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Abstract 

 

Intermediate wheatgrass (IWG, Thinopyrum intermedium) is a perennial grain that 

has great environmental benefits such as reduced soil and water erosion due to its 

extensive root system.  IWG has shown promise in its development as a food ingredient 

with high nutritional value.  An understanding of its grain storage stability is essential to 

its commercial viability and success in food use.  Grains are typically processed into flour 

and stored until use.  While whole grains can be stored for eight to twelve years, flour has 

a significantly shorter shelf life.  The storage stability of IWG flour has not yet been 

addressed.  IWG has a relatively high fat content compared to wheat, which poses a 

potential issue regarding shelf life, as over time rancidity and decreases in antioxidant 

activity may occur.  Thermal treatment, such as steaming, may be beneficial to increase 

grain shelf life by inactivating enzymes that are involved in lipid rancidity, namely lipase 

and lipoxygenase.  Additionally, reducing the bran content via refinement may also 

prolong shelf life by decreasing fat content, but this would also reduce dietary fiber and 

antioxidant content, negatively affecting the praised nutritional value of IWG.  An 

understanding of IWG flour storage stability and ascertaining methods to improve its 

stability is necessary for IWG’s commercialization and success.  The objective of this 

work was to determine the effect of steam treatment, bran content, prior grain storage, 

and relative humidity on enzymatic activity, antioxidant content, antioxidant activity, and 

measures of hydrolytic and oxidative rancidity over IWG flour storage.   



 

iv 

 

Compositional analysis of IWG and hard red winter wheat (HRW) samples, 

harvested in 2016 and 2017, was conducted prior to storage using standard AOAC and 

AACCI methods.  IWG grains were subjected to steam treatment in a sieve over a boiling 

water bath (100°C for 120 seconds), and then were left to equilibrate at room temperature 

for 24 hours.  IWG grains (those that were steamed and those left as-is) were milled into 

whole, partially refined (75% bran), and refined flour.  HRW grains were milled into 

whole and refined flour.  Flour samples were stored at ambient temperature at 43% and 

65% relative humidity (RH) for up to nine months.  Samples were analyzed periodically 

for changes in enzymatic activity, antioxidant content and activity, and measures of 

hydrolytic and oxidative rancidity.   

Over storage, lipase (determined spectrophotometrically), and lipoxygenase 

(ferrous oxidation-xylenol orange assay) activities were evaluated.  Carotenoid and 

hydroxycinnamic acid contents were determined by high performance liquid 

chromatography (HPLC).  Antioxidant activity was evaluated using 2,2-diphenyl-1-

picrylhydrazyl (DPPH) radical scavenging and leucomethylene blue (LMB) assays.  

Hydrolytic rancidity was evaluated by measuring free fatty acids (FFA, titration), 

meanwhile oxidative rancidity was evaluated by measuring peroxide value (acetic acid-

chloroform method), and hexanal content (static headspace gas chromatography).   

Compared to HRW, IWG had significantly higher protein, insoluble fiber, total 

dietary fiber, antioxidant content, and fat content.  IWG had higher lipase yet lower 

lipoxygenase activity compared to HRW.  The direct steam treatment utilized resulted in 
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a significant reduction in lipase and lipoxygenase activity, without a significant reduction 

in antioxidant content.  

 Overall, direct steam treatment and partial refinement had a positive effect on 

storage stability of flours from freshly harvested grains.  Positive effects included 

reduced enzymatic activities and lower contents of rancidity products over storage, as 

well as preserved antioxidant content and activity over storage.  The free fatty acid 

content increased over storage, but to a lesser extent in flour from steamed grains, 

confirming that steam treatment was effective in partial inactivation of lipase.  Similarly, 

hydroperoxides increased over storage, but flour from steamed grains had lower 

hydroperoxide contents over time compared to flour from not steamed grains, confirming 

that steam treatment was effective in delaying oxidation product formation due to partial 

lipoxygenase inactivation and reduced level of free fatty acids.  Partial refinement 

resulted in significantly lower measures of rancidity over storage, with lower enzymatic 

activities, compared to whole flours.  Antioxidant content and activity were not greatly 

impacted by steaming or partial refinement, and were mostly preserved during storage.  

Results demonstrated that in comparison to HRW, IWG’s superior antioxidant content 

and activity contributed to the delayed appearance of oxidative rancidity measures.  

Results also demonstrated that flours stored at 43% RH had a slower progression of 

rancidity compared to samples stored at 65% RH.   

In IWG flours from one-year-old grains, steam treatment had a positive impact 

with regard to storage stability, preserving antioxidant contents and delaying the 

development of rancidity.  However, with regard to lipase and lipoxygenase activity and 
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antioxidant activity as measured by DPPH and LMB, steam treatment and refinement did 

not have a consistent, significant impact.  The impact of grain storage prior to milling 

was positive in general, with lower enzymatic activities and similar antioxidant contents 

at the beginning and end of storage, and overall lower contents of free fatty acids, 

hydroperoxides, and hexanal at the end of storage in the resultant flour compared to flour 

from freshly harvested grains.   

Overall, the reduction of enzymatic activity by steam treatment resulted in lower 

contents of hydrolytic and oxidative rancidity products over storage.  Partial refinement 

also resulted in lower contents of rancidity products and enzymatic activities over 

storage, while also retaining benefits linked with bran including dietary fiber and 

antioxidant content.  Additionally, flours stored at 43% RH had a slower progression of 

rancidity compared to those stored at 65% RH.  Thus, both steam treatment and partial 

refinement, combined with low RH storage conditions, may be useful to prolong the shelf 

life of IWG flour. 
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1. Literature Review 

 

1.1. Introduction 

 

Interest in sustainable food systems is on the rise, driven by greater environmental 

awareness related to soil erosion, contamination of water by applied nutrients, and 

greenhouse gas emissions.  As a result, there is a concentrated effort to shift from 

traditional grains (wheat, rice, and maize) towards alternative crops that are more 

environmentally sustainable and can provide consumers with nutritious choices of grain-

based products.  Current nutritional guidelines in the United States state that of all grain 

consumption, at least half should come from whole-grains (U.S. Department of Health 

and Human Services & U.S. Department of Agriculture, 2015).  Whole grains are 

encouraged for consumption due to evidence of associated reduction of risk of many 

chronic diseases, including cancer and heart disease (U.S. Department of Health and 

Human Services & U.S. Department of Agriculture, 2015).  Unfortunately, the whole-

grain intake of many Americans does not meet recommendations (Dietary Guidlines, 

n.d.).  One way of increasing whole grain intake is by introducing alternative grains into 

the food supply.  However, it is currently a challenge for the food industry to incorporate 

alternative grains into products due to a lack of knowledge with regard to nutrition, 

functionality, flavor, shelf life, and safety.  
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The American Association of Cereal Chemists International (AACCI) defines 

whole-grains as grains, flaked grains, or ground flour, that have the endosperm, the germ, 

and the bran present in the same relative amounts as in the intact grain, i.e., all three parts 

of the grain present with none removed or in different quantities (AACC International, 

n.d.).  In terms of the possible promotion of whole-grain intake, the United States Food 

and Drug Administration (FDA) allows the “whole-grain” label claim, and whole-grain 

health claims regarding reducing the risk of heart disease and certain cancers, on products 

that contain greater than 51% by weight of whole-grain (all three parts of the grain) 

regardless if whole grain or whole flour is used in the product (U.S. Food and Drug 

Administration, 2015).  Novel grains such as millet, farro, quinoa, sorghum, teff, wild 

rice, triticale, freekeh, amaranth, and intermediate wheatgrass (IWG) could be used to 

incorporate more whole-grains.  Many of these novel grains are considered “ancient 

grains”.  Accordingly, they may be marketed by the food industry to gain consumer 

interest, while promoting a healthy diet and contributing to economical gain.  

The use of IWG as an alternative perennial crop to annual crops on hilly and 

erodible land was proposed by Wes Jackson (1985) and developed at the Rodale 

Research Center (Wagoner & Schauer, 1990).  IWG (Thinopyrum intermedium) is a 

perennial grass that is genetically related to wheat and has an extensive root system that 

can grow ten feet or more below the surface, which allows the plant to obtain more 

nutrients from the soil and water.  The extensive root system results in reduced soil 

nitrate leaching, increased carbon sequestration, and reduced water and energy inputs 
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(Ogle, 2011).  With many environmental benefits, IWG has been identified as a 

promising perennial crop for use in food products. 

In addition to environmental benefits, IWG has promising nutritional benefits.  It 

has higher levels of protein, dietary fiber, and antioxidants in comparison to wheat 

(Rahardjo et al., 2018; Tyl & Ismail, 2018).  Same as in wheat, the nutritionally limiting 

amino acid in IWG is lysine, but IWG has higher levels of all other essential amino acids 

(Becker, Wagoner, Hanners, & Saunders, 1991).  It has also been found that IWG does 

not have a significant amount of antinutrients (Becker et al., 1990).  Despite the fact that 

IWG is not gluten free like other alternative cereal grains, it remains a promising crop 

due to nutritional value and environmental benefits (Zu-Jun, Guang-Rong, Zhi-Jian, Jian-

Ping, & Zheng-Long, 2006). 

Despite nutritional and environmental benefits, in order to be marketable for food 

consumption, perennials must be able to compete with annual grains from functional, 

flavor, and agronomical perspectives.  Since IWG’s identification in 1990 as being a 

superior perennial grass compared to 100 different perennial grasses, intensified breeding 

efforts are employed to enhance IWG’s marketability (Wagoner, 1990).  One major 

factor of IWG’s marketability is storage stability.  

Because IWG has higher levels of fat compared to wheat and other grains (Becker 

et al., 1990; Rahardjo et al., 2018; Tyl & Ismail, 2018), the storage stability of IWG may 

be detrimental to its commercial success, since higher fat content leads to rancidity.  IWG 

also has higher lipase activity than wheat, yet lower lipoxygenase activity (Tyl & Ismail, 

2018).  The action of these enzymes on lipids results in hydrolytic and oxidative rancidity 
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(De Almeida, Pareyt, Gerits, & Delcour, 2014).  Mathiowetz (2018) explored the use of 

steam treatment to extend the shelf life of IWG whole grains by lowering enzymatic 

activity. It was found that steam treatment may be of use to extend the shelf life of IWG 

whole grains, but steam treatment methods may need to be optimized further.  While the 

steam treatment employed did not effectively inactivate lipase and lipoxygenase, IWG 

groats were found to have acceptable storage stability partially due to high levels of 

antioxidants (Mathiowetz, 2018).  What has not been addressed thus far, however, is the 

storage stability of IWG grain flour.  

In general, flour has a shorter shelf life than whole grains.  In intact grains, 

enzymes and lipid substrates are physically separated from each other in the bran and 

germ respectively, whereas in flour, enzymes are no longer physically separated from 

substrates, so flour is more prone to development of rancidity.  Shelf life of flour is 

impacted by many factors, extrinsic and intrinsic.  Extrinsic factors that affect shelf life of 

flour include microbial contamination, insect infestation, and storage conditions such as 

RH, temperature, oxygen exposure, and light exposure (Doblado-Maldonado, Pike, 

Sweley, & Rose, 2012; Sujitha, Muneer, Mahendran, & Kiruthiga, 2018).  Intrinsic 

factors that affect shelf life of flour include moisture content, water activity, refinement 

level, fat content, and quality attributes such as nutrient content.  Shelf life of flours may 

be limited by biochemical changes, arising from intrinsic factors that reduce flour 

functionality and end-product quality.  For example, lipid degradation by oxidation has 

been shown by Tait and Galliard (1988) to be a predominant cause for changes in flour 

functionality as a result of storage, negatively impacting loaf volume and crumb texture 
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due to interactions of oxidized fatty acids with non-lipid components.  The authors 

interchanged lipids from freshly milled flour or from previously stored flour, and 

concluded that the lipid fraction from the stored flour, which was probably oxidized, 

could account for the decreases in baking quality observed when using stored whole flour 

in bread (Doblado-Maldonado et al., 2012; Tait & Galliard, 1988).  While IWG has 

higher fat content and lipase activity compared to wheat, it contains relatively high 

contents of antioxidants, namely carotenoids and hydroxycinnamic acids that could 

counter oxidative rancidity during storage (Mathiowetz, 2018; Tyl & Ismail, 2018).  

Efforts to extend the shelf life of flour have included refinement.  By removing 

the bran and the germ, the levels of problematic enzymes and lipids that contribute to 

rancidity are reduced (Slavin, Jacobs, & Marquart, 2001).  However, as discussed 

previously, there are nutritional disadvantages to removal of bran and germ, including 

decreasing whole grain intake, which is against U.S. Dietary Guidelines (U.S. 

Department of Health and Human Services & U.S. Department of Agriculture, 2015).  

With health considerations, the use of refinement of flour may not be ideal, and other 

methods to extend the shelf life of flour may need to be explored.  

Heat treatments have been explored to extend the shelf life of grains by 

inactivation of problematic enzymes that contribute to hydrolytic and oxidative rancidity.  

Heat treatments are common in oat and legume processing.  Steam treatment has been 

found to be effective in inactivating enzymes while preserving antioxidant content 

(Hidalgo, Brandolini, & Gazza, 2008; Hu, Wang, & Li, 2018; Poudel & Rose, 2018; 

Rose, Ogden, Dunn, & Pike, 2008).  Given there is a relatively high fat content in IWG, 
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steam treatment of IWG grains may be an option to extend the shelf life of IWG flour.  

Prolonging the shelf life of IWG flour through steam treatment, while maintaining 

nutritional quality, will increase the potential of IWG marketability.  

 

1.2. Hypothesis and Objectives  

 

We hypothesize that reduction of enzyme activity via steam treatment will 

prolong the shelf life and increase storage stability of IWG flours in terms of hydrolytic 

and oxidative rancidity.  Given IWG is known to have higher antioxidant content and 

lower lipoxygenase activity compared to hard red winter wheat (HRW), we hypothesize 

that IWG flour will have slower progression of oxidative rancidity in comparison to 

HRW flour.  Refined flour samples of HRW and IWG, having less bran and germ content 

and thus less fat content and enzymatic activity compared to respective whole flour 

samples, will have slower progression of rancidity over storage.  Finally, we hypothesize 

that samples stored at 43% RH will have slower progression of rancidity in comparison to 

samples stored at 65% RH, and vice versa.  This is because storage at 65% RH 

corresponds to increased water activity (at equilibrium) compared to storage at 43% RH 

(aw of 0.65 compared to 0.43).  Accelerated lipid oxidation has been demonstrated at 

higher water activities due to mobilization of reactants and catalysts previously trapped 

within nonreactive food components at lower water activities (Karel, 1980).   

 



 

7 

 

Objectives of the present study are: 

1. Determine the effect of steam treatment on enzyme activity, antioxidant 

content and activity, and progression of hydrolytic and oxidative rancidity 

of IWG flours from one-year-old grains, stored under refrigeration, and 

from freshly harvested grains. 

2. Determine the effect of refinement on enzyme activity, antioxidant content 

and activity, and progression of hydrolytic and oxidative rancidity of IWG 

flours from one-year-old grains, stored under refrigeration, and from 

freshly harvested grains. 

3. Determine the effect of different relative humidities during storage, on 

enzyme activity, antioxidant content and activity, and progression of 

hydrolytic and oxidative rancidity of IWG flours from one-year-old grains, 

stored under refrigeration, and from freshly harvested grains. 

 

1.3. Cereal Grains 

 

1.3.1. Grain and Wheat Production and Consumption 

 

Due to rising worldwide population, the global grain demand and global grain 

consumption is expected to increase by 48% in 2025, and by 70% in 2050 (International 

Food Policy Research Institute, 2011).  There is a global challenge to address food 
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security and preserve land and water resources given “climate change, high and volatile 

food and energy prices, population and income growth, changing diets, and increased 

urbanization” (International Food Policy Research Institute, 2011).  There is a need for 

increased production of grains, while also addressing environmental impact. 

Grain consumption is important in many respects, including nutritional needs, 

health benefits, and prevention of disease.  First, grains provide energy.  Carbohydrates 

provide the most energy in the diet, approximately 50% of intake (Couzin-Frankel, 

2014). Carbohydrates are the body's preferred source of energy with regard to exercise 

and body function, as glucose is the most easily metabolized monosaccharide.  Cereal 

grains are composed of mainly carbohydrates, accordingly grains are an important source 

of nutritional intake worldwide.  More than 60% of daily calories in developing countries 

comes from cereal grains, and approximately 30% of calories in developed countries 

comes from cereals (Awika, 2011).  

Grains are commonly consumed whole, but also may be consumed in the form of 

flour.  In the United States, flour production was a record 426.4 million hundredweight 

(cwts) in 2017 (Sosland, 2018).  However, this production was not enough to match 

population growth, resulting in a 16% decrease in United States export of flour in 2017 

(Sosland, 2018).  By 2025, the worldwide flour market is expected to grow to $52 billion 

dollars, and wheat flour is expected to account for a significant revenue share of 92.2% 

(Transparency Market Research, 2018).  

Wheat is second only after rice as the most important source of calories 

worldwide (Awika, 2011).  It is the most cultivated food plant in the world, due to its 
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adaptability to a wide range of growing conditions worldwide.  Global wheat flour 

production ranges from 745 to 760 million tons per year (Wrigley, 2016). In the United 

States, 56 million tons of wheat was produced in 2017 (Wrigley, 2016).  Consumption of 

wheat in the United States, however, has decreased since a peak in 1997, due to 

prevalence of wheat allergies and intolerances, the rise of gluten-free diets, the rise of low 

carbohydrate diets, widely popularized weight loss programs, and changing consumer 

preferences (Vocke, Buzby, & Wells, n.d.).  In response to decreasing consumption, the 

baking and milling industry developed new products that appeal to consumer preferences, 

including high-protein and high-fiber products (Vocke et al., n.d.).  In addition, the low-

carbohydrate trend of the late 90s and early 00s, initially driven by popular weight loss 

programs and the association of carbohydrates with obesity and associated health 

concerns, faded quickly due to limited sensory appeal of low-carbohydrate products 

(Awika, 2011).  United States consumption of wheat within the last five years is holding 

steady with consumption projections of 25.9 million tons into 2019, equivalent to the 

forecasted 2018 consumption, and increased from the 2017 consumption of 25.4 million 

tons (International Grains Council, 2017).  The historical trend of wheat consumption in 

the United States demonstrates that health concerns are a major driver of consumer 

behavior with regard to food choices and preferences (Awika, 2011).  However, given the 

low-carbohydrate trend faded away quickly, health cannot be the only driver to promote 

products or maintain long-term market share. 

Recently, a significant increase in consumer interest had been observed for bakery 

products that can provide bioactive compounds, including phenolic acids and 
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tocopherols, that are beneficial to human health (van Kleef, Seijdell, Vingerhoeds, de 

Wijk, & van Trijp, 2018; Laddomada, Caretto, & Mita, 2015; Nour, Ionica, & Trandafir, 

2015).  Combined with increased consumption and interest in nutrition, there is a rising 

necessity for the application of whole grain flours in the food industry (Schmiele, Jaekel, 

Patricio, Steel, & Chang, 2012).  Increased consumer interest in nutrition of whole grain 

products, including whole grain flours, is driven by the evidence that whole-grain 

products are associated with the reduction of various diet-related diseases, such as 

diabetes, obesity, hypertension, gastrointestinal and cardiovascular disorders (Anderson 

et al., 2009).  

 

1.3.2. Influence on Human Health 

 

Cereal grains are the source of 60% of total caloric intake and 40% of total 

protein intake for human population worldwide (Wrigley, 2016).  Cereal grains, and in 

particular whole grains, have good nutritional value.  The endosperm portion provides 

carbohydrates.  The bran and germ are sources of thiamin, riboflavin, niacin, and folate 

(B vitamins), as well as sources of iron, selenium, and magnesium (U.S. Department of 

Health and Human Services & U.S. Department of Agriculture, 2015).  In addition, the 

bran and germ provide dietary fiber, both insoluble and soluble fiber.  However, the bran 

and germ are mostly removed during refinement of flour (Slavin, Jacobs, & Marquart, 

2001).  Because of this, the U.S. Department of Health and Human Services and the U.S. 
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Department of Agriculture recommends that consumers choose whole-grain products for 

at least half of their total grain product intake (U.S. Department of Health and Human 

Services & U.S. Department of Agriculture, 2015).  This recommendation is to ensure 

adequate nutrition that can be obtained from consumption of whole grains.  In addition to 

nutritional value, whole grains have been linked with reduction of disease risks. 

A body of studies show that intake of whole-grains is linked to a decrease in risk 

of several chronic diseases, including cardiovascular disease (Jacobs & Gallaher, 2004; 

Mellen, Walsh, & Herrington, 2008), type II diabetes (Cho, Qi, Jr, & Klurfeld, 2013), 

metabolic syndrome (Esmaillzadeh, Mirmiran, & Azizi, 2005; Sahyoun, Jacques, Zhang, 

Juan, & McKeown, 2006), and several types of cancer, including colon cancer (Aune et 

al., 2011; Lei et al., 2016).  Many of these disease links are attributed to antioxidant 

content and dietary fiber content of grains.  

Whole-grains have relatively low glycemic index and due to high soluble fiber 

content, have been shown to reduce cholesterol indices, including total serum cholesterol 

and low-lipoprotein cholesterol, decreasing the risk of atherosclerosis and cardiovascular 

disease (Davis, 2014; Slavin, Jacobs, Marquart, & Wiemer, 2001).  Soluble fiber is also 

known for its ability to slow gastric transit, which improves absorption of nutrients.  At 

the same time, insoluble fiber promotes gut motility (Slavin, Jacobs, & Marquart, 2001).  

Additionally, dietary fiber decreases risk of diverticulosis (Slavin, Jacobs, & Marquart, 

2001), which is the most common colonoscopic finding among persons with average risk 

of colon cancer in the United States (Everhart & Ruhl, 2009).  Other positive health 

effects of whole grains, such as reduced risk and prevention of cardiovascular disease, 
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diabetes, obesity, and cancer, are attributed to oligosaccharides and phytochemicals that 

are concentrated mostly in the bran and germ of the grain (Slavin, 2003).  However, 

while refined grains lack many nutrients that are important to health, they are lower in 

anti-nutritional factors compared to whole grain. 

 

1.3.3. Anti-nutritional Factors 

 

Anti-nutritional factors lower the bioavailability of certain nutrients that could be 

absorbed from food products.  With anti-nutritional factors, the available amounts of 

nutrients in a food are absorbed in lower concentrations than what is available in the 

food.  In cereal grains, these factors include: phytic acid salts, condensed tannins, and α-

amylase and trypsin inhibitors (Madsen & Brinch-Pedersen, 2016). 

These chemical compounds play important roles in plants, while are mostly 

undesirable in food products.  For example, phytic acid (myo-inositol-

(1,2,3,4,5,6)hexakisphosphate) is a main source of stored phosphorous in the cereal grain 

(Brinch-Pedersen, Madsen, Holme, & Dionisio, 2014; Lott, 1984).  Phytic acid forms 

salts with ions of potassium, zinc, magnesium, manganese, sodium, copper, calcium, and 

iron, and can be commonly found in the aleurone layer of endosperm (Brinch-Pedersen, 

Sørensen, & Holm, 2002; Lott, 1984).  Upon consumption, phytates continue to maintain 

bonds with mentioned minerals, along with positively charged proteins and amino acids, 

decreasing their bioavailability (Brinch-Pedersen & Hatzack, 2006).  To hydrolyze 
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phytates and free bound cations, grains produce specific enzymes (endogenous phytase).  

