate these components in a range of bar-
ley genotypes and the impact on them of storage under conditions
similar to those used in industry. Barley genotypes were chosen
based on their grain colour, whether hulless or not, and their use
in food, malt or animal feed.

2. Materials and methods
2.1. Materials

Materials in this study, provided by the University of Adelaide
Barley Breeding Program, were 25 common food, malting and ani-
mal feed genotypes including hulless and covered, coloured and
white barley (which can be categorised by genotype as Food,
Coloured, Hulless: Jet, Sumire mochi; Food, White, Hulless:
Finniss, Macumba; Food, Coloured, Covered: Tadmor; Food,
White, Covered: Adagio, Er/Apm; Malting, White, Covered:
Flagship, WI2585, Vlamingh, Amaji Nijo, Harrington, ND24260-1,
Commander, Alexis, Dhow, Sloop, Buloke; Feed, Coloured,
Covered: ICARDA 16, ICARDA 19, ICARDA 26, ICARDA 35, ICARDA
39; Feed, White, Covered: Fleet, Chebec) (Supplementary informa-
tion, Table S1). All 25 genotypes were grown from June 2011 to
December 2011 as a single plot in a complete randomised design
at Charlick Experimental Research Station, Strathalbyn, South
Australia (35°19'46.26"S, 138°52'42.39”E). After harvesting, the
grains were screened using a 2.5 mm slotted ISO 5223 sieve. The
grains were kept at —20 °C until their moisture content, antioxi-
dant capacity and vitamin E content were analysed for at least
three individual biological replicates.

2.2. Storage
After harvesting, 1 kg of barley grains from all genotypes except

Jet, ICARDA 26 and Buloke, which were not available to plant, was
cleaned and placed in a 300 x 200 x 100 mm plastic box with lid.

Beakers of silica gel (50 mL) were placed in the containers to
ensure humidity was maintained, as confirmed by humidity
meters. The grain boxes were stored at 10°C in the dark for
4 months, as is common industrial practice (Idaho Barley
Commission, 2011). The moisture content, vitamin E content and
antioxidant capacity were analysed for at least three individual
biological replicates for each genotype before and after 4 months
of storage.

2.3. Grinding

Barley grain (10 g) for each genotype was ground to a fine pow-
der using an IKA Mill (Germany) with running water to avoid heat
increases during the milling.

2.4. Moisture content

The moisture content of barley flour was determined in tripli-
cate according to the procedure described in American
Association of Cereal Chemists-AACC (2000) Method No. 44-15A.
Two grams of sample was weighed into a pre-weighed dish and
dried in an air forced oven at a temperature of 105+ 5 °C until
the weight was constant.

2.5. Determination of vitamin E content

2.5.1. Vitamin E extraction

To extract tocols from barley flour and avoid degradation of the
isomers, an optimised method using hot saponification was
adapted from that utilised by Lampi, Ryynanen, Salo-Vaananen,
Ollilainen, and Piironen (2004). Flour (0.1 g) was added to a solu-
tion of 1 mL 100% (v/v) ethanol, 0.4 mL water and 20 mg ascorbic
acid in a 15 mL Pyrex glass tube with a Teflon screw cap. After
addition of 100 pL 10.7 M potassium hydroxide solution and thor-
ough mixing, the tube was capped and transferred to a boiling
water bath for 25 min. During saponification, the sample was
mixed every 10 min to improve the hydrolysis. The tube was
cooled in an ice water bath for 10 min and 0.5 mL 50% (v/v) ethanol
was added. To extract tocols and other unsaponifiable lipids, three
portions (each 2 mL) of n-hexane:ethyl acetate (8:2, v/v) were
used. After shaking samples and solvent for 10 min and separation
of the phases, the upper organic layers were collected with a dis-
posable glass pipette and placed into a new glass test tube. This
process was repeated three times with n-hexane:ethyl acetate
(8:2, v/v), and the extract was then dried using stream nitrogen.
The residue was dissolved in 1 mL n-hexane and filtered through
a 0.45 pm syringe filter before transfer to a 12 x 32 GRACE glass
HPLC (high-performance liquid chromatography) vial with an
amber screw cap for analysis.

2.5.2. HPLC analysis

The tocols were quantified according to the method reported by
Lampi et al. (2004) with some modification. Tocols were separated
by a normal phase HPLC using a GRACE Altima HP Silica
150 x 3 mm, 3 micron column and quantified with a fluorescence
detector (NP-HPLC-FLD) with an excitation wavelength of
290 nm and an emission wavelength of 325 nm. The mobile phase
was 1,4-dioxane/n-hexane (2:98, v/v) at a flow rate of 1 mL/min.
Separation of tocols was based on isocratic elution (Lampi et al.,
2004).

The quantity of the individual vitamin E isomers in samples was
calculated by the use of calibration curves for all standard isomers.
Tocopherol (T) standards (o, -, y-, 8-T) and tocotrienol (T3) stan-
dards (o, B-, y-, 8-T3) were purchased from Cayman Chemical,
USA, while n-hexane, ethyl acetate, ascorbic acid and DPPH (2,2-
diphenyl-1-picrylhydrazyl) were from Chem-Supply Pty. Ltd.,
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Australia. Standard stock solutions were prepared to a concentra-
tion of 500 pg/mL in hexane. Calibration curves for all isomers
were prepared over the concentration range of 1.0-25.0 pg/mL
using GenStat 14 (Lawes Agricultural Trust; VSN International,
Ltd., Hemel Hempstead, UK).

Barley extractions and standard isomers were injected into the
HPLC machine separately. Identification of peaks in barley samples
was made based on the retention time when compared with stan-
dard peaks. Curves between standard peaks and standard contents
were used to calculate contents of isomers in barley samples.

The vitamin E content, expressed in mg of o-tocopherol-equiva-
lents (TE), was calculated according to Mclaughlin and Weihrauch
(1979) using biological activities of 1.0 for o-T, 0.3 for a-T3, 0.4 for
B-T, 0.05 for B-T3, 0.1 for y-T, 0.01 for y-T3 and 0.01 for §-T (o~
TE=o-T*1.0+a-T3*03+p-T*04+p-T3 *0.05+y-T *0.1 +y-T3
*0.01 +5-T * 0.01).

2.6. Determination of antioxidant capacity

2.6.1. Ethanol extraction of antioxidants in whole grain

Barley flour (1 g) was extracted with 20 mL 80% ethanol at 45 °C
in a flask placed in a 200 rpm shaking water bath for 4 h under dark
conditions. Vacuum filtration was then used to separate the super-
natant, which was stored in the dark at —20 °C and analysed within
24 h using the DPPH free radical method (Omwamba & Hu, 2009).

2.6.2. DPPH free radical method

Barley flour extract (0.1 mL) was added to 2.9 mL of DPPH
(112 uM). After mixing, the sample was allowed to stand at 23 °C
in the dark for 20 min. Reduction in absorbance was measured at
517 nm after 20 min using a spectrophotometer (UV/VIS SP 8001,
Metertech, Taiwan). Antioxidant capacity was then determined
using a standard curve for ascorbic acid and prediction models pro-
vided by GenStat 14 and expressed as mg ascorbic acid equivalent
antioxidant capacity per 100 g of fresh weight of grain (mg AEAC/
100 g FW).

2.6.3. Determination of antioxidant capacity of vitamin E

The vitamin E was extracted as described previously
(Section 2.6.1). After extraction and drying using stream nitrogen,
1 mL n-hexane was replaced by 1 mL of 100% (v/v) ethanol to dis-
solve the residue. The antioxidant capacity of the vitamin E
extracts was then determined using the DPPH free radical method
(Section 2.6.2).

2.7. Mid-infrared (MIR) measurement

To determine whether there were any identifiable biochemical
differences between samples that differed in vitamin E or antioxi-
dant capacity after storage, MIR was applied. Barley flour, from
fresh and stored samples, was scanned using a platinum diamond
ATR single reflection sampling module cell mounted in a Bruker
Alpha instrument (Bruker Optics GmbH, Ettlingen, Germany) and
spectra were recorded on OPUS software version 7.0 provided by
Bruker Optics (average of 64 scans at a resolution of 8 cm™,
between 4000 and 375 cm™!) (Cozzolino, Roumeliotis, & Eglinton,
2013). The samples were held against the ATR crystal using the
pressure applicator or sample clamp mechanism supplied by the
instrument manufacturer to ensure that the same and constant
pressure was applied for all replicates. Air was used as reference
background spectra.

2.8. Statistical analysis

One-way and two-way Analysis of Variance (ANOVA) was per-
formed using GenStat 14 to determine the differences between

means using the Least Significant Difference (LSD) at P < 0.05.
Spectra were exported from the OPUS software into The
Unscrambler X software (version X, CAMO ASA, Oslo, Norway) for
chemometric analysis, data processed using the second derivative
Savitzky-Golay and then Principal Component Analysis (PCA)
was used to interpret the changes in the MIR spectra of the sam-
ples related to storage, as per Cozzolino et al. (2013).

3. Results

3.1. Tocol and antioxidant capacity are genotype-dependent in barley
grain

The isomers were easily distinguishable in the order of o-T, o~
T3, B-T, v-T, B-T3, y-T3 (Supplementary information, Fig. S1). The
retention times (t;) as confirmed by standards were as follows:
o-T t;=5.5+0.1 min, o-T3 ¢, = 7.0 £ 0.1 min, B-T ¢, = 9.8 + 0.2 min,
v-T t;=11.0+£0.2 min, B-T3 t,=13.0£0.2 min, y -T3 t, =147
0.3 min, 8-T t;=17.5+0.2 min and §-T3 t;=21.6 £ 0.2 min. This
order and retention times of all peaks were as expected for barley
(Panfili et al., 2003). Amounts of 5-T3 and §-T were considered to
be negligible in all barley genotypes since their minor peaks were
not measurable.

The main tocols of the 25 genotypes detected, in descending
order, were o-T3, o-T, (y-T3 and B-T3), (y-T and B-T), 3-T3 and
3-T (Table 1). o-T3 was the main homologue, accounting for
approximately 58% of total tocols and 73% of total tocotrienol. All
genotypes also had significant amounts of o-T (~16% of total
tocols), followed by 7y-T3 (~12%) and B-T3 (~10%). Smaller
amounts of y-T and B-T than other isomers were found in all sam-
ples. The percentage of total tocotrienol (~80% of total tocols) was
much higher than that of total tocopherol (~19%).

The content of the six individual vitamin E isomers differed sig-
nificantly between genotypes with the 25 genotypes being easily
categorised into three content groups: low, medium and high.
Jet, the ICARDA lines, Macumba, Sumire mochi and Tadmor had
the lowest content for the two main isomers, o-T and o-T3. Jet con-
tained the lowest level of all isomers except B-T. The high tocol
content group comprised Harrington, ND24260-1, Commander
and Adagio. Harrington was richest in o-T3 and y-T3 but also
had relatively high content of the other isomers. The remaining
12 genotypes had isomer contents that were intermediate between
the low and high groups.

There was a considerable range of vitamin E content between
genotypes (Fig. 1a). The genotype with the highest vitamin E con-
tent was Harrington (white, covered) with 31.5 ng/g DW, which is
more than three times that of the lowest, Jet (hulless, black) with
8.5 ng/g DW. The hulless and coloured genotypes comprising Jet,
Macumba, Finniss, Sumire mochi, the ICARDA group and Tadmor
were generally observed to have lower vitamin E content than cov-
ered and white genotypes. When comparing between food, malt
and feed groups; the malting genotypes were richest in vitamin E
content (~26-32 pg/g DW). In the food group, Adagio was the best
source of vitamin E with ~27 ng/g DW.

The average antioxidant capacity in the barley genotypes was
~109 mg AEAC/100 g FW and the capacity ranged widely, from
~57 mg AEAC/100g FW in ICARDA 39 to ~158 mg AEAC/100 g
FW in WI2585 (Fig. 1b). WI2585 and Harrington had the highest
antioxidant capacity and were also high in vitamin E, whereas
the ICARDA lines were low in both. As with vitamin E content, all
coloured genotypes were lower in antioxidant capacity than white
genotypes (~57-104 mg AEAC/100 g FW compared with ~106-
158 mg AEAC/100 g FW). The malting genotypes tended to repre-
sent the best sources of antioxidants (124.3 +5.0 mg AEAC/100 g
FW), followed by food (108.0 + 5.1 mg AEAC/100 g FW) and then
feed genotypes (84.6 + 9.2 mg AEAC/100 g FW).
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Table 1

Mean content of tocopherols and tocotrienols in 25 barley genotypes at harvest (for n = 6 biological replicates except n =9 for Jet and ICARDA 16 and n = 3 for Buloke).

Genotype Content (ng/g DW)
o-T B-T v-T Total T o-T3 B-T3 v-T3 Total T3 Tocols T+ T3

Jet 4.62° 0.34¢f8h 0.29% 5.25 12.18° 1.55° 1.31° 15.04 20.29
Sumire mochi 8.60° 0.40°feh 1.04° 10.04 38.36% 3.45¢ 8.24' 50.05 60.09
Macumba 8.93" 0.40¢f8hi 0.40% 9.73 35.96¢ 3.51¢ 8.10°%@ 47.57 57.30
Finniss 9.55¢ 0.428hi 0322 10.29 43.598" 7.92'm 7.47¢ 58.98 69.27
ICARDA 16 13.15% 0.253bcd 2.60% 16.00 44,010 7.31¢ 4.50¢ 55.82 71.82
ICARDA 19 14.47' 0.26"<de 5.701 20.43 32.34¢ 2.84° 4.33¢ 39.51 59.94
ICARDA 26 12.599 0.132 238N 15.10 27.38° 4.00¢ 4.37¢ 35.75 50.85
ICARDA 35 11.00% 0.33¢defg 1.63¢ 12.96 33.42¢ 4.14¢ 4.13¢ 41.69 54.65
ICARDA 39 12.17¢8 0.20%° 2.78% 15.15 28.70° 6.418" 2.73° 37.84 52.99
Tadmor 10.03¢ 0.448M 1.90° 12.37 40.71° 7.704 6.49¢ 54.90 67.27
Er/Apm 10.59¢ 0.29Pcde 1.30¢ 12.18 43910 6.81M 11.37% 62.09 74.27
Vlamingh 11.83% 0.37Pcdef 2.198" 14.33 51.89" 6.188 8.48¢8 66.55 80.88
Commander 12.39M 0.491 2.06% 14.94 55.40% 8.38" 9.88" 73.66 88.60
Buloke 12.068" 0.46M 5.03P 17.55 44.56" 10.06P 13.36™ 67.98 85.53
Fleet 12.108M 0.43Ehi 1.89¢f 14.42 45.84" 10.50P9 11.40% 67.74 82.16
Flagship 11.33¢f 0.29bcde 2.08% 13.70 46.06" 7.56% 8.04¢°%2 61.66 75.36
Sloop 10.79¢ 0.40°fehi 1.13% 12.32 51.11¢ 13.56" 10.21! 74.88 87.20
Chebec 12.80% 0.63% 2.07% 15.50 45,930 17.77° 12.52! 76.22 91.72
Amaji nijo 13.29% 0.481 458" 18.35 41.27% 4.60° 14.81" 60.68 79.03
Harrington 12.218M 0.458hi 2.541 15.20 60.43! 10.749 16.06° 87.23 102.43
WI2585 11.70% 0.66* 3.74' 16.10 44,35" 7.01Y 11.61% 62.97 79.07
Dhow 12.008" 0.233b<d 1.70% 13.93 54,05 9.48° 10.89Y 74.42 88.35
ND24260-1 12.581 0.35¢f8" 3.74' 16.67 50.36' 6.068 7.62¢f 64.04 80.71
Adagio 12.75% 0.547% 4.69"° 17.98 45930 8.22mn 11.994 66.14 84.12
Alexis 12.45M 0.212b¢ 4.23™ 16.89 51.08 5.07° 10.45 66.60 83.49
Mean 11.44 0.38 2.48 14.30 4256 7.23 8.81 58.60 72.90
LSD 0.52 0.12 0.19 2,51 0.45 0.68

The same letter indicates no difference between genotypes for individual isomers (within column) as determined using the Least Significant Difference (LSD) (P < 0.05).

3-T3 and §-T were not detected.

Along with the total antioxidant capacity analysis, the antioxi-
dant capacity of vitamin E was also examined (Fig. 1¢) and found
to be much lower than total antioxidant capacity (~0.06-7 mg
AEAC/100g FW compared with ~57-158 mg AEAC/100g FW),
indicating that vitamin E contributes a low proportion of the total
antioxidant capacity in barley. In addition, vitamin E and total
antioxidant capacity were not significantly correlated (n=25,
r=0.46).

3.2. Effect of storage on vitamin E and antioxidant capacity

As expected, all six major isomers (o-T, a-T3, p-T, -T3, y-T and
v-T3) were detected in barley genotypes after 4 months storage
(Fig. 2), but the amounts of 3-T and 3-T3 were negligible (data
not shown). The ranking order for the concentration of isomers
was similar to that of non-stored samples, which was o>y > .
No significant storage effect was observed for o-T in Macumba
(Fig. 2a); o-T3 in ICARDA 19, Vlamingh, Tadmor, Commander or
Flagship (Fig. 2b); B-T in ICARDA 19, Sumire mochi, Macumba,
Commander, Harrington, Er/Apm or WI2585 (Fig. 2¢); and v-T in
Sumire mochi (Fig. 2e). In this study, the change of o-T among
genotypes ranged from ~7% to 34%, whereas that of o-T3 was
~0.7-25% (Fig. 2a and b). As a results of these changes, overall vita-
min E content changed by between 6% and 30% after 4 months of
storages (Fig. 3).

The antioxidant capacity for most genotypes appeared lower in
stored grains than grains at harvest (Fig. 4). The reductions in
antioxidant capacity in grains after storage were lowest in
Finniss (~6%) and highest in ND24260-1 (~16%). However, a sig-
nificant increase in antioxidant capacity was observed in the
coloured genotypes ICARDA 26 and ICARDA 39. No difference
was observed for ICARDA 19, ICARDA 35, Sumire mochi or
Tadmor (coloured genotypes) or Macumba, Flagship and Adagio
(white genotypes).

PCA plots derived from the ATR-MIR analysis revealed that
grains at harvest can be differentiated from grain samples stored
for 4 months (Fig. 5) using the first two principal components,
PC1 and PC2. The observed discrimination into different clusters
based on storage can be explained by the main MIR regions for
each of the principal components (Supplementary information,
Table S2). For the purpose of this paper only the lipid region
between frequencies 2900 to 2800cm™! as well as 1750 to
1700 cm ™! was analysed and explained more than 90% of the vari-
ance in the PCA score plot.

4. Discussion

While a limited number of studies have investigated both
antioxidant capacity and vitamin E content in barley, no previous
study has assessed these parameters across a number of different
genotypes. Our findings demonstrate that both vitamin E content
and antioxidant capacity are variable and genotype-dependent.
Furthermore, declines in antioxidant capacity and increases in vita-
min E content were observed in most genotypes after 4 months of
storage at an industry relevant temperature.

The mean content of tocols for all barley genotypes was
72.9 ng/g DW, which is in good agreement with those previously
found by Peterson and Qureshi (1993) (58 pg/g DW), Cavallero,
Gianinetti, Finocchiaro, Delogu, and Stanca (2004) (54.5 pg/g
DW) and Panfili et al. (2008) (69.1 ng/g DW). The average vitamin
E content (24.2 pug/g DW) was also in good agreement with Panfili
et al. (2008) (21.9 pg/g DW). However, the range of total tocol
amount varied from 20.29 pg/g DW for Jet (hulless/black/food
type) to 102.43 pg/g DW for Harrington (covered/white/malting
type). This was much wider than that reported previously (42-
80 ug/g DW (Peterson & Qureshi, 1993); 51.0-61.4 ug/g DW
(Cavallero et al.,, 2004) and 50.3-88.6 ng/g DW (Panfili et al.,
2008)). However, these previous studies included a much more
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Fig. 1. Vitamin E contents (a), total antioxidant capacity (b) and antioxidant capacity of vitamin E (c) in 25 barley genotypes at harvest, shown in ascending order. The names
marked with * or with ** are feed or food genotypes, respectively. The others are malting genotypes. Vitamin E is expressed in mg of a-tocopherol-equivalents (TE) and
antioxidant capacity is expressed as mg ascorbic acid equivalent antioxidant capacity (AEAC) per 100 g of fresh weight (FW) of grain. Bars represent the mean + SE. For (a),
n=6 except n=9 for Jet and ICARDA 16 and n = 3 for Buloke. The Least Significant Difference (LSD) (P < 0.05) = 1.03. For (b), n =4 except n = 7 for Finniss, Adagio, Sumire
mochi, Macumba, Tadmor, Jet, Commander, Chebec, Harrington, Sloop, Er/Apm, Flagship and n = 3 for Buloke. The LSD (P < 0.05) = 7.66. For (c), n = 3 for all genotypes. The LSD
(P<0.05)=0.61.
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Fig. 2. Effect of storage on the profile of tocopherol and tocotrienol isomers in different barley genotypes. o-T (a), o-T3 (b), B-T (c), B-T3 (d), y-T (e), and y-T (f). The genotype
names marked with * or with ** are feed or food genotypes, respectively. The others are malting genotypes. [J, content before storage, n = 6 except n = 9 for Jet and ICARDA 16,
and n =3 for Buloke; M, content after storage, n =3 for all stored genotypes. The bars represent means (+SE). The Least Significant Difference (LSDsampie.time) (P < 0.05) for o-
T = 0.65; LSDsample-time for 0-T3 = 3.11; LSDsample.time for B-T = 0.18; LSDsampie.time fOr B-T3 = 0.57; LSDsample.time for ¥ -T = 0.39; LSDsample.time for y-T3 = 0.95.

limited range of genotypes, and did not always include different
classes. Therefore, our results provide evidence that tocol content
in barley is highly genotype-dependent. The contribution of
individual isomers to tocol content was similar to that found in
other studies (Ehrenbergerova, Belcrediova, Pryma, Vaculova, &
Newman, 2006; Panfili et al., 2008). o-T3 and o-T were most domi-
nant in all barley genotypes, followed by B- and y-tocols. The §-
tocols, undetected isomers in the present study, were also not
detected in other studies, or made up less than 2 pug/g DW of con-
tent (Ehrenbergerova, Belcrediova, Pryma, et al., 2006; Panfili et al.,
2008). In the vitamin E pathway, a-tocols are derived from y-tocols
while B-tocols are derived from d-tocols (Hunter & Cahoon, 2007)
which may explain the higher content of a-tocols (compared to
v-tocols) and B-tocols (compared to 3-tocols).