However, concentration of the enzyme may wary greatly even within same cereal species 

(Brinch-Pedersen et al., 2014).  Therefore, increasing the phytase synthesis, or reducing 

phytate in plants through breeding, genetic modifications, and processing techniques 

should be of high priority for breeders (Brinch-Pedersen et al., 2014, 2002; Egli, 

Davidsson, Juillerat, Barclay, & Hurrell, 2002; Kornegay, 2001). 

Condensed tannins are plant secondary metabolites, water-soluble polymers of 

flavonols (Dorf & Miller, 2007).  In vitro digestibility studies have shown that these 

compounds decrease bioavailability of nutrients (proteins, carbohydrates, and minerals) 

by binding to them and by inhibiting digestive enzymes (Jansman, 1993). However, 

unlike phytates, tannins can exhibit health-promoting effects as antioxidants and may 

possess hypocholesteremic, antiulcerogenic, anticarcinogenic, gastroprotective, and 

cardioprotective properties (Hagerman et al., 1998; Prior & Gu, 2005). 

Finally, α-amylase and trypsin inhibitors are found in the endosperm of wheat, 

barley, rye, and finger millet (Madsen & Brinch-Pedersen, 2016).  Alpha-amylase 

inhibitors bind to α-amylase and prevent breakdown of starch in food, thus reducing the 

nutritional value of grains.  Studies have shown that concentrations of α-amylase 

inhibitors in cereal grains could be too small to exhibit a significant effect (Bora, 2014).  

Although considered to be anti-nutritional factors, the presence of α-amylase inhibitors in 

food may be desirable for diabetics, as these compounds irreversibly bind to α-amylase, 

slowing the breaking down of starch and allowing fewer monosaccharides to be absorbed 

to the blood stream (Buonocore, Petrucci, & Silano, 1977).  Similarly, trypsin inhibitors 
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prevent the hydrolysis of proteins by irreversibly binding to trypsin, acting as a 

competitive substrate.  These inhibitors are found mostly in legumes, but also in small 

amounts in cereal grains such as wheat, barley, triticale, and rye (Bora, 2014; Madsen & 

Brinch-Pedersen, 2016; Sosulski, Minja, & Christensen, 1988).  Studies on animal 

models have shown that, in the presence of mentioned inhibitors, the pancreas is able to 

compensate by overproducing α-amylase and trypsin; however, this compensation can 

lead to hypertrophy and hyperplasia of the pancreas and potential tumor growth in the 

pancreas (Buonocore et al., 1977; Gallaher & Schneeman, 1986; Madsen & Brinch-

Pedersen, 2016; Sosulski et al., 1988; Zevallos et al., 2017).   

In addition, the presence of dual α-amylase and trypsin inhibitors (ATIs) in cereal 

grains have been reported (Islamov & Fursov, 2007).  In contrast to previously mentioned 

enzymes, evidence strongly suggests that ATIs can be harmful to human health, causing 

intestinal inflammation and exacerbating existing inflammatory disorders of the intestine 

(Cuccioloni et al., 2016; Zevallos et al., 2017).  In addition, ATIs have been linked to 

symptoms similar to Celiac Disease (CD), which is discussed below in Section 1.3.4, 

because of immune response to ATIs (Ettinger, 2016).  ATIs are produced by cereal 

grains to repel pests and parasites, therefore genes for the production of these inhibitors 

have been transferred to high yield grains by traditional or modern genetic breeding 

techniques for pest resistance (Ettinger, 2016).  This may be why some patients 

experience greater symptoms when consuming modern wheat or other modern cereal 

grains compared to ancient grains.   
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There have been many methods developed to minimize ATI content in grains and 

legumes.  First, physical processes have been studied, including various heat treatments 

such as boiling, microwaving, and autoclaving; extrusion, radiation, soaking, and 

ultrafiltration (Avilés-Gaxiola, Chuck-Hernández, & Serna Saldívar, 2018).  Chemical 

methods have also been explored.  During grain processing, reducing agents can be added 

to cleave the disulfide bonds of the inhibitors, thus deactivating them.  Similarly, the use 

of acids and bases have also been explored (Avilés-Gaxiola et al., 2018).  Finally, 

biological processes such as fermentation and germination of grains have been explored 

to reduce ATI contents of whole grains.  While many of these methods have been 

successful in reducing ATIs, the methods employed also have drawbacks.  First, some of 

the heat treatments explored must be harsh in order to observe significant reduction.  

Such methods that include heat treatment at high temperatures or for a long time may 

inadvertently affect functionality.  Similarly, methods to reduce ATIs may cause flavor 

changes, particularly chemical methods and heat treatments.  Methods may also 

inadvertently damage or lose important nutrients, such as vitamins that are not heat stable 

(thermal treatments) or that are water soluble (in the case of boiling, steaming, or soaking 

methods).  The optimization of these methods to reduce ATI content of grains may not 

only improve nutritional content, but also may reduce symptoms in some patients and the 

risk of pancreatic conditions. 
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1.3.4. Disease, Allergy, and Sensitivity 

 

Cereal grains, including wheat, barley, rye, and other cereals of similar protein 

composition, are involved with onset of symptoms of Celiac Disease (CD) (Koehler, 

Wieser, & Scherf, 2016).  Celiac Disease (CD) is an inflammatory disease that destroys 

villi in the small intestine after ingestion of gluten proteins (Bao, Green, & Bhagat, 

2012).  Symptoms and consequences of CD inflammation can include the malabsorption 

of nutrients, gastrointestinal discomfort, and potential psychological reactions, among other 

symptoms (Koehler, Wieser, & Konitzer, 2014a).  Gluten is a protein network that is 

formed on mixing flour and water.  In vitro studies show that the gluten matrix is 

digested but with difficulty, due to gluten forming proteins’ high proline content, which 

results in a rigid network that is less accessible to proteolytic enzymes (Koehler, Wieser, 

& Konitzer, 2014b).  In patients with CD, intact gluten peptides that are not broken down 

by proteolytic enzymes can bind to the intestinal mucosal lining before passing through 

the epithelial layer, which causes a proinflammatory response and proliferation of 

intraepithelial lymphocytes (Koehler, Wieser, & Konitzer, 2014c).  In many developed 

countries, the prevalence of CD is about 1% of the population (Mustalahti et al., 2010).  

Current research suggests that CD pathology may include viral triggers, as 30% to 45% 

of the United States population has CD risk alleles, but only 1% of the population 

develops CD.  The reasoning is that an initial trigger, such as a virus, would decrease the 

body’s tolerance to the gluten network and develop immune memory against it, causing 

proinflammatory response to subsequent intake of gluten (Brown, Jabri, & Dermody, 
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2018).  The treatment for CD is a strict gluten-free diet, which must be adhered to for life.  

For individuals with CD that must adhere to a gluten-free diet, to prevent consumption of 

wheat or gluten, food allergy labeling laws in the United States require declaration of the 

presence of common allergens (including wheat) on product labels, written in simple 

English (Bird, Jones, & Burks, 2018). 

Wheat, which is one of the “big 8” allergens in the United States, is one of the 

most common food allergens, after cow’s milk, hen’s eggs, and peanuts (Bird, Lack, & 

Perry, 2015).  Wheat allergy is an immunoglobulin E (IgE) mediated response to one or 

more protein fractions, which may include albumins, glutenins, globulins, gliadins, or 

other less prevalent proteins, including 2S albumin seed storage proteins, nonspecific 

lipid transfer proteins, and α-amylase and trypsin inhibitors (Inomata, 2009; Sampson et 

al., 2014).  Consequences of ingesting wheat proteins by an individual with wheat 

allergies may include food-dependent, exercise-induced anaphylaxis (FDEIA), 

occupational asthma (also known as baker’s asthma) and rhinitis, contact urticaria 

(hives), or a classic food allergy affecting the skin, gastrointestinal tract, or respiratory 

tract (Inomata, 2009).  Many patients show in vitro cross-reactivity with other cereal 

grains and grasses; however, only a minority of patients with wheat allergy alone 

demonstrate clinical cross-reactivity to other cereal grains and grasses (Sampson et al., 

2014).  Therefore, the elimination of all grain products from the diet is not recommended 

unless clinical cross-reactivity is demonstrated, since this may be nutritionally harmful 

(Sampson et al., 2014).  



 

18 

 

Non-celiac and non-allergy wheat sensitivity can occur in some individuals 

without an IgE response (Koehler et al., 2016).  Often, gastrointestinal symptoms occur.  

With absence of the IgE response upon digesting non-allergenic wheat, it is suggested 

that gastrointestinal symptoms could be related to α-amylase and trypsin inhibitors, oligo-

, di-, and monosaccharides, or polyols (Koehler et al., 2016).  Non-Celiac Gluten 

Sensitivity (NCGS), also referred to as gluten sensitivity (GS) or Non-Celiac Wheat 

Sensitivity (NCWS), is similar in that there is no IgE response to wheat or gluten, nor 

autoimmune reaction as in CD, but patients experience similar symptoms to CD (Murray, 

2014).  In the United States, it is estimated that approximately 20 million people (or 6-7% 

of the population) have NCGS (Igbinedion et al., 2017).  It is thought that NCGS may 

have an immune basis, but this has not been shown.  If a gluten-free diet alleviates 

symptoms, NCGS may be diagnosed.  Currently, a strict gluten-free diet is the only 

treatment. 

Wheat allergy, disease, and sensitivity are challenges for millions of consumers in 

the United States.  Challenges for wheat range may from production level (agricultural 

practices and environmental concerns) to consumer level (disease, allergies, and 

sensitivities). 

 

1.3.5. Challenges of Wheat  
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Despite the fact wheat is a major crop globally and second only to rice as the most 

consumed grain worldwide, there are challenges. Challenges of wheat appear at many 

points of the supply chain. 

From a consumer level, disease, allergy, and intolerances are challenges that 

prevent many consumers from consuming wheat. Anti-nutritional factors in wheat 

decrease nutritional value. 

From a production level, agricultural and environmental concerns dominate.  The 

global population relies on cereal grains for sustenance.  However, with a rapidly 

growing world population combined with detrimental agricultural practices and 

decreasing acres of available farmland, there are challenges with the use of annual wheat.  

Annual crops compromise ecosystems, lead to soil degradation, and retain less soil 

nutrients compared to perennial crops (Glover et al., 2010).  Annual crops also pose 

challenges to farmers with regard to input costs: water, fertilizer, seed each year, and 

replanting costs (labor and machinery upkeep costs).  While breeding efforts are 

improving annual wheat yields every year, the rate of improvement of yields cannot keep 

up with the rate of population growth.  There are concerns about how to feed the world, 

but also how to address sustainability of crop production due to diminishing land, soil, 

and water resources.  More than two-thirds of global cropland is used for monocultures of 

annual crops and approximately one-third of all cropland worldwide is considered highly 

degraded due to erosion, chemical pollution, salinization, and acidification (Culman, 

Snapp, Ollenburger, Basso, & DeHaan, 2013; Food and Agriculture Organization of the 

United Nations (FAO), 2015).   
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Due to the need for more sustainable, high yield food crops, current research has 

turned to perennial grain crops.  Perennial crops are those that do not need to be replanted 

each year, as are annual crops.  Perennials have environmental advantages, including the 

mitigation of soil erosion, conservation of water, reduced nitrate leaching, and also 

require less input costs (Culman et al., 2013).  However, there are also challenges to 

perennial crops, including small seed size, seed shattering, lodging, and low yields.  With 

breeding efforts in conjunction with crop management efforts looking to address 

challenges of perennial crops, perennial agriculture remains a viable alternative to annual 

crop farming. 

 

1.4. Perennial Grains 

 

1.4.1. Introduction to Perennial Crops 

 

Global food consumption depends on annual grains, including cereals, legumes 

and oilseeds; combined, all grains account for approximately 70% of global cropland 

(Glover et al., 2010).  Prolonged annual crop production, however, can aggravate 

environmental problems such as soil erosion, water run-off, and ecosystem and soil 

degradation; thus, sustainable agricultural practices are needed (Glover et al., 2010).  The 

use of perennial grain crops may address the growing problem of food security as well as 

environmental concerns and the need for more sustainable food production. 
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1.4.2. Environmental Benefits of Perennial Intermediate Wheatgrass 

 

Perennials have environmental advantages compared to annual crops.  

Intermediate wheatgrass (IWG), Thinopyrum intermedium, is one such perennial that has 

great environmental benefits.  Perennial grains, including IWG, maintain better soil and 

water quality by storing more carbon, managing nutrients more conservatively, and 

having greater biomass compared to annuals (Culman, Snapp, Ollenburger, Basso, & 

DeHaan, 2013).  Many of these advantages for IWG stem from the fact that IWG has 

extensive root systems and long growing seasons (Cox, Glover, Van Tassel, Cox, & 

DeHaan, 2006).  Deeper root systems allow IWG to take up, retain, and utilize more rain 

water compared to annuals (Glover et al., 2010).  Extensive root systems thus allow IWG 

to reduce soil erosion (Glover et al., 2010).  Through their extensive root systems, IWG 

also has the potential to address many ecological problems, including soil degradation, 

nitrogen leaching, and soil carbon loss, leading to increased soil fertility and overall 

reduction of greenhouse gas emissions (Cox et al., 2006).  With increased soil fertility 

and extensive root systems, IWG requires less fertilizers and herbicides compared to 

annual crops, reducing input costs for farmers as well as protecting water systems from 

potential run-off pollution (Glover et al., 2010).  In addition, the retention of nutrients via 

deep root systems allows for the development of perennials for biofuels, grain for human 

food and animal feed, and forage (Culman et al., 2013).  
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Aside from benefits that stem from extensive root systems, perennial IWG offers 

other advantages in comparison to annual crops.  First, IWG is more drought- and frost-

resistant, as well as disease-resistant compared to annual crops, thereby reducing the 

amount of pesticide application necessary (Culman et al., 2013; Glover & Reganold, 

2010).  Second, perennial IWG requires less labor and fewer passes of farm equipment, 

as they do not require annual tillage, which results in lower total labor cost (Glover et al., 

2010).  Finally, IWG has a longer growing season in comparison to annual crops, which 

allows wildlife biodiversity over the course of years with reduced chemical inputs and 

greater shelter provided by perennial cover (Glover & Reganold, 2010).  Also due to 

longer growing seasons, IWG has longer photosynthetic seasons resulting from previous 

seasons’ growth, which allows for increased seasonal light interception efficiencies, thus 

improving plant productivity (Glover et al., 2010).  Many agronomists agree that benefits 

of perennials are evident and the development of perennials for food and other 

applications would be beneficial environmentally. However, there are also challenges that 

must be addressed before perennial grains could be used on a large commercial scale. 

 

1.4.3. Agronomic Challenges of Perennial Intermediate Wheatgrass 

 

While perennials have many environmental benefits, they also tend to have 

smaller seeds and lower seed yields compared to their annual counterparts.  IWG in 

particular is more susceptible to lodging, or stem breakage, because as the plants grow 
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year to year, they grow taller and “fall over.”  This makes harvest challenging, as stalks 

that have lain down are difficult to pick up and harvest, which may result in loss of yield 

as well as preventing proper seed growth (Lubofsky, 2016).  IWG is also susceptible to 

seed shattering, as when the seeds are ripe they are released as part of the plant’s 

reproduction cycle, resulting in lower seed yields and losses in harvest (Lubofsky, 2016).  

In addition, seed size is also a challenge; with smaller seed size, harvest becomes 

challenging, and lower yields are obtained.  Moreover, the risk of shattering and 

excessive lodging  makes harvesting difficult with direct combining (which is harvesting 

with a standard combine harvester, a commonly used harvesting machine designed for a 

variety of grain crops), which is a challenge for farmers as most farmers use combines to 

harvest a variety of crops and special harvesting methods would add additional costs.    

Despite these challenges, current breeding efforts have made significant progress 

in addressing these problems, including increasing seed size and breeding for plant height 

such that plants are not too tall and will not fall over (Lubofsky, 2016).  Crop 

management efforts are also looking at addressing IWG’s challenges.  Ongoing work 

includes determination of when harvest should be to have the highest yields.  Ideally, 

harvest should be when enough maturation of seeds has occurred, but before seed 

shattering contributes to decreased yields (Jungers et al., 2018; Lubofsky, 2016).  

Determination of row spacing and density of plants must also be studied to obtain the 

highest yields, while not having the plants too close to each other such that they are 

competing for soil nutrients (Jungers et al., 2018; Lubofsky, 2016).  With ongoing 
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breeding and crop management efforts to address challenges of IWG, perennial 

agriculture remains an environmentally sustainable alternative to annual crop farming. 

 

1.4.4. Natural Systems Agriculture and the Domestication of Perennial Grain Crops 

 

The concept of using perennials for grain production as a method to address 

environmental concerns of annual crop production was started at The Land Institute in 

Salina, Kansas in 1977.  Natural systems agriculture (NSA) is the idea to use earth’s 

naturally occurring perennials to produce food sustainably, as over the course of millions 

of years perennials have survived and flourished.  Therefore, the goal of NSA is to mimic 

the natural course of ecosystems to create ecologically and environmentally sound food 

systems, where soil erosion, chemical contamination, and agriculture’s dependence on 

fossil fuels would be reduced drastically (Jackson, 2002).  Building agriculture on 

nature’s ecosystems would ideally solve many of modern agriculture’s problems and aim 

for a future of sustainable agriculture (Jackson, 2002).   

The concept of NSA set forth many efforts either to domesticate perennial crops 

for commercialization, or to “perennialize” major annual crops to become more 

sustainable.  The environmental and ecological impact of perennial crops compared to 

annual crops has also been investigated.  However, the use of perennials for food 

production has potential limitations.  First, the grain yields of perennials must be able to 

compete with annuals, and with a growing population, must have the ability to exceed 
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current yields of annual crops.  Second, perennial food crops must have sufficient 

nutrients to meet the nutritional requirements of a growing population.  Breeding efforts 

have turned to address these concerns, as well as current limitations of perennials 

including lodging, seed shattering, and seed size (Cox et al., 2006; Glover et al., 2010; 

Jackson, 1985, 2002). 

Initially, it was not known which species of perennials would have the greatest 

potential to be developed and domesticated for food use or other applications. Work by 

the Rodale Research Institute on perennials began in 1983 based on the concept of NSA.   

Wagoner and Schaeffer (1990), employed by the Rodale Research Institute, investigated 

100 wild perennial grass species, since grasses were used as grain by human cultures 

historically.  They found that intermediate wheatgrass (IWG), or Thinopyrum 

intermedium, is superior in agronomic and nutritional qualities, and breeding potential 

compared to other wild perennial grasses (Wagoner & Schaeffer, 1990).   

 

1.5. Intermediate Wheatgrass 

 

1.5.1. Brief History and Overview of IWG 

 

Intermediate wheatgrass (IWG), Thinopyrum intermedium, is currently being 

studied as a potential perennial grain crop.  Efforts to domesticate IWG began at the 

Rodale Research Center in the late 80s and 90s, and continued at the Land Institute in 

Kansas in 2002 (The Land Institute, n.d.).  In 2011, the University of Minnesota joined 
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the domestication efforts.  IWG has long been used for applications other than food use, 

including hay, pasture, and animal feed.  Now, IWG is being domesticated to serve as the 

world’s first widely cultivated perennial grain crop (DeHaan, Christians, Crain, & 

Poland, 2018).   

In comparison to wheat, IWG has a much smaller seed kernel size, which results 

in more bran per kernel, thus higher fiber and antioxidant content (Becker, Meyer, 

Wagoner, & Saunders, 1992).  Under dryland conditions, an average production of 250 to 

350 pounds per acre can be expected, which increases to 450 to 550 pounds under 

irrigated conditions.  Seed yields drop significantly after two years of production in 

northern latitudes like Minnesota (U.S. Department of Agriculture, n.d.).  However, 

current breeding and field management efforts are addressing this decline in seed yield 

after the fourth year (Tautges, Jungers, DeHaan, Wyse, & Sheaffer, 2018).  IWG can 

tolerate limited irrigation and drought conditions, as long as 12-14 inches of total annual 

moisture is provided.  Thus, it provides excellent spring, early summer, and fall pasture 

(U.S. Department of Agriculture, n.d.).  IWG grows three to four feet tall, has a deep 

feeding root system, and has four to eight inch long seed spikes. IWG can produce as 

much as 7,000 pounds of roots per acre in only the top eight inches of soil (dry weight).   

IWG has been shown to reduce soil nitrogen leaching by 86% and increase carbon 

sequestration by 13% compared to annual wheat, based on first year growth, due to 

IWG’s deep root system using more available soil water and capturing more applied 

fertilizer than annual roots (Culman et al., 2013).  In addition, IWG is known to be 

resistant to various diseases of common wheat (Triticum aestivum L.), including wheat 
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stem rust, which is beneficial in reducing pesticide use  (Zheng et al., 2014).  IWG’s 

environmental benefits were a major driver in its identification as a candidate for its 

breeding potential, along with its superior nutritional profile (Becker et al., 1990). 

 

1.5.2. IWG Food Applications 

 

IWG has been recognized for its good flavor and nutrient profile, which are 

important for food-use (Tyl & Ismail, 2018; Becker et al., 1990; Wagoner & Schauer, 

1990).  IWG is currently being incorporated into food products in North America under 

the trade name Kernza® (trademarked by The Land Institute), but advanced breeding 

populations are being tested also in the United States, Australia, Sweden, and France 

(Jungers, DeHaan, Mulla, Sheaffer, & Wyse, 2019).   

In addition to Kernza®, there are also other certified cultivars that are currently 

available through commercial sources or Crop Improvement Associations (Hybner, 2012; 

U.S. Department of Agriculture, n.d.).  Some lines were investigated for use in food 

applications by Becker et al. (1991).  Whole flour from the IWG cultivar Oahe (milled by 

stone milling) was observed to have a thick viscous dough, which is a positive attribute 

for muffins or pancakes (Becker et al., 1990; Zhang, Ohm, Haring, DeHaan, & Anderson, 

2015).  However, refined Oahe flour had weak viscoelasticity.  When refined Oahe flour 

was used in a bread application, added gluten was required to produce loaf volumes 

comparable to whole grain breads (Becker et al., 1990; Zhang et al., 2015).  Another 
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IWG cultivar, Luna, was found to perform similarly to wheat (Becker et al., 1990).  The 

authors concluded that there was variability in the end-use quality among IWG 

accessions, thus, different accessions should be investigated to understand the variability 

within IWG population lines and identify the population lines best suited for food 

applications. 

Muffins and cookies made with 100% IWG flour, were judged good to excellent 

overall.  Banana bread, made with 50% IWG-wheat, was also judged good to excellent 

for appearance, flavor and overall characteristics (Becker et al., 1990), which is in 

agreement with later studies on IWG-wheat blends for food applications (Banjade, 

Gajadeera, Tyl, Ismail, & Schoenfuss, 2019; Marti, Bock, Pagani, Ismail, & 

Seetharaman, 2016; Marti, Qiu, Schoenfuss, & Seetharaman, 2015).  Burwell (1984) 

found that baked goods with IWG were preferred over the wheat flour control samples 

due to flavor qualities (sweet and nutty).  In addition, IWG has also been shown to fare 

well with regard to dough functionality when combined with dough conditioners, which 

would improve its use in products (Banjade et al., 2019).  These results are promising for 

incorporation of IWG into food products, thus creating a food-use market for this 

environmentally friendly, sustainably produced perennial. 

 

1.5.3. Chemical Composition of IWG Compared to Wheat 
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Wheat is recognized in the grain industry as the “gold standard” due to the wide 

variety of products and applications in which it can be used.  Due to its superior quality, 

other grains are often compared to wheat, nutritionally, agronomically, and functionally, 

as a measure of prospective commercial success.  IWG is promising agronomically, as 

discussed previously.  IWG has also been shown to have a competitive nutritional profile 

compared to wheat.   

In comparison to wheat, IWG has a higher content of protein, ash, fat, dietary 

fiber, and antioxidants, but a lower content of starch.  The nutritional differences 

observed in IWG could be attributed to IWG’s small seed size (Rahardjo et al., 2018).  

With smaller seed size, the ratio of bran to endosperm increases, thus, contents of ash 

(minerals), protein, dietary fiber, phytochemicals, fat, and enzymes increases, while 

starch content decreases (Mathiowetz, 2018; Rahardjo et al., 2018; Tyl & Ismail, 2018).  

The following sections will expand on key chemical constituents that affect functionality 

and storage stability of flour. 

 

1.5.3.1. Protein Content and Profile of IWG Compared to HRW 

 

Total protein content differs greatly among IWG population lines, but IWG has a 

superior protein content compared to HRW (ca. 15-20% vs. ca. 11-13% dry basis) (Tyl & 

Ismail, 2018; Rahardjo et al., 2018; Marti et al., 2015; Becker et al., 1992).  IWG has 

been found to have higher quantities of all essential amino acids, with the exception of 

lysine (Becker et al., 1990).   
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The four main types of wheat proteins are albumins, globulins, prolamins 

(gliadins), and glutenins, which were classified by Osborne (1924) based on solubility in 

different solvents (soluble in water, salt solutions, 70% ethanol, and dilute acid or alkali 

solutions, respectively) (Šramková, Gregová, & Šturdík, 2009).  The gliadin and glutenin 

fractions are especially important to the development of a gluten structure on addition of 

water and mixing.  Glutenins can be separated into two groups, low molecular weight and 

high molecular weight glutenins.  It has been established that the ratio of gliadin to 

glutenin and the ratio of high molecular weight glutenins to low molecular weight 

glutenins affect gluten development and baking quality, especially mixing time and 

specific volume.  A higher high molecular weight glutenin proportion compared to 

gliadin and low molecular weight glutenin has been shown to result in a longer dough 

development time, increased dough stability, and bread specific volume, suggesting that 

high molecular weight glutenins play a major role in the development of a strong gluten 

network (Dhaka & Khatkar, 2015). 

While higher in protein content than wheat, the protein profile of IWG is different 

from that of wheat.  IWG has higher proportions of albumins and globulins due to higher 

bran to endosperm ratio, and is deficient in high molecular weight glutenins (Rahardjo et 

al., 2018).  Deficiency in high molecular weight glutenins limits gluten network 

development and overall functionality of IWG, especially in products such as bread, 

where a strong gluten network is required for the structure of the final product (Rahardjo 

et al., 2018; Marti et al., 2016, 2015; Zhang et al., 2015).  In comparison to wheat, IWG 

doughs exhibited lower dough stability, resistance to extension, and extensibility 
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(Rahardjo et al., 2018).  Due to weak gluten network forming ability, IWG doughs had 

low rising capabilities, thus might not be ideal for bread products (Rahardjo et al., 2018).  

Blending studies, however, have shown that mixing IWG and wheat flour at a 50:50 ratio 

may result in acceptable loaf volume (Marti et al., 2015).  A study on 60 different IWG 

genotypes showed that different genotypes had high diversity in composition of high-

molecular-weight gluten subunits and in protein profiles, which highly influenced dough 

mixing properties (Zhang et al., 2015).  Therefore, breeding efforts may improve the 

protein profile of IWG and thus gluten development properties.  

 

1.5.3.2. Starch Content of IWG Compared to HRW 

 

Wheat has a higher amount of starch compared to IWG (ca. 65-70% vs. 47-60% 

dry basis) (Rahardjo et al., 2018; Marti et al., 2015; Becker et al., 1992).  This is 

attributed to the high bran to endosperm ratio of IWG due to its seed size compared to 

wheat.  Lower starch content may adversely affect functionality (namely starch pasting 

properties), and thus use in baked products (Rahardjo et al., 2018; Marti et al., 2015).  

Rahardjo et al. (2018) found that the peak, hold, and final viscosities of the wheat 

controls were significantly higher than those of IWG samples, due to higher starch 

content of the wheat controls.  Rahardjo et al. (2018) also found that in comparison to 

wheat, IWG starch had significantly higher starch pasting temperature, which is related to 

the ability of starch granules to absorb water.  This observation may be due to starch 

granule characteristics, since both IWG and HRW had similar amylose to amylopectin 
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ratio.  The authors noted that this observation was in conjunction with IWG’s higher fat 

content, since the presence of lipids can result in formation of starch-lipid complexes that 

protect the integrity of the starch granules, resulting in higher pasting temperatures 

(Singh, Singh, Kaur, Singh Sodhi, & Singh Gill, 2003).  The wheat flours’ starch 

granules were found to be significantly less stable compared to IWG samples, as 

demonstrated by higher breakdown values of wheat compared to IWG, and these were 

attributed to IWG starch granule characteristics.  Similarly attributed to IWG starch 

granule characteristics, Rahardjo et al. (2018) found that IWG samples exhibited lower 

setback values than wheat samples.  The differences in starch pasting in IWG compared 

to wheat with regard to pasting temperature, breakdown value, and setback value, may be 

due to starch structural differences, which need to be characterized in future work. 

 

1.5.3.3. Dietary Fiber Content of IWG Compared to HRW 

 

IWG has higher amounts of total dietary fiber compared to wheat (ca. 16-19% vs 

ca. 11-15% dry basis) (Rahardjo et al., 2018; Marti et al., 2015; Becker et al., 1992).  

Specifically, IWG has significantly higher contents of insoluble dietary fiber (ca. 11-15% 

vs. 10-12% dry basis) (Tyl & Ismail, 2018; Rahardjo et al., 2018; Marti et al., 2015; 

Becker et al., 1992).   

Despite dietary fiber being important nutritionally, a high fiber content may pose 

consequences from a functionality perspective.  The fiber content, mainly found in the 

bran, plays a large role in the functionality of whole flour compared to refined flour 
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(Khalid, Ohm, & Simsek, 2017).  Studies showed that bran components (including 

soluble and insoluble dietary fibers) can disrupt the gluten protein network, thus 

negatively impacting bread loaf structure during fermentation and baking (Gan, Ellis, 

Vaughan, & Galliard, 1989; Rosell, Santos, & Collar, 2010).  This is because the dietary 

fiber, which can hold and bind large amounts of water, competes with gluten forming 

proteins for water during dough mixing.  Similar to fiber, arabinoxylans (non-starch 

polysaccharides) compete for the available water with starch, gluten forming proteins, 

and dietary fiber (Li, Hou, Chen, Chung, & Gehring, 2014; Rosell et al., 2010).   

The reduction of bran and thus fiber content in IWG flour has a significant effect 

on dough properties, producing a more hydrated protein network (Banjade et al., 2019).  

Banjade et al. (2019) found that IWG flours with lower bran contents had improved 

dough functionality and final product quality compared to those with higher bran content 

(Banjade et al., 2019).  Therefore, refinement of IWG may improve dough functionality.  

A concurrent study by Luu (2020) will evaluate dough functionality with regard to flour 

refinement.   

 

1.5.3.4. Lipid Content and Profile of IWG Compared to HRW 

 

IWG has higher fat content compared to wheat (ca. 3-4% vs. ca. 1-2% dry basis) 

(Mathiowetz, 2018; Rahardjo et al., 2018; Tyl & Ismail, 2018).  Fat content is of great 

importance with regard to storage stability.  With higher fat content, shelf life may be 
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problematic for IWG with regard to its marketability for food use, because short shelf life 

is a major deterrent for use in the food industry.   

Another factor to consider is the profile of fatty acids.  IWG has been shown to 

contain a considerable amount of polyunsaturated fatty acids, similar to wheat 

(Mathiowetz, 2018).  With higher fat content and thus a higher proportion of unsaturated 

fatty acids, IWG may be more susceptible to oxidative rancidity compared to HRW.   

 

1.5.3.5. Enzymatic Activities of IWG Compared to HRW 

 

Tyl and Ismail (2018) found that all 13 IWG populations evaluated had 

significantly lower lipoxygenase activity compared to HRW (Tyl & Ismail, 2018).  

Lipase activity was found to be variable among IWG populations, but the lipase activity 

of several of the populations was significantly higher compared to HRW (Tyl & Ismail, 

2018).  Similarly, Mathiowetz (2018) found IWG to have significantly lower 

lipoxygenase activity, but significantly higher lipase activity compared to HRW 

(Mathiowetz, 2018).  The shelf life of IWG may be limited due to higher fat content 

compared to wheat, in conjunction with lipase and lipoxygenase activity, which degrades 

lipids due to hydrolytic and oxidative rancidity, respectively (Figure 1).   
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                                                              Nutritional Quality       Nutritional Quality 

 

 

Figure 1. Causes and consequences of lipid degradation in whole grain flour over 

extended storage. 

 

 

Hydrolytic rancidity proceeds through lipase activity, which hydrolyzes 

triacylglycerols to free fatty acids (FFA) and diglycerides, monoglycerides, and glycerol 

(Doblado-Maldonado et al., 2012; O’Connor, Perry, & Harwood, 1992).  The 

development of FFA over storage is indicative of lipase activity.  Lipases are mostly 

located in the bran fraction of the grain (Galliard, 1986a).  Lipases exhibit maximum 

activity at about 17% moisture content (Rose & Pike, 2006).  On decreasing moisture 

level to 10 to 14% (common for flour storage), activity can drop to about 50% of its 

maximum (Rose & Pike, 2006).  Thus, storage at proper moisture content is of particular 

importance.  Lipase activity is particularly a concern from the perspective of storage 

stability, especially since freed polyunsaturated fatty acids are more susceptible to 

oxidation by lipoxygenase than esterified fatty acids.   
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Oxidative rancidity can develop through enzymatic or autoxidation mechanisms 

(Brash, 1999; Galliard, 1986a, 1986b; Robards, Kerr, & Patsalides, 1988).  During both 

aforementioned pathways, lipid oxidation involves the addition of oxygen to 

polyunsaturated fatty acids, forming hydroperoxides.  Hydroperoxide content (or 

peroxide value) is indicative of oxidative rancidity progression over storage (Jiang, 

Woollard, & Wolff, 1991; Kapoor & Kapoor, 1990; Li et al., 2016).  Hydroperoxides can 

then react to form secondary oxidation products that are smaller and volatile, such as 

aldehydes, ketones, alcohols, small acids, and alkanes (Loiseau, Vu, Macherel, & Deunff, 

2001).  These products result in reduced flour quality and consequently quality of 

resultant baked products, due to off flavor development and  reduction in sensory 

acceptance (Doblado-Maldonado et al., 2012).   

Lipoxygenase attacks the methylene groups in polyunsaturated fatty acids (either 

esterified or non-esterified), preferentially polyunsaturated FFA, leading to oxidative 

rancidity (Galliard, 1986a; Mann, Morrison, Manna, & Morrison, 1975).  Lipoxygenase 

is mainly found in the germ fraction of the grain, but can also be found in the bran.  In 

wheat, lipoxygenase has a specific affinity for linoleic and linolenic acid (Galliard, 1994).  

In comparison to lipid hydrolysis, lipid oxidation is a much slower process (Galliard, 

1994).  This is because lipoxygenase exhibits much lower activity at low moisture 

contents that are common for flour storage, unlike lipase (Wang & Toledo, 1987).  Fatty 

acids may also undergo non-enzymatic oxidation.  Autoxidation is the spontaneous 

oxidation of fatty acids in the presence of oxygen, catalysts, and light. Autoxidation can 
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also produce hydroperoxides.  However, autoxidation is more readily inhibited by 

antioxidant activity as compared to enzymatic oxidation.  

In addition to lipase and lipoxygenase, polyphenol oxidase (PPO) and peroxidase 

activities are important with regard to shelf life as well.  These enzymes degrade 

hydrogen peroxide, which is an inhibitor of lipoxygenase, and they produce free radicals 

that can attack unsaturated fatty acids and contribute to oxidative rancidity by promoting 

oxidation of free fatty acids (Poudel & Rose, 2018).  While no studies as of now have 

investigated levels of PPO and peroxidase in IWG, preliminary work found that bulk 

IWG had greater levels of peroxidase activity compared to HRW (data not shown), and 

with steam treatment peroxidase activity was significantly reduced in IWG (Appendix 

A).  Future studies may investigate enzymatic activities of different IWG breeding 

populations. 

 

1.5.3.6. Antioxidant Content of IWG Compared to HRW 

 

Antioxidants in wheat are unevenly distributed among grain fractions, with higher 

concentration in the germ and bran (Blandino et al., 2013; Liyana-Pathirana, Dexter, & 

Shahidi, 2006).  There are many classes of antioxidants in wheat.  The major antioxidants 

in wheat are carotenoids and hydroxycinnamic acids, others include carotenoids, 

tocopherols (vitamin E), and smaller miscellaneous groups (benzoxazinoids, lignans, 

phytosterols, and steryl ferulates) (Luthria, Lu, & John, 2015).  The content of these 

compounds is highly dependent on the cultivar.   
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Tyl and Ismail (2018) found that  IWG had significantly higher contents of lutein 

and zeaxanthin (carotenoids), as well as higher levels of ferulic acid, p-coumaric acid, 

and sinapic acid (hydroxycinnamic acids) in most populations of IWG compared to wheat 

(Tyl & Ismail, 2018).  These antioxidants and respective activities are particularly 

relevant to storage stability, as they may mitigate lipid oxidation (Adom, Sorrells, Rui, & 

Liu, 2005).   

The most predominant group of antioxidants in wheat is the phenolic acids 

(hydroxycinnamic acids and hydroxybenzoic acids).  Whole wheat flour can contain 

approximately nine to ten times more phenolics compared to refined flour, but are highly 

dependent on the cultivar (627.8–745.6 µg/g vs. 66.0–97.0 µg/g, dry basis) (Laddomada 

et al., 2015; Lu et al., 2014).  Ferulic acid, a hydroxycinnamic acid, is the most abundant 

phenolic acid in wheat.  In general, hydroxycinnamic acids are more abundant in cereals 

than hydroxybenzoic acids.  Up to 80% of phenolics are present in a bound form, mostly 

covalently cross-linked with cell wall polymers, such as arabinoxylans, which decreases 

accessibility (Adom et al., 2005; Lu et al., 2014; Salazar-López et al., 2017).  Thus, 

phenolics in the bound form contribute significantly more to the total antioxidant content 

compared to free phenolics.  As phenolics in the bound form cannot be digested by 

humans, several techniques have been developed to enhance hydroxycinnamic acid bio-

accessibility, including the pre-treatment of bran (fermentation, enzymatic and heat 

treatment) (De Kock & Taylor, 1999; Dey & Kuhad, 2014; Salmenkallio-Marttila, 

Katina, & Autio, 2001).  When quantifying phenolics, an alkaline hydrolysis step is used 
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to accurately quantify total phenolic content, due to bound forms that must be released 

from cell-wall to be quantified (Adom et al., 2005).  

Hydroxycinnamic acids participate in radical scavenging by hydrogen transfer, 

reduction by electron transfer, and metal chelation (Salazar-López et al., 2017).  Phenolic 

content (total content including free and bound forms) has been shown to positively 

correlate with total antioxidant activity in wheat (Adom et al., 2005; Dey & Kuhad, 2014; 

Mathiowetz, 2018).  Many studies, reported in literature, quantify total phenolics, which 

also include flavonoids and tannins, as opposed to only phenolic acids.  

Phenolic acids, namely hydroxycinnamic acids, from the grain aleurone layer 

(especially ferulic acid) can participate in the gluten matrix, altering gluten structure by 

reduction.  This is due to the formation of covalently-linked adducts between cysteine 

and phenolic acids, which limits the number of disulfide bonds for gluten forming 

proteins to form with other proteins, thus limiting gluten strength (Sidhu et al., 1980).  

The higher levels of hydroxycinnamic acids in IWG compared to HRW may affect 

functionality.  However, from a nutritional standpoint, high levels of hydroxycinnamic 

acids could be beneficial as they act as natural antioxidants (Tyl & Ismail, 2018).   

The other most abundant class of antioxidants in cereal grains are carotenoids.  In 

cereal grains, lutein is the most predominant carotenoid, and in wheat, lutein, zeaxanthin, 

and beta-carotene are the most abundant carotenoids (Ragaee, Abdel-Aal, & Noaman, 

2006; Liangli Yu, 2008).  Lutein and zeaxanthin were also found to be the most abundant 

carotenoids in IWG, with both lutein and zeaxanthin contents significantly higher 

compared to wheat (Tyl & Ismail, 2018).  Lutein and zeaxanthin are isomers, and are 
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both xanthophylls.  There are two classes of carotenoids: xanthophylls, which are 

oxidized and contain oxygen, and carotenes, which are only hydrocarbons and do not 

contain oxygen (Yabuzaki, 2017).  Xanthophylls are more effective antioxidants 

compared to carotenes (Yabuzaki, 2017).  Carotenoids are known for health benefits, 

including conversion to vitamin A and their function as dietary antioxidants (Boon, 

McClements, Weiss, & Decker, 2010; Luthria et al., 2015; Yabuzaki, 2017).  

Carotenoids are known to contribute to oxidative stability in food systems.  They 

act by single oxygen quenching and reduction of free radical species (Adom et al., 2005; 

Boon et al., 2010).  The antioxidant activity of carotenoids is dependent on the 

concentration of oxygen and carotenoid structure.  Other antioxidants including vitamin E 

or ascorbic acid have the capability to inhibit the degradation of carotenoids by either 

directly inhibiting free radical species, such that carotenoids are spared, or by 

regenerating carotenoids (in certain forms) after they have been oxidized, returning them 

to their reduced form (Haila, 1999).  Carotenoids are degraded by heat, light, oxygen, 

acids, metals, or by interactions with radical species (Boon et al., 2010).  In organic 

extracts, carotenoids are known to degrade quite rapidly, due to autoxidation.   

Despite the fact that fat content and enzyme activity could influence the storage 

stability of IWG and potentially limit shelf life in comparison to wheat, the relatively 

higher antioxidant content of IWG may help to counter the development of rancidity over 

storage.  The high bran to endosperm ratio of IWG, due to smaller seed size, lends to 

increased fat content and enzymatic activity, but also to higher antioxidant content and 
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activity compared to wheat (Mathiowetz, 2018; Rahardjo et al., 2018; Tyl & Ismail, 

2018).   

 

1.6. Grain and Flour Storage and Storage Stability 

 

1.6.1. Storage of Grain 

 

Prior to use, grain is stored directly after harvest in silos or grain elevators, or in 

some cases may be directly transported to location of use, such as a flour or feed mill.  

Prior to storage, grains must be dried to prevent microbial growth and insect infestation; 

reduction of grains’ moisture content to between 13 and 14% is considered optimal to 

prevent such issues (Doblado-Maldonado, 2012; Wilkes & Copeland, 2008).  In addition 

to microbial concerns, at moisture levels above 14% lipase activity will increase.  

Molteberg et al. (1995) found increases in FFA and hexanal content in oats with higher 

moisture content and longer storage time (Lein Molteberg, Vogt, Nilsson, & Frolich, 

1995).  Grains either are dried in the field before harvest, or are subject to drying post-

harvest via forced air and/or dryers.  IWG dries relatively quickly, which is beneficial to 

farmers with regard to costs of drying, and time (Wagoner & Schauer, 1990).  Drying 

temperatures while using a dryer are not recommended to exceed 35C, as higher 

temperatures can affect functionality and storage stability with regard to lipid 

degradation, as autoxidation can be induced (Wrigley, 2016).  Generally, stored intact 
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grains remain acceptable for human consumption with minimal degradation in quality for 

several years, as long as storage conditions are adequate and the moisture content of the 

grain is maintained below 13-14% (Wrigley, 2016).   

 

1.6.2. Storage Conditions and Processes to Improve Shelf Life of Grains 

 

It is widely accepted that storage conditions are of utmost importance with regard 

to safety and shelf life.  Therefore, parameters including temperature, RH, and airflow 

may be controlled to improve storage stability.  

Silos and elevators may be aerated to cool grains and prevent moisture retention 

over storage (Brooker, Bakker-Arkema, & Wall, 1992).  The temperature at which grain 

is stored will most certainly affect storage stability.  For each 5C increase in 

temperature, the potential shelf life of the grain is reduced by half when held at a given 

moisture content (Shivvers Manufacturing, 2007).  Too high of storage temperatures will 

induce lipid and antioxidant degradation (Daftary, Pomeranz, & Sauer, 1970).  

Temperatures above 43C speed up chemical processes of all organisms, including 

microbes, which not only leads to quality concerns but also impacts safety (Henry & 

Kettlewell, 2012).  In addition to concerns with microbial counts, some microbes such as 

molds and fungus may produce toxins, namely mycotoxins, which are detrimental to 

safety (Zhu, 2018; Wang et al., 2016).  On the other hand, it is not recommended to 

freeze grain either, as it would be difficult to warm the grain back to ambient temperature 
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without the condensation immediately freezing into ice.  Ice chunks lead to problems 

with aeration and grain unloading (Shivvers Manufacturing, 2007).  In addition, if grain 

is stored frozen, condensation on warming back to ambient temperatures can increase 

grain moisture, and can cause sudden bin failure due to expansion of kernels, among 

other issues with increase in moisture content (Shivvers Manufacturing, 2007).  

Therefore, it is suggested by the Canadian Grain Commission that grain storage 

temperature should be less than 18C and above freezing temperatures, ideally grain 

should be stored at refrigeration temperatures (ca. 4C).  It is also suggested for grains to 

reach 18C or below as soon as possible after harvest, because most pests do not feed or 

reproduce at temperatures below 18C (Canadian Grain Commission, n.d.).  

Refrigeration temperatures would be ideal, such that degradation is slowed with colder 

temperatures.  Refrigeration temperatures have been shown to be ideal for IWG grains as 

well.  Mathiowetz (2018) studied storage stability of IWG grains at three different storage 

temperatures: ambient temperature (22 ± 2C), 45C, and 4C, to determine effect of 

temperature on storage stability.  It was found that grains stored at lower temperatures 

exhibited improved storage stability compared to grains stored at higher temperatures 

(Mathiowetz, 2018).   

The RH of the storage environment may be controlled to increase storage stability 

of grains.  RH is important because large differences between the external environment 

and the storage environment may lead to moisture transfer, affecting the moisture content 

of the grains, and thus safety and storage stability.  The RH for growth of bacteria is 
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generally above 90% RH, for molds above 70% RH, and for mites above 60% (Henry & 

Kettlewell, 2012).  At relative humidities above 60%, pest growth as well as lipid 

degradation can be promoted, both of which are undesirable for safety and long-term 

storage (Galliard, 1986a).  With increasing mold counts, reduction of total lipids, 

breakdown of free and bound lipids, and decreases in polar lipids, glycolipids, and 

phospholipids have been reported (Daftary et al., 1970).  Both mold growth and lipid 

degradation proceed in high moisture and oxygenated environments, influenced by 

temperature and RH of storage conditions.  RH is dependent on temperature, and may 

fluctuate somewhat in industrial settings; temperature is generally only allowed to 

fluctuate 0.5-1C (Shivvers Manufacturing, 2007). 

Other storage conditions may be considered in addition to temperature and RH.  

Controlled atmosphere (CA) storage, for example, may be used to extend the shelf life of 

grains, by limiting oxygen available for grain respiration (Banks, 1984).  CA (or modified 

atmosphere) is modifying the ratio of gases (adding or removal of nitrogen, oxygen, 

carbon dioxide, or ethylene) in the atmosphere in storage in order to control microbial 

growth, grain respiration, and extend shelf life.  Especially for grains, this involves 

limiting oxygen to slow the rate of grain respiration as well as microbial growth.  