Similar to tocol content, antioxidant capacity varied between
the genotypes. Within food genotypes, even though antioxidant
capacity has been reported to be concentrated in the husk
(Peterson, 1994), the hulless genotypes used in this study,
Macumba and Finniss, also had a relatively high antioxidant capac-
ity (120 and 122 mg AEAC/100 g FW, respectively) compared with
the lowest antioxidant capacity genotype, Jet (57.2 mg AEAC/100 g
FW) and the highest antioxidant capacity genotype WI2585
(158.1 mg AEAC/100g FW). This suggests that both Macumba
and Finniss may have potential for use as a source of antioxidants
in food, particularly as they do not need to be pearled during
processing.

Regardless of genotype, vitamin E only contributed a low pro-
portion of the total antioxidant capacity in barley grain. There
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Fig. 4. The percentage change of antioxidant capacity of grains from different barley genotypes after storage. The names marked with * or with ** are feed or food genotypes,
respectively. The others are malting genotypes. W, colour genotypes; [J, non-colour genotypes. Bars not within dotted lines represent genotypes with significantly different

percentage change of antioxidant capacity after storage.

was no correlation between antioxidant capacity and the contents
of five of the individual vitamin E isomers, however a significant
correlation was observed between antioxidant capacity and o-T3
content (n =25, r=0.7, p < 0.05). For example, Harrington had high
antioxidant capacity and o-T3 content while ICARDA 39 had low
antioxidant capacity and o-T3 content. Although o-T has histori-
cally been reported as the most efficient antioxidant (Mclaughlin
& Weihrauch, 1979), o-T3 has recently been shown to be at least
threefold more efficient as a scavenger of peroxyl radicals than
o-T (Packer, 1995). a-T3 was the main vitamin E isomer in barley
grain, regardless of genotype, and the correlation with antioxidant
capacity supports this observation.

All the coloured genotypes used in this study (the ICARDA lines,
Jet, Sumire mochi and Tadmor) showed lower levels of vitamin E
than the white genotypes. These coloured barley genotypes were

also poor in antioxidant capacity (ICARDA lines > Jet > Sumire
mochi > Tadmor). Recent studies indicate that antioxidant capacity
is high in coloured cereal grains due to the contribution of pigment
compounds such as proanthocyanidin and anthocyanins, with the
main forms being cyanidin-3-glucose and delphinidin-3-glucose
(Abdel-Aal, Young, & Rabalski, 2006). However, all eight coloured
genotypes in this study had a lower antioxidant capacity than
white genotypes, suggesting that non-pigmented compounds
may be more likely to contribute to antioxidant capacity in barley.
Indeed, barley has previously been reported to contain flavonol,
phenolic acids and flavan-3-ols (Goupy et al., 1999). Furthermore,
antioxidant enzymes and apolar compounds combining tocols
and carotenoids (especially lutein and zeaxanthin) also appear to
contribute to antioxidant capacity in barley (Goupy et al., 1999).
Given that vitamin E was probably not the main contributor to
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antioxidant capacity in barley grain, the contribution of these other
compounds in the genotypes used in this study should be investi-
gated further in future studies.

Vitamin E has recently been shown to be unstable in the pres-
ence of light, water, oxygen and heat, particularly during extended
periods of exposure (Wang et al., 1993). In the current study, the
changes observed after storage were different among genotypes,
as well as among their isomers, similar to the findings of Park,
Kim, Park, and Lee (2004) and Peterson (1995). For example, the
change in T was lower than that of T3. This can likely be attributed
to the difference in their molecular structures; T3 may be more
susceptible to oxidation because of its unsaturated side chains,
whereas T has saturated side chains (Liu & Moreau, 2008).
Macumba and Commander were more stable than the other tested
genotypes. Stability of tocol isomer composition in barley has also
been observed after storage for 11 months in a conventional silo
(Hakkarainen, Tyopponen, & Bengtsson, 1983), at ambient tem-
perature for 8 weeks and 90°C for 48 h (Tyopponen &
Hakkarainen, 1985). The y-T content in Macumba declined after
storage, even though the other isomers remained unchanged.
Given that y-T is the precursor to o-T in the vitamin E pathway,
its decline suggests that the stability of o-T was due to increased
conversion of y-T to o-T. All other genotypes showed increases
in all individual isomers after storage.

The changes in vitamin E content after storage differed between
the genotypes, and these differences are likely to be explained by
the different initial content of vitamin E in the respective geno-
types before storage. Furthermore, each genotype appeared to have
a different fatty acid and lipid profile, indicating different ratios
between unsaturated and saturated fatty acids (data not shown).
Indeed, the discrimination between samples before and after stor-
age observed in the PCA plots derived from the ATR-MIR analysis
(Fig. 5) appears to be due to differences in the frequencies asso-
ciated with methyl groups, particularly in lipids. Biochemical reac-
tions changing the frequencies of methyl groups in lipids and the

tocols possibly associated with them may therefore occur during
storage. This may lead to differences in the extractability of lipids
(Pomeranz & Chang, 1977) and therefore vitamin E. In stored grain,
reactions such as esterification may also prevent loss of vitamin E
due to reduction of vitamin E oxidation (Church & Pond, 1977).
Our findings are in good agreement with Liu and Moreau (2008)
who found that tocopherol contents increased in barley stored at
35°C as intact whole grains for 3 weeks or 25 °C for 6 months.
Wang et al. (1993) reported increasing §-T3, while all T isomers
remained stable in barley after storage at 27 °C. In contrast, some
studies observed a decrease in tocol isomers during storage.
Tyopponen and Hakkarainen (1985) found that the tocol content
of barley flour which was stored and exposed to light at 25 °C,
decreased by 5% every week over an 8 week period. At the same
temperature, however, the degradation was less in intact barley,
with only 1% loss of tocols each month during 11 months of storage
(Hakkarainen et al., 1983). This discrepancy may be explained by
differences in temperature, light and moisture during storage.
Heat may be an important factor in grain preservation (Metz,
2006), and 10 °C is considered to be an ideal storage temperature
(Viljoen, 2001). According to Ball (2006), T and T3 may be
destroyed fairly rapidly by sunlight and artificial UV light. The
higher the moisture content, the shorter the shelf life of barley
grains, for example, barley grains with 11.5-12.5% moisture con-
tent stored for 3 months but barley grains with 10.5-11.5% stored
for 6 months (Metz, 2006). Furthermore, compared with barley
flour, tocols in intact barley grain degraded at a slower rate
(Hakkarainen et al., 1983). Storage time may also influence tocols.
Interestingly, the content of o-T and o-T3 increased during the first
2-3 months of storage but declined after 11 months storage in
silos, from 92 to 20 pg/g DW (at 28% moisture content) or 80—
15 pg/g DW (at 23% moisture content) (Hakkarainen et al., 1983).
Our study showed that most of the barley genotypes, with the
exception of coloured genotypes, lost their antioxidant capacity
after storage. This loss of antioxidant capacity after storage has also
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been reported previously in wheat bran stored at 25 °C (38% lost)
or 60 °C (47% lost) after 9 days (Cheng et al., 2006) while the enzy-
matic activities of dehydroascorbate reductase, glutathione reduc-
tase, glutathione peroxidase and catalase decreased when grains
were stored at 10 °C (Spano, Bottega, Lorenzi, & Grilli, 2011). The
increase in antioxidant capacity observed in coloured barely geno-
types after storage in the present study is in agreement with the
findings of Htwe et al. (2010) in black and red rice during storage
at 20, 30 and 40 °C for up to 4 months. This result also indicated
that B-carotene in black rice increased whereas total anthocyanin
remained stable and both free soluble conjugated and insoluble
bound forms of polyphenols decreased significantly. Therefore,
the relationship between increase in B-carotene content and higher
antioxidant capacity in coloured barley genotypes after storage
needs further study.

As free radicals have been widely indicated as the major cause
of seed deterioration (Lehner et al.,, 2008), the genotypes with
higher antioxidant capacity may be more likely to be preserved
during storage and processing. Other authors have previously
shown that processed oat products were more stable when the
oat genotype contained higher antioxidant levels (Peterson,
2001). Antioxidants have also been shown to act as a preservative
when added to various foodstuffs. This is the case not only for pure
antioxidants but also for extracted antioxidants; oat hull extract,
for example, can inhibit fungal and bacterial growth (Peterson,
2001). Therefore, grains with inherent antioxidants may have more
potential to protect themselves in storage. This is in accordance
with the results of a previous study of stored wheat, which showed
a negative correlation between the efficiency of the antioxidant
enzymatic machinery and the age of grain (Lehner et al., 2008;
Spano et al.,, 2011). Possible future research could be aimed at
investigating the relationship between high antioxidant genotypes
and their shelf life during storage.

5. Conclusions

The genotypic differences identified here will allow genotypes
with high antioxidant capacity and/or vitamin E content to be cho-
sen for breeding purposes. The genotypes that maintain antioxi-
dant capacity and/or vitamin E content after storage have the
greatest potential for functional food products. We are now deter-
mining the genetic basis of differences in antioxidant capacity and/
or vitamin E content by evaluating mapping populations derived
from parents with low or high antioxidant capacity or vitamin E
content.
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Table S1. Barley genotypes and their characteristics

Food Malting Feed
Coloured White Coloured White Coloured White
Hulless  Jet
Finniss
Sumire mochi
Macumba
Covered Tadmor Adagio Flagship ICARDA 16 Fleet
Er/Apm WI12585 ICARDA 19 Chebec
Vlamingh ICARDA 26
Amaji nijo ICARDA 35
Harrington ICARDA 39
ND24260-1
Commander
Alexis
Dhow
Sloop

Buloke
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Table S2. The loadings in the first two principal components at wavenumbers

associated with certain molecules. PC, principal component; +, positive; -, negative;

na, not applicable.

Wavenumbers Molecules PC1 PC2
2970 CHjs (Lipids) na +
2960 CHjs (Lipids) - na
2923 CHs (Lipids) + na
2911 CHs (Lipids) na -
2898 CHs (Lipids) - na
2872 CHjs (Lipids) na +
2853 CHs (Lipids) + na
2841 CHjs (Lipids) na -
2826 CHg (Lipids) - na
1708-1710 Lipids - -
1742 Lipids + -
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Figure S1 Representative chromatogram of tocols in
barley in this study.
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Effect of malting on antioxidant capacity and
vitamin E content in different barley genotypes

Thi Thu Dung Do, Daniel Cozzolino, Beverly Muhlhausler, Amanda Box
and Amanda J. Able*

Unprocessed barley is known to contain relatively high levels of antioxidants, which play a critical role in human health and the
preservation of food and drink products. However, there are limited data on how the antioxidant levels in barley are affected by
malting, and whether the level of antioxidants in the processed malt differs between barley varieties. This study aimed to deter-
mine the levels of individual vitamin E isomers, total vitamin E content and total antioxidant capacity before, during and after
malting in 12 covered and two hulless barley genotypes. Vitamin E content and antioxidant capacity were determined by
high-performance liquid chromatography (HPLC) and ability to scavenge DPPH radicals, respectively. The vitamin E content of
most genotypes was reduced after steeping, germination and kilning compared with the unprocessed samples. However, the an-
tioxidant capacity in the malt was higher than in the unprocessed samples for the majority of the genotypes. While there was
variation in the percentage change in antioxidant capacity between varieties, the antioxidant capacity of samples after malting
was directly correlated with their antioxidant capacity before processing (r=0.9, n =14, p < 0.05). These results indicate that bar-
ley varieties that have higher antioxidant capacity at harvest retain their antioxidants after malting. Thus, these varieties are
likely to be the most suitable for producing malts with the added health benefits and anti-spoiling properties associated with
greater antioxidant content. Copyright © 2015 The Institute of Brewing & Distilling

Keywords: barley; genotypes; vitamin E; antioxidant capacity; malting
|

This is particularly important since malting is a thermal process,
and high temperatures have the potential to impact antioxidant
capacity negatively (8,9). However, the results of previous studies
that have investigated changes in the content of the key antioxi-
dant, vitamin E, during malting have been inconsistent. Peterson
and colleagues (70) found no significant change in vitamin E con-
tent after malting, while other studies have shown both positive

Introduction

Barley (Hordeum vulgare L.) contains a number of beneficial nutri-
tional components, including f-glucan (4-9%) and the essential
amino acid, lysine (0.5%), and has a high fibre content (14-24%)
(7). We have recently reported that barley has a relatively high an-
tioxidant content, and that this is genotype dependent (2). Antiox-

idants have a number of important health benéefits, which are due
to their ability to slow tissue damage by preventing the formation
of free radicals or scavenging them, or by promoting their decom-
position (3). Antioxidants also play a role in the preservation of
foods and beverages, and are therefore likely to help protect foods
and beverages containing barley products from spoilage (4,5). For
example, the major antioxidant in barley, vitamin E, is a lipid phase
chain-breaking antioxidant that inhibits lipid peroxidation to limit
the formation of trans-2-nonenal, one of the main compounds re-
sponsible for the stale taste of beer (6). Therefore, using malts with
a higher antioxidant capacity may have commercial benefits for
the brewing industry, as well as providing health benefits.

A significant proportion of barley harvested worldwide is used
for the production of malt, a key ingredient in beer. Malt is also
now increasingly used in food products to enhance flavour and
provide nutritional benefits, including increased digestibility, mak-
ing malt an ideal ingredient for baby foods (7,7). Barley malt is also
commonly utilized for bread making, with the further advantage of
promoting yeast activity (7). Both the health benefits and preserv-
ing actions of antioxidants mean that a higher antioxidant content
in malts would be beneficial. To date, however, most of the studies
assessing antioxidant content in barley have been conducted
using unprocessed samples, and the effect of processing on anti-
oxidant capacity is unclear.

and negative effects of malting on levels of vitamin E and individ-
ual vitamin E isomers (77,72). However, the studies to date have
not included all malting stages and have been restricted to some
specific vitamin E isomers, such that total vitamin E content, which
is calculated by a-T equivalence involving all isomers - «, f3, v,
o-tocopherol (T) and ¢, B, 7, o-tocotrienol (T3) — could not be
assessed. Thus, no previous studies have determined the effect
of malting stage on all individual isomers, total vitamin E content
or antioxidant capacity in barley.

In addition, the studies to date have only included a limited
number of barley varieties. This is important, since we have previ-
ously reported that both vitamin E content and antioxidant capac-
ity at harvest can vary significantly between barley genotypes (2).
However, whether this variation between genotypes persists after
malting and whether any changes that occur during malting are
consistent between genotypes is unknown. Expanding the use of

]
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hulless malt is of particular interest because it can be directly
added to a variety of products after milling without needing to
process and dispose of the hull, or prepare malt extract (73).
Hulless malt can also provide benefit to brewing industries owing
to its shorter steeping time and higher extraction yield in compar-
ison to hulled varieties, which is due to a finer grind of the malt and
higher content of fermentable materials (73).

The objectives of this study were to determine the impact of
malting on the content of vitamin E isomers, total vitamin E and
antioxidant capacity in a range of barley genotypes, with different
antioxidant capacities at harvest, including hulless varieties.

Materials and methods

Materials

The barley varieties included in this study were provided by the
University of Adelaide Barley Breeding Program and consisted of
14 common malting genotypes including 12 covered (Sloop, Flag-
ship, WI2585, Vlamingh, Dhow, Buloke, Harrington, Commander,
Alexis, ND24260-1, Chebec and Amaji nijo) and two hulless (Sumire
mochi and Finniss) genotypes. All 14 genotypes were grown from
June 2011 to December 2011 in a single plot in a complete
randomized design at Charlick Experimental Research Station,
Strathalbyn, South Australia (35°19'46.26" S, 138°52'42.39" E).

Malting

The barley grain from all 14 genotypes was micromalted in a
Phoenix Automatic Micromalting System, in accordance with the
standard protocol used by the Barley Quality Laboratory at The
University of Adelaide (74). Three separate malts using 60g of
grain each were prepared for Vlamingh, Finniss, Commander,
Sloop, Flagship and Buloke; one malt of 60g for WI2585, Dhow,
Commander, Alexis, ND24260-1, Chebec and Amaji nijo; and one
malt of 30 g for Harrington. The micromalting schedule used com-
prised three main stages: (a) steeping and air rest [7:8:9 h (wet:dry:
wet) at 17°C, followed by another air rest, 9:0.5h (dry:wet)]; (b)
germination (94.5h at 17°C); and (c) kilning (50-55°C, for 9h
followed by 55-60°C for 4h, 60-70°C for 2h and 70-80°C for
4.5h). Samples of each genotype, except Harrington, were col-
lected at harvest and after each of the three stages of malting
(steeping, germination and kilning) for the measurement of vita-
min E content and antioxidant capacity. Samples of Harrington
were only collected after kilning owing to limited availability of
seed. The malts were kept at —20°C until their moisture content,
antioxidant capacity and vitamin E content were analysed. At least
three biological replicates were analysed for each barley genotype
at each malting stage for each parameter.

Grinding

For all measurements, 10 g of barley grains were ground to a fine
powder using an IKA Mill (Germany) with running water to avoid
overheating during milling.

Moisture content

The moisture content of barley flour was determined in triplicate
using near infrared spectroscopy (Unity Scientific SpectraStar
2500, Unity Scientific Asia Pacific, Australia) according to the
methods reported in Pomeranz (75).

T.T.D. Do et al.

Determination of vitamin E content

To extract tocols from barley and avoid degradation of the isomers,
an optimized method using hot saponification was adapted from
Lampi et al. (16). Briefly, flour (0.1g) was added to a solution of
1mL 100% (v/v) ethanol, 0.4 mL water and 20 mg ascorbic acid
in a 15 mL Pyrex glass tube with a Teflon screw cap. After the addi-
tion of 100 uL 10.7 m potassium hydroxide solution and thorough
mixing, the tube was capped and transferred to a water bath at
a temperature of 60°C for Sumire mochi and 80°C for the remain-
ing genotypes and incubated for 25 min. During saponification,
the sample was mixed every 10 min to improve hydrolysis. The
tubes were then cooled in a water bath containing ice for 10 min
and 0.5mL 50% (v/v) ethanol was then added. To extract tocols
and other unsaponifiable lipids, three portions (each 2mL) of
n-hexane-ethyl acetate (8:2, v/v) were added to each sample. After
shaking the samples and solvent for 10 min and allowing them to
separate into phases, the upper organic layers were collected with
a disposable glass pipette and transferred to a new glass tube. This
process was repeated three times with n-hexane-ethyl acetate
(8:2v/v), and the extracted samples were then dried under nitro-
gen. The residue was dissolved in 1 mL n-hexane and filtered
through a 0.45pm syringe filter before being transferred to a
12 x 32 GRACE glass HPLC (high-performance liquid chromatogra-
phy) vial with an amber screwcap for analysis.

The tocols were quantified according to the method reported
by Lampi et al. (16) with some modifications: (a) tocols were sepa-
rated by a normal-phase HPLC using a GRACE Altima HP Silica
150x3mm, 3um column and quantified using a fluorescence
detector (NP-HPLC-FLD) with an excitation wavelength of 290 nm
and an emission wavelength of 325nm; (b) the mobile phase
was 1,4-dioxane/n-hexane (2:98, v/v) at a flow rate of 1 mL/min;
and (c) separation of tocols was based on isocratic elution (76).

The quantity of individual vitamin E isomers in the samples was
determined by comparison of the retention time with the calibra-
tion curves of standards, which were prepared in hexane over the
concentration range of 1.0-25.0 pg/mL using GenStat 14 (Lawes
Agricultural Trust; VSN International Ltd, Hemel Hempstead, UK).
The vitamin E content, expressed in milligrams of a-tocopherol-
equivalents (TE), was calculated using the equation: a-TE=o-
Tx1.0+0-T3X03+-TXx04+-T3x0.05+p-Tx0.1+y-T3x0.01
+0-Tx0.01 as described by McLaughlin and Weihrauch (77) and
using biological activities of 1.0 for a-T, 0.3 for a-T3, 0.4 for j-T,
0.05 for -T3, 0.1 for y-T, 0.01 for y-T3 and 0.01 for J-T.

Determination of antioxidant capacity

Antioxidants were extracted from barley flour (1 g) with 20 mL of
80% ethanol, which was placed in a flask in a 200 rpm shaking
water bath for 4 h in the dark at 45°C. Vacuum filtration was used
to separate the supernatant, which was stored in the dark at
—20°C and analysed within 24 h (78). Antioxidant capacity was
measured using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
method (78). Briefly, barley flour extract (0.1 mL) was added to
2.9mL of DPPH (112 um). After mixing, the sample was allowed
to stand at 23°C in the dark for 20 min. Reduction in absorbance
was measured at 517 nm after 20 min using a spectrophotometer
(UV-vis, SP 8001, Metertech, Taiwan). Antioxidant activity was then
determined using a standard curve for ascorbic acid and predic-
tion models provided by Genstat 14 and expressed as milligrams
ascorbic acid equivalent antioxidant capacity per 100g fresh
weight of grain (mg AEAC/100g FW).

wileyonlinelibrary.com/journal/jib
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Middle infrared measurement

Middle infrared (MIR) analysis was applied to determine whether
there were any identifiable biochemical differences between sam-
ples from the different malting stages. Barley flour of all genotypes
in each stage was scanned using a platinum diamond attenuated
total reflectance (ATR) single reflection sampling module cell
mounted in a Bruker Alpha instrument (Bruker Optics GmbH,
Ettlingen, Germany) and spectra were recorded on OPUS software
version 7.0 provided by Bruker Optics (average of 64 scans at a
resolution of 8cm™', between 4000 and 375cm™') (19). The
samples were held against the ATR crystal using the pressure
applicator or sample clamp mechanism supplied by the instru-
ment manufacturer to ensure that the pressure applied was
consistent for all replicates.