However, a major constraint in use of CA storage is cost, particularly the cost of gases 

applied (such as nitrogen to displace oxygen) and delivery from off-site sources.  

However, this storage method has become more commercially attractive due to 

developments such as on-site generation systems for gases, which reduce cost (Banks, 

1984).   
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Methods other than manipulation of storage conditions may improve shelf life. 

The application of acids to grains may be used in order to prevent microbial or mold 

growth.  This method is mainly for animal feed applications, where acids such as acetic 

acid or propionic acid may be applied to grains to prevent mold growth.  In some cases, 

the addition of acids may increase nutritional value of the grain for animal feed 

applications by release of nutrients through acid hydrolysis (Brooker et al., 1992).  The 

acid concentrations used vary, depending on the moisture content of the grain (Brooker et 

al., 1992).   

The use of other processes including heat treatments may also extend the shelf life 

of grains.  These treatments, discussed further below, may improve the storage stability 

of resultant flour.  

 

1.6.3. Storage of Flour 

 

Whole grain flour, in comparison to grains, will have a shorter shelf life.  In 

whole grains, the bran, germ, and endosperm are physically separated, thus, enzymes and 

substrates are not able to interact and the development of rancidity is slow.  Therefore, 

wheat is recommended to be stored as whole grain for as long as possible before milling 

is needed (Hansen & Rose, 1995).  However, in industrial circumstances, this often 

cannot be the case, especially if large quantities of flour are required and milling 

immediately before use is not practical or possible, especially if milling equipment is not 
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on site.  As flour, the bran, germ, and endosperm are no longer separated, thus, enzyme-

substrate interaction is no longer limited, leading to development of rancidity at a faster 

rate.  About 50% of lipids located in the germ fraction are inaccessible to lipase until 

milling.  Therefore, the development of rancidity may be more pronounced after milling 

compared to the stored whole grains.  Flour also has a disadvantage regarding 

development of rancidity during the milling process.  During milling, grains are exposed 

to oxygen which can induce autoxidation, but oxygen exposure is inevitable as part of the 

milling process.  In addition, if milling conditions are not controlled, flour may be 

exposed to heat, which may induce autoxidation.  With different preparation and milling 

methods, different cultivars, and varying storage conditions, the shelf life of the flour 

may vary widely.  Therefore, to define an absolute shelf-life for flour is not possible, due 

to large variations between products (Doblado-Maldonado et al., 2012). 

 

1.6.4. Factors that Affect Flour Shelf Life 

 

Flour shelf life is affected by many factors.  Some of these factors include 

cultivar, microbial or fungal growth, pest infestation, moisture content and water activity, 

storage conditions, the milling process, the refinement of flour and resulting bran and 

germ content of the flour, and the amount of time grains were stored prior to milling to 

flour (Alvarez-Jubete, Arendt, & Gallagher, 2010; Galliard, 1986a; Tait & Galliard, 

1988).  While there are many factors that may affect the shelf life of flours, further 
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discussion will focus on factors that affect lipid degradation, because of IWG’s fat 

content, lipid profile, and lipase activity.  Bran content, storage conditions, and previous 

grain storage are the factors explored in the present work.  

Development of rancidity and off-flavors in flour over storage is largely impacted 

by bran content.  It is recognized that whole wheat flour has a shorter shelf life compared 

to refined wheat flour, due to higher fat content and higher enzymatic activity.  

Generally, most commercially available whole wheat flours are stamped with use-by 

dates of three to nine months, whereas refined wheat flour has use-by dates of nine to 

fifteen months (Doblado-Maldonado, 2012).   

Storage conditions have a large impact on the development of rancidity over 

storage.  Similar to whole grains, flour is impacted by temperature and RH (Section 

1.6.2).  However, in flour, the rates of lipid degradation are faster than in whole grains. 

Therefore, consideration of storage conditions is particularly important. 

The amount of time grains are stored before milling is another factor that may 

affect the development of rancidity of flour over storage.  While the development of 

rancidity is slower in grains, flour from previously stored grains has higher levels of lipid 

degradation compared to flour from freshly harvested grains (Doblado-Maldonado et al., 

2012).  However, flour produced from stored grains has been shown to have favorable 

functionality in comparison to flour from freshly harvested grain, due to some lipid 

degradation.  For example, secondary lipid oxidation products can oxidize gluten forming 

proteins, resulting in a strong gluten network (Doblado-Maldonado, 2012; Kanner, 2007; 

Every, Simmons, & Ross, 2006; Malekian et al., 2000; Wang & Flores, 1999).  However, 
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flour storage up to 23 weeks at ambient temperature has been shown to be deleterious to 

flour functionality, as opposed to prior storage of grain before milling (Tait & Galliard 

1988).  Despite potential benefits from a functionality perspective, the development of 

rancidity may have a negative impact on the storage stability of flour due to the 

development of off-flavors.  Therefore, consideration of lipid degradation with regard to 

shelf life is imperative. 

 

1.6.5. Consequences of Flour Storage 

 

The consequences of flour storage include the development of rancidity, 

functionality changes, flavor changes, and nutrient degradation.  The progression of these 

consequences is impacted by the factors discussed previously.  There is currently no 

information in the literature regarding the shelf life of flour from IWG grains.  This study 

and that of Luu (2020) will be the first reports on IWG flour storage stability.  Luu (2020) 

evaluated functional and flavor changes over extended storage of IWG flour, and this 

study evaluates chemical storage stability of IWG flour, with regard to enzymatic 

activity, antioxidant content and activity, and rancidity measures.  Both studies evaluated 

the storage stability of IWG flour from freshly harvested grains and from one-year-old 

grains.  Potential functionality improvements of IWG flour with previous storage as 

grains, such as strong gluten network formation and formation of starch-lipid complexes 

(Tait & Galliard, 1988), would be negated if lipid degradation prevents commercial use 
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due to undesirable flavor changes.  In IWG, lipid degradation is particularly a concern 

with a relatively high fat content.  Therefore, storage stability and consequences of 

storage focuses on lipid degradation, namely the development of rancidity and 

antioxidant degradation, will be further discussed. 

 

1.6.5.1. Development of Rancidity in Flour over Storage 

 

The quality of whole flour decreases rapidly over storage due to the presence of 

lipid degrading enzymatic activity in the bran and germ fractions, unlike refined flour that 

is essentially free of those fractions (O’Connor et al., 1992).    Storage studies of wheat 

show that hydrolytic rancidity is related to the decrease in sensory properties of baked 

products (Galliard, 1983; Hansen & Rose, 1996; Tait & Galliard, 1988).  Whole wheat 

flour with a high content of FFA has been described in sensory analysis as musty, bitter, 

and rancid (correlation coefficients all >0.8) (Heiniö, Lehtinen, Oksman-Caldentey, & 

Poutanen, 2002).  Thus, FFA content due to lipase activity may limit shelf life due to 

decreased consumer acceptance.  In general, FFA are thought to be a greater contributor 

to the loss of sensory quality compared to products of oxidative rancidity (De Almeida et 

al., 2014).   

Lipid oxidation products, namely secondary oxidation products, which are often 

volatile, contribute to off-flavor development in flour.  Hexanal, an aldehyde secondary 

lipid oxidation product, has been shown to correlate with negative sensory attributes, 

including bitter (correlation coefficient of 0.92), rancid (0.92), and musty (0.95) (Heiniö 
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et al., 2002).  Humans have an inborn aversion for consuming rancid foods, which “self‐

limits” the ingestion of oxidized products (Ismail, Bannenberg, Rice, Schutt, & MacKay, 

2016).  Due to reduction in sensory acceptance, shelf life is limited when products 

become rancid. 

Lipid oxidation also decreases the nutritional quality of the flour over storage.  

Lipid oxidation first degrades essential fatty acids that are required in the diet (Doblado-

Maldonado et al., 2012).  Primary lipid oxidation products can oxidize amino acids, 

converting lysine, cysteine, methionine, and tryptophan into unavailable derivatives 

(Rehman & Shah, 1999).  Carbohydrates can also be attacked by free radical products of 

lipid oxidation, which may lead to health concerns with regard to inflammation (Gilbert, 

King, & Thomas, 1981; Morelli, Russo-Volpe, Bruno, & Lo Scalzo, 2003).  In addition, 

antioxidants are degraded by quenching radicals formed as part of lipid oxidation, which 

not only affects dietary intake of antioxidants, but also affects the intake of those which 

are vitamins or compounds that can derive vitamins, such as vitamin E and carotenoids 

(vitamin A), respectively (Leenhardt et al., 2006; Lehtinen, Kiiliäinen, Lehtomäki, & 

Laakso, 2003; Nielsen & Hansen, 2008).  Additionally, lipid oxidation products are 

thought to have negative health impacts, including increased risk of cardiovascular 

diseases and cancer, as oxidation products may lead to inflammation and oxidation of 

tissues in the body (Ismail et al., 2016; Kanner, 2007).  Lipoxygenase can also degrade 

antioxidants themselves outside of lipid oxidation.  Lipoxygenase has been shown to 

cause significant losses over storage of carotenoids and vitamin E (Leenhardt et al., 2006; 

Nielsen & Hansen, 2008).   
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1.6.5.2. Antioxidant Degradation in Flour over Storage 

 

IWG’s higher content of antioxidants compared to wheat may help delay the 

progression of oxidative rancidity over storage (Abdel-Aal, Young, Rabalski, Hucl, & 

Fregeau-Reid, 2007; Adom et al., 2005; Hidalgo & Brandolini, 2008; Nielsen & Hansen, 

2008).  However, antioxidants themselves are susceptible to degradation during storage, 

due to exposure to light, oxygen, and elevated temperatures, enzymatic degradation, and 

as part of inhibiting oxidation (Malekian et al., 2000; Ragaee et al., 2006; Yu, 2008).  The 

extent to which antioxidants are lost over storage is dependent on storage conditions, the 

length of storage, in addition to the fat content and enzymatic activity (Yu, 2008).   

Hydroxycinnamic acid content is not often measured over storage; rather, 

antioxidant activity is measured.  Changes in antioxidant activity over storage mostly 

reflect changes to hydroxycinnamic acid content, since ferulic acid is the primary 

contributor of antioxidant activity in wheat (Adom et al., 2005; Salazar-López et al., 

2017; Vaidyanathan & Bunzel, 2012).  Antioxidant activity over storage of flour has been 

demonstrated to be stable or decrease with time, dependent on type of extract, and storage 

conditions, particularly temperature and time of storage (Narwal, Sehgal, Jaswal, & 

Sheoran, 2012; Sneh Narwal et al., 2014; Rose et al., 2008; Yu, 2008; Yu et al., 2013).  

On the other hand, the antioxidant activity of carotenoids is dependent on the 

concentration of oxygen, carotenoid structure, and presence of other antioxidants (Haila, 

1999).  Xanthophylls, including lutein and zeaxanthin, have higher antioxidant activity 
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compared to carotenes (Conn, Schalch, & Truscott, 1991).  In flour, carotenoids degrade 

over storage via a first-order degradation reaction (Boon et al., 2010; Li Wang et al., 

2016).  Mellado-Ortega and Hornero-Méndez (2017) found that over 12 months of 

storage at -32°C, there was 72% carotenoid retention and after 12 months of storage at 

50°C, there was only 10% retention.  These results demonstrate that temperature is of 

utmost importance with regard to carotenoid stability (Mellado-Ortega & Hornero-

Méndez, 2017).  Carotenoids can also be degraded by quenching oxidative species, 

thereby losing antioxidant activity (Conn et al., 1991).  In their study, Mellado-Ortega 

and Hornero-Méndez (2017) also found that lipases affected the storage stability of 

carotenoids, with lipases acting on esterified carotenoids, which limited their stability.  

Esterified lutein in durum wheat was found to exhibit a three-fold lower degradation rate 

than free lutein over storage at 37°C (Mellado-Ortega & Hornero-Méndez, 2017).  In 

addition, it is known that lipoxygenases can directly degrade carotenoids in wheat flour 

over storage (Leenhardt et al., 2006).   

 

1.6.6. Estimation of Flour Shelf Life 

 

There are many criteria used to estimate shelf life of flour, including official 

standards of safety (such as the Official United States Standards for Grain), as well as 

standards set by individual buyers, which may be more stringent in quality requirements, 

dependent on the institution and application use.  The moisture content, storage 
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conditions, and composition are fundamental to the varying causes of failure over shelf 

life (Deora, 2018; Doblado-Maldonado et al., 2012; Maraschin et al., 2008; Lehtinen, 

2003; Hansen & Rose, 1995; Canadian Grain Commission, n.d.).  Studies evaluating the 

shelf life of IWG must control for these environmental parameters, especially 

temperature and moisture content.  

In order to discern an effect of time and RH on development of rancidity as a 

potential mode of failure in IWG, the present study employed different RH combinations.  

This study also explored stability of resultant flour produced from freshly harvested IWG 

grains compared to flour produced from grains that were stored for one year at 

refrigeration temperatures, to determine effect of grain storage prior to milling and 

storage as flour.  The impact of refinement was also studied, due to implications of bran 

on lipid degradation and flour functionality, as mentioned previously. 

Several studies have developed mathematical models or algorithms to predict 

storage quality given specific criteria.  Many models have been developed for grains, as 

well as final baked products, whereas flour shelf life models are less prevalent.  However, 

correlations between moisture content, storage conditions, and chemical composition are 

well established as indicators of shelf life, particularly microbial growth and safety, 

reduction of sensory quality due to lipid degradation, and changes in functionality over 

storage. 

While there are many criteria to assess shelf life, hydrolytic and oxidative 

rancidity are the most appropriate for assessing the shelf life of IWG, due to the relatively 

high fat content and a relatively high lipase activity compared to wheat (Tyl & Ismail, 
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2018).  It is also of interest to consider how the relatively high antioxidant content of 

IWG may slow oxidative progression over storage.  Therefore, the choice to measure 

rancidity over other shelf life criteria is valid.  Manufacturers and grain processers have 

long relied heavily on FFA content as an indicator of shelf life (Galliard, 1983, 1994).  

Furthermore, taste is one of the most influential parameters regarding consumer selection 

of products, and the relationship of rancidity to odor and flavor is well established (Bin & 

Peterson, 2016; Doblado-Maldonado et al., 2012; Slavin, Jacobs, & Marquart, 2001; 

Hansen & Rose, 1995).  While hydrolytic and oxidative rancidity changes over storage 

are used in the present study to assess shelf life, it must be emphasized that shelf life is 

the cumulative result of changes to several quality parameters over storage.  The 

complimentary study by Luu (2020) will measure other parameters of interest over 

storage, including flour functionality changes, and flavor changes and their correlation 

with sensory scores. 

 

1.6.7. Strategies to Improve Flour Storage Stability 

 

While control of moisture content, and storage conditions such as temperature and 

RH most certainly extends storage, other processing methods may be employed to 

enhance stability over storage and extend shelf life.  The rate of lipid degradation could 

be reduced by control of temperature, such as cold storage (Tait & Galliard, 1988).  

However, cold storage has significant costs associated with it, thus, it is not an ideal 
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solution for industrial settings.  Other methods that have been explored include CA or the 

addition of antioxidants, but these methods would only partially solve the problem, as 

degradation of lipids includes hydrolytic rancidity, which does not require oxygen 

(Doblado-Maldonado et al., 2012).   Therefore, it is important to inhibit or reduce lipase 

activity, which would consequently limit the production of FFA. 

Several strategies have been explored to extend the shelf life of flour of cereal 

grains, including wheat, einkorn, and oats, especially einkorn and oats that have higher 

fat contents.  Similarly, IWG grains also could benefit from processing strategies to 

extend the shelf life of the flour.  Some of these strategies may include refinement, non-

heat treatments, and heat-based treatments, either dry heat or wet heat treatment. 

 

1.6.7.1. Refinement of Flour to Extend Shelf Life 

 

Efforts to extend the shelf life of flour have included refinement, i.e., the removal 

of bran and germ.  Refinement of flour removes most of the problematic enzymes and 

some of the lipids that contribute to rancidity (Slavin, Jacobs, & Marquart, 2001).  

Refinement may be beneficial to flour functionality, as dietary fiber, mainly found in the 

bran portion of the grain, can disrupt gluten network formation and compete for water, 

thus negatively impacting bread loaf volume and crumb structure during fermentation 

and baking (Rosell et al., 2010; Gan et al., 1989).  This has also been demonstrated in 

refined IWG flour (Banjade et al., 2019).  However, with health considerations, the use of 
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refinement of flour may not be ideal, thus, other methods to extend the shelf life of flour 

have been explored.  

 

1.6.7.2. Non-Heat Methods for Inactivation of Lipase and Lipoxygenase 

 

Non-heat processing approaches have been considered in order to inactivate lipase 

and lipoxygenase.  Among the methods that could be practically applied in the food 

industry is the treatment of grain with irradiation (De Almeida et al., 2014; Jha, 

Kudachikar, & Kumar, 2013; Marathe, Machaiah, Rao, Pednekar, & Rao, 2002; Rose et 

al., 2008), or ozone (Zhu, 2018).  Both of these methods have showed positive results for 

lipase deactivation.  However, the use of irradiation may not appeal to consumers, with 

misinformation about irradiation being similar to radiation.  The message of sustainability 

for IWG that would benefit its commercialization would be negated by irradiation.  More 

research must be completed on the use of ozone. 

The use of metal ions has also been studied as a means to inactivate lipase, 

because lipase activity is influenced by the presence of metal ions, similar to pH 

(Doblado-Maldonado, 2012; Kapoor & Kapoor, 1990).  However, the practicality of the 

addition of metal ions is limited, since some metals are unacceptable for food uses, and 

some iron compounds such as FeCl3 may induce oxidation (Doblado-Maldonado et al., 

2012).  Similarly, the use of acid to inhibit lipase (since lipase activity is pH dependent) 

would not be practical due to changes in flour functionality, and the use of organic vapors 

such as ethanol  vapors (to denature lipase) may not be ideal either, as antioxidants may 
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be unintentionally extracted or degraded (Doblado-Maldonado et al., 2012).  Therefore, 

the use of heat treatment of grains has been explored to inactivate lipase and 

lipoxygenase. 

 

1.6.7.3. Heat Treatments of Grains to Inactivate Lipase and Lipoxygenase 

 

A number of heat-based methods have been studied in order to inactivate lipase 

and lipoxygenase, and thus prevent development of rancidity by these enzymes.  

Lipoxygenase is more heat-stable than lipase, so if lipoxygenase is inactivated, lipase is 

as well, which is beneficial for preventing hydrolytic rancidity as well as oxidative 

rancidity (Malekian et al., 2000).  However, it has been shown that 100% inactivation of 

lipase have resulted in flours that oxidize more rapidly than control flours (Molteberg et 

al., 1995), which the authors attributed to autoxidation, since a significant portion of 

lipoxygenase was inactivated as well.  Heat treatments with longer times or higher 

temperatures can disintegrate membrane structures and inactivate heat-labile 

antioxidants, thus, the rate of lipid oxidation in heat treated flours may be faster than in 

not heat treated flours, depending on the treatment (Doblado-Maldonado et al., 2012; 

Lehtinen et al., 2003; Molteberg et al., 1995).  Therefore, methods that have been 

explored recently have aimed for significant partial reduction in enzymatic activity, rather 

than 100% inactivation, to avoid faster rates of lipid degradation due to autoxidation and 

degradation of heat-labile antioxidants (Doblado-Maldonado et al., 2012).  Heat based 
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methods explored have included dry heat (e.g. oven and microwave) or wet heat (e.g. 

steaming and autoclaving). 

 

1.6.7.3.1. Dry Heat Treatments 

 

Dry heat treatments can be applied with conventional ovens, vacuum ovens, or 

microwaves.  Temperatures and durations of treatment can vary, often 100-230C.  Either 

whole grains are subjected to heat or the milled bran fraction of whole flour can be 

treated before adding back to the milled endosperm portion.   

Oven and microwave treatments have been shown to effectively reduce lipase 

activity.  De Almeida et al. (2014) found significant reductions in lipase activity (74-

93%) of wheat grains subjected to dry heat (conventional oven and microwave heating) 

(De Almeida et al., 2014).  Lipase activity reductions (35-50%) have also been shown in 

wheat bran portions with dry heat (conventional oven).   

However, conclusions are varied with regard to impact on antioxidant content, as 

well as improvement of storage stability across studies (De Almeida et al., 2014; Hu et 

al., 2018; Rose et al., 2008).  Rose et al. (2008) did not observe significant changes in 

wheat flour antioxidant activity with microwave (1000W, 120 s) or conventional oven 

treatments (175C, 30 min) (Rose et al., 2008).  However, Hu et al. (2018) found 

significant reductions in total phenolics and antioxidant activity with dry heating of wheat 

bran (dry oven, 170C, 16 min) (Hu et al., 2018).  Despite a similar heat treatment to that 
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of Rose et al. (2008), as well as a shorter duration of heat treatment, the significant 

reduction of antioxidant content and activity observed could be due to the treatment of 

wheat bran only, compared to the treatment of whole wheat grains prior to milling as did 

Rose et al. (2008).  The impact on antioxidant content and activity greatly depends on the 

treatment used, the duration and temperature, and the subject of treatment (whole grains, 

bran portions, or otherwise).   

Dry heat treatments, while effective at reduction of lipase activity, have the 

disadvantage of generally requiring a longer treatment time, especially if using 

conventional ovens, and higher temperatures.  This has the disadvantage of potentially 

inducing autoxidation.  Hu et al. (2018) observed an increase in hydroperoxides over 

storage of wheat bran, suggesting heat treatment induced autoxidation under the 

treatment conditions employed, along with the degradation of antioxidants, leading to the 

development of rancidity (Hu et al., 2018).  In addition, dry heat treatments have been 

shown to negatively affect flour functionality.  In a study on the effect of dry heat 

treatment of soft wheat flour on flour functionality, significant denaturation of proteins 

was observed with heat treatment, indicated by weak gluten network strength as 

measured by rheomixer (Keppler, Bakalis, Leadley, Sahi, & Fryer, 2018).  The use of 

microwave heating has also been shown to damage wheat proteins in treatments longer 

than 30 seconds when the temperature of the sample increases beyond 68C, negatively 

affecting gluten formation and bread making (Qu, Wang, Liu, Wang, & Liu, 2017).  

Starch has also been shown to be affected by dry heat treatment, resulting in reduced 

flour functionality due to damage to starch granules, affecting swelling and pasting 
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properties (Keppler et al., 2018).  Recent studies have explored the use of less harsh 

treatments to avoid autoxidation and impacts on functionality.  However, despite studies 

demonstrating lipase activity can be significantly reduced, less harsh heat treatments with 

longer treatment times are not efficient with large amounts of grain.  This limits dry heat 

treatments for commercial use due to length of treatments and the energy input for longer 

treatment times. Wet heat treatments have been explored as an alternative to both 

significantly reduce enzymatic activity and minimally impact antioxidant activity and 

functionality. 

 

1.6.7.3.2. Wet Heat Treatments 

 

Several wet heat treatments can be used to prolong the shelf life of whole grains, 

bran fractions, or flours resulting from treated grains.  These may include autoclaving, 

cooking in water, steam treatment, or superheated steam treatment.  Discussion will focus 

on steam treatment, as autoclaving methods are often too harsh, and cooking in water is 

not ideal, because cooking the grains before milling may affect milling, and cause 

functionality (particularly starch pasting and gluten formation) and flavor changes, which 

are not ideal for flour commercial use. 