The MIR spectra was exported in csv format into The Unscram-
bler X software (version 10.1, CAMO ASA, Oslo, Norway) for princi-
pal component analysis (PCA) and partial least squares
discriminant analysis (PLS-DA). Full cross validation (leave-one-
out) was used to validate both PCA and PLS-DA models (20). In
order to avoid over fitting in the models, the optimum numbers
of terms in both PCA and PLS-DA models were indicated by the
lowest number of factors that gave the minimum value for the
predicted residual error sum of squares (PRESS) in cross-validation.

Discriminant models were developed using PLS-DA regression
as described elsewhere (27). In this pattern recognition technique,
each sample is assigned a dummy variable as reference value,
which is an arbitrary number designating whether the sample
belongs to a particular group or not; in this case barley samples
sourced before malting were assigned a numeric value of 4, after
kilning a value of 3, after germination a value of 2 and for samples
sourced from steeping a value of 1.

Statistical analysis

In order to determine the differences between means using the
least significant difference (LSD) at p < 0.05, one-way and
two-way analysis of variance (ANOVA) was performed using
Genstat 14. Correlation analysis was performed using Microsoft
Excel.

Results and discussion

Vitamin E content during malting

Both total vitamin E content and that of its main isomer, o-T,
decreased significantly (57-79% and 49-66%, respectively) after
steeping compared with levels at harvest in all barley genotypes
(Fig. 1). The same pattern was seen for the other vitamin E isomers;
however, the degree of loss varied, with decreases in the content
of 54-72% for a-T3, 34-61% for p-T3, 30-87% for y-T and
42-82% for y-T3. In the case of S-T, the levels after steeping were
below the limit of detection in all genotypes.

The percentage decrease in both the total vitamin E content and
the content of individual vitamin E isomers after steeping also
varied between genotypes. Sumire mochi, which had the lowest
vitamin E content prior to steeping, also exhibited the greatest
percentage loss in total vitamin E content and the content of all
isomers with the exception of a-T (100% for o-T3, 5-T3, »-T and
82% for y-T3). Amaji nijo exhibited the next most substantial
decline in vitamin E content after steeping (70%), and the greatest
percentage decline in the content of the main vitamin E isomer,
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a-T (66%). Consequently, this genotype had one of the lowest
vitamin E contents after steeping, despite being among the geno-
types with the highest vitamin E content at harvest.

In contrast, the reduction in both total vitamin E content and the
content of the individual isomers after steeping was lowest in
Sloop (58% for total vitamin E, 60, 55, 58, 38 and 51% for a-T,
a-T3, B-T3, y-T and y-T3, respectively). This is likely to be a result
of the lower water sensitivity of Sloop in comparison to all other
genotypes included in this study (data not shown). This is due to
the fact that, during steeping, the moisture content of barley
increases to a level (~45%) at which the enzymes produced during
germination can diffuse throughout the starchy endosperm and
vitamin E can leach from the grain into the water (22). As a result,
barley varieties that are less sensitive to water, such as Sloop,
would be expected to exhibit a lower increase in their moisture
content during steeping, and therefore retain a greater proportion
of their original vitamin E content.

Similar to the effect of steeping, the content of vitamin E and its
isomers was lower after germination compared with after steeping
for the majority of the genotypes (Fig. 1). However, there were
some exceptions, with increases in the content of specific isomers
observed for o-T in Finniss (7% increase) and f-T3 in Alexis,
ND14260-1, Flagship and Amaji nijo (91, 48, 30 and 3% increase,
respectively). The content of y-T also increased during the germi-
nation stage for the majority of genotypes, from 13% (Buloke) to
190% (Finniss). Again, however, the change in y-T content was
not consistent across genotypes, with Sloop and Chebec
exhibiting no change in y-T content, and levels actually being
lower after germination in Vlamingh (24%) and Dhow (78%).

There have been limited previous studies evalulating the
changes in the content of either total vitamin E or specific vitamin
E isomers during malting, and these have produced conflicting re-
sults. In the only prior study to date which has been conducted in
barley, Dabina-Bicka et al. (23) found that the vitamin E content
was increased by 4.1- and 4.5-fold after germination in the two
out of three genotypes they studied, which they suggested was
due to the beginning of biochemical reactions in the grains during
the germination stage. However, this study was limited to three
genotypes and the method used to assess vitamin E content, the
AOAC Official Method 971.30 ‘a-tocopherol and a-tocopheryl ace-
tate in foods and feeds’ standard colorimetric method (1971-
1972), is no longer considered optimal and has been replaced by
other much more sensitive methods (24). Thus, whether those re-
sults are reliable is not clear.

Other studies, conducted in wheat (25), legumes (26) and lupins
(27,28) have also reported an increase in the content of specific
vitamin E isomers after germination. Koga and Terao (28) sug-
gested that the increase in vitamin E content of lupin grains during
germination could be related to the degradation of liposome
membranes, leading to release of vitamin E, which could then be
consumed in the process of scavenging phospholipid peroxyl rad-
icals. In wheat, for example, the contents of specific vitamin E iso-
mers, including a-T and y-T, were reported to increase from 4.37 to
10.92 ng/g and from 0.91 to 1.50 pug/g, respectively, after 7 days of
germination (25). However, there were only two isomers analysed
in their study while other isomers such as a-T3, which is considered
to be the dominant vitamin E isomer, were not included. A similar
study on lupin (27) showed that germination brought about an
increase in the content of a-T, which resulted in an increase of
238% in the vitamin E activity after 9days of germination. This
same study also reported, however, that germination caused a
decrease in the content of y-T and did not affect the content of
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The content of isomers and vitamin E in 14 genotypes during malting. The genotypes marked with an asterisk are hulless genotypes. The others are covered genotypes.
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Figure 1.

Vitamin E is expressed in milligrams of a-tocopherol-equivalents (TE). Bars represent the mean + SE. Before processing, n

3 for Chebec, Dhow, Sumire mochi, ND24260-1, WI2585, Alexis and Amaji nijo. After germination, n

Alexis and Amaji nijo. After kilning, n

n=

processing and after kilning due to limited availability of seed.
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J-T in the lupin. Significant differences in the effect of germination
on the content of different vitamin E isomers have also been
reported in studies in mung beans and cowpeas (74), which
showed an increase in a-T content, but a decrease in y-T content
after germination.

In the current study, a decline in the content after germination
was detected for the vitamin E isomers o-T from 4% (Buloke) to
19% (WI2585), o-T3 from 23% (Buloke) to 78% (Amaji nijo), f-T3
from 19% (Buloke) to 42% (Finniss) and y-T3 from 40% (Buloke)
to 91% (WI2585). In addition, the presence of 5-T was not detected
after germination, which contributed to the decline in total vitamin
E content of 14-47% and 65-80% in comparison to steeping and
harvesting, respectively. Differences in the finding between this
study and previous studies may relate to the shorter period time
of germination in the present study, which has used standard
malting protocols, compared with previous studies (4 and 7-9
days, respectively). According to Yang et al. (25), the a-T content
of wheat increased after 4 days of germination, while y-T content
increased after 4 or 5 days germination, depending on genotypes,
and reached a peak on day 8. This finding is in agreement with a
study in lupin that showed a significant decrease in vitamin E
content of samples in the first 2 days of germination compared
with steeping, followed by gradual increase up to day 9 (27). Thus,
the determination of changes in all vitamin E isomers, as well as
total vitamin E content, across the germination period would be
interesting to explore in more detail in future studies.

Kilning, the final stage of the malting process, was associated
with a significant increase in both total vitamin E content and
the content of individual isomers, for most genotypes compared
with levels at the completion of the germination stage (Fig. 1). This
resulted in substantially higher vitamin E contents at the end of the
malting process compared with the steeping and germination
stages (from 164% in Finniss to 354% in Amaji nijo). The differ-
ences in the content of vitamin E and its isomer contents between
germination and kilning varied both between isomers and
between the genotypes. The most substantial changes in isomer
content were observed for y-T3, followed by y-T, a-T3, a-T and
[-T3. Interestingly, f-T was not detected in any genotypes at the
completion of the steeping and germination stages, but returned
to levels comparable to those in unprocessed barley after kilning.
Biosynthesis of f-T in seeds may therefore take place during
kilning.

While there was a sharp rise in contents of vitamin E and its
isomers after kilning compared with germination, the levels
attained in malts were still lower than those in unprocessed barley
for the majority of genotypes (Fig. 2). The o-T content was signifi-
cantly lower after malting compared with before processing in
eight genotypes (Dow, Vlamingh, Amaji nijo, ND24260-1, Flagship,
Sloop and Alexis), but was not different between unprocessed bar-
ley and the malt for the remaining genotypes (Fig. 2A). In the case
of a-T3 content, all genotypes, with the exception of Chebec and
Sumire mochi, exhibited a significant decrease after malting com-
pared with before processing (Fig. 2B). All genotypes, except for
WI2585, also had significantly lower levels of -T3 after malting
(Fig. 2D). In contrast, most genotypes had higher levels of 5-T in
malt than in the unprocessed samples, but this was only significant
for Amaji nijo, Sloop, WI2585 and Finniss (Fig. 2C). Interestingly,
malting seemed to have little or no effect on »-T (Fig. 2E) and
y-T3 (Fig. 2F) in most genotypes, with the exception of Finniss,
which exhibited a considerable increase in »-T content after
malting (656%). This was not, however, sufficient to increase total vi-
tamin E content to levels greater than those in unprocessed Finniss.
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In relation to total vitamin E content, levels were lower in the
malt than in the unprocessed barley for the majority of the geno-
types, although this difference was relatively small [between 6%
(Finniss) and 22% (Alexis)], and was not significantly different for
Sumire mochi, Chebec, WI2585 and Buloke (Fig. 2G). Vitamin E is
known to be unstable in the presence of light, water, oxygen
and heat, all of which are applied to the samples during process-
ing, and this may explain the decline in its content during malting
(29). However, both the levels of vitamin E in the unprocessed sam-
ples and the stability of this compound during malting clearly
varied between genotypes as observed previously for stored
barley grain (2). Therefore, in order to obtain malts with higher vi-
tamin E contents, genotypes containing higher levels of vitamin E
before processing, and in which this compound remains relatively
stable during malting (such as Chebec, WI2585 and Commander),
are likely to be more suitable than other varieties.

Antioxidant capacity during malting

Similar to vitamin E, antioxidant capacity was reduced after
steeping by between 49% (WI2585) and 74% (Sumire mochi)
(Fig. 3). Importantly, the decline in antioxidant capacity was
directly correlated (r=0.7, n=14, p < 0.05) with the decrease in
total vitamin E content after steeping. This suggests that the loss
of antioxidant capacity after steeping is likely to be largely ascribed
to the loss of vitamin E. However, since the loss of vitamin E did not
explain 100% of the reduction in total antioxidant capacity after
steeping, other compounds appear to also contribute to the over-
all antioxidant activity of the barley. Compounds, in particular phe-
nolic compounds such as caffeic acid, vanillic acid and gallic acid,
may have leached from the pericarp and testa of the barley or
formed insoluble complexes with proteins during steeping (6).
Interestingly, while vitamin E was generally reduced after malting
compared with before processing, antioxidant capacity was in-
creased in the majority of genotypes, with the exception of Sloop,
Vlamingh, Flagship and WI2585 (Fig. 3). This finding is in accor-
dance with a previous report in barley that polyphenol, -
carotenoid and vitamin C increased after germination, which was
explained by the synthesis of these compounds in the seeds (23).
This suggests that the vitamin E content of the malt may not be
a reliable indicator of its overall antioxidant capacity at this stage.
Malting was associated with an increase in antioxidant capacity
in comparison with before processing in most genotypes, which
was significant in the case of Alexis, Flagship, Sloop and Amaiji nijo
(8,12, 13 and 22%, respectively; Fig. 4). The increase in antioxidant
capacity after malting is likely to be due to the collective influence
of three processes: (a) release of phenolic compounds bound to
cellular structures; (b) better extraction; and (c) the formation of
Maillard reaction products (30). The phenolic compounds, mainly
phenolic acids, which were bound to lignin and arabinoxylans in
the unprocessed samples, would be expected to be released in
the presence of enzymes that are synthesized and/or activated
during either the final stages of germination or the early stages
of kilning (30). The change in tissue structure caused by kilning,
in particular the increased friability of the grain, has been shown
to increase the ease of extracting compounds located in the outer
layers of the grain, such as the phenolic compounds, resulting in
improved efficiency of extraction of antioxidant compounds (30).
In addition, reducing sugars and amino acids that are reported to
be released during germination can react to produce Maillard
products such as melanoidins, which also have antioxidant capac-
ity (30,37). Interestingly, while almost all genotypes exhibited a
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processing. In support of this, we found significant correlations
between the antioxidant capacity in unprocessed barley and that
after kilning when data from all genotypes were combined

antioxidant capacity may be more likely to be preserved during

Copyright © 2015 The Institute of Brewing & Distilling

Since free radicals have been widely indicated as the major

cause of seed deterioration (32), those genotypes with higher

Figure 2. The percentage change after malting in content of a-T (A), a-T3 (B), 5-T (C), 8-T3 (D), y-T (E), y-T (F) and vitamin E (G) in different barley genotypes. The genotypes marked
represent genotypes with significantly different percentage change of antioxidant capacity after malting.

with an asterisk are hulless genotypes. The others are covered genotypes. Vitamin E is expressed in milligrams of TE. Bars represent the mean + SE. Bars not within dotted lines
significant increase in antioxidant content, Sumire mochi exhibited

a significant decrease of 12.8%.
wileyonlinelibrary.com/journal/jib
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Figure 3. The antioxidant capacity in 14 genotypes during malting. The genotypes marked with an asterisk are hulless genotypes. The others are covered genotypes. Antioxidant
capacity is expressed as milligrams ascorbic acid equivalent antioxidant capacity (AEAC) per 100 g of fresh weight (FW) of grain. Bars represent the mean + SE. Before processing,
n =6 except n = 3 for Buloke. After steeping, n = 9 except n = 3 for Chebec, Dhow, Sumire mochi, ND24260-1, WI2585, Alexis and Amaji nijo. After germination, n =9 exceptn =3
for Chebec, Dhow, Sumire mochi, ND24260-1, WI2585, Alexis and Amaiji nijo. After kilning, n = 9 except n = 3 for Chebec, Dhow, Sumire mochi, ND24260-1, WI2585, Alexis, Amaji
nijo and Harrington. Harrington was only sampled before processing and after kilning owing to limited availability of seed.

(r=0.9, n=14, p < 0.05). Similar correlations were present for all from one, Sumire mochi, was lowest in both vitamin E content
vitamin E isomers and total vitamin E content, r=0.9 (for a-T, and antioxidant capacity. Finniss malt was the second lowest in
S-T3, »-T, y-T3), 0.7 (for B-T and total vitamin E) and 0.5 (for a-T3), vitamin E content; however, its antioxidant capacity was ranked
all with n=14, p <0.05. These findings therefore suggest that a sixth among 14 genotypes, indicating that this attribute was com-
higher antioxidant capacity and/or vitamin E content in unpro- parable to that of the hulled, covered genotypes. This suggests
cessed barley may protect the samples from losses in antioxidant that the Finniss hulless barley might be useful for malt with higher
capacity and/or vitamin E during processing. Furthermore, these antioxidant content with short steeping time and high extraction
data suggest that barley genotypes that are naturally high in yield in brewing industries as well as in food industries when
antioxidant capacity and/or vitamin E content are likely to be the added directly to products.

most suitable for producing malt that also has a high antioxidant
capacity, and therefore provide potential associated health and

anti-spoiling/staling benefits. However, further research is required Investigating compositional changes during processing by

to establish whether antioxidant capacity and vitamin E content MIR
are maintained in the wort or other products from malt and In an attempt to gain further insights into the compositional
whether they impact quality. changes that occurred within the different barley genotypes

Expanding the use of hulless barley in the production of maltis a during processing, samples were analysed by MIR before and after
particular interest, since malts produced from hulless varieties can each of the malting stages (Fig. 5A). PCA analysis of the data
be directly added to a variety of products after milling without the acquired from the MIR spectra produced clear clustering of the
need for hull disposal or malt extraction and processing times are samples according to the processing stage. The distribution pat-
generally shorter than for covered genotypes (13). Of the two tern of the genotypes, however, varied according to the process-
hulless genotypes investigated in this study, the malt produced ing stage, and the different genotypes were much more tightly
clustered before processing and after kilning than after the
steeping and germination stages. The tight clustering of the
unprocessed barley samples is expected given that they had not
yet gone through any processing, thus no chemical reactions
had occurred, and no new products had been formed. Similarly,
10 1 the close clustering of the genotypes after malting is probably
due to the fact that the chemical reactions that would have
occurred during processing were stopped by the high tempera-
01 tures applied during kilning, since previous studies have demon-
strated that enzymes in grains were inactivated and moisture

N
o
’

-5
content reduced to 2-6% after the kilning stages (37).

101 In contrast, there was a considerably wider spread of the

15 genotypes for the samples collected at the completion of the

Percentage change in antioxidant
capacity after malting

g22225832F9282 5 steeping and germination stages. This is likely to be due to varia-
_§‘. 238 b 5 3 2 ¢ § g 2 E % 2, tion between the genotypes in their moisture content and/or
; @, 1'=,'- o <§_ ® ‘g. ] Q 0 2 water sensitivity (data not shown), both of which would affect
8 s g = ° the rate at which biochemical reactions stimulated by the increas-
2 ing oxygen/water content of the grains, or by swelling of grains,

proceeded during the steeping stage (22). Similarly, the rate and
kF)iglure 4. The per;intage change aftekr r;laltinr? in antio>ficli<ant C;prity in different extent of the biosynthesis of new enzymes/compounds during
. t! 1 T 3 . . . .
arley genotypes. The genotypes marked with an asterisk are hulless genotypes the germination stage is also likely to be affected by the water
The others are covered genotypes. Antioxidant capacity is expressed as milligrams X o X
AEAC per 100 g FW of grain. Bars not within dotted lines represent genotypes with sig- content and phy5|ca| characteristics of the grain, and therefore to
nificantly different percentage change of antioxidant capacity after malting. vary between genotypes. In the steeping and germination stages,
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J. Inst. Brew. 2015 Copyright © 2015 The Institute of Brewing & Distilling wileyonlinelibrary.com/journal/jib



IBD

Institute of Brewing & Distilling

0.002 4

Kl
0.001 KILN#

T.T.D. Do et al.

Scores

STEEPING

® i T
g2 STf-E.“'\v STEERING
= ATIRN STEEPING
2 GeRMBEROM G Yol S SERAREEEPING
* GERMINATIQN: Skl i ATI > o
g ISt ERMINATIQHH a [
> AINATION "
ey mﬁgﬂ‘ .AT Ol srss.eme .
MIBATION ¢
oem.«ﬁ‘lﬁﬁ%g S STEEPING
B STEERING
ceRRRIBEI™ .
-0.002
-0.003
-0.0003 -0.0002 -0.0001 0 0.0001 0.0002 0.0003
PC-3 (2%)
B Predicted vs. Reference
54 Elements: 88
Slope: 0.9394316
Offset: 0.1448606

Correlation: 0.9576989
4 { R-Square: 0.91927

RMSEP: 0.3032913
SEP: 0.3051279
Bias: 0.0044523

GERMINATIO
HHINAY 8

Predicted Y (TYPE, Factor-5)
N

STEEPING

1 2
Reference

Figure 5. Score plot of the two principal components of barley genotypes during ma
score plot of the two principal components based on the attenuated total reflectance a

3 )
Y (TYPE, Factor-5)

Iting. (A) classification using partial least squares discriminant analysis (PLS-DA). (B) Using
nd mid infrared spectroscopy (ATR-MIR). PC1, principal component 1; PC3, principal com-

ponent 3. This figure is available in colour online at wileyonlinelibrary.com/journal/brewing.

the two hulless varieties, Finniss and Sumire mochi, were clustered
closely together, and at a distance from the covered varieties,
which is likely to be indicative of inherent differences in
composition/physical characteristics between covered and hulless
varieties of barley.

The ability of the classification models based on MIR to identify
the process is based on the molecular information provided by the
MIR spectra, and the greater the variability in composition be-
tween the various malting stages (kilning, germination, etc.), the
better the accuracy of the model. The combination and interac-
tions of several compositional characteristics of the sample there-
fore provide the necessary information for discrimination. In this
study, the combination of spectroscopy and chemometrics as an
analytical tool gave the advantage of being able to rapidly visual-
ize the changes occurring during the processing of barley without
the need for quantitative data.

The classification statistics obtained when the PLS-DA classifica-
tion model was developed using the ATR-MIR spectra are shown in
(Fig. 5B). The coefficient of determination (R?) obtained for the
PLS-DA models was 0.9 (standard error of cross-validation 0.3),
indicating that these models accounted for 90% of the variability
in composition related to the processing stage. The number of
PLS loadings used to develop the models was 5, and the optimal
PLS-DA loadings derived from the calibration model are shown
in Table 1. The analysis of the optimal loadings indicated that
MIR regions corresponding to compounds containing nitrogen
(e.g. proteins), carbohydrates and lipids explain the variability
observed between the barley samples related to the processing
stage. These findings are consistent with existing knowledge of
the changes that occur during the malting process, which include
(a) the formation of insoluble phenolic complexes with proteins
(6); (b) the synthesis of amylases, proteases and f-glucanases,

_____________________________________________________________________________________________________________|]
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Table 1. Optimal loadings derived from the PLS-DA analysis
at wavenumbers associated with certain molecules
Wavenumbers (cm™") Molecules

Effect
2939 Lipids —
1716 Lipids —
1636 Amide group and water +
1542-1539 Amide groups/protein —
1427 —
1396 +
1267 P=0 phospholipids -
985 Trans fatty acids +
771 Trans fatty acids —
+, Positive; —, negative.

causing polymer degradation (33); and (c) degradation of lipids
owing to the presence of water and oxygen and high
temperature (34).