Steam treatments are common in oat and legume processing due to their high lipid 

content (O’Connor et al., 1992), where steam treatment has been found to be effective in 

inactivating enzymes, while also preserving antioxidant content (Hidalgo et al., 2008; Hu 

et al., 2018; Poudel & Rose, 2018; Rose et al., 2008).  Oats, for example, are often steam 
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treated using kilning, a direct steam treatment with heating for different durations and 

temperature profiles to obtain lipase inactivation (Heiniö et al., 2002; Lehtinen et al., 

2003; Lein Molteberg et al., 1995).  Steam treatment has been explored for einkorn, 

which also has a relatively high fat content, similar to oats (Hidalgo et al., 2008).  Taking 

into consideration that there is a relatively high fat content in IWG, as in oats and 

einkorn, steam treatment may also be beneficial for IWG, through lipase and 

lipoxygenase activity reduction, to prolong the shelf life and maintain nutritional quality.  

Steam treatments have also been explored in wheat.  While wheat is not commonly steam 

treated in industrial settings, studies with wheat have demonstrated the effectiveness of 

the method in inactivation of lipase and the mitigation of development of rancidity.   

Despite the potential of inducing autoxidation with increased moisture content 

(Karel, 1980), steaming is more effective in inactivating lipase compared to dry heat, as 

demonstrated in wheat and other grains.  Compared to dry heating at 175C where the 

optimal treatment time was 25 minutes (Hu et al., 2018), steaming is a more effective 

treatment, needing less time and lower temperature to significantly reduce lipase activity 

(Rose et al., 2008).  Accordingly, steam treatment is beneficial from a cost-effective 

perspective for industrial use. 

As demonstrated by Rose et al. (2008), in wet environments enzymes are more 

readily inactivated.  The higher enthalpy of steam compared to dry air allows heat to 

better penetrate the grain, and enzymes are more susceptible to denaturation (Hidalgo et 

al., 2008; Rose et al., 2008; Sosulski et al., 1988).  Enzymatic activity can be further 

reduced with increasing time of grain steaming.  Poudel & Rose (2018) reported a 81-
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92% decrease in lipase activity and a 64% reduction in lipoxygenase activity with steam 

treatment of wheat grains for 90 s (Poudel & Rose, 2018).  In the same study, polyphenol 

oxidase and peroxidase activities were decreased slightly, by 22% and 34% respectively 

(Poudel & Rose, 2018).  However, Rose et al. (2008) found that for wheat grains, the 

optimal treatment time for steam treatment was 60 s.  The time determined for steam 

treatment is often optimized based on a significant reduction in enzymatic activity, while 

not significantly affecting antioxidant content.  Preservation of antioxidant content is 

important not only for maintaining nutritional content of the resulting flour, but also to 

further enhance storage stability.   

The latest research on enzyme deactivation in whole grains through steaming show 

that several changes of grain chemical composition take place (De Almeida et al., 2014; 

Poudel & Rose, 2018; Rose et al., 2008).  First, increases in grain moisture content up to 

17% have been observed due to water absorption and diffusion (De Almeida et al., 2014; 

Poudel & Rose, 2018; Rose et al., 2008).  This fact could be beneficial, as steaming can 

potentially be used as a way to deliver moisture to kernels for tempering in preparation for 

milling (Poudel & Rose, 2018).  However, steam treatment of grains may negatively affect 

flour functionality.  Steam treatment has been shown to result in starch gelatinization, 

which may be beneficial or detrimental depending on the application (De Almeida et al., 

2014).  It has been reported that wheat flour from grains subjected to a steam treatment for 

15 min resulted in starch pasting profiles that had increased peak viscosity, increased cold 

paste viscosity, and increased hot paste viscosity compared to the not treated control 

(Prakash & Rao, 1999).  These observations were also noted with a steam treatment of 5 
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min.  Additionally, steam treatment has been shown to denature gluten-forming proteins at 

treatment times of 15 min, as measured by water absorption capacity and resistance to 

extension (Prakash & Rao, 1999).  Weak gluten network formation is not ideal for bread or 

other baked products where gluten strength is required for structure.  However, with 

optimized shorter treatment times (90 s), steam treatment had no significant effect on flour 

functionality compared to a respective not steamed control, while resulting in significant 

reductions in lipase, lipoxygenase, polyphenol oxidase, and peroxidase activities, as well as 

FFA development over storage (Poudel & Rose, 2018). 

As a result of lipase inactivation, steam treatment has been confirmed to lower FFA 

contents over storage (Poudel & Rose, 2018; Rose & Pike, 2006).  Steam treatment can thus 

limit lipid oxidation by limiting the availability of FFA, which are more prone to oxidation 

than esterified counterparts, and also by partially inactivating lipoxygenase.  The reduction of 

hydrolytic and oxidative rancidity by steam treatment could lead to improved sensory profiles 

of the stored flour and of the final baked products due to reduced production of FFA and 

secondary lipid oxidation product off-flavors (Bin & Peterson, 2016; Doblado-Maldonado et 

al., 2012; Poudel & Rose, 2018).  Additionally, results have consistently shown that steam 

treatment effectively inactivates enzymes without significantly reducing antioxidant content 

(Hidalgo et al., 2008; Hu et al., 2018; Rose et al., 2008). 

There are a few considerations for any method to be employed for IWG grains to 

extend the shelf life of resulting flour.  First, the method employed must reduce lipase and 

lipoxygenase activity significantly.  Secondly, the method must preserve IWG’s high 

antioxidant content.  With the steam treatment of wheat grains, these points have been well 
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demonstrated in literature.  With IWG, literature is limited.  Mathiowetz (2018) studied the 

impact of steam treatment on the shelf life of IWG grains.  While the steam treatment used 

was not effective in significantly reducing enzymatic activity IWG grains, it was 

acknowledged that it was likely because of the method used.  The steaming method used 

employed a proofing oven set at 100C and 95% RH for 60 min (Mathiowetz, 2018).  A 

more direct steaming method, such as placing grains in a sieve above a boiling water bath 

as described by Rose et al. (2008), may be best to achieve a more effective steam treatment.  

The use of steam treatment remains a viable option for IWG, with Mathiowetz’s work a 

stepping-stone in optimizing a steam treatment method specifically for IWG, which would 

effectively reduce enzymatic activity, preserve antioxidant content, and extend shelf life.  

Steam treatment has the potential to accomplish retention of antioxidant content and 

reduction of lipid-degrading enzyme activity, thus improving IWG flour storage stability.  

 

1.7. Conclusions 

 

Interest in sustainable food systems is growing annually, driven by a growing 

worldwide population and greater environmental awareness related to soil erosion, 

irrigation consequences, and greenhouse gas emissions.  As a result, there are many 

reasons to shift from annual grains to perennials, from increasing the production of crops 

that are more environmentally sustainable, to providing alternatives for consumers 

looking for more nutritionally beneficial choices in grain-based products.  
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Breeding efforts have turned to the development of perennial grains.  IWG 

(Thinopyrum intermedium) is a perennial grass that has environmental benefits including 

reduced soil nitrate leaching, increased carbon sequestration, and reduced water and 

energy inputs (Ogle, 2011).  With many environmental benefits, IWG has been identified 

as a promising perennial crop for use in food products.  In addition to environmental 

benefits, IWG also has promising nutritional benefits.  It has been shown to have higher 

levels of protein, dietary fiber, and antioxidants in comparison to wheat (Mathiowetz, 

2018; Rahardjo et al., 2018; Tyl & Ismail, 2018).   

Despite benefits, in order to be marketable for food consumption, perennials must 

compete with annual grains: nutritionally, functionally, and agronomically. Intensified 

breeding efforts have begun to enhance IWG’s marketability.  One major factor of IWG’s 

marketability and commercial success is storage stability.  Because IWG has higher 

levels of fat and lipase activity and a considerable amount of lipoxygenase compared to 

wheat and other grains, storage stability of IWG may be detrimental to its commercial 

success (Tyl & Ismail, 2018).  The action of lipase and lipoxygenase on lipids results in 

hydrolytic and oxidative rancidity (De Almeida et al., 2014).  Mathiowetz (2018) 

explored the use of steam treatment to extend the shelf life of IWG whole grains. It was 

found that steam treatment may be of use to extend the shelf life of IWG whole grains, 

but steam treatment methods may need to be optimized.  IWG groats were found to have 

acceptable storage stability (Mathiowetz, 2018).   

What has not been addressed thus far, however, is the storage stability of IWG 

flour.  In general, flour has a shorter shelf life than grains.  There is a gap in knowledge 
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with regard to IWG flour storage stability, and whether extended storage of IWG flour is 

possible with high fat content and enzymatic activity, and if there are ways to extend the 

shelf life for commercial use.  IWG, despite having higher fat content and enzymatic 

activity, contains relatively high contents of antioxidants, such as carotenoids and 

hydroxycinnamic acids that could counter oxidative activity (Tyl & Ismail, 2018; 

Mathiowetz, 2018).  Hydrolytic rancidity by lipase, however, remains a challenge 

especially since lipase activity can occur in the absence of oxygen.  One way to counter 

lipase activity is by inactivation of the enzyme.  Heat treatments of grains have been 

studied to extend the shelf life of flour to inactivate problematic enzymes that contribute 

to hydrolytic and oxidative rancidity.  Steam treatment has been found to be effective in 

decreasing the activity of lipase and lipoxygenase, while also preserving antioxidant 

content in other cereals that have higher fat contents, including wheat, oat, and einkorn 

flour (Hu et al., 2018; Poudel & Rose, 2018; Rose et al., 2008; Hidalgo et al., 2008).  

Given there is a relatively high fat content in IWG as well, steam treatment may be an 

option to extend the shelf life of IWG flour.   

Analysis of the storage stability of IWG flour and impact of steam treatment, 

refinement level, previous storage as grain, and storage conditions, will guide future IWG 

breeding efforts for commercial food applications.  Future breeding efforts can address 

the content of lipase and lipoxygenase, as well as the content of lipids in future IWG 

lines.  Prolonging the shelf life of IWG flour will promote commercial use of IWG, thus 

encouraging the use of a sustainable, environmentally friendly, and nutritious grain.  
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2. Materials and Methods 

2.1. Materials  

 

2.1.1. IWG and HRW Grains 

 

Intermediate wheatgrass (IWG) grains were harvested from the UMN fields in 

Rosemount, MN in August 2016, and then were stored for one year under refrigeration 

temperatures.  The grains were a bulk sample consisting of several IWG populations 

originating from TLI Cycle 2 at The Land Institute in Salina, KS.  TLI Cycle 2 consisted 

of 4266 plants derived from 110 genets, or individual plants, from TLI Cycle 1 that were 

identified for superior qualities (DeHaan et al., 2014).  A bulk IWG sample, planted 

September 2016, was freshly harvested from the UMN Rosemount fields in August 2017.  

This sample was an improved grain-type IWG, consisting of several IWG populations 

originating from TLI Cycle 5 at The Land Institute.  Hard red winter wheat (HRW) grains 

that were previously stored or freshly harvested were used as controls.  HRW grains were 

bulk samples harvested from St. Paul, MN and Lamberton, MN in July 2016 or July 

2017, respectively.  All grains were kindly supplied by the Agronomy and Plant 

Genomics Department at the University of Minnesota.  
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2.1.2. Materials for Chemical Testing 

 

Glycine standard (99%, 502-211) was purchased from Leco, Corp. (St. Joseph, 

MI, USA).  Enzymes and assay kits for total dietary fiber (K-TDFR-100A/K-TDFR-

200A 04/17), total starch (K-TSTA-50A/K-TSTA-100A 06/17), amylose/amylopectin 

ratio (K-AMYL 12/16), and starch damage (K-SDAM 06/18, Starch Damage in Cereal 

Flours) were purchased from Megazyme International Co. (Wicklow, Ireland).  

Celatom® (diatomaceous earth), tris(hydroxymethyl)aminomethane (TRIS), and 2(N-

morpholino) ethanesulfonic acid (MES) were purchased from Millipore Sigma (St. 

Louis, MO, USA).  Hydroxycinnamic acid standards, ferulic acid (99.4%), trans-p-

coumaric acid (98%), and sinapic acid (>99%) were purchased from MP Biomedicals, 

LLC (Santa Ana, CA, USA), Acros Organics (Morris, NJ, USA), and MilliporeSigma, 

respectively.  Carotenoid standards, zeaxanthin (>98%) and lutein (>97%) were 

purchased from Santa Cruz Biotechnology (Dallas, TX, USA) and MilliporeSigma 

respectively.  2,2-diphenyl-1-picrylhydrazyl (DPPH), (±)-6-Hydroxy-2,5,7,8-

tetramethylchromane-2-carboxylic acid (Trolox), and benzoyl leucomethylene blue 

(LMB) were purchased from MilliporeSigma, Acros Organics, and TCI America 

(Portland, OR, USA), respectively.  Oleic acid and linoleic acid standards (>98%) were 

purchased from MilliporeSigma.  Standardized 0.1 M sodium thiosulfate aqueous 

solution was purchased from Ward’s Science (Rochester, NY, USA).  Xylenol orange 

tetrasodium salt was purchased from MilliporeSigma. Olive oil was purchased fresh 

locally.  2,2′-azino-di-(3-ethylbenzthiazoline sulfonic acid) (ABTS) substrate was 
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purchased from Fisher Scientific (Waltham, MA, USA), and horseradish peroxidase was 

purchased from MilliporeSigma for peroxidase activity.  Hexanal and heptyl acetate 

standards for GC analysis of hexanal content were purchased from MilliporeSigma.  All 

other chemicals were reagent grade or higher and were purchased from Fisher Scientific, 

MilliporeSigma, or VWR International (Radnor, PA, USA).   

 

2.2. Methods 

 

2.2.1. Experimental Design  

 

The present study has a factorial design with flours from two grain types (IWG and 

HRW as a control), two harvest years (one year old grains stored under refrigerated 

conditions and freshly harvested grains), and two treatments (steamed and not steamed 

prior to milling).  IWG and HRW grains harvested in 2016 were cleaned and dehulled, 

then stored at refrigeration temperature (ca. 4C) for one year.  The storage condition 

imitates common industry storage conditions, where grains may be stored up to one year 

as grains, and then may be milled and stored for a few months as flour before use in food 

products.  For the flour resulting from one-year-old grain, there were two refinement 

levels (whole and partially refined: 100% bran and 75% bran, respectively).  Partially 

refined flour samples were prepared with 75% of the original bran.  Preliminary trials 
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HRW 
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4 Treatments 

1 Treatment 
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IWG 
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Not 
Steamed 

Whole 43% RH 

Partial 43% RH 

showed this level of bran was optimal for protein secondary structure in IWG dough.  

The HRW control grains were milled into whole flour with no other refinement level.  

HRW grains were not steamed, as the steaming of HRW grains is not commonly done in 

industrial settings.  Flours were stored for six months at 43% RH and ambient 

temperature, as illustrated in Figure 2. 

 

 

 

 

 

 

 

 

 

 

Figure 2. Storage study design for flours from one-year-old grains, courtesy of Misen 

Luu (Luu 2020). 

 

 

IWG grains harvested in 2017 were cleaned, and dehulled, then were either 

steamed or not steamed, and then milled to flour immediately and stored.  There were 

three refinement levels (whole, partially refined, and refined: 100% bran, 75% bran, and 

0% bran, respectively).  The 2017 HRW control grains were cleaned, dehulled, and 

milled into flour with two refinement levels, whole and refined.  All flour samples were 
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stored at 43% RH and 65% RH at ambient temperature up to nine months, as illustrated 

in Figure 3. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Storage study design for flours from freshly harvested grains, courtesy of 

Misen Luu (Luu 2020). 

   

 

Following milling but before storage, proximate analysis as well as compositional 

analyses including the determination of insoluble dietary fiber, soluble dietary fiber, total 

dietary fiber, amylose, amylopectin, total starch, and damaged starch, were performed on 

all flour samples.  Flour samples were removed from storage and analyzed for rancidity 

measures, enzyme activity, and antioxidant content and activity at various time points.  

“Time 0” samples from each treatment condition were analyzed to establish a baseline for 
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storage measurements.  For flours from one-year-old grains, samples were pulled out of 

storage every month for up to 6 months.  For flours from freshly harvested grains, 

samples were pulled out of storage every 1.5 months for up to 6 months, and then again 

three months later at 9 months of storage.  Rancidity measures were analyzed at each 

time point, which included analysis of peroxide value, free fatty acids content, and 

hexanal content.  Carotenoid content was also measured at every time point.  

Hydroxycinnamic acid content was measured at every time point for flours from one-

year-old grains, and at four timepoints for flours from freshly harvested grains: 0, 1.5, 

4.5, and 9 months of storage.  Other analyses were only performed at beginning, middle, 

and end timepoints, including antioxidant activity by 2,2-diphenyl-1-picrylhydrazyl 

(DPPH) (on acetone and alkaline hydrolysis extracts) and leucomethylene blue (LMB) 

(on alkaline hydrolysis extracts), as well as lipase and lipoxygenase activity.  Table 1 

illustrates the analyses that were conducted at different timepoints of the storage studies.   
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Table 1. Analyses conducted over storage of flours from freshly harvested and one-year-old grains. 
Characteristic Method Time Points Tested 

E
n
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m
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c 
 

A
ct
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y
 Lipase Activity Lipase Assay adapted from Rose and Pike 2006 

 

Beginning, Middle, and End 
 

Flours from Previously Stored Grains:  

Time 0, 3, 6 Months 

Flours from Freshly Harvested Grains:  

Time 0, 4.5, 9 Months 

Lipoxygenase Activity 
FOX (Ferrous Orange Xylenol) Lipoxygenase Assay adapted 

from Li and Schwarz 2010 

R
a

n
ci

d
it

y
 

M
ea

su
re

s Hydroperoxides Peroxide Value Assay adapted from AACCI 58-16.01 
All Timepoints 

 

Flours from Previously Stored Grains: Time 

0, 1, 2, 3, and 6 Months 

Flours from Freshly Harvested Grains: 

Time 0, 1.5, 3, 4.5, 6, 9 Months 

Free Fatty Acids (FFA) 
FFA Assay AOAC Method 940.28 and AACCI Method 58-

15.01, adapted by Mathiowetz (2018) 

Hexanal Static Headspace GC-FID 

A
n

ti
o

x
id

a
n

t 
C

o
n

te
n

t 
a

n
d

 A
ct
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y
 

 

Carotenoids 

 

RP-HPLC adapted from Shen et al. 2015 

 

Hydroxycinnamic Acids 

 

 

RP-HPLC adapted from Vaidyanathan and Bunzel 2012 

 

All and Select Timepoints 

 

Flours from Previously Stored Grains: Time 

0, 1, 2, 3, and 6 Months (all) 

Flours from Freshly Harvested Grains:  

0, 1.5, 4.5, and 9 months (select) 

DPPH (2,2-diphenyl-1-picryl-

hydrazyl) Activity 

(acetone and alkaline hydrolysis 

extracts) 

DPPH assay adapted from Fogarasi et al. 2015, Guo and Beta 

2013, Li et al. 2005 

 

Beginning, Middle, and End 

 

Flours from Previously Stored Grains:  

Time 0, 3, 6 Months 

Flours from Freshly Harvested Grains:  

Time 0, 4.5, 9 Months 

Leucomethylene Blue (LMB) 

(alkaline hydrolysis extracts) 

LMB assay adapted from Bright et al. 1999, Lindemeier et al. 

2007 
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2.2.2. Steam Treatment, Milling, and Sample Preparation 

 

A portion of each of the IWG samples was subjected to a direct steam treatment.  

Samples were steamed by putting a single layer of grains in a sieve over a boiling water 

bath for 120 seconds.  Optimal time for steam treatment was determined to be 120 

seconds, because this steam time was observed to produce a significant reduction in 

enzymatic activity while preserving antioxidant content (Figure 15 and Table 7, 

Appendix A).  Lipase, lipoxygenase, and peroxidase activities were significantly reduced 

after 120 seconds of steam treatment, whereas there was no significant reduction in 

antioxidant content of hydroxycinnamic acids (p-coumaric acid, ferulic acid, and sinapic 

acid) or carotenoids (lutein and zeaxanthin).  Steamed grains were subsequently 

equilibrated at ambient conditions overnight.   

Grain samples (steamed or not steamed) were then milled using a Brabender 

Quadrumat Junior mill (C.W. Brabender Instruments, Inc., Hackensack, NJ) and the 

endosperm was passed through a 0.025 mm screen. The bran portion was removed after 

milling, and was further milled with a hammer mill (Howell Electric Motors, Howell, 

MI), and passed through a 0.04 mm screen.  Bran was then added back to the endosperm 

at 100% of the original bran content (determined by endosperm-to-bran ratios, Table 8, 

Appendix B) to make whole flour.  Bran was added back at 75% of the original bran 

content to the endosperm to make partially refined flour, and refined flour was only 
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endosperm with no bran was added back.  The mill was thoroughly cleaned and allowed 

to cool between samples.  The resulting flour samples were subsequently stored. 

 

2.2.3. Flour Storage 

 

After milling, flour samples from one-year-old grains and flours from freshly 

harvested grains were stored at 43% RH at ambient temperature.  A RH of 43% 

corresponds to a 10% moisture content (Pixton & Warburton, 1971).  To control RH, 

samples were stored in sealed desiccators with saturated potassium carbonate solution.  

Saturated potassium carbonate has a water activity of ~0.43 (or a RH of ~43%) across a 

wide range of temperatures (Rockland, 1960).  This level is well below the minimum 

level required for bacterial and mold growth (Henry & Kettlewell, 2012; Pixton & 

Warburton, 1971). 

Flours from freshly harvested grains were also stored at 65% RH, in order to 

study the impact of a higher RH on storage stability.  A 65% RH corresponds to a 

moisture content of 14% at room temperature (Pixton & Warburton, 1971).  In industrial 

conditions, if not being controlled for, the RH may fluctuate.  Therefore, storing at 65% 

RH was chosen to mimic the “higher end” of the spectrum, where microbial growth and 

the development of rancidity may occur due to increase in moisture content (Hansen & 

Rose, 1995; Pixton & Warburton, 1971; Sujitha et al., 2018).  The RH in this case was 

controlled by storing samples in a controlled atmosphere chamber, set to 65% RH. 
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Each flour sample (~75 g) was stored in uncovered polystyrene bottles with a 

leveled surface.  After storage, bottles were flushed with nitrogen, capped with a 

polystyrene cap, and kept in the freezer (ca. -20C) until analysis. 

 

2.2.4. Proximate Analysis 

 

Proximate analysis was performed in triplicate following standard methods.  

Protein content was determined following the AOAC 990.03 Dumas nitrogen combustion 

method, using a Nitrogen Analyzer (LECO® TruSpecNTM, St. Joseph, MI, USA) and a 

nitrogen conversion factor of 5.70 (AOAC International, 2016).  Fat content was 

determined following the AOAC 922.06 Mojonnier method  (AOAC International, 

2016).  Moisture content was determined following the AACCI 44-40.01 vacuum oven 

method (AACC International, 2010).  Ash content was measured following the AOAC 

923.03 dry ashing method (AOAC International, 2016).  Total carbohydrate content was 

determined by difference.   