The highest and negative loadings were observed at 2939, 1716,
1427 and 1396 cm ™' (Table 1) corresponding to lipids and carbo-
hydrates (35). Specifically, the 2939 and 1427 cm ™' bands are asso-
ciated with CH stretching and bending, respectively, while the
1716 cm ™" band corresponds to the carbonyl group. These bands
indicated the presence of triglycerides, diglycerides, acyl group
carbonyls and hydrocarbon chains in the barley samples and they
change as a consequence of the processing. The diethyl ether sol-
uble polar fractions around 1267 cm™" might be also associated
with the P=0 band of phospholipids. In addition, the 985 and
771cm™ " regions have been reported by other authors to corre-
spond to trans fatty acids in cereals products (75). While the unpro-
cessed and processed samples were clearly distinct from all other
malting stages in the PLS-DA and PCA analyses, there was some
overlap in the models for the steeping and germination stages.
This can be explained by overlap in the lipid composition in some
of the varieties at these two stages.

Conclusions

While there were variations between genotypes in their vitamin E
content and antioxidant capacity at harvest and during and after
processing, there were significant positive correlations between
both these parameters in the unprocessed barley and those in
the malts. The change in antioxidant capacity after malting was
also closely related to that of vitamin E, indicating that vitamin E
makes a significant contribution to overall antioxidant capacity
during malting. Genotypes that have high vitamin E content
and/or antioxidant capacity at harvest retain these properties after
malting, and are therefore likely to be the most appropriate varie-
ties to select in order to produce malts with high antioxidant po-
tential. Furthermore, different growing environments are unlikely
to greatly affect vitamin E content and antioxidant capacity based
on a previous study (36) and our general observation that malt
samples from two varieties of barley grown in different years and
different locations are consistent (data not shown). Finniss, a
hulless barley variety, had an antioxidant capacity comparable to
that of hulled varieties that were tested. This variety therefore
has potential applications in the production of high antioxidant
malts, and we are currently investigating the potential use of the
malt derived from this hulless variety in food products.
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Enrichment of Antioxidant Capacity and Vitamin
E in Pita Made from Barley

Thi Thu Dung Do, Beverly Muhlhausler, Amanda Box, and Amanda J. Able

Abstract:  This study aimed to enhance total antioxidant and vitamin E content of pita bread, by replacing 50% of the
standard baker’s flour with flours milled from covered (WI2585 and Harrington) or hulless (Finniss) barley genotypes,
previously shown to have high antioxidant and vitamin E levels at harvest. Pita breads were made from either 100%
baker’s flour (control) or 50% malt flour, whole-grain flour, or flour from barley grains pearled at 10%, 15%, and
20% grain weight. Antioxidant capacity and vitamin E content of flours and pitas were determined by their ability to
scavenge 2,2-diphenyl-1-picrylhydrazyl radicals and high performance liquid chromatography, respectively. The physical
and sensory properties of the pitas were also assessed. All pitas made from either whole grain or pearled barley flour
had a higher antioxidant capacity and most also had higher vitamin E content than standard pita. The antioxidant and
vitamin E levels were reduced in pearled compared to whole grains, however the extent of that reduction varied among
genotypes. The greatest antioxidant and vitamin E levels were found in pita made from malt flour or Finniss whole grain
flour. Furthermore, sensory analysis suggested these pitas were acceptable to consumers and retained similar physical and
sensory properties to those in the control pita.

Keywords: antioxidant capacity, barley, pearling, pita bread, vitamin E

Practical Application:
has the potential to provide health benefits. Here, we show that malt flour, whole-grain flour, or pearled-grain flour from

Bread is a staple food and providing breads which are a source of fiber and bioactive compounds

covered or hulless barley with high antioxidant and vitamin E levels at harvest can be used to produce pitas with higher

antioxidant and vitamin E level than standard pitas, and whose sensory properties are acceptable to consumers.

Introduction

Wheat is a staple food around the world and is consumed in
many forms including flat or pan style leavened bread (Pomeranz
1987). Due to the rising world population and greater awareness
of a healthy lifestyle, bread containing multigrains, whole grain,
or other functional ingredients is becoming more popular among
consumers (Vulicevic and others 2004). A number of previous
studies have demonstrated that including barley in bread improves
the natural nutritional value, by increasing levels of B-glucan,
minerals, and antioxidants (Newman and Newman 2006).

Antioxidants in food may have a number of important health
benefits, which are primarily due to their ability to slow tissue
damage by preventing the formation of free radicals, scavenging
them, or by promoting their decomposition (Young and Woodside
2001). In a previous study, vitamin E, a lipid phase chain-breaking
antioxidant, was found at highest levels in barley caryopses com-
pared to wheat, oats, and rye (Holasova and others 1995). We have
also recently demonstrated that antioxidant capacity and vitamin
E content varies substantially among different barley genotypes
at harvest (Do and others 2015a) and during storage and malting
(Do and others 2015b). Although health claims for barley grain
have been approved by the U.S. Food and Drug Administration
(USFDA 2003), there is currently no published research which has
determined whether and to what extent the antioxidant capacity
and vitamin E content is maintained in final food products. Thus,
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whether breads made from barley genotypes with high antioxidant
capacity and vitamin E content at harvest can be a good dietary
source of these factors is unknown.

Barley is typically polished (also known as pearling) before con-
sumption because whitened grain is generally preferred by con-
sumers and food manufacturers (Gong and others 2012). The
process of pearling removes the hull (also known as the husk), and
the bran, which is firmly attached to the inner layers of the hull, is
consequently abraded (Blandino and others 2015). The husk and
bran, both of which are rich in antioxidant capacity, and vitamin
E, are either discarded or utilized for animal feed (Maillard and
Berset 1995). Although several studies have been conducted on
the effect of pearling on either antioxidant capacity or vitamin E
content on the barley grain, little work has been performed on ei-
ther of these components in barley products (Ko and others 2003;
Panfili and others 2008; Blandino and others 2015).

Hulless barley does not require pearling and is preferred in
food production as less processing is required (Elsayed and Peter
2005); the grain contains more protein, starch, and total soluble
fiber (Bhatty 1999); and the grain can be added directly to food
(Elsayed and Peter 2005). Malt made from hulless barley is of
particular interest because of the same advantages (Bhatty 1996).
Barley malt is also ideal for bread manufacture due to high o-
and B-amylase enzyme activity allowing starch to be converted to
maltose which can be more easily digested and also promote yeast
activity (Bhatty 1999). A further advantage was demonstrated in
our previous study (Do and others 2015b) with an increase of
antioxidant capacity in malt compared to unprocessed barley.

Little has been published on the benefits of adding different
types of barley-derived materials on the antioxidant capacity and
vitamin E contents of pita bread. These could include flour made
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from the whole grain, pearled grain, or malt; and that is derived
from covered or hulless barley genotypes. Although there will
probably be greater antioxidant capacity and vitamin E content in
pita bread made with higher percentages of barley, the impact on
the sensory quality must be positive. The appropriate combination
of sensory properties together with the health benefits therefore
needs to be considered (Biloukha and Utermohlen 2000).

The objectives of this study therefore were to determine antiox-
idant capacity and vitamin E content in pita bread supplemented
with barley flour made from whole-grain, pearled-grain, or malt
from covered or hulless barley genotypes with high antioxidant
and vitamin E levels at harvest; and to determine their impact on
the physical and sensory properties of pita bread.

Materials and Methods

Materials

The barley varieties used in this study (the hulless genotype
Finniss and the covered genotypes WI12585 and Harrington) were
previously identified as being high in antioxidant capacity and
vitamin E content (Do and others 2015a). Grain from each vari-
ety was used immediately after harvest to make flour, either from
whole grains (0% pearling), or with 10%, 15%, or 20% pearling.
Flour was also prepared from malt prepared from Finniss (Do and
others 2015b) and after storage at 10 °C for 4 mo. The bar-
ley varieties, provided by the Univ. of Adelaide Barley Breeding
Program, were grown from June to December 2014 as a single
plot in a complete randomized design at Charlick Experimen-
tal Research Station, Strathalbyn, South Australia (35°19'46.26"'S,
138°52'42.39"E). The grain was hand sieved using a 2.5 mm slot-
ted ISO 5223 sieve as per U.S. Dept. of Agriculture (2013).

To pearl grain, a Satake grain tester (model TMO05, Tokyo, Japan)
using a procedure adapted from Takenouchi Barley Processing
Co., Ltd., Kagoshima-shi, Japan (Washington and others 2003)
was set at 1150 rpm with a 36 grit size wheel and was warmed
up by pearling a 180 g control sample twice for 12 min each. The
removed husk weight was obtained by weighing the collected
pear]l dust and pearling was stopped at levels of 10%, 15%, and
20% (w/w) of husk removed.

Malt (8 cans, 60 g each) was obtained from Finniss using a
Phoenix Automatic Micromalting System@ in accordance with
the standard protocol used by the Barley Quality Laboratory at
the Univ. of Adelaide (Cozzolino and others 2014).

All samples (malt, whole grain, and pearled grain) were ground
to a fine powder using a UDY Cyclone Sample Mill (Udy Corp.,
Boulder, Colo., U.S.A.). The resultant flour was used for pita bread
preparation.

Pita preparation

Pitas were prepared and cooked as per Bailey (2007) with some
modifications. Flour (50 g), instant dry yeast (0.4%; Defiance
Quality Food, Byford, Australia), salt (1.8%), sugar (1%), and wa-
ter at 30 °C (60% to 65%) were mixed using a 50 g micro-mixer
(Natl. MFG Co., Lincoln, NE, U.S.A.) for 15 min. Control sam-
ples were made with 100% commercial bakers flour (Defiance
Quality Food) although in the other samples, 50% of the flour was
replaced with barley flour prepared from malt, whole grain, or
pearled grain as per Malcolmson and others (2011). Each dough
was rounded into a ball, placed in a 75 x 50 X 32 mm mini-loafing
tin and left to ferment in a sealed plastic bowl for 90 min at 30
+ 1 °C and 70% relative humidity (RH). Dough balls were then
sheeted to 4 mm thick using a bench sheeter RONDO GmbH
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& Co. KG, Burbach, Germany) and then cut to 12 cm diameter
using a circular pastry cutter. These dough rounds were rested
in a fermentation cabinet at 30 £ 1 °C for 15 min and subse-
quently fried in a nonstick pan (Kambrook, Botany, Australia) for
8 min at 180 °C with gentle flipping every 1 min using a wooden
spatula. Cooked pitas were cooled at room temperature for
30 min and photographed (Canon, Tokyo, Japan) before analy-
sis of physical parameters or sensory properties. Pita bread samples
were ground with an IKA analytical mill (IKA, Selangor, Malaysia)
to a fine powder and stored at —80 °C until vitamin E and an-
tioxidant analysis.

Determination of vitamin E content and antioxidant
capacity

Tocols were extracted using saponification as per Do and others
(2015a) and individual vitamin E isomers (@-, 8-, y-, and §-
tocopherol [T] and tocotrienol [T3]) quantified using HPLC (Do
and others 2015a). The vitamin E content, expressed in mg of
a-tocopherol equivalents (TE), was calculated using the equation:
o-TE=0o-T x 1.0 + «-T3 x 0.3 4+ B-T x 0.4 + B-T3 x 0.05
+ y-T x 0.1 + y-T3 x 0.01 4+ §-T x 0.01 (McLaughlin and
Weihrauch 1979).

Antioxidants were extracted using 80% ethanol and antioxidant
capacity measured using 2,2-diphenyl-1-picrylhydrazyl as per Do
and others (2015a). Antioxidant activity was expressed as mg ascor-
bic acid equivalent antioxidant capacity per 100 g fresh weight of
grain.

Physical parameters

Dough height was measured after fermentation using Digimax
digital calipers (Camlab Limited, Cambridge, U.K.), whereas the
extent of pocket formation (or pufting) was observed during bak-
ing (full, three-fourth, half, or not at all). After baking, an image
of each pita was captured and the thickness measured using the
calipers. If the pita was fully puffed, the thickness of the upper and
lower layers was also measured. The upper layer was defined as the
top layer of dough during the resting time after sheeting and was
placed first in the pan for cooking.

Pita firmness was determined using a compression test according
to the AACC approved method 74-09 (AACC, 2000) with some
modifications. A food texture analyzer (Mecmesin Imperial 1000
Motorised Test Stand, West Sussex, U.K.) equipped with a 100 N
load cell was used to compress the pita with a 25-mm-flat alu-
minum plunger up to 40% maximum strain at a speed of 1.7 mm/s
at 20 °C. Pretest and posttest speeds were 1.0 and 10.0 mm/s, re-
spectively. The bread was laid on the texture analyzer platform,
and the distance between the platform and the plunger set to
5 cm. Although compression tests are usually conducted on crust-
less high or medium volume bread, the crust in the case of flat
bread is very thin and difficult to remove without taking parts of
the crumb. For this reason, the 1st 25% of the analysis was dis-
carded and firmness was defined as the force at 40% strain minus
the force at 25% strain (Alhajji 2011).

The color of flour and pita samples was measured (Minolta
Colorimeter CR-300, Ramsey, N.J., U.S.A.) and data recorded
using the L* (lightness), a* (green [—a] to red [+a]), and b* (blue
[—b] to yellow [+b]) color system.

Sensory analysis

Sensory evaluation (Univ. of Adelaide Human Research Ethics
Committee approval number H-2015-156) was conducted by
52 consumers (28 females and 24 males; 18 to 60 y old; and
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students or staff of the Univ. of Adelaide). After providing writ-
ten informed consent, each consumer was provided with a tray
containing 4 samples (from pita substituted with flour milled from
malt, Finniss whole grain or 15% pearled WI2585, and control
pita made from baker’s flour). All samples were coded with ran-
domly selected 3-digit numbers and presented together with a
scorecard in a randomized order and room temperature water for
mouth cleansing between testing samples (Meilgaard and others
2007). Consumers were asked to record the acceptability for ap-
pearance, texture, flavor, and taste on a 9-point hedonic scale (1 =
dislike extremely; 5 = neither dislike nor like, and 9 = like ex-
tremely; Shewfelt and others 2015) as well as the intensity scores
for color (1 = dark and 9 = light), texture (1 = firm and 9 =
soft), and flavor and taste (1 = none and 9 = high).

Statistical analysis

In order to determine the differences between means using the
least significant difference at P < 0.05,1- and 2-way analysis of
variance was performed using Genstat 14 (VSN Intl. Ltd., Hemel
Hempstead, U.K.). Correlation analysis was performed using
Microsoft Excel.

Results and Discussion

Pearling removes antioxidant capacity and vitamin E
content from barley grain

Regardless of genotype, the levels of vitamin E and its isomers
were significantly higher in the flour made from whole grain than
in flour made from pearled grain, even in the case of the lowest
amount of pearling (10% ; Figure 1A). The extent of this reduc-
tion was greatest for the hulless variety (Finniss), which exhibited
an approximately 2-fold decrease for a-T and B-T3 and 3-fold
decrease for -T3 and §-T3 isomers, accounting for the observa-
tion that flour made from 10% pearled grain was 3-fold lower in
vitamin E content than the flour made from whole grain (Table 1).
The levels of vitamin E and the majority of isomers were further
reduced in the flour made from 20% pearled grain, suggesting that
most isomers decreased progressively from the external to the in-
ternal layers. This was especially obvious in the covered genotypes,
WI2585 and Harrington, and was associated with a roughly 2-fold
decrease in vitamin E content in the flour at 20% pearling. The
only 2 isomers which appeared to be stable during all pearling
stages were B-T and y-T; however, they were only present at very
low levels (<1 wg/g DW) in most samples.

Tocol content in the hulless Finniss variety decreased most after
the 1st pearling step whereas in the covered genotypes, Harrington
and W1I2585, tocol content decreased most after the 2nd and 3rd
pearling steps, respectively. According to Ko and others (2003),
the hull accounts for approximately 10.1% of whole grain weight
whereas bran layers, which are richest in tocotrienols, account for
approximately 12.6% and germ, rich in tocopherols, accounts for
approximately 0.6% of whole grain weight. Thus, the extent of
the reduction in vitamin E observed after pearling in this study
indicates that the pearling levels abraded not only the hull but
also the bran and part of the germ but in a genotype-dependent
manner. For the hulless Finniss, more bran and germ might be re-
moved with 20% pearling than for covered varieties. For WI12585,
15% pearled grain was significantly lower in vitamin E than 10%
pearled grain with further significant reductions at 20% pearling.
However, for Harrington, vitamin E reduced most at the 15%
pearling stage with limited further reduction at the 20% pearling
stage, suggesting that the thickness of the outer layers may vary

between these 2 genotypes. Even though Ko and others (2003)
reported that the relative weight of the hull, bran, and germ can
be influenced by growing conditions and location, all genotypes
in our study were grown under the same environmental condi-
tions, suggesting that any variation in this parameter was due to
genotype.

Even though pearling reduced vitamin E content, the vitamin E
content of pearled grain from the covered genotypes (WI2585 and
Harrington), regardless of amount of pearling, was still significantly
greater than the vitamin E content in the standard baker’s flour
(Figure 1A). The vitamin E content of flour made from the 10%
pearled grain from Finniss and flour from malt was also significantly
greater than the standard flour.

Storage had no effect on the vitamin E content in flour made
from the whole grain from any of the genotypes, as expected (Do
and others 2015a). Flour from Finniss whole grain was richest
in vitamin E content among the samples but malt prepared from
Finniss had a reduced level of vitamin E. This finding confirms
our previous study that vitamin E decreases during malting because
of leakage into the water during steeping and high temperature
during kilning (Do and others 2015b).

Although the control sample ranked 7th out of 14 samples in
terms of a-T content in the flour, its ®-T3 content was lowest
(2.2 pg/g DW; Table 1) resulting in a low content of vitamin
E (26.7 ng/g DW; Figure 1A). In contrast, the highest level of
a-T was found in flour made from the whole grain of Harrington
and W12585, followed by flour from the 10% pearled WI2585.
The level of @-T3 was 20 to 30 times greater in flour prepared
from whole grains of Finniss, Harrington, and WI2585 as well
as 10% pearled grain of Harrington compared to standard baker’s
flour. Flour prepared from malt had a significantly lower o-T con-
tent than control flour but was 19 times higher in «-T3 content
resulting in a high vitamin E content, which was 2-fold greater
than the control. Although a-T has historically been reported as
the most efficient antioxidant (McLaughlin and Weihrauch 1979),
a-T3 has recently been shown to be at least 3-fold more effi-
cient as a scavenger of peroxyl radicals than -T (Packer 1995).
In our previous study (Do and others 2015a), ¢-T3 was the main
vitamin E isomer in barley grain, regardless of genotype, and the
correlation of o-T3 with antioxidant capacity supports this ob-
servation. Storage increased content of S-T3 and y-T3 in flour
prepared from whole grain of WI2585 whereas y-T3 was sig-
nificantly greater in Finniss whole grain. However, no significant
change was observed in the 2 main isomers, o-T and «-T3, and
consequently the vitamin E content in flour prepared from stored
grain, regardless of genotype.

Similar to what was observed for vitamin E content, a progres-
sive decrease in the antioxidant capacity of flour was also observed
with pearling for all genotypes (Figure 2A). At 10% pearling, the
loss of antioxidant capacity in descending order of flour made
from Finniss, Harrington, and WI2585 was approximately 48%,
23%, and 3%, respectively, whereas at 15% pearling the antioxi-
dant capacity lost in those genotypes was approximately 52%, 38%,
and 15%, respectively. When 20% of the grain was pearled, the
highest percentage decrease of antioxidant capacity was observed
in flour from the hulless variety, Finniss (55%) followed by Har-
rington (approximately 49%) and WI2585 (28%). The decrease
in antioxidant capacity for hulless Finniss and covered Harring-
ton primarily occurred with 10% pearling, suggesting that the 10%
pearl fraction contains the majority of antioxidants, including both
vitamin E (Figure 1A) and other phenolic compounds (Goupy and
others 1999). However, we previously found that vitamin E was
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not the main contributor to antioxidant capacity in barley (Do
and others 2015a), and therefore the removal of other phenolic
compounds by pearling is likely to have the greatest impact. Total
soluble phenolic content of the 1st fraction (10% pearling) has
previously been shown to be double that of the 2nd fraction (20%
pearling) in 2 other hulless genotypes examined by Gong and oth-
ers (2012). Previous studies of covered genotypes have shown that
P-coumaric acid levels increased dramatically in the outer grain
layers, especially in lignified husk (Salomonsson and others 1980),
although ferulic acid was highest in the cell walls of the aleurone
layer (McNeil and others 1975).

Although most antioxidants were removed in the 1st pearling
stage for Finniss and Harrington, this appeared to occur in the 2
subsequent pearling stages for W12585, which reflected the pattern
observed for vitamin E. Environment affects antioxidant capacity
in wheat (Moore and others 2006), but does not appear to do so
in barley (Peterson and Qureshi 1993). However, barley was only

grown in one environment in this study and therefore the impact
of environment on antioxidant capacity requires further investi-
gation. The differences in the effect of pearling on antioxidant
capacity in the different genotypes are more likely to be related to
genotypic variation affecting the development of the outer layers
of the grain and the concentration or types of antioxidant present.
According to Evers and others (1999), the hull amount can range
between 7% and 25% of grain weight depending upon genotype,
growing conditions and grain size. Finniss is a hulless genotype and
was therefore expected to lose antioxidant capacity more quickly
with pearling. Harrington has a loose adhering husk and is highly
susceptible to skinning (Menz 2010). In contrast, WI2585 has a
thicker and more adhering husk, which might result in a higher
percentage of husk per grain weight and explain the differences
between these genotypes in terms of the loss of antioxidant ca-
pacity in flour from pearled grain. In addition, some researchers
have reported that phenolic acids are concentrated in the cell walls
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Figure 1-Vitamin E content (xg/g fresh weight [FW]) in flour and pita after processing. Vitamin E is expressed in mg of a-tocopherol equivalents (TE).
Bars represent the mean = SE. (A) vitamin E content in flour before processing, n = 3 for all samples. (B) Vitamin E content in pita after processing, n =
9 for the pita from baker's flour, malt flour, and Finniss whole grain flour, n = 3 for the rest of pita samples. Difference between samples as determined
using the least significant difference (LSD; P < 0.05), LSDgample.time = 0.9. WG indicates whole grain.
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Figure 2—Antioxidant capacity in flour and pita after processing. Antioxidant capacity is expressed as mg ascorbic acid equivalent antioxidant capacity

(AEAC) per 100 g of fresh weight (FW) of grain. Bars represent the mean + SE. (A) Antioxidant capacity in flour before processing, n = 3 for all samples.
(B) Antioxidant capacity in pita after processing, n = 9 for pitas from baker's flour, malt flour, and Finniss whole grain flour, n = 3 for the rest of pita
samples. Difference between samples as determined using the least significant difference (LSD; P < 0.05), LSDgample.time = 2.8. WG indicates whole

grain.
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of outer layers (Maillard and Berset 1995), although others have
indicated that phenolic acids were mainly present in the aleurone
layer and endosperm due to genotypic differences (Goupy and
others 1999). However, the relationship between phenolics and
which layers they are concentrated in for these genotypes remains
to be established as does the availability of phenolics (bound vs.
free; Lu and others 2007).