 

2.2.5. Carbohydrate Composition 

 

2.2.5.1. Dietary Fiber 
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Total dietary fiber, soluble fiber, and insoluble fiber were analyzed following the 

AOAC 991.43 method  using the Megazyme Total Dietary Fiber Assay Kit  (AOAC 

International, 2016).  In duplicate, samples (1 g) were dissolved in 40 mL 0.05 M MES-

Tris buffer (pH 8.2) and sequentially digested with heat stable α-amylase for 30 min at 

95-100°C, protease for 30 min at 60°C, and amyloglucosidase for 30 min at 60°C.  Each 

digested sample was filtered through an even layer of Celatom® and washed with 78% 

ethanol, 95% ethanol, and acetone, sequentially.  The residue, comprising of insoluble 

dietary fiber (IDF), was dried and weighed.  Soluble dietary fiber (SDF) contained in the 

filtrate was precipitated with 95% ethanol, and was subsequently filtered through an even 

layer of Celatom®.  The SDF residue was washed with 78% ethanol, 95% ethanol, and 

acetone, sequentially, and then was dried and weighed.  Total dietary fiber was 

determined as the sum of IDF and SDF.  Results were corrected for protein and ash by 

Kjeldahl (AOAC 981.10) and dry ashing (AOAC 942.05), respectively (AOAC 

International, 2016). 

 

2.2.5.2. Total Starch 

 

Total starch was analyzed in triplicate following the AOAC 996.11 method using 

the Megazyme Total Starch Assay Kit (AOAC International, 2016).  The method used 

was as outlined in Section “E” of the Megazyme procedure, titled “Determination of 

starch in samples which also contain D-glucose and/or maltodextrins.”  This method 

included an ethanol wash step (80% v/v) to remove endogenous glucose from flour, 
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before digestion of the starch into glucose.  Total starch in the flour was quantified, after 

hydrolysis by alpha-amylase and amyloglucosidase, spectrophotometrically at 510 nm as 

a function of glucose concentration following reaction with glucose oxidase-peroxidase 

reagent (GOPOD), using standard concentrations of D-glucose.   

 

2.2.5.3. Amylose/Amylopectin Ratio 

 

 

Amylose/amylopectin ratio was analyzed following the conconavalin A (ConA) 

precipitation procedure using the Amylose/Amylopectin Megazyme kit.  First, flour 

samples in triplicate were dispersed by heating at 100C in a water bath for ca. 1 minute 

in dimethyl sulfoxide (DMSO), and then lipids were removed by precipitating the starch 

in ethanol and recovering the precipitated starch.  After re-solubilizing the starch in 

sodium acetate buffer (100 mM sodium acetate buffer, pH 4.5), amylopectin was 

precipitated out of solution with ConA solution.  The supernatant (after amylopectin 

precipitation, containing amylose), and an aliquot of the solubilized starch in a sodium 

acetate buffer (representative of total starch), were digested separately by α-amylase and 

amyloglucosidase to produce D-glucose.  Following reaction with GOPOD, the 

concentration of D-glucose in the samples was determined spectrophotometrically at 510 

nm, compared to a similarly treated starch control with a known amylose/amylopectin 

ratio.  The ratio of D-glucose in the supernatant aliquot (amylose) to the total starch 

aliquot was used to calculate the percentage of amylose (% w/w). 
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2.2.5.4. Starch Damage 

 

The amount of starch damage was measured in triplicate following the AACCI 

76-31.01 method using the Megazyme Starch Damage Assay Kit (AACC International, 

2010).  In flour, the damaged starch granules present were hydrolyzed to maltodextrins 

by digestion with alpha-amylase at 40C for exactly 10 minutes.  This controlled 

digestion allows only the damaged starch granules to be digested to dextrins.  

Amyloglucosidase digestion at 40C for 10 minutes was then used to convert the dextrins 

to glucose.  Finally, the content of glucose was quantified spectrophotometrically at 510 

nm following reaction with GOPOD, using standard concentrations of D-glucose.  The 

content of damaged starch was reported on a dry basis, as a percentage of total starch. 

 

2.2.6. In vitro Enzyme Activity Assays 

 

2.2.6.1. Preparation of Defatted Flour and Fat Extracts 

 

Defatted flour was required for lipase activity assay. However, the fat extracted 

from flour was not discarded; rather, was utilized for free fatty acid and hydroperoxide 

quantification, as discussed in Section 2.2.9.1 and Section 2.2.9.2.  In triplicate, the 

amount of flour needed to yield ca. 100 mg of fat (6.2 g of HRW and 5.3 g IWG) was 

extracted three times, using a 50:50 (v/v) diethyl ether to petroleum ether solvent in a 5:1 
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solvent to flour ratio for the first two extractions and a 3:1 ratio for the third extraction.  

For each extraction, samples were mixed in the dark on a shaker for 30 minutes, followed 

by centrifuging at 2,090 × g for 5 minutes.  Supernatants from all three extractions were 

pooled and filtered through 9 mm filter paper, into pre-weighed 50 mL glass centrifuge 

tubes.  Then, the extracts were dried down under nitrogen.  The final weights of fat 

extracts were used in free fatty acid and peroxide value calculations, following respective 

analyses.  Nitrogen-flushed fat extracts were sealed and stored at -20°C until analysis, 

which occurred within one day of extraction.  The resultant defatted flour sample was 

utilized for the lipase activity assay, following evaporation in the hood overnight to 

ensure evaporation of residual ethers. 

 

2.2.6.2. Lipase Activity Assay 

 

Lipase activity was measured using an adaptation of the method by Rose and Pike 

(2006).  Activity was measured indirectly in defatted flour samples with 

spectrophotometric analysis of liberated oleic acid in samples following incubation with 

olive oil (Rose & Pike, 2006).  Defatted flour (1 g), in triplicate, was vortexed with 500 

µL olive oil and 200 µL deionized distilled water (DDW) in 15 mL glass round bottom 

centrifuge tubes and then was placed in a 45°C incubator for 4 hours in the dark.  A 

control for each sample (also 1 g of the respective defatted flour) was prepared by mixing 

with 500 µL olive oil and 200 µL DDW in 15 mL glass round bottom centrifuge tubes as 

well; however, this sample was not incubated.  This was done in order to account for free 
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oleic acid present in the olive oil prior to incubation.  The olive oil was extracted from 

each sample and control, and retained in order to measure the content of free oleic acid.  

Extraction was carried out in duplicate, by adding 5 mL hexane to each centrifuge tube, 

vortexing, and centrifuging for 5 minutes at 523 × g.  Olive oil extracts in hexane were 

dried down under nitrogen, and then reconstituted in 4 mL of isooctane.  Reconstituted 

extracts were then vortexed with 1 mL of 275 mM cupric acetate reagent (adjusted to a 

pH 6.1 with pyridine).  Copper salts of oleic acids solubilized into the isooctane layer 

were measured spectrophotometrically at 715 nm.  Oleic acid external standards (1-10 

mM) were prepared in 4 mL of isooctane and similarly vortexed with 1 mL cupric acetate 

reagent before measuring the absorbance at 715 nm.  Equation 1 was used to calculate 

lipase activity.  Lipase activity was expressed as micromoles (units “U”) of oleic acid 

liberated per hour per gram (g) of sample on a dry basis.  A sample standard curve 

(Figure 16, Appendix C) and calculation can be found in Appendix C.  
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Equation 1. Lipase activity. 

 

 

 𝐿𝑖𝑝𝑎𝑠𝑒 Activity = 

[(4.5 𝑚𝐿) × (𝐴𝑠 − 𝐴𝑏)]

[(𝜀𝑀) × 𝑡 (ℎ𝑟)  × 𝑙 (𝑐𝑚) × 𝑆𝑎𝑚𝑝𝑙𝑒 𝑊𝑒𝑖𝑔ℎ𝑡 𝑑. 𝑏. (𝑔)]
 ×  

1000 𝜇𝐸𝑞/𝑚𝐿

1 𝑚𝑜𝑙/𝐿
 

 

Where:  

4.5 mL = Total reaction volume 

As = Absorbance of sample at 715 nm 

Ab  = Absorbance of blank at 715 nm  

εM = Molar extinction coefficient of oleic acid (M
-1

·cm
-1

) at 715 nm determined 

through slope of oleic acid standard curve  

t = Incubation time in hours 

l = Path length = 1 cm for standard cuvette  

 

 

2.2.6.3. Ferrous Oxidation-Xylenol Orange (FOX) Lipoxygenase Activity Assay 

 

Lipoxygenase activity was measured utilizing the method established by Li and 

Schwarz (2012) (Li & Schwarz, 2012).  In triplicate, 20 mL of potassium phosphate 

buffer (0.1 M, pH 6.0) was used to extract flour samples (1 g) in 50 mL polypropylene 

centrifuge tubes for 30 minutes in the cold room (4C) in the dark, while stirring on a 

magnetic stir plate at ca. 800 RPM.  After extraction, the tubes were centrifuged for 1.5 

minutes at 523 × g, and then the supernatants were filtered through 9 mm filter paper.  To 

an aliquot (10 µL) of the filtered extract, 120 µL of the same potassium phosphate buffer 

was added as well as 30 µL of linoleic acid solution, and was allowed to react for exactly 
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5 minutes.  The linoleic acid solution, the final concentration being 8 mM linoleic acid, 

was prepared by adding 250 µL linoleic acid to 5 mL borate buffer (0.5 M, pH 9.0) with 

250 µL of Tween to create an emulsion, and then was clarified with 650 µL 1 M sodium 

hydroxide.  The reaction was allowed to proceed for 5 minutes.  During the reaction, 

lipoxygenase from the sample oxidized linoleic acid to hydroperoxides.  Following the 

reaction, 2.85 mL of ferrous oxidation-xylenol orange (FOX) reagent was added.  The 

FOX reagent consisted of 250 µM ammonium ferrous sulfate, 25 mM sulfuric acid, 100 

µM xylenol orange, 4mM BHT, and 90% (v/v) methanol.  Reaction mixtures were then 

allowed to sit for 10 minutes in the dark at ambient temperature.  During this time ferric 

ions, formed by the oxidative action of hydroperoxides on ferrous ions, oxidized xylenol 

orange to produce a chromophore, the absorbance of which was then measured at 560 

nm.  A blank containing 10 µL DDW instead of sample extract was analyzed to account 

for autoxidation products in the linoleic acid solution.  Absorbance values were used to 

calculate lipoxygenase activity, as seen in Equation 2.  Lipoxygenase activity was 

reported as µmoles (units “U”) of lipid hydroperoxides formed per minute at ambient 

temperature per gram (g) of sample on a dry basis.  A sample calculation can be found in 

Appendix D.  
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Equation 2. Lipoxygenase activity. 
 

Lipoxygenase activity (U/g) = 

(𝐴𝑠 − 𝐴𝑏)

𝜀𝑚𝑀 

× 𝑉𝑜𝑙𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝐿) ×
𝑉𝑜𝑙𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝑚𝐿)

𝑉𝑜𝑙𝐴𝑙𝑖𝑞𝑢𝑜𝑡  (𝑚𝐿)
×

1

 𝑡 (𝑚𝑖𝑛) × 𝑙 (cm) × 𝑆𝑎𝑚𝑝𝑙𝑒 𝑊𝑡 𝑑. 𝑏. (𝑔)

×
1000 𝜇𝑚𝑜𝑙𝑒𝑠

1 𝑚𝑚𝑜𝑙
 

 

Where:  

As = Absorbance of sample at 560 nm 

Ab  = Absorbance of blank at 560 nm  

εmM = 47 mM
-1

·cm
-1

 (Molar extinction coefficient for lipid hydroperoxides in a 

methanol-based reagent) (Vega, Karboune, Husson, & Kermasha, 2005) 

VolReaction = Total reaction volume in L 

VolExtraction = Total extraction volume in mL 

VolAliquot = Total aliquot assayed in mL  

t = incubation time in minutes 

l = path length = 1 cm for standard cuvette 

 

 

2.2.7. Antioxidant Quantification 

 

2.2.7.1. Hydroxycinnamic Acids 

 

Hydroxycinnamic acid (HCA) content was measured using an adaptation of the 

method by Vaidyanathan and Bunzel (2012).  This method involves the alkaline 

hydrolysis of flour samples, in order to de-esterify arabinoxylan-bound phenolic 

compounds, to allow the quantification of both free and bound HCAs.  In triplicate, flour 
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samples (200 mg) were subjected to alkaline hydrolysis by first adding 5 mL de-

oxygenated sodium hydroxide (2 M) to each flour sample in 15 mL glass round bottom 

centrifuge tubes with three glass beads, to aid in mixing and to prevent clumping.  

Samples were thoroughly vortexed and then were left for 18 hours in the dark at ambient 

temperature.  Following hydrolysis, samples were acidified by adding 1 mL of 

concentrated hydrochloric acid (12.2 N) to each centrifuge tube and vortexed.  Following 

acidification, hydroxycinnamic acids were extracted from each sample matrix three times 

with 5 mL of diethyl ether.  Following each extraction, samples were centrifuged at 2,090 

× g for 5 minutes.  The supernatants from the three extractions were combined into a 

separate vial, dried down under nitrogen, and then reconstituted in 1 mL of 75% 

methanol.  Hydroxycinnamic extracts were analyzed using a Shimadzu Scientific 

Instruments high-performance liquid chromatography (HPLC) system (Colombia, MD, 

USA) equipped with SIL-10AF  auto injector, LC-20AT pump system, CTO-20A column 

oven, SPD-M20A photo diode array detector, and a CBM-20A communication module.  

A Phenomenex (Torrence, CA, USA) Luna phenylhexyl column (250 x 4.6 mm, 3 µm 

particle size) and guard column (30 x 4.6 mm, 5 µm particle size) of the same material 

were used.  The column temperature was maintained at 45°C, and the flow rate was kept 

at 0.75 mL/min.  Solvent A was 1 mM trifluoroacetic acid in water, and solvent B was 

0.1 mM trifluoroacetic acid in 90/10 acetonitrile/water.  Following injection of the 

sample extract (20 µL), elution was performed with a gradient profile modified from 

Dobberstein and Bunzel (2010): 13% phase B from 0-10 minutes, 13-20% from 10-20 

minutes, 20% held for 3 minutes, 20-25% from 23-28 minutes, 25-50% from 28-32 
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minutes, 50-70% from 32-35 minutes, 70-13% from 35-37 minutes, and re-equilibration 

at 13% for 8 minutes.  External standard curves were prepared using known 

concentrations of ferulic acid (0.1-0.4 mg/mL), p-coumaric acid (0.01-0.06 mg/mL), and 

sinapic acid (0.005-0.07 mg/mL) in 75% methanol.  Detection and quantification of 

hydroxycinnamic acids was performed at 280 nm.  Results were expressed as µg 

hydroxycinnamic acid (ferulic, p-coumaric, or sinapic) per gram of sample.  A sample 

chromatogram (Figure 17), a sample standard curve (Figure 18), and a sample calculation 

can be found in Appendix E.  

 

2.2.7.2. Carotenoid Quantification 

 

Lutein and zeaxanthin were quantified following the method outlined by Abdel-

Aal, Young, Rabalski, Hucl, and Fregeau-Reid (2007).  In triplicate, flour samples (500 

mg) were extracted three times with water-saturated butanol in 15 mL glass round bottom 

centrifuge tubes, with extraction volumes of 2 mL, 1.5 mL, and 1.5 mL respectively.  

During each extraction, samples were mixed continuously on a shaker for 1 hour at ca. 

150 RPM, with intermittent vortexing every 10 minutes.  At the end of the hour, samples 

were centrifuged at 523 × g for 5 minutes.  Supernatants from all three extractions were 

collected in 5 mL volumetric flasks and brought to volume with additional water-

saturated butanol, followed by thorough mixing.  Aliquots of extracts (1 mL) were 

transferred to Eppendorf centrifuge tubes, and dried down under nitrogen.  IWG flour 

extracts were reconstituted in 400 µL of water-saturated butanol, and HRW flour extracts 
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were reconstituted in 150 µL of water-saturated butanol.  Extracts were analyzed using a 

Shimadzu Scientific Instruments HPLC system described previously in Section 2.2.7.1.  

A ProntoSil (Bischoff, Leonberg, Germany) C30 column (250 x 4.6 mm, 5 m particle 

size) with a ProntoSil guard column (4.0 x 10 mm, 5 m particle size) of the same 

material was used.  Column temperature was maintained at 35°C, and flow rate was 

maintained at 1 mL/min.  Mobile phase A was 81/15/4 methanol/methyl tert-butyl 

ether/water, and mobile phase B was 90/10 methyl tert-butyl ether/methanol.  Following 

injection of a sample extract (50 µL), elution was performed with a gradient profile 

adopted from Tyl, Marti, Hayek, Anderson, and Ismail (2018): 0-40% phase B from 0-9 

minutes, 40-90% from 9-12 minutes, 90% held for 3 minutes, 90-0% from 15-20 

minutes, and re-equilibration at 0% for 5 minutes.  External standard curves were 

prepared using known concentrations of lutein (2.0-10 µg/mL) and zeaxanthin (0.2-7.5 

µg/mL) in water-saturated butanol.  Detection and quantification of carotenoids was 

performed at 450 nm.  Results were expressed as mg zeaxanthin or lutein per 100 g of 

sample.  A sample chromatogram (Figure 19), a sample standard curve (Figure 20), and a 

sample calculation can be found in Appendix F.  

 

2.2.8. In vitro Antioxidant Activity Assays 

 

In vitro antioxidant activity was evaluated using both the 2,2-diphenyl-1-

picrylhydrazyl (DPPH) radical scavenging assay and the leucomethylene blue (LMB) 
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assay.  The DPPH assay measures antioxidant activity by electron transfer (also known as 

radical scavenging), while LMB measures antioxidant activity by electron-transfer 

coupled with hydrogen atom transfer (also known as reduction).  Using different methods 

for analysis of in vitro antioxidant activity allows the evaluation of antioxidant activity 

from different mechanisms of lipid oxidation inhibition, which is especially important 

since many natural antioxidants and phytochemicals are multifunctional (Frankel & 

Meyer, 2000).  

 

2.2.8.1. DPPH Antioxidant Activity Assay 

 

Antioxidant activity, as measured by radical scavenging activity, was determined 

according to the DPPH assay reported by Guo and Beta (2013).  In triplicate, two extracts 

were analyzed against the external standard trolox, an analog of vitamin E: 1) alkaline 

hydrolysate extracts, as prepared for hydroxycinnamic acid quantification, as outlined in 

Section 2.2.7.1, which were further diluted threefold in 75% methanol; 2) 50% acetone 

(10:1 solvent/sample) extracts.  Acetone extracts were prepared by extracting flour 

samples (200 mg) twice in 1.5 mL microcentrifuge tubes with 1 mL of 50% aqueous 

acetone (Lv, Yub, & Lu, 2012).  The first extraction was performed for 18 hours in the 

dark at ambient temperature, on a shaker at ca. 200 RPM, and the second extraction was 

performed for one hour also on a shaker, each followed by centrifugation at 16,000 × g 

for 10 minutes. After each extraction, supernatants were collected in 2 mL volumetric 

flasks and brought to volume with 50% acetone.  An aliquot (100 μL) of each alkaline 
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hydrolysate extract and an aliquot (200 μL) of each acetone extract were each reacted 

with 3.9 mL and 3.8 mL, respectively, of 60 μM DPPH radical solution, prepared in 

methanol.  Following incubation at ambient temperature in the dark for 1 hour, the 

absorbance was read at 515 nm against a blank of 60 μM DPPH radical solution.  Trolox 

standards (100-700 μM) were measured following the same preparatory steps.  As 

antioxidants reduce the DPPH radical, the DPPH radical changes from its purple oxidized 

form to its reduced bleached form and thus, antioxidant capacity can be measured as a 

function of change in absorbance, as compared to the control.  The DPPH radical 

scavenging activity, expressed as a percentage of the ratio between the sample extract 

absorbance (or trolox standard absorbance) and the absorbance of the blank, was 

calculated using Equation 3. 

  

Equation 3. DPPH radical scavenging activity percent. 

 

 

DPPH Radical Scavenging Activity (%) = (1 −  
𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑏𝑙𝑎𝑛𝑘
) × 100% 

 

Where:  

Asample = Absorbance of sample at 515 nm 

Ablank  = Absorbance of blank (60 μM DPPH radical solution) at 515 nm  

 

 

Using standard trolox concentrations and their respective DPPH radical scavenging 

activities, an external standard curve was constructed, and the equation of the standard 

curve was used to express the results in units of μmoles trolox equivalents (TE) per gram 
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of sample, based on the previously calculated DPPH radical scavenging activity, using 

Equation 4.  A sample trolox standard curve (Figure 21) and a sample calculation can be 

found in Appendix G. 

 

Equation 4. DPPH Radical Scavenging Activity in units of μmoles trolox equivalents 

(TE) per gram of sample. 

 

 

μmoles TE / g sample = 

 

(
% 𝐷𝑃𝑃𝐻 𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦−𝑏

𝑚
) ×

𝑉𝑜𝑙𝐸𝑥𝑡𝑟𝑎𝑐𝑡(𝑚𝐿)

𝑉𝑜𝑙𝐴𝑙𝑖𝑞𝑢𝑜𝑡(𝑚𝐿)
 × 𝑑 ×

𝑉𝑜𝑙𝐸𝑥𝑡𝑟𝑎𝑐𝑡(𝑚𝐿)

1000 𝑚𝐿
×

1

𝑤𝑡.  𝑠𝑎𝑚𝑝𝑙𝑒 (𝑔)
  

 

Where:  

b = Y-intercept of equation of the standard curve for % DPPH radical scavenging  

activity of trolox standards 

m = Slope of the equation of the standard curve  

VolExtract = Total extraction volume in mL  

d = dilution factor 

VolAliquot = Aliquot volume in mL  

 

 

2.2.8.2. Leucomethylene Blue Antioxidant Activity Assay 

 

The leucomethylene blue (LMB) antioxidant assay was performed in triplicate 

following the method outlined by Bright, Stewart, and Patino (1999), with slight 

modifications using alkaline hydrolysate extracts of IWG and HRW, which were 

obtained for hydroxycinnamic acid quantification (as outlined in Section 2.2.7.1).  

Sample extracts were further diluted by a factor of three in 75% methanol.  An aliquot 

(50 μL) of a sample extract or trolox standard (0.1-2 mM) was added to the following 
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reagents in order to start the reaction: 3 mL of de-oxygenated phosphate buffer (0.2 M, 

pH 6.75), 100 μL of 15 mM EDTA (ethylenediamenetetraacetic acid) disodium salt/16 

mM ferrous sulfate heptahydrate solution, 1 mL of 8.05 mM linoleic acid solution in 50 

mM borate buffer (pH 9.0), and 100 μL 16 mM hydrogen peroxide solution.  After 10 

minutes of incubation at ambient temperature, 1 mL of the reaction mixture was added to 

2 mL of leucomethylene blue reagent, consisting of 131 µM leucomethylene blue, 8% 

(v/v) DMF, 1.4% (w/v) Triton-X, and lyophilized bovine hemoglobin in de-oxygenated 

potassium phosphate buffer (0.2 M, pH 5).  After 30 minutes of reaction time at ambient 

temperature in the dark, the absorbance of samples and trolox standards were read at 666 

nm against a leucomethylene blue reagent blank.  A blank was prepared following the 

above-mentioned procedure using 50 μL DDW instead of sample extract.  Absorbance 

values of trolox standards (0.1 - 2 mM) were used to construct an external standard curve, 

and the equation of the standard curve was used to calculate sample activity.  Results 

were reported in mmoles of TE per gram of sample, as seen in Equation 5.  A sample 

trolox standard curve (Figure 22) and a sample calculation can be found in Appendix H. 
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Equation 5. LMB antioxidant activity. 