As expected, the antioxidant capacity of the control wheat sam-
ple was 4 times lower than that of barley flour at the highest
pearling level (20%) and 10 times lower than that of flour prepared
from barley whole grains, regardless of genotype (Figure 2A).
This finding is in agreement with a previous study which showed
a lower antioxidant capacity in wheat grain compared to barley
grain (Holasova and others 1995). In addition, wheat pearling to
produce white baker’s flour has been shown to reduce antioxi-
dant capacity linearly as the degree of pearling increased (Liyana-
Pathirana and others 2006). Flour from Harrington whole grain
had the highest antioxidant capacity, followed by flour from malt,
flour from WI2585 whole grain, and Finniss whole grain. Malt
prepared from Finniss had a slightly higher antioxidant capacity
compared to unprocessed Finniss, a finding which was consistent
with our previous observations (Do and others 2015b). In con-
trast, storage reduced the antioxidant capacity by 10.5%, 11.8%,
and 14.5% in whole grain of WI2585, Finniss, and Harrington,
respectively, as per Do and others (2015a).

Barley pitas contain higher antioxidant and vitamin E
content

The reduction of vitamin E content and antioxidant capacity
after pearling in raw samples resulted in reduction of these same
components in pita breads (Figure 1B and 2B). In addition, the
pita breads made from barley flour or malt had a significantly
lower antioxidant capacity and vitamin E content than that in the
flour; however, this was not the case for the pita made with 100%
baker’s flour. After cooking, the antioxidant capacity decreased
by 41% to 59% and vitamin E content by 50% to 77%. Vitamin
E content reduced by roughly 3-fold for Finniss and more than
4-fold for WI2585 and Harrington, suggesting that vitamin E
might be more stable in Finniss during cooking. Pita cooking also
caused a reduction in the content of most isomers especially the
dominant types, a-T and «-T3. Even though «-T3 contributed
most to total tocol content, it was negligible in pitas made with
flour from 20% pearling. The content of other vitamin E isomers
was generally lower in the pitas made with flour from pearled
grain (Table 1) except for B-T; however, this isomer was present
at significantly lower levels than all others.

Similar to vitamin E content, the antioxidant capacity in pita
made from whole-grain flour was much higher than in pita made
from pearled-grain flour (Figure 2B). For Finniss, antioxidant ca-
pacity significantly decreased in pita made with flour from 10%
pearled grain but did not decrease further in pitas made with
higher percentage pearled grain. Because antioxidant capacity was
reduced in stored barley whole grain compared to that at harvest,
except in the case of Harrington, the antioxidant capacity in pitas
prepared with flour milled from stored whole grains was lower
than in pitas prepared from fresh whole-grain flour, except in the
case of Harrington.

The flour from malt had a higher antioxidant capacity than
all other flour samples, and also exhibited the lowest percent-
age change in antioxidant capacity during cooking. Consequently,
pitas made from malt flour had the highest antioxidant capacity.
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Although the vitamin E content of the pitas made with flour from
20% pearled grain of Finniss and Harrington were not signifi-
cantly different from that observed for the wheat bakers’ flour, all
barley pita samples had significantly greater antioxidant capacity.
This supports their potential use as functional food products as a
source of antioxidants for consumers. However, even though phe-
nolics are probably the main contributor to antioxidant capacity
in barley grains (Goupy and others 1999), which compounds are
responsible for the increased antioxidant capacity in the barley pita
samples still requires investigation.

The losses in vitamin E content/antioxidant capacity observed
in the cooked pita bread compared to the grains and flours are not
unexpected, because they are known to be unstable, especially at
high temperatures. However, at increased temperature, reducing
sugars and amino acids can react to produce Maillard products such
as melanoidins, which also have antioxidant capacity (Maillard and
others 1996). This may explain why the antioxidant capacity was
not reduced to the same extent as the vitamin E content in the
pitas in this study. The antioxidant capacity also remained higher
in pita made from flour of the whole grain and malt compared
with that made with flour from pearled grains. Regardless of geno-
type, a high correlation between antioxidant capacity of the flour
and the pitas made from that flour was found (r = 0.85, P < 0.05,
n=14). This indicates that selecting the material with high antiox-
idant capacity enriches this component in pitas. A high correlation
was also observed between vitamin E content in unprocessed grains
or malt and in pita (r = 0.81, P < 0.05, n = 14). Therefore, barley
genotypes known to have high antioxidant capacity and vitamin E
content can ensure much greater quantities of these components
in the end product. However, the quality of the product needs
to be confirmed by evaluating the physical and sensory properties
as has been commonly done in other food studies (Alu'datt and

others 2014; Blandino and others 2015).

Physical quality attributes of barley pitas

There are no specific guidelines available to judge pita bread
quality but pufting formation, ease of layer separation, crust, shape,
and color are considered the most important parameters (Morad
and others 1984). Similar compression values (as a measure of
firmness) were found in control pita and barley pitas made with
flour from Finniss (regardless of whether pearled or whole grain)
and pitas made from flour from 15% or 20% pearled grain from
WI2585 or Harrington (Table 2). Firmness was, however, signif-
icantly greater in pita containing flour prepared from malt; 10%
pearled WI2585; 10% pearled Harrington; and whole grain of
WI2585 and Harrington, both stored and fresh. Malt pita was
twice as hard than the control pita whereas the covered whole
grain pita was 3 times as hard.

The thickness of the pita was greatest in the control sample
(15.3 mm) and lowest in pitas made from flour of the whole grains
from covered genotypes (Table 2), and was negatively correlated
with firmness across all samples (r =-0.9, P < 0.05, n = 17). Only
pita made with flour from 20% pearled Finniss and WI2585 had
similar thickness to that of control pita. Control pita also showed
better crumb pore uniformity (Figure S1) and even though the
upper layer did not significantly differ between any of the samples,
the lower layer was significantly greater in the control than in
barley pitas (Table 2). Crust with adhering crumb was observed
for all pitas except those made with flour from the covered whole
grain, which seemed to only have a crust in their upper layer. This
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Table 2-Instrumental texture analysis values of different pita bread.

Dough Thickness Upper layer Lower layer Compression Pocket
Samples? height (mm) (mm) thickness (mm) thickness (mm) (N) formed
Control (baker’s flour) 35.0 &+ 0.6" 15.3 4+ 0.2h 5.0 + 0.2 7.8 + 0.14 2.8 + 0.4 Fully
Malt 28.1 + 0.2¢ 9.2 + 0.1 n/a n/a 6.5 & 0.3° 3/4
Fresh Finniss (whole grain) 29.8 + 0.14 12.8 + 1.0 39 £ 0.2 45 £ 0.2%c¢ 42 £ 0.8 Fully
Fresh Finniss (10% pearling) 32.0 £ 0.2 13.6 £ 0.2°% 4.6 £ 0.3 4.8 £ 0.2t 35 + 0.0° Fully
Fresh Finniss (15% pearling) 335 £ 0.0% 13.9 £ 0.1¢% 41 £ 0.1 59 &+ 0.4° 3.3 £ 0.6° Fully
Fresh Finniss (20% pearling) 33.7 £ 0.18 14.1 £ 0.2fh 4.0 £ 0.1 4.8 £ 0.1%¢ 33 £ 0.4 Fully
Fresh WI2585 (whole grain) 27.0 & 0.4° 8.6 £ 0.0° n/a n/a 8.4 + 1.3 No
Fresh WI2585 (10% pearling) 27.9 £ 0.1° 9.3 £ 0.1%° n/a n/a 6.7 £ 0.3° 1/2
Fresh W12585 (15% pearling) 30.7 £ 0.0¢ 13.9 + 0.6 45 £ 0.7 55 + 1.2 4.1 £ 0.2° Fully
Fresh WI12585 (20% pearling) 32.1 + 0.2F 14.2 + 0.68 43 £ 0.6 59 £ 1.0¢ 3.2 £+ 0.2° Fully
Fresh Harrington (whole grain) 26.0 £ 0.2° 9.1 £ 1.0% n/a n/a 8.8 £ 0.44 No
Fresh Harrington (10% pearling) 27.0 £+ 0.3° 10.1 £ 0.6 n/a n/a 7.0 &+ 0.1 No
Fresh Harrington (15% pearling) 293 + 0.2¢ 10.7 £ 0.2¢ 41 £ 05 42 £ 0.3% 3.9 £ 0.2° Fully
Fresh Harrington (20% pearling) 30.9 £ 0.0¢ 11.3 £ 0.6 42 £ 0.1 4.1 £+ 0.2 42 £ 0.4° Fully
Stored Finniss (whole grain) 31.0 £ 0.0¢ 13.7 4+ 0.3°% 42 £ 0.6 3.7 £ 04 4.0 £ 0.7° Fully
Stored W12585 (whole grain) 29.5 £+ 0.04 12.6 + 0.5% n/a n/a 6.6 = 0.3° 3/4
Stored Harrington (whole grain) 28.0 £ 0.0° 10.3 &+ 0.3% n/a n/a 7.1 £ 0.4 3/4
LSD 0.6 1.3 NS 1.6 1.5
*Means = SE are shown where n = 3 for each sample. Same letters (within column) indicates no difference between samples as determined using the least significant difference

(LSD; P < 0.05). Not applicable (n/a), not measured. NS indicates no significant difference.

crust formation happened in the thin upper layer during pufting
and consequently the pocket was not fully formed.

Pocket formation did not occur during the baking of pita breads
which contained flour from whole grains or 10% pearled grains
of WI2585 and Harrington. In addition, 3-quarter or half pock-
ets were observed for pita made with flour from malt, stored
WI2585 whole grain, stored Harrington whole grain, or 10%
pearled WI2585. According to Faridi and Rubenthaler (1984),
pocket formation occurs when the internal temperature reaches
a point high enough to develop steam during baking, but the
extent to which this occurs also depends on how many bubble
cells are formed in the dough during fermentation. Fewer bubble
cells were observed in dough from whole grain flour from covered
genotypes, which may explain why pocket formation was reduced
in these pitas. In addition, the higher water absorption of the husk
may have caused lower water availability in the dough for starch
to be gelatinized during baking, which would also act to inhibit
pocket formation (Varrianomarston and others 1980).

The softness or loaf volume of bread in general is related to
the properties of the dough (Wang and others 2002). A strong
correlation between dough height and thickness/firmness in this
study (r=10.9, P < 0.05, n =17 for both) supports this observation.
The height of the control dough after fermentation was higher
than all barley doughs possibly due to the lack of gluten in barley,
leading to lower gluten levels and consequent difficulties in dough
handling, lower loaf volume and reduced softness (Wang and others
2002). Moreover, the high content of B-glucans in barley can
tightly bind water in dough, thereby reducing the availability of
water to develop a gluten network and rupture the bubble cells
normally formed during fermentation (Wang and others 2002).
Indeed, the height of the barley doughs from covered genotypes
increased with increased pearling, probably due to the removal of
the glucan-rich husk.

Dough height was significantly lower than the control for pitas
made from malt flour although dough from Finniss whole-grain
flour rose better than dough from covered whole-grain flour, in-
dicating the advantage of hulless whole grain genotypes in food
production. The differences in texture of pita made with covered
genotypes, WI2585 and Harrington whole grain, could also be

attributed to the difference in their content of tannin and amy-
lose. Tannins are known to bind with protein (Hulse 1979) and
are likely to form a tannin-gluten complex which might change
rheological properties while differences in amylose content may
cause differences in dough stickiness and therefore differences in
pasting properties (Izydorczyk and others 2008).

The use of flour prepared from stored whole grain significantly
increased the dough height when compared to fresh whole grain
flour, and produced better pocket formation. This is consistent
with previous findings in pitas made from wheat flour (Pomeranz
1992; Suter and others 1995), which indicated that 2 to 4 mo
storage following harvest increased loaf volume and overall baking
quality. In these previous studies, the authors suggested that this
was due to an improved balance of gluten properties, an increase
in protein molecular mass and higher gas-retention capacity in
baking (Pomeranz 1992) as well as improved dough strength due
to oxidative polymerization of glutenins during storage (Suter and
others 1995).

Lower dough and loaf volume have also been reported in
previous studies on the effect of barley inclusion on proper-
ties of pita breads; however, data were provided through sensory
analysis not physical testing (Alu’datt and others 2014). Reduc-
tions in loaf volume of 27% (Ragaee and others 2011) and 65%
(Gujral and others 2003) have also been reported when 20% bar-
ley flour was incorporated into western-style loaf bread. However,
western-style bread differs significantly from pita bread in terms
of texture and due to its lower leavening requirements, pita bread
might better accommodate high fiber ingredients such as barley
(Qarooni and others 1992; Blandino and others 2015).

Significant differences in the L*, a*, and b* values were observed
between the control baker’s flour and flour prepared from whole
grain, pearled grain, or malt as well as their respective pita breads
(Table 3). Control and pearled barley flour generally had higher
L* (lightness) values but lower b* (blue—yellow components), and
a* (red components) when compared to the flour from whole
grain and malt, and this same trend was also observed in the pita.
An increase in the percentage of pearling resulted in a moderate
increase in the L* but a reduction in the b* for both flour and
pita. In a previous study, Sumner and others (1985) reported that
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Table 3-L*, a*, and b* color values of different pita bread.

Flour Pitas

Samples® L* a* b* L* a* b*
Control (Baker flour) 94.1 £ 0.0b¢ 0.6 + 0.0* 9.0 + 0.0f" 77.6 £+ 0.68 1.2 £ 0.1 16.1 £ 0.3%
Malt 86.6 & 0.0 22 + 0.0¢ 10.1 4+ 0.0 62.3 + 0.2" 7.6 + 0.01 26.0 £+ 0.1Y
Fresh Finniss (Whole grain) 92.7 + 0.0% 1.1 4 0.0 8.7 4+ 0.0°f8 67.7 £ 0 44 4+ 0.0 20.8 £ 0.19
Fresh Finniss (10% pearling) 96.0 £ 0.0° 0.6 £ 0.0° 6.0 + 0.0 69.4 £+ 1.3 8.0 & 0.9! 27.6 + 0.8
Fresh Finniss (15% pearling) 95.8 £ 0.0° 0.5 £ 0.0? 5.8 £+ 0.0° 71.0 £ 0.3" 2.6 £ 0.1%f 16.8 £ 0.3™
Fresh Finniss (20% pearling) 96.1 £ 0.0° 0.5 £ 0.0? 53 4 0.0° 71.6 £ 0.3" 25 £ 0.1% 17.2 & 0.2m»
Fresh W12585 (Whole grain) 91.7 + 0.0° 0.9 £ 0.0%¢ 9.2 £ 0.0¢" 64.1 £ 0.4™ 45 £ 0.0 25.0 £ 0.3"
Fresh W12585 (10% pearling) 93.7 £ 0.0 0.8 + 0.0%c¢ 8.4 & 0.0 67.9 £+ 0.4K 3.9 + 0.0 222 £ 0.27
Fresh W12585 (15% pearling) 94.3 £ 0.0b¢ 0.7 + 0.0% 7.4 + 0.04 67.3 + 1.84 3.2 + 0.0¢" 19.4 4+ 0.1P
Fresh W12585 (20% pearling) 95.1 £ 0.0 0.7 £ 0.0 6.6 £ 0.0 71.3 + 0.4" 2.6 £ 0.0%F 185 £ 0.1°
Fresh Harrington (Whole grain) 92.0 £ 0.0¢ 1.1 4 0.0 10.1 £ 0.0 59.8 £ 0.4° 4.8 + 0.0% 233 £ 0.0°
Fresh Harrington (10% pearling) 94.1 £+ 0.0 0.8 £ 0.0%¢ 8.2 £ 0.0° 66.3 + 0.6/ 35 4+ 0.1M 19.8 4+ 0.5°
Fresh Harrington (15% pearling) 94.8 + 0.0%¢ 0.7 £ 0.0 7.5 + 0.0¢ 67.3 + 0.6 2.9 £ 0.3k 18.5 + 0.8°
Fresh Harrington (20% pearling) 95.5 £ 0.0 0.7 £ 0.0® 6.5 £ 0.0° 68.9 + 0.71 3.0 + 0.08 17.7 £ 0.2"
Stored Finniss (whole grain) 92.6 £ 0.0d 1.1 £ 0.0b¢ 8.9 £ 0.0 67.6 &= 0.08 44 + 0.0 20.9 £ 0.04
Stored W12585 (whole grain) 91.6 £ 0.0° 0.9 + 0.0%c¢ 9.6 + 0.0M 64.0 £ 0.0™ 4.6 + 0.0 25.9 £ 0.0¥
Stored Harrington (whole grain) 91.4 £+ 0.0¢ 1.2 £ 0.0° 10.7 £ 0.00 59.20.0° 5.0 £+ 0.0F 24.1 + 0.0
LSD 13 0.5 0.7 13 0.5 0.7

Note: L*, lightness component; a*, green (—a) to red (+a); b*, blue (—b) to yellow (+b).

*Means % SE are shown for n = 9 for each sample. Same letters (within column) indicates no difference between samples for individual parameters as determined using the least
significant difference (LSD; P < 0.05). LSD = 1.30; 0.47, and 0.67 for L*, a*, and b*, respectively.

Table 4-Sensory evaluation of pita bread from baker’s flour and barley flour.

Color Appearance Texture Flavor and Flavor and
Samples® intensity® liking intensity® Texture liking taste intensity® taste liking Overall
Control 7.1 + 0.2° 6.7 £ 0.2° 57 + 0.3° 6.0 £+ 0.2 6.0 £ 0.2 6.2 + 0.2° 6.3 + 0.2
Malt 3.7 + 0.2¢ 55 + 0.2° 3.7 £ 0.2¢ 5.1 + 0.3° 6.1 £ 0.2° 6.1 £ 02% 544 0.3°
Fresh Finniss (whole grain) 48 + 0.2° 5.6 + 0.2° 4.8 + 0.3° 5.7 + 0.3 5.4 + 0.3 55 4 0.3° 55 4+ 0.2°
Fresh WI2585 (15% pearling) 5.2 + 0.2 59 4 0.2° 5.0 £ 0.3 6.0 £ 0.2 5.0 £ 0.2¢ 56 + 030 58+ 0.3
LSD 0.61 0.63 0.72 0.69 0.65 0.69 0.66

“Indicates the intensity of parameter, from dark (1 score) to light (9 score) for color, from firm (1 score) to soft (9 score) for texture, from non (1 score) to high (9 score) for flavor

and taste.

"Means 4 SE are shown for n = 52 for each sample. Same letters (within column) indicates no difference between samples for individual parameter as determined using the least

significant difference (LSD; P < 0.05).

removal of the outer kernel layers by pearling resulted in an increase
in the L* value of the pearled grain accompanied by a reduction
in the red and yellow value, due to exposure of the endosperm.
Interestingly, we found that, although the control bakers flour
was not as light as some of the barley flours, including the flour
from 15% and 20% pearled Finniss and 20% pearled WI12585 and
Harrington, the control pita bread was significantly lighter than all
barley pitas (Figure S1). Differences in gelatinization of wheat and
barley starch related to moisture content (Faridi and Rubenthaler
1984) or even differences in caramelization of sugars that may
occur during baking may account for these findings, but requires
further study.

Pitas made from flour from Finniss that had been pearled at
any level; WI2585 and Harrington at the highest pearling level
(20%) were slightly darker than control pitas, although the Finniss
whole-grain flour pitas were lighter than pitas made with covered
whole-grain flour. Therefore, compared to covered genotypes,
hulless Finniss is likely to provide a product which is closer in
appearance to standard pita bread made from wheat baker’s flour
in terms of brightness (Morad and others 1984). However, more
recently, consumer preference for white bread has reduced as the
consumption of more healthy bread has increased (Vulicevic and
others 2004). Therefore, the lower brightness of the barley pitas
may not necessarily reduce their acceptance by consumers. Storage
appeared to slightly reduce the whiteness of whole grain but the
reduction was not statistically significant for both flour and pita.

H784 Journal of Food Science « Vol. 81, Nr. 3,2016

Sensory properties of pita bread

On the basis of the results above, pita substituted with flour
milled from malt, Finniss whole grain, or 15% pearled WI2585
were chosen for sensory analysis and compared to control pita
made from baker’s flour. Pitas made from malt and Finniss whole
grain flour were chosen because antioxidant capacity and vitamin
E content were high (Figure 1B and 2B) and pocket formation was
satisfactory. Among pearled-barley pitas, the pita containing the
highest antioxidant and vitamin E level as well as better formation
was that from 15% pearled WI2585. When comparing those sam-
ples, all pitas were rated as acceptable (>5) using hedonic scales
(Table 4) even though barley pitas had lower hedonic scores than
control pitas.

Pita bread containing barley flour had a lower rating for color
intensity than the control indicating they were darker. This finding
agreed with the observation that malt-pita had the lowest L* value
but highest a* value, followed by Finniss whole-grain flour-pita,
15% pearled W12585 flour-pita, and the control. The change from
creamy white to brown has been previously observed when barley
was added to pita (Aludatt and others 2014).

In terms of sensory evaluation, consumer texture preference
for pitas made from 15% pearled WI2585 flour and whole grain
Finniss flour were similar to pitas made from baker’s flour, and all
were higher than for malt pitas. Firmness was highly correlated
to texture liking (r = 0.96, P < 0.05, n = 9) and is likely to
explain the findings, because the malt pita was the firmest of the
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breads, due to it not being fully formed during baking. Pita made
from Finniss whole grain was similar to pita from 15% pearled
WI12585 in both flavor intensity and liking of taste. Given that
bitter-tasting phenolic compounds and tannins are usually found
in the seedcoat (Abdelghafor and others 2011), hulless grain may
be more ideal for making pita. In terms of overall preference,
barley pita from 15% pearled WI2585 flour was the only barley
pita not significantly different to the control pita but it also was
not significantly different to the other barley pita. The acceptance
of all samples was contributed by the liking of appearance, texture
and flavor, and taste with correlations of 0.99; 0.79, and 0.41
respectively with overall liking indicating the promise for future
development of products.

Conclusions

Although antioxidant and vitamin E in barley grain was lost
during pearling, those components were still richer in pita made
from pearled barley compared to control pita. Pitas from malt
flour, Finniss whole grain flour, and 15% pearled WI2585 flour
contained high antioxidant capacity and vitamin E level and had
satisfactory physical properties such as pocket formation. Sensory
evaluation indicated that they were acceptable to consumers and
had potential as a functional food for the bakery industry.

Acknowledgments

The authors thank Drs Daryl Mares and Robert Asenstorfer
(Univ. of Adelaide) for their kind assistance with the HPLC equip-
ment. Thi Thu Dung Do is supported by an Australia Award PhD
scholarship. Dr Beverly Muhlhausler is supported by a Career
Development Fellowship from the Natl. Health and Medical Re-
search Council of Australia (NHMRC).

Authors' Contributions

Thi Thu Dung Do conducted this study and drafted the
manuscript, Beverly Muhlhausler and Amanda Box helped with
interpretation of results and drafting of the manuscript, Amanda
Able designed this study, interpreted results, and helped with draft-
ing of the manuscript.

References

Abdelghafor RF, Mustafa A, Ibrahim AMH, Krishnan PG. 2011. Quality of bread from com-
posite flour of sorghum and hard white winter wheat. Adv J Food Sci Technol 3(1):9-15.
Alhajji LAA. 2011. Investigation of the factors affecting the staling of arabic flat bread. [PhD].

United Kingdom: Loughborough University. p 216.

Alu’datt MH, Rababah T, Al-Rabadi GJ, Ereifej K, Gammoh S, Masadeh N, Torley PJ. 2014.
Effects of barley flour and barley protein isolate addition on rheological and sensory properties
of pita bread. ] Food Quality 37(5):329-38.

Bailey L. 2007. Bakery studies course manual. TAFE, SA: Regency International.

Bhatty RS. 1996. Production of food malt from hull-less barley. Cereal Chem 73(1):75-80.

Bhatty RS. 1999. The potential of hull-less barley. Cereal Chem 76(5):589-99.

Biloukha OO, Utermohlen V. 2000. Correlates of food consumption and perceptions of foods
in an educated urban population in Ukraine. Food Qual Prefer 11(6):475-85.

Blandino M, Locatelli M, Sovrani V, Coisson DJ, Rolle L, Travaglia F, Giacosa S, Bordiga M,
Scarpino V, Reyneri A, Arlorio M. 2015. Progressive pearling of barley kernel: chemical
characterization of pearling fractions and effect of their inclusion on the nutritional and
technological properties of wheat bread. ] Agric Food Chem 63(25):5875-84

Cozzolino D, Degner S, Eglinton J. 2014. A novel approach to monitor the hydrolysis of barley
(Hordeum vulgare L) malt: a chemometrics approach. J Agric Food Chem 62(48):11730-36.

Do TTD, Cozzolino D, Muhlhausler B, Box A, Able AJ. 2015a. Antioxidant capacity and
vitamin E in barley: effect of genotype and storage. Food Chem 187:65-74.

Do TTD, Cozzolino D, Muhlhausler B, Box A, Able AJ. 2015b. Effect of malting on antiox-
idant capacity and vitamin E in different barley genotypes. ] Inst Brew 121(4):531-40 doi:
10.1002/jib.271.

Elsayed AA, Peter W. 2005. Specialty grains for food and feed. USA: American Association of
Cereal Chemists.

Evers AD, Blakeney AB, O’Brien L. 1999. Cereal structure and composition. Aust ] Agr Res
50(5):629-50.

Faridi HA, Rubenthaler GL. 1984. Effect of baking time and temperature on bread quality,
starch gelatinization, and staling of Egyptian balady bread. Cereal Chemistry 61(2):151—4.
Gong LX, Jin C, Wu L], Wu XQ, Zhang Y. 2012. Tibetan hull-less barley (Hordeum vulgare L.)

as a potential source of antioxidants. Cereal Chem 89(6):290-5.

Goupy P, Hugues M, Boivin P, Amiot MJ. 1999. Antioxidant composition and activity of barley
(Hordeum vulgare) and malt extracts and of isolated phenolic compounds. ] Sci Food Agric
79(12):1625-34.

Gujral HS, Gaur S, Rosell CM. 2003. Note: Effect of barley flour, wet gluten, and ascorbic acid
on bread crumb texture. Food Sci Technol Intl 9(1):17-21.

Holasova M, Velisek ], Davidek J. 1995. Tocopherol and tocotrienol contents in cereal grains.
Potravinarske Vedy 13(6):409-17.

Hulse JP. 1979. Polyphenols in cereals and legumes. In Proceedings of the 36th Annual Meeting
of the Institute of Food Technologists, St. Louis, MO.

Izydorczyk MS, Chornick TL, Paulley FG, Edwards NM, Dexter JE. 2008. Physicochemical
properties of hull-less barley fibre-rich fractions varying in particle size and their potential as
functional ingredients in 2-layer flat bread. Food Chem 108(2):561-70.

Ko S, Kim C, Kim H, Kim C, Chung S, Tae B, Kim 1. 2003. Tocol levels in milling fractions
of some cereal grains and soybean. ] Am Oil Chem Soc 80(6):585-9.

Liyana-Pathirana C, Dexter J, Shahidi F. 2006. Antioxidant properties of wheat as affected by
pearling. ] Agric Food Chem 54(17):6177-84.

Lu ], Zhao H, Chen J, Fan W, Dong J, Kong W, Sun J, Cao Y, Cai G. 2007. Evolution of phe-
nolic compounds and antioxidant activity during malting. ] Agric Food Chem 55(26):10994—
1001.

Maillard MN, Berset C. 1995. Evolution of antioxidant activity during kilning - role of insoluble
bound phenolic-acids of barley and malt. ] Agric Food Chem 43(7):1789-93.

Maillard MN, Soum MH, Boivin P, Berset C. 1996. Antioxidant activity of barley and malt:
relationship with phenolic content. Food Sci Technol-Leb 29(3):238—44.

Malcolmson L, Sarkar A, Sopiwnyk E, Fu BX, Tweed T. 2011. Opportunities for develop-
ing health promoting foods from barley. Manitoba, Canada: Canadian International Grains
Institute.

McLaughlin PJ, Weihrauch JL. 1979. Vitamin E content of foods. ] Am Diet Assoc 75(6):647-65.

McNeil M, Albersheim P, Taiz L, Jones RL. 1975. The structure of plant cell walls. VIL. Barley
aleurone cells. Plant Physiol 55:64-8.

Meilgaard MC, Civille GV, Carr BT. 2007. Sensory evaluation techniques. Taylor & Francis
Group.

Menz I. 2010. Australian barley varieties: a reference guide. NSW, Australia.

Moore], Liu JG, Zhou KQ, Yu LL. 2006. Effects of genotype and environment on the antioxidant
properties of hard winter wheat bran. J Agric Food Chem 54(15):5313-22.

Morad MM, Doherty CA, Rooney LW. 1984. Effect of sorghum variety on baking properties
of U.S. conventional bread, Egyptian pita, “Balady” bread and cookies. ] Food Sci 49:1070—4.

Newman CW, Newman RK. 2006. A brief history of barley foods. Cereal Foods World 51(1):
4-7.

Packer L. 1995. Nutrition and biochemistry of the lipophilic antioxidants, vitamin E and
carotenoids. In: Packer L, Niki E, Ong ASH, editors. Nutrition, lipids, health and disease.
Champaign, IL: American Oil Chemists Society. p 8-35.

Panfili G, Fratianni A, Criscio Td, Marconi E. 2008. Tocol and beta-glucan levels in barley
varieties and in pearling by-products. Food Chem 107(1):84-91.

Peterson DM, Qureshi AA. 1993. Genotype and environment eftects on tocols of barley and
oats. Cereal Chem 70(2):157-62.

Pomeranz Y. 1987. Modern cereal science and technology. Weinheim, Germany: VCH Pub-
lishers.

Pomeranz Y. 1992. Biochemical, functional, and nutritive changes during storage. In: Sauer DB,
editor. Storage of cereal grains and their products. St. Paul, MN: Am Assoc Cereal chem.
p55-118.

Qarooni J, Ponte JG, Posner ES. 1992. Flat Breads of the World. Cereal Foods World 37(12):
863-5.

Ragaee S, Guzar I, Dhull N, Seetharaman K. 2011. Effects of fiber addition on antioxidant
capacity and nutritional quality of wheat bread. LWT-Food Sci Technol 44(10):2147-53.
Salomonsson AC, Theander O, Aman P. 1980. Composition of normal and high-lysine barleys.

Swed J Agr Res 10(1):11-16.

Shewfelt RL, Orta RA, Clarke AD. 2015. Introducing food science. Boca Raton, FL: CRC
Press, Taylor & Francis Group.

Sumner AK, Gebreegziabher A, Tyler RT, Rossnagel BG. 1985. Composition and properties of
pearled and fines fractions from hulled and hull-less barley. Cereal Chem 62(2):112-16.

Suter D, Oliver J, Bekes F. 1995. Anomalous flours from the 1994-95 harvest. In: Williams
YA, Wrigley CW, editors. Proceedings of the 45th Australian Cereal Chemistry Conference.
Adelaide, South Australia: Royal Australian Chemical Institute. p 116-19.

U.S. Department of Agriculture. 2013. Chapter 2: Barley. Grain inspection handbook. USA:
Agricultural Research Service, U.S. Department of Agriculture. p 2.1-2.32.

USFDA. 2003. Food labeling: health claims; soluble fiber from certain foods and risk of coronary
heart disease. Final rule 68(144):44207-09.

Varrianomarston E, Ke V, Huang G, Ponte J. 1980. Comparison of methods to determine starch
gelatinization in bakery foods. Cereal Chem 57(4):242-8.

Vulicevic IR, Abdel-Aal ESM, Mittal GS, Lu X. 2004. Quality and storage life of par-baked
frozen breads. Lebensm-Wiss Technol 37(2):205-13.

Wang JS, Rosell CM, de Barber CB. 2002. Effect of the addition of different fibres on wheat
dough performance and bread quality. Food Chem 79(2):221-6.

‘Washington J, Roumeliotis S, Lim P, Kaczmarek R, Barr AR. 2003. Pearling and single kernel
characterization system analysis of Australian barley for the Asian food market. Proceedings
of the Australian Barley Technical Symposium, South Australia.

Young IS, Woodside JV. 2001. Antioxidants in health and disease. ] Clinical Pathol 54(3):176-86.

Supporting Information
Additional Supporting Information may be found in the online
version of this article.
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Figure S1 Image of pita bread made from baker’s flour and different barley flour. A and
B, pitas from baker’s flour and malt flour; C, D, E, F, G, pitas from fresh Finniss whole grain
flour, fresh Finniss flour at 10% pearling, fresh Finniss flour at 15% pearling, fresh Finniss
flour at 20% pearling and stored Finniss whole grain flour; H, I, K, L, M, pitas from fresh
WI2585 whole grain flour, fresh WI2585 flour at 10% pearling, fresh WI12585 flour at 15%
pearling, fresh W12585 flour at 20% pearling and stored W12585 whole grain flour; N, O, P,
Q, S, pitas from fresh Harrington whole grain flour, fresh Harrington flour at 10% pearling,
fresh Harrington flour at 15% pearling, fresh Harrington flour at 20% pearling and stored

Harrington whole grain flour.
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Abstract

Antioxidants and vitamin E in particular, have been credited with promoting human
health. Our previous study has shown variation in antioxidant capacity and the content of
total vitamin E and its individual isomers among barley genotypes, however, the genetic
basis of these traits is unknown. The objectives of this study were to identify quantitative
trait loci (QTLs) useful for improving total antioxidant and vitamin E levels in barley.
Antioxidant capacity and vitamin E content was determined in the mapping populations,
Tadmor x ERApm and Amaji nijo x WI2585 respectively. QTLs were detected on
chromosomes 4H, 5H and 7H for the two main vitamin E isomers (a-T and a-T3), two
non-dominant isomers (B-T3 and y-T) and for total vitamin E content in the Amaji nijo x
WI12585 DH population (127 lines), explaining high percentage of total phenotypic
variance (from 10.6% to 34.8% for most QTLs). However, no QTL was identifiable for
antioxidant capacity in the Tadmor x ERApm population. The identified QTLs should be

useful to increase vitamin E levels in barley.

Additional keywords: Barley; antioxidant; vitamin E; QTLs.

Introduction

Antioxidants might enable better health by preventing cell damage because of their role
as scavengers, preventing the formation of free radicals or promoting their decomposition
(Young and Woodside 2001). Epidemiological studies have suggested free radicals cause
chronic diseases such as heart disease, diabetes (Willet 1994), atherosclerosis, low
density lipoprotein cholesterol (Young and Woodside 2001), cancer, cardiovascular
disease (Layton et al. 1992), rheumatoid arthritis, inflammatory bowel syndrome and

Parkinson’s disease (Halliwell 1996). Antioxidants are therefore considered to be an
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Important protectant against these diseases. According to Martinez-Tome et al. (2004)
the level of antioxidant activity in blood increases after the consumption of foods high in
antioxidants. Increasing antioxidants in commonly consumed foods, such as cereal grains
including barley, is therefore necessary to improve human health.

Vitamin E is the most important lipid phase chain breaking antioxidant due to its
unsaturated tail which reacts with free radicals, consequently protecting polyunsaturated
fatty acids (Burton and Ingold 1981). The dietary recommendation for vitamin E is 15
mg of a-tocopherol (a-T) daily, and the estimated average requirement is 12 mg as a
preventative factor for cardiovascular disease, cancer and Alzheimer’s disease
(Gassmann 2000). Including a-T, vitamin E has eight isomers (also called tocols): a-, -
, Y-, 0-tocopherol (T); and; a-, B-, y-, and &-tocotrienol (T3). Ball (2006) reported the
descending order of their antioxidant capacity to be a-, B-, y- and then &-tocols. Sheppard
et al., (1993), however, found that among T and T3, the descending order of antioxidant
activity was: o-T, B-T, a-T3, y-T, B-T3, and &-T (y-T3 and 6-T3 had no function). In
contrast, a-T3 has recently been shown to be at least three-fold more efficient as a
scavenger of peroxyl radicals than a-T (Packer 1995) or to be the only isomer highly
correlated with antioxidant activity in barley (Do et al. 2015). Because a-T has been
traditionally viewed as the main isomer and the biological activity of the individual
isomers has been shown to differ substantially, the total vitamin E content is often
expressed as a-tocopherol-equivalents (TE) and calculated using biological activities of
1.0 for a-T, 0.3 for a-T3, 0.4 for B-T, 0.05 for B-T3, 0.1 for y-T, 0.01 for y-T3 and 0.01
for 6-T (Mclaughlin and Weihrauch 1979). We have previously shown that although o-T
and a-T3 are the main isomers in barley grain, the vitamin E content and the amount of
individual isomers varies significantly among barley genotypes (Do et al. 2015).

However, the genetic basis for these differences is yet to be established.
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Apart from human health benefits, antioxidants, and vitamin E in particular, may
prolong the storage of food items by preventing the formation of free radicals which have
been widely indicated as the major cause of food deterioration (Lehner et al. 2008). As a
result, antioxidants are often added to various food stuffs as a preservative in pure form
or as a major component of a plant extract. For example, the antioxidant activity of
polyphenols extracted from tea has been demonstrated for oil stability (Wanasundara and
Shahidi 1996) and for prevention of lipid oxidation in cooked red meat, poultry and fish
(Tang et al. 2001). Vitamin E in barley has been reported to inhibit lipid peroxidation to
limit the formation of trans-2-nonenal, one of the main compounds responsible for the
stale taste of beer (Lu et al. 2007). In other products, vitamin E has also been
demonstrated to prolong shelf life of oil (Lindley 1998) or protect against rancid flavour,
odour and discoloration in packaged meat (Wood et al. 2004). Barley grain with high
antioxidant activity and/or vitamin E content may therefore not only be useful for
functional food products but for preservation of food products.

Significant genotypic variation has been reported for both antioxidant capacity
and vitamin E content in barley (Do et al. 2015), but information on the inheritance of
these traits is still lacking. Finding the locus (loci) corresponding to tocol production is
crucial for the enrichment of vitamin E in grain through breeding or molecular methods.
An example of this is the 80-fold increase of a-T levels that were observed after over-
expression of VTE4 which encodes y-T methyltransferase in the o-T pathway in
Arabidopsis (Shintani and DellaPenna 1998). Hence, determining QTL for tocols in
barley may provide knowledge about the genetic basis for use in future breeding
strategies for the production of a natural source of vitamin E. A similar methodology has
been shown to be useful for identifying the genetic basis of antioxidant capacity and

increasing antioxidants in rice grain (Jin et al. 2009).
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This study therefore aimed to detect and map QTLs affecting antioxidant activity
and vitamin E concentration (total vitamin E content and individual isomers) in barley
populations derived from a cross between low- and high- antioxidant or vitamin E

parents.

Materials and methods

Grain materials

Our previous observations that differences in vitamin E content existed between the
parental variety Amaji nijo and parental breeding line W12585 (Do et al., 2015) provided
the basis for evaluating 127 doubled-haploid (DH) lines derived from a cross between
Amaji nijo and WI2585 for total vitamin E content (and individual tocol isomers). Amaji
nijo was significantly higher than WI2585 in content of a-T (13.3 vs 11.7 pg/g DW), y-
T (4.6 vs 3.7 ug/g DW) and y-T3 (14.8 vs 11.6 pg/g DW) but not of a-T3 (41.3 vs 44.4
pg/g DW), B-T (0.5 vs 0.7 pg/g DW) and B-T3 (4.6 vs 7.0 pg/g DW) (Do et al. 2015).
Similarly, differences in antioxidant capacity between Tadmor and ERApm provided the
basis for evaluating 105 DH lines derived from a cross between Tadmor and ERApm for
antioxidant capacity. ERApm had significantly higher antioxidant capacity than Tadmor
(120.3 vs 104.8 mg AEAC/100 g FW) (Do et al. 2015). Amaji nijo is a high malting
quality variety and was bred by Sapporo Breweries Ltd in Japan from the cross Seijo 17
x Fuji Nijo (Kihara et al. 1998). WI2585 is an Australian breeders’ line which was bred
by R.C.M. Lance and D.H.B. Sparrow in South Australia from the cross
Zephyr/Ketch//W12335 and has many desirable features for adaptation to southern
Australia (Pallotta et al. 2003). The cross Amaji nijo x WI2585 was made at The
University of Adelaide, Waite Campus in 1994. Tadmor is a black-seeded two-row

variety selected by ICARDA from Arabi Aswad, a Syrian landrace, which is very well

4-5



adapted to the dry conditions. ERApm is a two-row breeding line adapted to moderate
rainfall conditions and released in Tunisia. The cross was made at ICARDA in 1987
(Teulat et al. 1998; von Korff et al. 2008).

The full Amaji nijo x WI12585 population of 127 DH lines and the full Tadmor x
ERApm population of 105 DH lines were grown from June 2012 to December 2012 as a
single plot in a complete randomised design at Charlick Experimental Research Station,
Strathalbyn, South Australia (35°19°46.26™ S, 138°52°42.39” E) to use for QTL analysis.
For validation, representative selective phenotypes from the Amaji nijo x W12585 DH
population (20 lines high in content for the dominant tocol isomers, a-T and a-T3 and
20 low-content lines) and from the Tadmor x ERApm DH population (20 lines high in
antioxidant capacity and 20 low-antioxidant capacity lines) were evaluated in the
following year. They were grown in the same field from June 2013 to December 2013.

After harvesting, the grains from both mapping populations and the parental
varieties were screened using a 2.5 mm slotted 1ISO 5223 sieve. The grains were kept at
-80°C until their moisture content, antioxidant capacity and vitamin E content (including
individual tocol isomers) were analysed for at least three individual biological replicates.
Just prior to analysis, barley grain was ground to a fine powder using an UDY Cyclone

Sample Mill (Udy Corporation, Boulder, CO, USA).

Tocol analysis

As previously described (Do et al. 2015), tocols were extracted using an optimized hot
saponification method adapted from Lampi et al. (2004). Briefly, flour (0.1 g) was added
to a solution of 1 mL 100% (v/v) ethanol, 0.4 mL water and 20 mg ascorbic acid in a 15
mL Pyrex glass tube with a Teflon screw cap. After the addition of 100 puL 10.7M

potassium hydroxide solution and thorough mixing, the tube was capped and transferred
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to a water bath at 80°C for 25 min. During saponification, the sample was mixed every
10 min to improve hydrolysis. The tubes were then cooled in a water bath containing ice
for 10 min and 0.5 mL 50% (v/v) ethanol was then added. To extract tocols and other
unsaponifiable lipids, three portions (each 2 mL) of n-hexane:ethyl acetate (8:2, v/v) were
added to each sample. After shaking the samples and solvent for 10 min and allowing it
to separate into phases, the upper organic layers were collected with a disposable glass
pipette and transferred to a new glass tube. This process was repeated three times with n-
hexane:ethyl acetate (8:2 v/v), and the extracted samples were then dried under nitrogen.
The residue was dissolved in 1ImL n-hexane and filtered through a 0.45 um syringe filter
before being transferred to a 12x32 GRACE glass HPLC (high-performance liquid
chromatography) vial with an amber screw cap for analysis.

The tocols were then quantified according to the method reported by Lampi et al.
(2004) with some modifications: (i) tocols were separated by a normal phase HPLC using
a GRACE Altima HP Silica 150 x 3 mm, 3 micron column and quantified using a
fluorescence detector (NP-HPLC-FLD) with an excitation wavelength of 290 nm and an
emission wavelength of 325 nm, (ii) the mobile phase was 1,4-dioxane/n-hexane (2:98,
v/v) at a flow rate of 1 mL/min and (iii) separation of tocols was based on isocratic elution
(Lampi et al. 2004).