 

 

mmol TE / g flour =  

 
[(𝐴

𝑏𝑙𝑎𝑛𝑘
− 𝐴𝑠𝑎𝑚𝑝𝑙𝑒) − 𝑏]

𝑚
×

𝑉𝑜𝑙𝐸𝑥𝑡𝑟𝑎𝑐𝑡 (𝑚𝐿)

𝑉𝑜𝑙𝐴𝑙𝑖𝑞𝑢𝑜𝑡(𝑚𝐿)
× 𝑑 ×

𝑉𝑜𝑙𝐸𝑥𝑡𝑟𝑎𝑐𝑡(𝑚𝐿)

1000 𝑚𝐿
×

1

𝑆𝑎𝑚𝑝𝑙𝑒 𝑤𝑡 (𝑔)
 

 

 

Where:  

Ablank = Absorbance of blank at 666 nm  

Asample = Absorbance of sample at 666 nm 

b = Y-intercept of equation of the standard curve plotting Δ Absorbance at 666 

nm of trolox concentrations (0.2-2 mM) 

m = Slope of the equation of the standard curve plotting Δ Absorbance at 666 nm 

of trolox concentrations (0.2-2 mM) 

VolExtract = Total extraction volume in mL  

VolAliquot = Aliquot volume in mL  

d = dilution factor 

 

 

2.2.9. Hydrolytic and Oxidative Rancidity 

 

2.2.9.1. Free Fatty Acids 

 

Total free fatty acid content was determined as a measure of hydrolytic rancidity 

following AOAC method 940.28 (AOAC International, 2016), but scaled down as 

outlined by Mathiowetz (2018).  In triplicate, nitrogen-flushed crude fat extracts (~100 

mg) (obtained as described in Section 2.2.6.1) were quantitatively transferred into 

Erlenmeyer flasks with 5 mL of neutralized ethanol, twice.  After the addition of 
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phenolphthalein, samples were titrated with standardized 0.01 M sodium hydroxide until 

a faint pink color remained after at least 30 seconds of swirling.  Titrant volumes were 

used to calculate the content of free fatty acids, expressed as a percentage of oleic acid 

per 100 g of flour on a dry basis, as shown in Equation 6.  A sample calculation can be 

found in Appendix I.  

 

Equation 6. Percent free fatty acids. 

 

 

%𝐹𝑟𝑒𝑒 𝑓𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑𝑠 =  
[(𝑉𝑠 − 𝑉𝑏) ×

𝑁 𝑁𝑎𝑂𝐻
1000 𝑚𝐿 ×

282 𝑔
𝑚𝑜𝑙

]

𝑊𝑒𝑖𝑔ℎ𝑡 𝑓𝑙𝑜𝑢𝑟 𝑑. 𝑏. (𝑔)
× 100 

 

 

Where:  

 

Vs = Volume of sodium hydroxide titrated to neutralize sample 

Vb  = Volume of sodium hydroxide used to neutralize blank 

N NaOH = Normality of NaOH (Eq/L) 

282 g/mol = Molecular weight of oleic acid  

 

 

2.2.9.2. Peroxide Value 

 

Peroxide value was measured as an indicator of primary oxidation following a 

version of AOAC method 965.33 (AOAC International, 2016), scaled-down and 

modified by Mathiowetz (2018).  In triplicate, nitrogen-flushed crude fat extracts (~100 

mg) (obtained as described in Section 2.2.6.1) were quantitatively transferred into 

Erlenmeyer flasks with 5 mL of 3:2 acetic acid to chloroform solution, twice.  Saturated 
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potassium iodide solution (1 mL) was subsequently added to the crude fat extracts and 

swirled for 1 minute, during which time potassium iodide reacted with fatty acid 

hydroperoxides to form iodine.  After the 1 minute reaction period, 10 mL of 

deoxygenated water and 1 mL of 1% soluble starch solution were added, and was again 

swirled for 1 minute.  Starch forms a blue-purple color complex with iodine.  Samples 

were then titrated with 0.001 N sodium thiosulfate (Na2S2O3) to the end point, or loss of 

blue-purple color, which indicated all iodine formed upon hydroperoxide-induced 

oxidation of potassium iodide had been exhausted to form sodium iodide.  Titrant 

volumes were then used to calculate peroxide value, expressed as milliequivalents of 

peroxide per 1000 g of oil, as seen in Equation 7.  A sample calculation can be found in 

Appendix J.  

 

Equation 7.  Peroxide value (mEq hydroperoxides/kg fat). 

 

 
𝑚𝐸𝑞 ℎ𝑦𝑑𝑟𝑜𝑝𝑒𝑟𝑜𝑥𝑖𝑑𝑒𝑠

1000 𝑔 𝑓𝑎𝑡
=

[(𝑉𝑜𝑙𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑉𝑜𝑙𝑏𝑙𝑎𝑛𝑘)  × 𝑁 𝑁𝑎2𝑆2𝑂3 × 1000]

𝑊𝑒𝑖𝑔ℎ𝑡 𝑓𝑎𝑡 (𝑔)
 

Where:  

Volsample = Volume of Na2S2O3 (mL) used to titrate sample  

Volblank  = Volume of Na2S2O3 (mL) used to titrate blank 

N Na2S2O3 = Normality of Na2S2O3 (Eq/L)  

282 g/mol = Molecular weight of oleic acid  

 

 

2.2.9.3. Hexanal Content 
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The content of hexanal was measured via static headspace gas chromatography 

equipped with a flame ionization detector (GC-FID).  Flour samples (3.5 g) were 

weighed directly into 20 mL headspace vials in triplicate and were sealed.  The flour 

samples were then spiked with 10 uL of 10 ppm heptyl acetate in water.  The use of water 

for diluting the internal standard was chosen because water did not give the very large 

solvent peak that was seen with diluting in hexane or other organics, which co-eluted 

with the hexanal peak, because water is not volatile.  Water, however, has the 

disadvantage that heptyl acetate is not completely soluble in water.  While the heptyl 

acetate-water solution was very vigorously shaken before spiking flour samples and 

analysis on the GC, and there was no visible separation of the heptyl acetate in water 

solution, there may be some error involved, as heptyl acetate is not completely soluble in 

water.  In addition, the use of heptyl acetate as an internal standard is not common; 

however, it was utilized in this case since there were peaks present at the same retention 

times as common internal standards, such as 4-heptanone or 2-methyl-3-heptanone, with 

this method and on this column.  Specifically, heptyl acetate was chosen as the internal 

standard due to its later elution time that did not co-elute with other flour components, as 

it is a more polar ester and so was retained on the column for a longer time.  Spiked flour 

samples and hexanal-heptyl acetate standards (50:50 10 ppm hexanal to 10 ppm heptyl 

acetate) were allowed to equilibrate for 24 hours at ambient temperature before GC 

analysis.  Following incubation of the vial for 30 min at 70C, an aliquot (2 L) of the 

headspace was injected onto the column for analysis.  Incubation of the vials prior to 

injection of an aliquot of headspace is to ensure all volatile compounds present in the 
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sample are now in the headspace of the vial, to obtain a representative sample.  The GC 

used helium as carrier gas, and the column used was DB-Wax (30 m x 0.53 mm x 0.5 μm 

phase thickness, J&W Scientific, Agilent Technologies).  The injection port temperature 

was 200°C, and the detector temperature was set at 250°C.  The column inlet flow 

pressure was maintained at 35 kPa and a 2 mL/min split flow rate was maintained.  The 

oven temperature was initially at 60°C, increased 7°C/min until the temperature reached 

150°C, and then increased at the rate of 15°C/min until a final temperature of 250°C 

(approximately 25 min).  The flame for the FID was generated by hydrogen gas and 

compressed air.  The hexanal content of flours was calculated based on the ratio between 

the hexanal peak and the heptyl acetate peak, as seen in Equation 8.  The ratio is 

corrected by a reference factor previously calculated from a standard with equal 

concentrations of hexanal and heptyl acetate.  The average reference factor of at least two 

standards was used for sample calculations.  For a sample chromatogram (Figure 23) and 

a sample calculation, see Appendix K. 

 

Equation 8.  Hexanal content calculation. 

 

𝐻𝑒𝑥𝑎𝑛𝑎𝑙 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (
𝑝𝑝𝑚

𝑔 𝑓𝑙𝑜𝑢𝑟
)

=     

(𝐻𝑒𝑥𝑎𝑛𝑎𝑙 𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎 ∗ 𝐶𝑜𝑛𝑐 𝐻𝑒𝑝𝑡𝑦𝑙 𝐴𝑐𝑒𝑡𝑎𝑡𝑒)
𝐻𝑒𝑝𝑡𝑦𝑙 𝐴𝑐𝑒𝑡𝑎𝑡𝑒 𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎

∗ 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝐹𝑎𝑐𝑡𝑜𝑟

𝑊𝑒𝑖𝑔ℎ𝑡 𝐹𝑙𝑜𝑢𝑟 (𝑔)
 

Where:  

Reference Factor = the ratio of peak areas between hexanal and heptyl acetate, in 

a standard that had equal concentration of both hexanal and heptyl acetate 

 = (Hexanal Peak Area / Heptyl Acetate Peak Area) 
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2.3. Statistical Analyses 

 

All statistical analyzes were performed using R Version 3.5.1 (The R Foundation, 

2019).  Data was organized partially in R using the package “tidyverse.”  One-way 

analysis of variance (ANOVA) was done to determine differences among samples with 

either storage time or sample type as factors.  Differences among the means were 

determined using Tukey’s Honest Significance Difference (Tukey’s HSD) test (P < 0.05), 

using the R package “agricolae.”  Two-way ANOVAs were carried out to assess 

interaction effects among treatment variables, including storage time, RH, steam 

treatment, refinement level, and sample type on various dependent variables. Welch’s 

two-sample t-tests (base R) were performed to analyze differences between respective 

steamed and not steamed samples, to determine if there was a significant difference 

between respective samples with regard to steam treatment.  Pearson’s product-moment 

correlation coefficients (P < 0.05) were calculated (base R) to test for linear relationships 

between dependent variables.  Correlation coefficients depicting relationships among 

antioxidant concentrations, antioxidant activity, rancidity markers, and enzyme activity 

can be found in Table 10 and Table 11, including all samples within each study 

(Appendix L).  Multiple-way ANOVA summary tables (Table 12 through Table 37) can 

be found in Appendix M.  Data for rancidity measures and antioxidant content changes 

over time were fitted to zero or first order kinetic models to determine rate of formation 

or rate of degradation respectively, data for which is found in Tables 38-43 in Appendix 

N. 
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3. Results and Discussion 

 

3.1 Chemical Characterization of IWG and HRW Flours 

 

3.1.1. Chemical Composition 

 

IWG flours from both one-year-old and freshly harvested grains had significantly 

higher contents of ash, fat, protein, insoluble and total dietary fiber, compared to the 

respective HRW flour (Table 2).  This observation is in agreement with previous reports 

on IWG composition (Tyl & Ismail, 2018; Rahardjo et al., 2018; Mathiowetz, 2018; 

Becker et al., 1990).  Differences in composition between IWG and HRW flours are due 

to IWG’s smaller seed size and higher bran to endosperm ratio compared to HRW (Table 

44, Appendix O, and Table 8, Appendix B, respectively).  Breeding efforts have been 

successful in increasing seed size of IWG over time (Table 44, Appendix O), which have 

affected composition.  IWG grains’ seed size remains relatively small compared to HRW.  

The smaller seed size and higher bran to endosperm ratio in IWG compared to HRW 

contributed to higher ash, protein, fat, and dietary fiber and lower total starch contents.
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Table 2. Chemical composition on dry basis of flours from one-year-old grains (harvested in 2016) and of flours from freshly 

harvested grains (harvested in 2017). 

 

 

  
Ash*  Fat*  Protein* Carbohydrates*+ 

Insoluble 

Fiber* 

Soluble 

Fiber* 

Total 

Dietary 

Fiber* 

Amylose^ Amylopectin^ Starch*  
Damaged 

Starch^ 

Flours from 

1 year old 

grains 

HRW Whole 1.92
B
 3.31

B
 13.98

C
 79.96

A
 11.10

C
 1.62

B
 12.72

C
 22.04

A
 77.96

C
 61.25

A
 8.84

B
 

IWG Whole 2.78
A
 4.24

A
 16.65

A
 75.84

C
 15.73

A
 2.42

B
 18.15

A
 21.44

B
 78.56

B
 50.12

B
 9.28

A
 

IWG Partial 1.82
B
 3.41

B
 15.33

B
 77.89

B
 13.10

B
 2.22

AB
 15.31

B
 20.62

C
 79.38

A
 56.24

A
 9.74

A
 

Flours from 

freshly 

harvested 

grains 

HRW Whole 2.96
c
 1.64

d
 12.63

b
 81.27

a
 10.14

b
 2.11

a
 12.25

b
 21.09

a
 78.91

a
 62.83

c
 7.87

c
 

HRW Refined 2.34
d
 0.65

e
 11.79

b
 83.78

a
 2.09

d
 0.91

b
 3.00

d
 20.28

a
 79.72

a
 75.50

a
 7.39

c
 

IWG Whole 4.56
a
 3.10

a
 18.04

a
 73.21

c
 14.32

a
 2.53

a
 16.85

a
 20.29

a
 79.71

a
 51.20

e
 13.53

a
 

IWG Partial 3.78
b
 2.87

b
 17.13

a
 74.34

c
 10.39

b
 2.02

ab
 12.41

b
 20.68

a
 79.32

a
 53.11

d
 13.43

a
 

IWG Refined 3.18
c
 1.90

c
 16.64

a
 76.63

b
 3.37

c
 0.96

b
 4.33

c
 20.74

a
 79.26

a
 68.65

b
 11.04

b
 

              
* g/100 g flour; + calculated by difference; ^ g/100g starch.  Uppercase superscripts represent significant differences (P ≤ 0.05) among flours from one year 

old grains, and lowercase superscripts represent significant differences (P ≤ 0.05) among flours from freshly harvested  grains, and according to the Tukey’s 

HSD means comparison test (n = 3). 
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With lower bran contents, refined and partially refined flours had significantly 

lower contents of ash, protein, and fat, compared to respective whole flours.  This 

observation was true for all IWG and HRW flour samples.  Refinement resulted in 

statistically significant reductions in ash content due to removal of bran, because minerals 

that comprise ash are primarily located in the bran (Slavin, Jacobs, & Marquart, 2001).  

Similarly, protein content was reduced with refinement, as a portion of the grain’s protein 

is found in the bran and germ of the grain (Šramková et al., 2009).  The protein content 

and protein profile of IWG and HRW may affect flour functionality (Rahardjo et al., 

2018).  As the germ is primarily where lipids are stored in the grain (Šramková et al., 

2009), data followed the expected trend that flours with lower bran and germ contents 

had significantly lower fat contents compared to respective whole flours.  With breeding 

efforts to increase seed size, the bran and germ content will be proportionally reduced.  

With lower fat content, there will be less concern for progression of hydrolytic and 

oxidative rancidity that may limit shelf life.  However, the fat content observed for IWG 

flours, including the refined flour, from freshly harvested grains is still significantly 

higher than that of HRW.  Thus, the development of rancidity over extended storage 

remains a concern.  A high total fat content, along with the fatty acid composition of 

IWG, may limit shelf life.  Despite the lipid profiles of HRW and IWG being similar, the 

higher total fat content in IWG and consequently higher amounts of polyunsaturated 

linoleic and linolenic fatty acids contribute to the higher risk of oxidative rancidity during 

storage (Mathiowetz, 2018). 
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Whole IWG flour from freshly harvested grains contained more protein compared 

to whole IWG flour from one-year-old grains.  Moreover, IWG flours from both one-

year-old and freshly harvested grains had lower protein contents than IWG from older 

harvests.  Flour samples from one-year-old grains also showed higher lipid contents 

compared to flours from freshly harvested grains.  The ash content of flours from freshly 

harvested grains was larger than those from one-year-old grains.  Differences in 

composition observed between respective samples may be due to the year of harvest 

(Keskin & Ozkaya, 2015).  Several possible factors, including soil conditions, rainfall, 

temperature, pollution, or other climate factors, can influence crop growth, development, 

grain yields, and composition (Keskin & Ozkaya, 2015; Yu et al., 2014).  Additionally, 

variations may be due to ongoing breeding efforts that resulted in higher endosperm to 

bran ratio.   

The smaller seed size and higher bran to endosperm ratio of IWG compared to 

HRW, also contributed to higher dietary fiber content.  IWG had higher dietary fiber 

content compared to respective HRW samples as the dietary fiber is mostly concentrated 

in the bran fraction, which is proportionally higher in IWG than in HRW.  Whole flours 

had higher insoluble, soluble, and total dietary fiber contents compared to respective 

partially refined and refined flours.  These findings confirm that IWG can be beneficial 

nutritionally, especially as a whole grain or whole flour (Banjade et al., 2019; Rahardjo et 

al., 2018; Tyl & Ismail, 2018; Mathiowetz, 2018; Slavin, Jacobs, & Marquart, 2001).  

However, high dietary fiber content may negatively affect IWG dough functionality due 

to competition with gluten for water, as demonstrated by Banjade et al. (2019).   
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The total starch content of HRW was higher than that of IWG for both flours from 

freshly harvested and one-year-old grains, due to the larger endosperm to bran ratio in 

HRW compared to IWG.  The higher starch content may be one of the reasons HRW 

outperforms IWG with regard to functionality (Banjade et al. 2019).  With refinement, 

significant increases in total starch content were observed, which may be beneficial for 

flour functionality. 

The amylose/amylopectin ratio of IWG was similar to that of HRW flours.  

Rahardjo et al. (2018) reported the amylose contents of different IWG experimental lines 

to range from 22 - 25%, whereas the wheat control had an amylose content around 25.5% 

of the total starch content.  Likewise, in this study, the amylose contents of HRW flours 

were similar to that of IWG flours.  HRW and IWG flours from one-year-old grains had 

amylose contents that were numerically similar.  The amylose contents of HRW and IWG 

flours from freshly harvested grains were not statistically different (Table 2).  Amylose 

has a direct impact on bread firmness as it retrogrades during baking.  On the other hand, 

amylopectin impacts bread firmness due to retrogradation over storage (Singh et al., 

2003).  However, due to similar amylose/amylopectin ratios between HRW and IWG 

flours, the amylose/amylopectin ratio should not have a direct impact on functionality 

differences.  The starch structure, on the other hand, may have an impact on functionality 

with regard to bread firmness or staling rate. 

While containing an overall lower amount of starch, IWG flours had higher 

damaged starch content compared to HRW flours.  IWG flour samples from freshly 

harvested grains had almost double the amount of damaged starch compared to HRW 
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samples.  HRW and IWG flours from one-year-old grains had damaged starch contents 

that were also statistically different, but the difference was small.  Differences in starch 

damage observed, despite using the same mill for all samples, was likely due to the 

smaller space needed between rollers that was required for milling IWG due to its smaller 

seed size.  Ongoing efforts to increase IWG seed size may affect and improve IWG 

flours’ content of damaged starch.  With regard to bread making, damaged starch 

contributes to higher water absorption, whereas too much damaged starch leads may lead 

to sticky dough, strong proofing due to yeast activity, and undesirable browning of the 

crust due to the Maillard reaction (Protonotariou, Drakos, Evageliou, Ritzoulis, & 

Mandala, 2014; Kihlberg et al., 2004).  The damaged starch fraction of flour yields 

maltose via enzymatic hydrolysis by amylase, which is not only a reducing sugar that can 

participate in the Maillard reaction, but can be fermented by yeast in traditional baking 

processes to produce carbon dioxide that contributes to leavening (Arya, Sadawarte, & 

Ashish, 2015).  It has been reported that baking performance is optimal when the starch 

damage of the flour ranges from 4.5 - 8.0% (Arya et al., 2015).  In the case of IWG flours 

from freshly harvested grain, the damaged starch content on flour basis is approximately 

7 - 8%, which is on the higher end of the recommended range. 

Results demonstrated that variations in grain chemical compositions due to the 

year of harvest could be significant with regard to functionality and storage stability.  

With ongoing breeding efforts, it is important to monitor changes in chemical 

composition and resultant storage stability, particularly with regard to fat content and the 

development of rancidity by lipid degradation. 
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3.1.2. Enzymatic Activity  

 

In comparison to HRW flour, IWG flour from freshly harvested grains showed 

overall significantly higher lipase activity (Table 3) (P < 0.001, Table 25, Appendix M).  

These results are supported by previously published data (Tyl & Ismail, 2018; 

Mathiowetz, 2018).  The fat content (Table 2), coupled with higher lipase activity (Table 

3) will impact storage stability with regard to lipid degradation. 

  Refinement resulted in a significant reduction in lipase activity (Table 3) (P < 

0.001, Table 25, Appendix M).  Lipase activity was 77% lower in refined IWG flour than 

in whole IWG flour.  This observation confirmed that, similar to wheat, most of the lipase 

in IWG is located in the bran (Doblado-Maldonado, 2012; Galliard, 1983, 1986b, 1986a).  

Similarly, IWG flours from one-year-old grains had significantly higher lipase 

activities compared to HRW (Table 4).  However, in contrast to flours from freshly 

harvested grains, the lipase activities of partially refined and whole IWG flours from one-

year-old grains were not statistically different.  It is likely that with complete refinement 

(100% removal of bran), a significant reduction in lipase activity would be observed, 

similar to flours from freshly harvested grains.   



 

105 

 

 

 

Table 3.  Enzymatic activity of flours from freshly harvested grains over nine months of storage at 43% RH or 65% RH at 

ambient temperature. 

 

     
Lipase Activityᵝ 

 
Lipoxygenase Activityᵝ 

  
RH Refinement 

 

Before 

Storage 

4.5  

Months 

9  

Months  

Before 

Storage 

4.5  

Months 

9  

Months 

IWG 

 

 

 

 

 

IWG 

 

Steamed 

 

43% 

Whole  4.70
aA*

 3.58
bB*

 3.77
abB

  5.38
aA*

 5.02
bB*

 4.48
aC

 

Partial  4.34
aA*

 2.70
bB*

 3.38
bAB*

  5.36
aA

 5.00
bB*

 4.34
aC

 

Refined  1.67
bA

 0.96
cB

 0.96
cB*

  5.53
aA*

 4.97
bB*

 4.64
aC

 

65% 

Whole  4.70
aA*

 4.73
aA*

 3.91
aB*

  5.38
aA*

 5.55
aA*

 4.70
aB

 

Partial  4.34
aA*

 3.73
bA*

 3.49
abA*

  5.36
aA

 5.50
aA*

 4.66
aB

 

Refined  1.67
bA

 1.25
cB

 1.41
cAB*

  5.53
aA*

 5.18
abB

 4.71
aC

 

 

Not 

steamed 

 

 

 

Not 

steamed 

43% 

Whole  7.64
aA

 5.45
abB

 3.62
cC

  5.71
bA

 4.72
bB

 4.65
aB

 

Partial  6.46
bA

 4.28
bB

 2.44
dC

  5.90
bA

 4.70
bB

 4.55
aB

 

Refined  1.75
cA

 0.77
cB

 0.48
fgC

  6.18
abA

 4.72
bB

 4.80
aB

 

65% 

Whole  7.64
aA

 6.40
aB

 4.95
aC

  5.71
bA

 5.22
aB

 4.51
aC

 

Partial  6.46
bA

 5.68
abA

 4.41
bB

  5.90
bA

 5.06
abB

 4.47
aC

 

Refined  1.75
cA

 1.11
cA

 1.03
eA

  6.18
abA

 4.96
abB

 4.88
aC

 

HRW 

43% 
Whole  1.79

cA
 1.12

cB
 0.91

efB
  6.54

aA
 4.71

bB
 4.75

aB
 

Refined  0.36
dA

 0.31
cA

 0.14
gB

  6.07
abA

 4.65
bB

 4.79
aB

 

65% 
Whole  1.79

cA
 1.62

cB
 1.30

eC
  6.54

aA
 5.20

aB
 4.92

aB
 

Refined  0.36
dA

 0.35
cA

 0.37
gA

  6.07
abA

 4.79
abB

 4.81
aB

 
 

ᵝUnits per gram of flour on a dry basis. Lowercase superscripts represent significant differences (P ≤ 0.05) across samples per thermal treatment 

within a single time point; capital superscripts represent significant differences within each sample across time points according to the Tukey’s 

HSD means comparison test. Asterisks denote significant difference (P ≤ 0.05) between steamed samples and the respective not steamed sample 

according to Welch’s two-sample t-test (n = 3). 
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Table 4.  Enzymatic activity of flours from one-year-old grains over six months of storage at ambient temperature 

and 43% RH. 