The quantity of individual vitamin E isomers in the samples was determined by
comparison of the retention time with the calibration curves of standards which were
prepared in hexane over the concentration range of 1.0-25.0 pg/mL using GenStat 14
(Lawes Agricultural Trust; VSN International, Ltd., Hemel Hempstead, UK).

The moisture content of barley flour was determined by using near infrared (NIR)

spectroscopy (Unity Scientific SpectraStar™ 2500, Unity Scientific Asia Pacific,
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Australia) to calculate tocol content in dry matter (DM) according to the methods reported

in Pomeranz (1973).

Antioxidant analysis

Antioxidants were extracted, as per Do et al., 2015, from barley flour (1 g) with 20 mL
of 80% ethanol, which was placed in a flask in a 200 rpm shaking water bath for 4 h in
the dark at 45°C. Vacuum filtration was used to separate the supernatant, which was
stored in the dark at -20°C and analysed within 24 h (Omwamba and Hu 2009).
Antioxidant capacity was measured using the 2, 2-diphenyl-1-picrylhydrazyl (DPPH)
radical method (Omwamba and Hu 2009). Briefly, barley flour extract (0.1 mL) was
added to 2.9 mL of DPPH (112 puM). After mixing, the sample was allowed to stand at
23°C in the dark for 20 min. Reduction in absorbance was measured at 517 nm after 20
min using a spectrophotometer (UV/VIS. SP 8001, Metertech, Taiwan). Antioxidant
activity was then determined using a standard curve for ascorbic acid and prediction
models provided by GenStat 15 and expressed as mg ascorbic acid equivalent antioxidant

capacity (AEAC) per 100 g fresh weight (FW) of grain.

Identification of QTL
QTL analyses of total vitamin E content, a-T, a-T3, B-T, B-T3, y-T and y-T3 in the Amaji
nijo x WI2585 population and of antioxidant capacity in the Tadmor x ERapm population
was conducted using GenStat release 15. The basic phenotypic model for a single
environment can be expressed as:

Vi=u+Gitel
where yi is the trait value of the genotype i; u is overall mean; Gi is the genotypic main

effect; and «i is the random error effect across genotype in a year.
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The molecular marker maps used for the Amaji nijo x WI2585 DH population
(106 markers) and the Tadmor x ERApm DH population (180 markers) were previously
published by Pallotta et al. (2003) and von Korff et al. (2008), respectively. GenStat was
also used to determine the additive estimates and the phenotypic proportion of variance
explained by each QTL found in each individual trait. Initial linkage grouping of markers
was done at a LOD threshold of 3.12 for a-T, a-T3 and y-T3; LOD threshold of 3.03 for
vitamin E and the rest of the isomers; and a LOD threshold of 3.3 for antioxidant capacity.
The R program (R Development Core Team 2010) was used to confirm the results
generated by Genstat as well as to determine the support interval for each QTL. GGT
(Graphical Genotypes) version 2.0 was used for the visualization of the graphical
genotype (van Berloo 2007). Phenotypic data analysis was performed using SAS
Enterprise Guide 7.1 (SAS Institute 2014), using a linear mixed model with effects for
genotype and year. Significant effect of each term was declared if P value < 0.05. Due to
incomplete replication across the years, interaction plots were generated in SAS to

determine if an interaction between years and genotypes exists.

Results
Tocol analysis

All tocols were easily quantifiable in the full population and in the parental varieties
except 6-T and o-T3 (Fig. 1) which were negligible. Concentrations of a-tocols were
highest, followed by y- and then B-tocols. o-T, the second most abundant isomer,
contributed 72.8% to total tocopherol content but only 16.4% to total tocol content
whereas a-T3 contributed significantly to both total tocotrienol content and total tocol
content being the most abundant of all isomers. o-T3 and a-T3 were highly correlated

with total vitamin E content (r=0.8 and 0.9, respectively n=127, p<0.05) while a moderate
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correlation was found for y-T (n=127, r=0.5, p<0.05) and low correlations were found for
the rest of the isomers (r=0.05 for B-T; 0.2 for B-T3 and 0.3 for y-T3, n=127, p<0.05).
Between isomers, a-T was highly correlated with y-T (r=0.6, n=127, p<0.05), while a
small but positive correlation was found between o-T3 and B-T3 (r=0.3, n=127, p<0.05).

A wide range of concentrations (from 22.1 to 35.5 pg/g DW) was seen for vitamin
E in the full Amaji nijo x W12585 DH population of which the total vitamin E content of
Amaji nijo (parent 1) and W12585 (parent 2) were 29.2 and 30.1 pg/g DW (Fig. 1A). The
a-T content ranged from 10.1 pg/g DW to 18.2 pug/g DW which exceeded the parental
values of 13.6 pg/g DW (Amaji nijo) and 14.3 pg/g DW (WI2585) (Fig. 1B). A small
difference was observed between the two parental varieties for the most abundant isomer,
a-T3 with Amaji nijo having 48.4 ug/g DW and WI2585 having 37.5 pug/g DW. However,
the population had a much larger range from 31.8 pg/g DW to 62.4 pug/g DW (Fig. 1C).
A wide range of tocol contents was also observed for the other isomers in the full
population, especially when compared to the parental varieties: from 0.3 to 1.5 ug/g DW
for B-T (Fig. 1D); from 2.9 to 13.5 ng/g DW for B-T3 (Fig. 1E), 1.6 to 6.3 pg/g DW for
v-T (Fig. 1F) and 2.1 to 17.2 pg/g DW for y-T3 (Fig. 1G).

Representative selective phenotypes (20 lines high in content for the dominant
tocol isomers, o-T and a-T3) were chosen for the second year QTL analysis (Fig. 2). In
general, similar ranges of content were observed for total vitamin E content (from 22.7
to 39.4 pg/g DW) (Fig. 2A) and each of the individual isomers in the subset of the
population (the second year). In the second year, a-T and a-T3 levels still ranged widely
from 12.4 pg/g DW to 20.0 pg/g DW and from 28.9 pg/g DW to 59 ug/g DW,
respectively (Fig. 2B, C). The contents of B-T (ranging from 0.0 to 1.5 pg/g DW, Fig.
2D), B-T3 (ranging from 1.5 to 9.1 pg/g DW, Fig. 2E), y-T (ranging from 2.8 to 8.0 ug/g

DW, Fig. 2F) and y-T3 (ranging from 7.4 to 15.1 pug/g DW, Fig. 2G). Moderate positive
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correlations between the two years were found for contents of vitamin E, a-T3, 3-T3 and
v-T (r=0.4; 0.54; 0.6 and 0.52, respectively) but low correlations were observed for the
rest of isomers including a-T, B-T and y-T3 (r=0.25; 0.32 and 0.18, respectively) (n=40,
p<0.05). Interestingly, the subset of the population (year two) contained a higher level of
all tocopherol forms (a-T, B-T and y-T) but lower level of the tocotrienol isomers than in
the entire population (year one). In addition, the parental varieties did not behave as in
the first year or as observed previously (Do et al. 2015) especially for o-T, B-T and y-T3.
However, year had no impact on the content of a-T3 (p=0.84) and y-T3 (p=0.45) but
affected vitamin E content (p<0.005), B-T (p<0.05) and the remaining isomers (p<0.001).
No genotype x environment interaction was found for content of vitamin E or any isomer

(Fig. S1. A, B,C, D, E, Fand G).

QTL analysis

Using the full population (year 1 analysis), a total of eight significant QTLs (LOD>3)
were identified for vitamin E; the two main isomers, o-T and a-T3; as well as for another
two non-dominant isomers, B-T3 and y-T. In the second year, with the selective
phenotype subset, only three QTLs were detected but mostly on the same chromosomes
in similar positions (Fig. 3). Two QTLs for vitamin E content were mapped in the first
year on 7H (QVTELAmMWI-7H.Y1 and QVTE2.AmWI-7H.Y1) explaining 7% and 10.7%
of the total phenotypic variation, respectively. The corresponding marker detected on
QVTELAMWI-7H.Y1 was ABG497b at 45.9 cM. However, the support interval was 78
cM, from 16 cM to 94 cM, and included two other markers with significant LOD,
CDO0358 and BCD263. The support interval for QVTE2.AmWI-7H.Y1 was much smaller
(from 182.4 to 200.4 cM) with the corresponding marker, PSR680, at 197.5 cM. In the

second year, only one QTL was detected for vitamin E content (QVTE.AmMWI-7H.Y2) in
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a similar position to QVTE2.AmWI-7H.Y1 with the corresponding marker, ABG714b at
181.6 cM.

One significant QTL was identified for o-T on 7H in the first year (QaT.AmWI-
7H.Y1) explaining 19.8% of the total phenotypic variation. Although, no significant QTL
was detected in the second year for this trait, an analysis peak was also observed for
chromosome 7H with the LOD score of 2.2 (Table 1). Furthermore, the a-T QTL is in a
similar position to one of the vitamin E content QTL identified in the first year
(QVTELAMWI-7H.Y1). For a-T3, two QTLs were identified on 5H and 7H in the first
year (QaT3.AmWI-5H.Y1 and QaT3.AmWI-7H.Y1) explaining 10.6 and 12.9% of the total
phenotypic variation, respectively. The corresponding marker detected on QaT3.AmWI-
7H.Y1 was C7P190 at the position of 189.6 cM while two other significant markers were
also identified at 197.5 cM (PSR680) and 181.6 cM (ABG714b). Interestingly, this region
corresponds to the vitamin E content QTLs QVTE2.AmWI-7H.Y1 and QVTE.AmWI-
7H.Y2. The QaT3.AmWI-5H.Y1 QTL corresponds with the location of the marker
CDO504 at 135.5 cM on 5H and is closely linked with the marker MWG514. Although
the intervals are overlapping, the QTL identified for a-T3 content on 5H in the subset
(the second year; QaT3.AmWI-5H.Y2) strongly corresponded to another marker, X-I (at
172.6¢M) and contributing to phenotypic variation by 25.8%.

For the minor isomers, one QTL was identified in year 1 for B-T3 content on
chromosome 4H (QbT3.AmWI-4H.Y1) explaining only 4.7% of the total phenotypic
variation, and most strongly corresponding to the marker EBmac788. Another QTL for
B-T3 content was identified on chromosome 5H in the first year (QbT3.AmWI-5H.Y1)
contributing to phenotypic variation by 11.4%. The support interval for QbT3.AmWI-
5H.Y1 corresponded with the location of 10 markers (from 92.8 cM to 154.9 cM) but

most strongly correlated with the markers CDO504 and MWG514, both of which also
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corresponded with the location of QaT3.AmWI-5H.Y1. However, using the subset of the
population (year 2), a QTL for B-T3 content was only identified on chromosome 5H
explaining 28.1% of the phenotypic variation and corresponding to the marker X1 which
also corresponded with the location of QaT3.AmWI-5H.Y2. A QTL for y-T content,
identified on 7H (QgT.AmWI-7H.Y1) and only in the first year, corresponded strongly
with two markers, C7P75 (74.8 cM) and C7P65 (65.2 cM). QgT.AmWI-7H.Y1 explained
17.7% phenotypic variation and also overlapped with the QTL for oT on 7H (QaT.AmWI.
7H.Y1). No QTL were found for B-T and y-T3 content. However, analytical peaks were
observed on 2H for both isomers just below the significant threshold limit of 3.1 (LOD =
2.8 for both isomers). The favourable alleles came from parent 2 (W12585) for QTLs
associated with oT3 (QaT3.AmWI-5H.Y1 and QaT3.AmWI-5H.Y2) or f-T3
(QbT3.AmMWI-5H.Y1 and QbT3.AmWI-5H.Y2) on 5H in both the full population (year 1)
and the subset (year 2). The favourable alleles came from parent 1 (Amaji nijo) for QTLsS
associated with vitamin E in both years on 7H (QVTEL AmWI-7H.Y1, QVTE2.AmWI-
7H.Y1, QVTE.AmWI-7H.Y2), a-T in year 1 on 7H (QaT.AmWI-7H.Y1), a-T3 in year 1
on 7H (QaT3.AmWI-7H.Y1), y-T in year 1 on 7H (QgT.AmWI-7H.Y1) and B-T3 in year 1

on 4H (QbT3.AmWI-4H.Y1).

Antioxidant analysis

There was a wide range of antioxidant capacity in the mapping population Tadmor x
ERApm in the first year which ranged from 59.2 mg AEAC/100g FW to 130.0 mg
AEAC/100g FW (Fig. 4A). The parental lines had an antioxidant capacity of 96.7 mg
AEAC/100g FW for ERApm and 80.1 mg AEAC/100gFW for Tadmor. In the second
year, although lines were selected based according to antioxidant capacity in the first

year, the range of antioxidant capacity was not as wide as in the first year (90.3 to 129.7
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mg AEAC/100g FW; Fig. 4B). This range again exceeded the antioxidant levels of
parental lines. However, ERApm had lower antioxidant capacity than Tadmor with levels
of 95.9 and 113.0 mg AEAC/100g FW, respectively. No interaction was found between
genotypes and years (Fig. S1. H). No QTL were detected for antioxidant capacity in either
year (data not shown) but an analysis peak at 27.9 cM (CaaaccS marker) was observed

on chromosome 5H (LOD=2.2, threshold=3.3).

Discussion

Based on our previous finding of genotypic variation in vitamin E concentration and
antioxidant capacity in barley (Do et al. 2015) as well as barley’s potential functional
food capabilities, our aim was to identify the genetic basis for vitamin E and antioxidant
capacity. At the time of undertaking this study, nobody had identified QTL for total
vitamin E content, individual tocol isomers or antioxidant capacity in barley. However,
since our study, the genetic basis of some individual tocol isomers has been identified in
a different mapping population (a Falcon x Azhul recombinant inbred line population)
(Oliver et al. 2014) but the authors did not examine total vitamin E content. Our findings
demonstrated the contribution of each tocopherol and tocotrienol isomer to total vitamin
E content and we have also identified individual QTLs for two main isomers (o-T and o-
T3), two non-dominant isomers (B-T3 and y-T) and total vitamin E content in the Amaji
nijo x WI2585 DH mapping population. However, no QTL was identifiable for
antioxidant capacity in the mapping population used (Tadmor x ERApm).

In this study, the contribution of individual isomers to tocol content was similar
to that found in other studies (Ehrenbergerova et al. 2006; Panfili et al. 2008). a-T3 and
a-T were most dominant across all lines in the mapping population, followed by - and

y-tocols. The d-tocols, undetected isomers in the present study, were also not detected in
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other studies, or made up less than 2 pg/g DW of content (Ehrenbergerova et al. 2006;
Panfili et al. 2008). In the vitamin E pathway, a-tocols are derived from y-tocols (Hunter
and Cahoon 2007) which may explain the positive correlation found between a-T and y-
T (n=127, r=0.6, p<0.05) and the corresponding localisation of QTL for both a-T and vy-
T content on chromosome 7H. The recent study by Oliver et al. (2014) also mapped
individual isomers with QTLs for B-T3, y-T3 and 6-T3 on 7H but in the feed barley-
mapping population, Falcon x Azhul. Using a comparative approach between barley and
rice they suggested that the 7H QTL identified in their study probably contained two
genes: the VTE2 gene which encodes for homogentisate phytyl transferase, the first
dedicated enzyme of the tocopherol biosynthetic pathway; and 3- phosphoshikimate 1-
carboxyvinyltransferase, which synthesizes a distant precursor of the tocochromanol ring
structure (Oliver et al. 2014). Therefore, based on the genes identified in that genomic
region their 7H QTL may be associated with any tocol including o-T, y-T, a-T3 and
consequently affecting vitamin E content. Our study also detected QTL for a-T3, a-T, y-
T on 7H as well as QTLs for vitamin E content (in similar locations). The QTL identified
by Oliver et al. (2014) were primarily in two quite separate regions of 7H (14.1-23.9 and
116.6-126.3 cM). The QTLs identified in this study on 7H were also overlapped and
clustered in two regions (22.0-88.0 and 180.0-201.2 cM) similar in position to Oliver et
al. (2014) suggesting that genotypic variation at the two locations on 7H is important for
vitamin E content in barley. No information has been published for markers in these
QTLs except PSR680 which was associated with seedling resistance QTLS against barley
grass stripe rust (Kamino et al. 2015). Fine-mapping of the regions, therefore, needs to
be addressed in further research.

Moreover, our study indicated that QTLs designated QaT3.AmWI-5H.Y1 and

QaT3.AmWI-5H.Y2, responsible for aT3 in the full population and subset population
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respectively, were overlapped on 5H. Two markers, CDO504 and MWG514, which
corresponded with the QTL for both aT3 and BT3 in the first year (QaT3.AmWI-5H.Y1,
QbT3.AmWI-5H.Y1) were reported to associate with salt tolerance and frost-induced
sterility in barley respectively (Reinheimer et al. 2004). Antioxidants have been found to
be important in frost damage or salt toxicity possibly because of the damage by reactive
oxygen species (Wang et al. 2013) which would be scavenged by the antioxidants (Shao
et al. 2008). This finding, therefore, might suggest that vitamin E is important in
controlling damage from frost and salinity. On 5H, Oliver et al. (2014) also identified
genomic regions for different isomers, B-T and 6-T3, but they were not significant in their
study and they did not provide any information of markers or positions to allow
comparison with our genetic map. Barley-rice orthologous relationships suggest the
genomic region on 5H contains VTE3 which synthesizes a-forms but not p-forms of
tocols (Oliver et al. 2014). As 5H has QTLs for B-T3 in our study, further investigation
is needed to determine whether 5H contains other sequences associated with p-tocol
synthesis such as VTE2, VTE1 or VTEA4.

A QTL for B-T3 content was also detected on chromosome 4H corresponding
with EBmac788 which has also been linked to black point resistance in barley (Tah et al.
2010), a physiological disorder that has been associated with peroxidative processes
during grain development (March et al. 2007) and therefore likely to be affected by
antioxidants such as B-T3. Some peaks for f-T and y-T3 just below the threshold limit
were also observed indicating more markers would be helpful (Lande and Thompson
1990; Allison et al. 2002). If time permitted, this study would have used the entire
population in year 2 instead of using selective phenotyping based on the main tocols. In
addition, validation in a different mapping population would help to confirm the QTLs

of individual isomers and vitamin E content. However, even using a subset of 40 lines in
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the second year, some overlap of QTLs was observed suggesting the use of the entire
population would have allowed validation.

Even though we have previously shown that there is variation across genotypes
for antioxidant capacity (Do et al. 2015), no QTL were identified but an analysis peak
was observed on chromosome 5H (LOD=2.2, threshold=3.3) associated with the CaaaccS
marker. This marker has been shown to be linked to osmotic potential in a drought study
in the same Tadmor x ERApm population (Diab et al. 2004). A difference in parental
behaviour across years and the variety of antioxidant compounds that might be involved
in antioxidant capacity may explain the lack of QTL and the strong effect of environment
on antioxidant capacity. In the year the parents were chosen (2011), ERApm and Tadmor
had an antioxidant capacity of 120.3 mg AEAC/100g FW and 104.8 mg AEAC/100gFW,
respectively (Do et al. 2015). ERApm had an antioxidant capacity 14.8% higher than
Tadmor. This greater antioxidant capacity was also observed in 2012 (the first year where
the full mapping population was used) with ERApm having an antioxidant capacity
20.6% greater than Tadmor. However, in 2013 (where the subset of the mapping
population was used) ERApm had a lower antioxidant capacity than Tadmor by 15.1%.
Apart from these differences between parents, the data from the mapping population
(offspring) across years also showed that year had a significant effect on antioxidant
capacity (P<0.0001) which was in accordance with a previous study that indicated
environmental effects on antioxidant capacity (Moore et al. 2006).

In addition, antioxidants are generally accepted to be a range of compounds
including vitamin E (tocotrienols and tocopherols), ascorbic acid (vitamin C), enzymes
(catalase, glutathione peroxidase and superoxide dismutase), phenolic compounds, and
carotenoids (Halliwell 1994; Goupy et al. 1999; Reboul et al. 2006). Identifying QTLs

for antioxidant capacity may be confounded by the fact that each antioxidant component
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is likely to have their own QTL rather than contribute to a QTL for total antioxidant
capacity necessarily. However, QTLs associated with total antioxidant capacity have
been identified in rice (Jin et al. 2009). Further studies on the impact of the environment
on antioxidant capacity and individual antioxidants are therefore required.

In conclusion, with further refinement of the positions for the QTL identified for
individual tocol isomers and total vitamin E content in this study and subsequent
identification of the genes underlying QTLs, our aim of breeding functional barley which

Is vitamin E-rich genotype will be achievable in the future.
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Table 1. QTLs for individual tocol isomers measured in the Amaji Nijo x W12585 population grown in 2012 and 2013. Year 1 (2012, full

population), Year 2 (2013, subset).

Isomer Year QTL Chromosomes | Nearest marker | Position (cM) | Support interval” (cM) | LOD™ | R*™ | Additive main effect™
aoT Year 1 | QaT.AmWI-7H.Y1 7H C7P65 65.2 22.0-88.0 3.2 19.8 -0.7
Year2 | - -(7H) - - - -22) |- -
aT3 Year1 | QaT3.AmWI-5H.Y1 5H CDO504 135.5 132.0-140.0 3.9 10.6 2.2
S5H MWG514 133.6 132.0-140.0 3.2
QaT3.AmWI-7H.Y1 H C7P190 189.6 180.0-201.0 4.1 12.9 -2.4
H PSR680 197.5 4.0
7H ABG714b 181.6 3.2
Year2 | QaT3.AmWI-5H.Y2 5H X-1 172.6 84.0-182.0 3.3 25.8 3.9
BT Yearl |- -(2H) - - - -28) |- -
Year2 | - - - - - - -
BT3 Yearl | QbT3.AmWI-4H.Y1 4H EBmac788 119.7 98.0-152.0 3.08 4.7 -0.5
QbT3.AmWI-5H.Y1 5H CDO0504 135.5 92.0-142.0 5.14 11.4 0.7
5H MWG514 133.6 4.71
5H ABG702b 130.1 4.22
5H C5P121 120.8 4.20
5H C5P141 140.8 4.16
5H C5P111 111.5 4.14
5H ABG3a 131.8 4.02
5H C5P102 102.1 3.98
5H C5P93 92.8 3.64
5H C5P155 154.9 3.21
Year2 | QbT3.AmWI-5H.Y2 5H X- 172.6 152.0-188.0 3.6 28.1 0.8
vT Year1l | QgT.AmWI-7H.Y1 7H C7P65 65.2 28.0-88.0 3.32 17.7 -0.4
7H C7P75 74.8 331
Year2 | - -(7H) - - - -2.6) |- -
yT3 Yearl | - -(2H) - - - 2.8;2.6 | - -
Year2 | - - - - - - -
VitaminE | Year1 | QVTELAmWI-7H.Y1 7H ABG497b 45.9 16.0-94.0 3.4 7.0 -0.8
7H CDO0358 86.3 3.2
7H BCD263 87.1 3.2
QVTE2.AmWI-7H.Y1 7H PSR680 197.5 182.4-200.4 4.2 10.7 -1.0
7H ABG714b 181.6 3.1
Year2 | QVTE.AmMWI-7H.Y2 7H ABG714b 181.6 166.1-190.1 3.1 34.8 -2.1




*Interval based on one LOD to each side of the peak.

**QTL detection was based on a LOD threshold of 3.12 for a-T, a-T3 and y-T3 and 3.03 for vitamin E and the remaining isomers

***Percentage of the phenotypic variation explained by the QTL

**** A positive effect indicates that the allele from WI12585 contributes to higher vitamin E or isomer content, while a negative effect indicates that the allele from
Amaji nijo contribute to higher vitamin E or isomer content.



Figure Captions

Fig. 1 Frequency distribution in content of vitamin E and isomers in the Amaji nijo x
WI12585 population in Year 1. Year 1 (2012, full population). A, vitamin E; B, o-T; C, a-

T3; D, B-T; E, B-T3; F, y-T; G, y-T3 in 2012.

Fig. 2 Frequency distribution in content of vitamin E and isomers in the Amaji nijo x
WI12585 population in Year 2. Year 2 (2013, subset population). A, vitamin E; B, o-T; C,
a-T3; D, B-T; E, p-T3; F, y-T; G, y-T3 in 2013.

Fig. 3 Chromosome locations of regions associated with the content of vitamin E and

individual isomers in the Amaji nijo x WI12585 population.

Fig. 4 Frequency distribution in antioxidant capacity of the Tadmor x ERApm
population. A, variation in antioxidant capacity in 2012; B, variation in antioxidant

capacity in 2013.

Supplementary Fig. S1 Interaction plots for vitamin E and isomers in the W12585/Amaji
nijo population and for antioxidant in the Tadmor/ERApm population. A, vitamin E; B,
a-T; C, a-T3; D, B-T; E, B-T3; F, y-T; G, y-T3; H, antioxidant capacity. No genotype X

environment interaction was found if the lines are parallel.
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Chapter 7: GENERAL DISCUSSION
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7.1. Main outcomes of this study

The important roles of antioxidants, including vitamin E, to human health are well
known [reviewed by Frei (2012)]. This study successfully addressed the overall aim
of determining whether these components are affected in the food chain, from barley
grain to product. In particular, this study has established the genotypic basis for
antioxidant capacity and vitamin E at (i) harvest; (ii) during storage and processing

(making malt and pearling grain); and (iii) when making a food product (pita bread).

(i) Identifying the genetic basis of antioxidant capacity and vitamin E

To allow accurate analysis of antioxidant capacity and vitamin E content, the
methodology had to be optimised firstly (Chapter 2). The development of an optimised
method in this study was also required to enable the large scale analysis of multiple
genotypes in a timely manner with limited loss of material. In particular, the extraction
temperature and sample volume was reduced; and rotary evaporation was replaced by
the use of stream nitrogen. This optimised method can be used for vitamin E analysis
on a range of barley genotypes (including non-waxy and waxy genotypes for which
the ideal lower temperatures were established). It can also be used for measurement of
antioxidant capacity in the vitamin E extraction by re-evaporating the hexane solvent
and re-dissolving in ethanol prior to antioxidant analysis using DPPH.

Using this optimised method, antioxidant capacity and vitamin E content were
measured in 25 barley genotypes including malting, food and feed types across colored
or white, covered or hulless barley varieties. This coverage had not occurred in
previous studies. Therefore, while this study showed a wide range of antioxidant

capacity and vitamin E content levels, limited ranges were previously found because
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of the limited genotypes (Peterson and Qureshi 1993; Cavallero et al. 2004; Panfili et
al. 2008). There was a three-fold difference across the range of vitamin E content and
a four-fold difference for antioxidant capacity indicating these components were
genotypic dependent. Generally, malting genotypes were highest in both antioxidant
and vitamin E, followed by food and feed genotypes. Among malting genotypes,
WI12585 (white and covered) was highest in antioxidant capacity (158.1 mg
AEAC/100g FW) and relatively high in vitamin E content (26.1 pg/g DW) while
Harrington (white and covered) was highest in vitamin E content (31.5 pg/g DW) and
relatively high in antioxidant (150.0 mg AEAC/100g FW). Mean levels of antioxidant
capacity and vitamin E content in hulless genotypes was lower than that in covered
genotypes but the hulless genotype Finniss contained these compounds at levels as
high as covered genotypes. Thus the genotypes W12585, Harrington and Finniss were
used to make a food product (pita bread, Chapter 5). In addition, the contribution of
vitamin E to total antioxidant capacity is relatively low with only a moderate
correlation between these two components (n = 25, r = 0.46, p<0.05). This observation
confirmed the previous findings (Goupy et al. 1999; Spano et al. 2011) that antioxidant
capacity included not only vitamin E but also other compounds such as phenolics, -
carotenoid, vitamin C and enzymes such as dehydroascorbate reductase (DHAR),
glutathione reductase (GR), glutathione peroxidase (GPX) and catalase (CAT). While
the ranking of antioxidant capacity of a-T and a-T3 has been controversial among
studies (McLaughlin and Weihrauch 1979; Packer 1995), our finding showed that o-
T3 mainly contributed to total tocotrienol (73%) and total tocols (58%) and was the
only isomer highly correlated to total antioxidant capacity (n=25, r=0.7, p<0.05) which

indicated that a-T3 was the most efficient as a scavenger. The dominance of a-T3 was
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also confirmed in the QTL analysis (Chapter 6) which showed the genotypic
contribution to the phenotypic variation for vitamin E and its isomers, particularly o-
T3, was significant.

To identify QTLs for content of total vitamin E and its isomers, the mapping
population, WI12585 x Amaji nijo was chosen based on the amounts seen in the parents
(Chapter 3). QTLs were found for two major isomers (a-T and a-T3), two minor
isomers (B-T3 and y-T) and total vitamin E content. Using the 127 offspring of the
mapping population, a-T3 content had the highest correlation with total vitamin E
content (n=127, r=0.9, p<0.05) followed by a-T content (n=127, r=0.8, p<0.05). These
correlations were in agreement with the finding that QTLs associated with total
vitamin E content overlapped with the QTL identified for o-T3 at the end of 7H.
Another QTL for vitamin E was identified at the top of 7H which also overlapped with
QTL that corresponded for a-T and y-T. Content of a-T were also highly correlated
with that of y-T (n=127, r=0.6, p<0.05) (Chapter 3 and Chapter 6) probably because
they are in the same pathway (Hunter and Cahoon 2007), which might also explain the
overlapping QTL identified (Chapter 6). However, Oliver et al. (2014), the only other
study to date, reported that 7H contained QTLs associated with B-T3, y-T3 and 4-T3
in the feed barley-mapping population, Falcon x Azhul. This difference between the
two findings can be explained by two candidate genes, one encodes for homogentisate
phytyl transferase, the first dedicated enzyme of the tocopherol biosynthetic pathway
(the VTE2 gene); and the other one synthesizes a distant precursor of the
tocochromanol ring structure (3-phosphoshikimate 1-carboxyvinyltransferase) (Oliver
et al. 2014). Therefore, based on the genes identified in that genomic region (7H), their

QTL may be associated with any of the tocols. The QTLs detected by these authors
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and in this study were in similar regions indicating they are important for vitamin E
content in barley. Furthermore, our finding found a QTL on 4H for B-T3 and some
QTLs for a-T3 and B-T3 clustered together on 5H while no significant QTL were
found in their study probably due to the different mapping population used.
Interestingly, the markers associated with the total vitamin E content QTL were also
linked to other traits such as frost, salt and black point tolerance which have all been
linked to antioxidant capacity suggesting the importance that vitamin E could play
during physiological processes that cause lipid damage such as these (Reinheimer et
al. 2004; Wang et al. 2013). Unfortunately, no QTL was found for antioxidant capacity
in the Tadmor x ERApm population. Although there was a significant difference in
antioxidant capacities of parents the study of 25 genotypes (Chapter 3) and in the first
year of QTL analysis (Chapter 6), antioxidant capacity did not behave similarly in the
following year. Impact of environment might therefore be responsible for the non-
identification of QTL. Since QTLs linked with antioxidant capacity have been found
in rice (Jin et al. 2009), this should be addressed in barley by redoing the experiments

or choosing other parents in a future study.

(i) Storage and processing affects antioxidant capacity and vitamin E content in
a genotype-dependent manner

The 25 barley genotypes across malting, food and feed; colored and white; covered
and hulless barley varieties were stored at 10°C in the dark for 4 months and showed
the different changes in between components as well as between genotypes. Of all
isomers, the change in T was lower than that of T3 which may be attributed to

unsaturated side chains of T3 being more susceptible to oxidation than saturated side
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chains of T. Most of the genotypes showed an increase in vitamin E level after storage
which was in accordance with some previous studies (Wang et al. 1993; Liu and
Moreau 2008) but not all studies (Ball, 2006; Tyopponen & Hakkarainen, 1985). This
controversy may be explained by different storage conditions such as temperature,
light, grain moisture and storage time (Hakkarainen et al. 1983; Ball 2006; Metz 2006).
For example Hakkarainen et al. (1983) indicated that two dominant isomers (a-T and
a-T3) increased during the first 2 to 3 months of storage but declined after 11 months
storage in silos. Therefore, the storage condition of 10°C in the dark for 4 months in
this study seemed to be ideal for storage which was also suggested by Viljoen (2001).
In contrast, antioxidant decreased in most genotypes except colored genotypes more
than likely due to the reduction in total phenolic content (Pinto et al. 2005) or enzymes
(Spano et al. 2011). The increase in antioxidant in colored genotypes may be attributed
to an increase in B-carotene which was also observed in colored rice stored at 20, 30
and 40°C for up to four months (Htwe et al. 2010). Moreover, antioxidants and vitamin
E have been reported as preservatives in food products (Wanasundara and Shahidi
1996; Tang et al. 2001) as well as possible protectants of seed from deterioration
(Lehner et al. 2008). In this study, antioxidants and vitamin E before and after storage
were highly correlated (n=25, r>0.9, p<0.05) which may suggest the important role of
antioxidant capacity and vitamin E content in shelf life of grain during storage.

The effect of malting stages on antioxidant capacity and vitamin E was
examined in 14 genotypes including twelve covered and two hulless barley genotypes.
After steeping, antioxidant capacity, content of total vitamin E and its isomers
significantly decreased (more than 40%) probably because they were leached in the

water (Su et al. 2011). After 4 days germination, the decrease was observed in vitamin
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E isomers but antioxidant capacity increased which might be due to the synthesis of
polyphenol and B-carotenoid in the seeds (Chiou et al. 1977). In contrast, vitamin E
has been shown to increase when the germination period is longer (Yang et al. 2001;
Frias et al. 2005), a parameter that could be studied for its effect on malting quality in
the future. Although there was a sharp increase in the individual tocol isomers and
total vitamin E content during kilning, this was not sufficient to increase the level in
malt compared to the unprocessed grain in most genotypes except those that contained
a high level at harvest such as WI2585. Finniss was a hulless genotype which had a
lower decrease in vitamin E in the malt compared to other genotypes making it suitable
for products that use malt. In contrast, antioxidant capacity in malt was higher than
that in unprocessed grain which is likely to be due to the collective influence of three
processes: (i) release of phenolic compounds bound to cellular structures; (ii) better
extraction; and; (iii) the formation of Maillard reaction products (Morad et al. 1984).
The phenolic compounds, mainly phenolic acids, which were bound to lignin and
arabinoxylans in the unprocessed samples would be expected to be released in the
presence of enzymes which are synthesised and/or activated during either the final
stages of germination or the early stages of kilning (Morad et al. 1984). The change in
tissue structure caused by kilning, in particular the increased friability of the grain, has
been shown to increase the ease of extracting compounds located in the outer layers of
the grain, such as the phenolic compounds, resulting in improved efficiency of
extraction of antioxidant compounds (Morad et al. 1984). In addition, reducing sugars
and amino acids which are reported to be released during germination can react to
produce Maillard products such as melanoidins, which also have antioxidant capacity

(Morad et al. 1984; Alex and Glenn 2012). Among genotypes, Finniss again had
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comparable antioxidant capacity indicating the potential use for producing hulless
malt. The antioxidant capacity and vitamin E content in malt highly correlated with
those in unprocessed grain (Chapter 4) indicating genotypes with high levels of
antioxidant and vitamin E are suitable for producing malt containing high levels of
these compounds.

MIR was investigated to examine barley during storage and malting and had
not been previously used in the context of examining possible linkages to antioxidant
capacity and vitamin E content. ATR-MIR analysis showed the discrimination
between samples before and after storage in the PCA plots which might be due to
differences in the frequencies associated with methyl groups, particularly in lipids.
Reactions may also result in the increase of vitamin E due to the reduction of vitamin
E oxidation through esterification resulting in the formation of tocopherol acetate
(Church and Pond 1977). During malting, ATR-MIR analysis showed samples before
malting or after kilning clustered together probably because the chemical reactions
which would have occurred during processing were stopped by the high temperatures
applied during kilning. In contrast, samples after steeping or germination were
considerably widespread which is likely to be due to variation between the genotypes
in their moisture content and/or water sensitivity resulting in biochemical reactions
stimulated by the increasing oxygen/water content of the grains, or by swelling of
grains during the steeping stage (Su et al. 2011).

Pearling significantly reduced the antioxidant capacity and contents of vitamin
E and its isomers in Finniss (hulless), WI2585 (covered genotype) and Harrington
(covered genotype) which contained high levels of these components. The reduction

was progressive from the external to the internal layers and different between
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genotypes. Finniss lost the highest level of antioxidant capacity and vitamin E content
at the first pearling stage (10%) while this loss happened in the second and third
pearling stages for Harrington and WI12585 (15% and 20%, respectively). The bran
and germ might have been more quickly abraded in Finniss than the other genotypes
because it does not contain the hull fraction. Besides the variation in antioxidant and
vitamin E between genotypes (Do et al. 2015a) (Chapter 3), Harrington has a
loose/adhering husk and is highly susceptible to skinning (Menz 2010) in contrast to
WI12585 which has a thicker and more adhering husk. Therefore, pearling might result

in different levels of antioxidant and vitamin E being removed.

(iii)  Barley rich in antioxidant capacity and vitamin E content can be used in a
product for consumers

Flour to make pita bread was substituted with 50% barley flour from selected
genotypes studied in Chapter 3, 4, 5 and then its antioxidant and vitamin E level,
physical and sensory properties was compared to control pita made from baker’s flour.
Barley flour was made from Finniss malt, whole grain, pearled at 10%, 15% or 20%
of Finniss, WI2585 or Harrington. Even though, pearling removed antioxidant
capacity and vitamin E from whole grain flour, flour from most pearled grain was
higher in vitamin E while all of them were higher in antioxidants than baker’s flour.
This can be explained by the observations of Holasova et al. (1995) that barley was
richest in those components among cereal; and also the observations of (Beta et al.
2005) who reported the decrease of antioxidant and vitamin E during wheat pearling
to make baker’s flour. Consequently, pita made from barley contained higher

antioxidant capacity and vitamin E content than control pita. However, not all of them
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have similar physical properties. In general, the more outer layer removed in barley
grain the better the physical properties in pita observed which were in good agreement
with literature (Sumner et al. 1985; Wang et al. 2002). Pita made from whole grain
barley flour had less satisfactory pocket formation, darker color, higher firmness,
lower thickness and dough height than pita from pearled grain flour in the same
genotype. This happened because the husk in the whole grain absorbed more water
and caused lower water availability in the dough for starch to be gelatinised during
baking such that pocket formation was adversely affected (Varrianomarston et al.
1980). Finniss was the best whole grain for making pita because it does not contain
the hull layer. Pita made from WI12585 had better physical properties than Harrington
pita at the same proportion of pearling which might be due to differences in their
structure. W12585 has a thicker and more adhering husk which might result in a higher
percentage of husk per grain weight whereas Harrington has a loose adhering husk and
is highly susceptible to skinning (Menz, 2010). Apart from structural differences,
tannin and amylose might be involved (Hulse 1979; lzydorczyk et al. 2008). Tannins
are known to bind with protein (Hulse 1979) and are likely to form a tannin-gluten
complex which might be responsible for the change in rheological properties. Amylose
content was reported to be different between barley genotypes causing differences in
the stickiness of dough and therefore differences in pasting properties (Izydorczyk et
al. 2008). Of all pita, those made from flour of control, malt, whole Finniss or 15%
pearled WI2585 had higher antioxidant and vitamin E levels as well as physical
properties especially pocket formation. These pitas were compared in terms of sensory
value. Control pita had a higher score for consumers liking the appearance which

correlated with the whiter color intensity of the control when compared with the barley
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pita. However, overall, all of the pitas were acceptable to consumers indicating the

potential use of barley to produce pita as a source of antioxidant and vitamin E.

7.2. Conclusions and future directions

Antioxidant capacity and vitamin E content in barley were genotypic dependent which
enables the choice of genotypes with high antioxidant and vitamin E content to
determine the genetic basis for breeding purposes. Several QTLs were identified for
total vitamin E, two major isomers (o-T and a-T3) and two minor isomers (B-T3, y-T)
which might also be associated with other traits such as frost, salt and black point
tolerance which have all been linked to antioxidant capacity suggesting the importance
that vitamin E could play during physiological processes that cause lipid damage such
as these. Storage caused a decrease in antioxidant capacity in most genotypes except
colored genotypes but caused an increase in vitamin E content after storing for 4
months at 10°C. In contrast, malting caused a decrease in vitamin E content but an
increase in antioxidant capacity. The progressive decrease of both components was
observed during pearling from external to internal layers. Antioxidant and vitamin E
were higher in pita bread made with barley flour from malt, hulless Finniss whole grain
and 15% pearled WI12585 compared to control pita made from baker’s flour. These
barley pitas also had acceptability from consumers indicating potential of barley pita

as a source of antioxidant and vitamin E.

Future research should include:

1. Although this study examined a larger number of genotypes including different

classes compared to previous studies, validation by testing a wider diversity of barley
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genotypes for antioxidant capacity, vitamin E and individual isomers is recommended.
In particular, many different types of barley from different geographical origins could
be tested.

2. More GXE studies with several environments (especially across years) are
needed to see the influence of genotype and environment on expression of antioxidant
capacity/vitamin E content and for QTL mapping. The refinement of the positions for
the QTLs identified (Chapter 6) for vitamin E and four isomers and subsequent
identification of the genes underlying these QTLs. In order to fine map, known
markers and bioinformatics approaches could be applied. Another approach is to
increase the density of markers and/or create near-isogenic lines which can eliminate
the effect of genetic background on the expression of QTL and therefore facilitate fine
map and isolation of the alleles of target QTLs.

3. Identification of QTLs associated with antioxidant capacity. Since
environment may have an effect on antioxidant capacity of parents and offspring, the
experiment needs to be repeated with more replicated trials and possibly across
different environments. Alternatively, choosing mapping population with different
parents that have a greater difference than Tadmor and ERApm would help to identify
QTLs linked with antioxidant capacity.

4. Examining the relationship between high antioxidant genotypes and their shelf
life during storage and processing. Antioxidants, both pure and extracted antioxidants
have been shown to act as preservatives when added to various food stuffs suggesting
that grains with inherent antioxidants may have more potential to protect themselves

in storage. A range of genotypes (from low to high levels of antioxidant and vitamin
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E) could be examined for their shelf life during storage and processing based on
parameters such as weight loss and spoilage.

5. Determining the changes in antioxidant, vitamin E and its isomers across the
germination stage to optimise the germination period during malting. The antioxidant
and vitamin E level were reported to increase after 7 days of germination in wheat
(Yang et al. 2001) or after 9 days of germination in lupin (Frias et al. 2005). The
antioxidant and vitamin E level, therefore could be measured from day O to at least day
9 of germination and its impacts on malting determined. In addition, more GXE studies
with several environments are needed to see the influence of genotype and
environment on vitamin E/total antioxidant capacity/other antioxidant compounds in
malt.

6. Investigating the use of high proportion of barley flour comprising flour from
whole grain (hulless and covered), pearled grain and malt in other products such as
normal bread and biscuits. Barley flour has been added in normal bread and biscuits
(Sudha et al. 2007; Skrbic et al. 2009; Blandino et al. 2015) at less than 25% to total
flour, however, the higher barley added in products the higher antioxidant and vitamin
E level that products had. In addition, no one has used different types of barley such
as whole grain, pearled grain, hulless, covered grain and malt. They should be mixed
with baker’s flour at more than 25% to make normal bread and biscuits. These products
then could be analysed for the antioxidant, vitamin E level, physical and sensory
parameters.

7. Testing bioavailability of pita bread to see how much antioxidant and vitamin
E is observed in the human body. Antioxidant and vitamin E bioavailability differs

among products (Reboul et al. 2006), hence, the understanding of whether the
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antioxidant and vitamin E in barley is readily bioavailable needs to be ascertained.
Bioavailability of pita bread can be examined using an in vitro digestion model or in
vivo by determining antioxidant and vitamin E level in plasma or comparing

antioxidant and vitamin E level intake and vitamin in the faeces (Ball 2006)
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