 

   
 Lipase Activityᵝ 

 
Lipoxygenase Activityᵝ 

   

 Before 

Storage 

3  

Months 

6  

Months  

Before 

Storage 

3 

Months 

6  

Months 
           
 

IWG 

 

IWG 

 

HRW 

Steamed 
 

Whole  3.23
aA

 3.10
aA

 2.76
aA

 
 

5.47
aB*

 5.75
bB*

 7.79
aA

 

Partial  2.71
bA*

 2.53
bA

 1.93
aB

 
 

5.56
aC*

 6.57
aB

 7.89
aA

 

Not steamed 
Whole  3.14

aA
 2.47

bA
 1.44

bB
 

 
6.05

bC
 6.65

bB
 7.54

aA
 

Partial  3.56
aA

 3.62
aA

 3.07
aA

 

 

5.95
bB

 6.27
bB

 7.70
aA

 

Not steamed Whole  1.69
bA

 1.33
cAB

 1.20
bB

 7.13
aB

 7.32
aAB

 7.65
aA

 
 

 

ᵝUnits per gram of flour on a dry basis. Lowercase superscripts represent significant differences (P ≤ 0.05) across samples per thermal 

treatment within a single time point; capital superscripts represent significant differences within each sample across time points 

according to the Tukey’s HSD means comparison test. Asterisks denote significant difference (P ≤ 0.05) between steamed samples and 

the respective not steamed sample according to Welch’s two-sample t-test (n = 3). 
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The lipoxygenase activity of IWG and HRW flours from both freshly harvested 

and one-year-old grains followed trends (Table 3) that were previously established in 

literature, where HRW had higher lipoxygenase activity compared to IWG (Mathiowetz, 

2018; Tyl & Ismail, 2018).  The lipoxygenase activity was similar for flours from freshly 

harvested and one-year-old grains, and was not significantly reduced with refinement 

(Tables 3 and 4).  This observation suggests that not all lipoxygenases may have been 

completely removed with removal of bran, and that endosperm lipoxygenase, while 

present in significantly lower quantities than in bran and germ, is still present in refined 

flours (Li et al., 2016; Bahal, Sudha, & Ramasarma, 2013; Galliard, 1986b).   

 

3.1.3. Antioxidant Content  

 

3.1.3.1. Hydroxycinnamic Acid Content  

 

The hydroxycinnamic acid contents of IWG flour from both freshly harvested and 

one-year-old grains were significantly higher than those of HRW flours (Figures 4-7).  

This observation is similar to that reported by Mathiowetz (2018) and Tyl and Ismail 

(2018).  
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Figure 4. Ferulic acid content of flours from freshly harvested grains over nine months storage at ambient temperature 

and 43% RH (A, B) and 65% RH (C, D). IWG samples (A and C) are represented as follows: IWG whole steamed(           

), IWG partially refined steamed (         ), IWG refined steamed (         ), IWG whole not steamed(         ), IWG partially 

refined not steamed (          ), and IWG refined not steamed (           ). HRW samples (B and D) are represented as follows: 

HRW whole (        ) and HRW refined (       ).  Error bars represent standard error (n = 3). 
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Figure 5.  p-Coumaric acid content of flours from freshly harvested grains over nine months storage at ambient 

temperature and 43% RH (A, B) and 65% RH (C, D). IWG samples (A and C) are represented as follows: IWG whole 

steamed (         ), IWG partially refined steamed (         ), IWG refined steamed (         ), IWG whole not steamed (         ), 

IWG partially refined not steamed (          ), and IWG refined not steamed (           ). HRW samples (B and D) are 

represented as follows: HRW whole (        ) and HRW refined (       ).  Error bars represent standard error (n = 3). 
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Figure 6. Sinapic acid content of flours from freshly harvested grains over nine months storage at ambient temperature 

and 43% RH (A, B) and 65% RH (C, D). IWG samples (A and C) are represented as follows: IWG whole steamed(         ), 

IWG partially refined steamed (         ), IWG refined steamed (         ), IWG whole not steamed(          ), IWG partially 

refined not steamed (          ), and IWG refined not steamed (           ). HRW samples (B and D) are represented as follows: 

HRW whole (        ) and HRW refined (       ).  Error bars represent standard error (n = 3). 
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Figure 7. Content of hydroxycinnamic acids ferulic acid (A), p-coumaric acid (B), and sinapic acid (C) of flours from one year 

old stored grains over six months storage at 43% RH and ambient temperature. Samples are represented as follows: IWG whole 

steamed (         ), IWG partially refined steamed (          ), IWG whole not steamed (          ), IWG partially refined not steamed    

(          ), and HRW whole not steamed (           ). Error bars represent standard error (n = 3). 
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Refinement had a significant effect on all hydroxycinnamic acid contents of flours 

from freshly harvested grains (P < 0.001, Tables 35-37, Appendix M).  Hydroxycinnamic 

acid contents were significantly reduced with removal of the bran.  For IWG flours, 

partial refinement resulted in reductions of approximately 31% for p-coumaric acid, 26% 

for ferulic acid, and 18% for sinapic acid compared to whole IWG flour (Figures 4-6).  

Complete refinement resulted in a reduction of 88% for p-coumaric acid, 85% for ferulic 

acid, and 85% for sinapic acid, in comparison to whole IWG flour.  These results strongly 

indicate, similar to wheat and other grains, that hydroxycinnamic acids are mainly located 

in the bran (Salazar-López et al., 2017).  This trend was also true for HRW flours, where 

p-coumaric acid content dropped to 0 after refinement, while ferulic content decreased by 

80%, and sinapic acid by 74%.  The observation that refined wheat flours have 

significantly less antioxidant content compared to respective whole grain wheat flours 

has been well established in literature (Yu  et al., 2013; Narwal et al., 2012; Sahyoun et 

al., 2006; McKeown, Meigs, Liu, Wilson, & Jacques, 2002; Vocke et al., n.d.).  Similar 

impact of refinement on hydroxycinnamic acid contents in flours from one-year-old 

grains was observed (Figure 7).  

 

3.1.3.2. Carotenoid Content  

 

Similarly to hydroxycinnamic acids, IWG flours had significantly higher contents 

of lutein and zeaxanthin compared to HRW flours from both one-year-old and freshly 
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harvested grains (Figures 8-10).  A similar observation has been reported by Mathiowetz 

(2018) and Tyl and Ismail (2018). 

Refinement did not have an impact on lutein and zeaxanthin contents in IWG 

flour.  It is possible that whole and partially refined flours had higher contents of lutein 

and zeaxanthin originally, but due to rapid degradation of carotenoids in milled flour, at 

the time of analysis a certain quantity of these may have been already degraded (Boon et 

al., 2010).  It has been demonstrated previously in literature that refinement results in 

lower contents of carotenoids (Laddomada et al., 2015; Yu et al., 2013).   
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Figure 8. Lutein content of flours from freshly harvested grains over nine months storage at ambient temperature and 

43% RH (A, B) and 65% RH (C, D). IWG samples (A and C) are represented as follows: IWG whole steamed            

(           ), IWG partially refined steamed (            ), IWG refined steamed (            ), IWG whole not steamed (           ), 

IWG partially refined not steamed (             ), and IWG refined not steamed (          ). HRW samples (B and D) are 

represented as follows: HRW whole (           ) and HRW refined (         ).  Error bars represent standard error (n = 3). 
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Figure 9. Zeaxanthin content of flours from freshly harvested grains over nine months storage at ambient 

temperature and 43% RH (A, B) and 65% RH (C, D). IWG samples (A and C) are represented as follows: IWG 

whole steamed (           ), IWG partially refined steamed (            ), IWG refined steamed (             ), IWG whole not 

steamed (           ), IWG partially refined not steamed (             ), and IWG refined not steamed (          ). HRW 

samples (B and D) are represented as follows: HRW whole (           ) and HRW refined (         ).  Error bars represent 

standard error (n = 3). 
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Figure 10.  Carotenoids lutein (A) and zeaxanthin (B) of flours from one-year-old stored grains over six 

months storage at 43% RH and ambient temperature. Samples are represented as follows: IWG whole 

steamed (            ), IWG partially refined steamed (              ), IWG whole not steamed (            ), IWG 

partially refined not steamed (              ), and HRW whole not steamed (               ). Error bars represent 

standard error (n = 3). 
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3.1.4. Antioxidant Activity  

 

Antioxidants can act through several mechanisms: hydrogen atom transfer (HAT), 

single electron transfer (SET), and the ability to chelate transition metals. 

Hydroxycinnamic acids have been demonstrated to participate in radical scavenging by 

HAT, reduction by SET, and metal chelation (Razzaghi-Asl, Garrido, Khazraei, Borges, 

& Firuzi, 2013; Teixeira, Gaspar, Garrido, Garrido, & Borges, 2013).  Although 

hydroxycinnamic acids have the ability to quench free radicals, their ability to inhibit 

hydroperoxide radical formation has not been demonstrated.  In general, the antioxidant 

properties of phenolics are related to their high capacity for HAT, and a resultant 

structure following loss of the hydrogen cation that is resonance-stabilized.  Carotenoids, 

on the other hand, have been shown to both inhibit hydroperoxide radical formation and 

quench free radicals.  Carotenoids participate in radical scavenging by three mechanisms: 

SET, the formation of an adduct, and by HAT (Francenia Santos-Sánchez, Salas-

Coronado, Villanueva-Cañongo, & Hernández-Carlos, 2019).  In general, the antioxidant 

properties of carotenoids are related to their high capacity for electron donation (SET), 

and the resultant structure that is resonance-stabilized. 

The DPPH assay measures antioxidant activity by radical scavenging.  DPPH can 

be quenched by antioxidants either via SET or HAT mechanisms, but DPPH quenching 

primarily proceeds by SET, and HAT is a marginal reaction (Prior & Schaich, 2005).  On 

the other hand, LMB measures antioxidant activity by SET coupled with HAT (also 
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known as reduction), and the ability to both inhibit hydroperoxide radical formation and 

subsequently quench free radicals (Mathiowetz, 2018; Tyl & Bunzel, 2012).  Using 

different methods for analysis of in vitro antioxidant activity allows for the evaluation of 

antioxidant activity based on different mechanisms of lipid oxidation inhibition, which is 

especially important since many natural antioxidants and phytochemicals are 

multifunctional (Frankel & Meyer, 2000).  Using the DPPH and LMB assays on acetone 

and alkaline hydrolysate extracts, the antioxidant activity of free and bound antioxidant 

compounds, respectively, in flour samples can be determined.  This is particularly 

important with regard to storage stability of flours, as antioxidant activity can delay the 

appearance of lipid oxidation products and thus prolong shelf life. 

Overall, the antioxidant activity as measured by DPPH of alkaline hydrolysate 

extracts was greater than the activity of acetone extracts (Tables 5 and 6).  These results 

were expected, given the differences in preparation of the two extracts.  Alkaline 

hydrolysates are composed of both free phenolics (de-esterified) and bound phenolics 

(bound to cell wall components).  Acetone extracts account for only free antioxidants, 

soluble in 50% aqueous acetone.  Bound phenolic compounds are in greater abundance 

than free forms (Adom, Sorrells, & Liu, 2003), and contribute significantly more to 

antioxidant activity than free phenolics once freed from cell wall components (Adom & 

Liu, 2002; Adom et al., 2003, 2005).  

The antioxidant activity, as measured by DPPH and LMB of both extracts from 

IWG flours of freshly harvested grains was significantly higher than those of HRW flours 

(Table 5).  This observation is in accordance with the lower antioxidant content of HRW 
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compared to IWG.  Mathiowetz (2018) also found IWG antioxidant activity to be greater 

than that of HRW.  The trends observed for antioxidant activities of flours from freshly 

harvested grains were also observed in flours from one-year-old grains (Table 6).   

Refinement resulted in lower antioxidant activities as measured by DPPH and 

LMB for both extracts.  The antioxidant activity of whole and partially refined was 

significantly higher compared to that of respective refined flours.  This observation is 

consistent with the reduction of antioxidant content upon refinement.  Antioxidant 

activity, as measured by both DPPH and LMB, of whole and partially refined flours from 

both one-year-old and freshly harvested grains was not statistically different (Table 5).
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Table 5. Antioxidant activity by DPPH and LMB assays of extracts from flours of freshly harvested grains stored at 

either 43% or 65% RH for up to nine months at ambient temperature. 

    
DPPHᵝ – Acetone Extracts DPPH – Alkaline Hydrolysates LMBᵞ  

  
RH Refinement 

Before 

Storage 
4.5 

Months 
9  

Months 
Before 

Storage 
4.5  

Months 
9  

Months 
Before 

Storage 
4.5  

Months 
9  

Months 

  
  Mean μmol TEᵟ/g flour Mean μmol TE/g flour Mean mmol TE/g flour 

IWG 

 

 

 

 

 

 

 
IWG 

Steamed 

43% 

Whole 22.64
aA

 22.90
aA*

 23.94
aA*

 65.97
aA

 64.43
aA

 68.35
aA*

 0.256
aA

 0.335
aA

 0.284
aA

 

Partial 21.24
aA*

 20.86
aA

 22.93
aA*

 60.95
bA*

 61.71
aA*

 57.68
abA

 0.249
aA

 0.324
abAB*

 0.174
bB

 

Refined 9.97
bA*

 9.33
bA*

 3.96
cB*

 24.14
cA*

 20.80
bB*

 15.84
cC

 0.153
bA*

 0.142
bAB

 0.068
cB

 

65% 

Whole 22.64
aA

 22.33
aA

 24.10
aA*

 65.97
aA

 59.26
aA

 60.08
abA

 0.256
aA

 0.373
aA

 0.261
aA

 

Partial 21.24
aA*

 20.94
aA

 20.67
bA*

 60.95
bA*

 60.46
aA*

 53.83
bA

 0.249
aB

 0.378
aA

 0.244
aB*

 

Refined 9.97
bA*

 8.65
bB*

 2.21
cC*

 24.14
cA*

 24.28
bA*

 24.81
cA*

 0.153
bB*

 0.265
abA

 0.097
cC

 

 

Not 

steamed 

 

 

 

 
Not 

steamed 

43% 

Whole 18.87
aAB

 20.55
aA

 17.16
bB

 65.08
aA

 61.08
aB

 57.27
aC

 0.261
aA

 0.237
abA

 0.223
aA

 

Partial 17.49
bB

 18.91
aA

 16.62
bB

 56.97
bA

 53.72
bA

 55.88
aA

 0.214
aA

 0.157
bcA

 0.159
abA

 

Refined 4.64
cA

 0.00
cB

 0.00
eB

 15.10
dA

 15.11
dA

 16.10
cA

 0.061
bAB

 0.090
cA

 0.037
cB

 

65%  

Whole 18.87
aA

 20.31
aA

 19.67
aA

 65.08
aA

 61.98
aAB

 54.47
aB

 0.261
aB

 0.290
aA

 0.221
aC

 

Partial 17.49
bB

 20.04
aA

 16.93
bB

 56.97
bA

 54.98
bAB

 53.89
aB

 0.226
aB

 0.296
aA

 0.165
abC

 

Refined 4.64
cA

 0.00
cB

 0.00
eB

 15.10
dA

 12.13
dB

 15.30
cA

 0.061
bC

 0.115
bcA

 0.088
bcB

 

HRW 

43%  
Whole 5.56

cB

 6.58
bA

 5.01
dB

 43.34
cA

 41.29
cA

 43.14
bA

 0.143
bA

 0.161
bcA

 0.152
abcA

 

Refined 2.91
dA

 0.00
cB

 0.00
eB

 13.60
dA

 11.13
dB

 11.40
cAB

 0.098
bA

 0.102
cA

 0.073
bcA

 

65% 
Whole 5.56

cC

 7.16
bB

 8.36
cA

 43.34
cA

 41.01
cA

 42.61
bA

 0.143
bA

 0.144
bcA

 0.174
abA

 

Refined 2.91
dA

 0.58
cB

 0.00
eC

 13.60
dA

 11.83
dA

 11.67
cA

 0.098
bA

 0.080
cA

 0.075
bcA

 
ᵝDPPH: 2,2-diphenyl-1-picryl-hydrazyl; ᵞLMB: leucomethylene blue; ᵟTE: Trolox Equivalents. Lowercase superscripts represent significant differences (P ≤ 0.05) across samples per thermal 

treatment within a single time point; capital superscripts represent significant differences within each sample across time points according to the Tukey’s HSD means comparison test. Asterisks 

denote significant difference (P ≤ 0.05) between steamed samples and the respective not steamed sample according to Welch’s two-sample t-test (n = 3). 
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Table 6. Antioxidant activity by DPPH and LMB assays of extracts from flours of one-year-old grains stored at 43% RH 

for up to six months at ambient temperature. 
 
 

   
DPPHᵝ – Acetone Extracts 

 
DPPH – Alkaline 

Hydrolysates  
LMBᵞ – Alkaline 

Hydrolysates 

   
Before 

Storage 
3  

Months 
6 

Months  
Before 

Storage 
3  

Months 
6  

Months  
Before 

Storage 
3  

Months 
6  

Months 

   
Mean μmol TEᵟ/g flour 

 
Mean μmol TE/g flour 

 
Mean mmol TEᵟ/g flour 

 

IWG 
 

Steamed 
Whole 16.7

aB*
 19.6

aA
 16.3

aB
  70.70

aB
 95.65

aA
 57.17

aC*
  0.266

aA
 0.291

aA
 0.291

aA
 

  
Partial 18.6

aA
 16.2

bAB*
 14.1

bB
  63.09

aB
 95.89

aA*
 55.29

aB*
  0.244

aA
 0.243

aA
 0.235

bA
 

 

IWG 

 

Not 

steamed 
Whole 

19.9
aA
 18.0

aA
 18.5

aA
  71.38

aAB
 103.09

aA
 50.39

aB
  0.240

aA
 0.239

aA
 0.225

aA
 

  
Partial 19.6

aA
 14.9

bB
 13.0

aB
  59.55

bB
 72.12

aA
 47.62

aC
  0.202

aA
 0.203

bA
 0.267

aA
 

HRW 
Not 

steamed 
Whole 8.33

bA
 6.06

cB
 6.15

bB
  55.93

bAB
 70.65

aA
 45.05

aB
  0.187

aA
 0.183

cA
 0.190

aA
 

 

ᵝDPPH: 2,2-diphenyl-1-picryl-hydrazyl; ᵞLMB=leucomethylene blue; ᵟTE: Trolox Equivalents. Lowercase superscripts represent significant differences 

(P ≤ 0.05) across samples per thermal treatment within a single time point; capital superscripts represent significant differences within each sample 

across time points according to the Tukey’s HSD means comparison test. Asterisks denote significant difference (P ≤ 0.05) between steamed samples 

and the respective not steamed sample according to Welch’s two-sample t-test (n = 3). 
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3.2. Effect of Steam Treatment on Enzymatic Activity and Antioxidant 

Content 

 

In order to achieve significant reduction in enzymatic activity, while preserving 

antioxidant content, steam optimization trials were conducted.  Grains were steam treated 

for different lengths of time: 30, 60, 90, 120, and 180 seconds.  Enzymatic activity of 

samples steamed for different durations were compared to that of a sample that was not 

steamed (“0” seconds of treatment).  The antioxidant content of all samples was also 

measured (carotenoids lutein and zeaxanthin, and hydroxycinnamic acids ferulic, p-

coumaric, and sinapic acids) to ensure that steam treatment did not significantly reduce 

antioxidant content.   

Steaming for 120 seconds resulted in maximal reductions of lipase (46%), 

lipoxygenase (20%) and peroxidase (21%) activities (Figure 15, Appendix A).  The 

reductions observed in enzymatic activity due to steam treatment were not as large 

compared to those reported for wheat (Poudel & Rose, 2018; Rose et al., 2008).  This 

could be attributed to differences in the rate of heat transfer in IWG compared to wheat.  

While longer steaming time could have been explored, it may negatively affect 

functionality and may increase the risk of degrading antioxidants.  Rose et al. (2008), 

who used a similar method for steaming, reported a decrease in lipase activity in wheat 

grains by almost 50% only after 30 seconds of steam treatment, and reported a reduction 

of lipase activity by 90% after 60 seconds of steam treatment.  Poudel & Rose (2018) 
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reported the highest reduction in lipase activity, 81-92% after 60 seconds of steaming.  In 

the same study, the maximal reduction in lipoxygenase activity was 64% after 90 seconds 

of steaming.  Previously, steam treatment has been shown to be effective at reducing 

lipase and lipoxygenase activity (Poudel & Rose, 2018; Qu et al., 2017), but this has not 

been shown in IWG grains due to the indirect steam method employed (Mathiowetz, 

2018).  In the present study, with the direct steam treatment employed, there was not a 

statistically significant reduction in lipase activity until 90 seconds of steam treatment, 

which could be attributed to the rate of heat transfer in IWG compared to wheat.  In 

addition, IWG has a higher lipase activity than wheat (Tyl & Ismail, 2018), which may 

require more steam time to observe similar reductions in activity.  The observed limited 

reduction of peroxidase activity by steam treatment confirmed previous reports that 

peroxidase is a more heat stable than lipase.  In oats, 90 seconds of steaming was 

sufficient to inactivate lipase, but only a slight decrease in peroxidase activity was 

reported (Cenkowski, Ames, & Muir, 2006).   

The steam treatment of IWG grains before milling resulted in a reduction of lipase 

activity of about 39% at time 0 for whole flours from freshly harvested grains (Table 3).  

On the other hand, steaming did not have a significant effect on reduction of lipase 

activity of flours from one-year-old grains (Table 4).  In the case of whole IWG flour, the 

lipase activity was numerically larger compared to the respective not steamed IWG flour, 

but not statistically significant.  The results for flours from one-year-old grains are 

opposite to what was observed in preliminary trials (Figure 15, Appendix A).  This 

observation could be because grains were previously stored for one year.  Steaming has 
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been shown to be effective in reducing lipase activity of wheat flour, but the wheat grains 

in these studies were not previously stored (De Almeida et al., 2014; Poudel & Rose, 

2018; Rose et al., 2008).   

Steam treatment resulted in a reduction of lipoxygenase activity in flours from 

one-year-old grains (Table 4).  This observation aligns with results of preliminary trials, 

where a significant reduction in lipoxygenase activity was observed with steaming 

(Figure 15, Appendix A).  These results also align with results observed for flours from 

freshly harvested grains, where steam treatment resulted in small declines in 

lipoxygenase activity compared to respective not steamed samples (Table 3).  Only 

steamed whole and refined IWG flours were significantly different compared to 

respective not steamed flours.   

Steaming for 120 seconds did not significantly reduce antioxidant content (Table 

7, Appendix A).  The contents of hydroxycinnamic acids, ferulic acid, p-coumaric acid, 

and sinapic acid, as well as the contents of carotenoids, lutein and zeaxanthin did not 

significantly decrease with steaming for 120 seconds.  Not only was this observed in 

preliminary trials, but also for flours from freshly harvested grains.  Hydroxycinnamic 

acid contents were not significantly reduced with steaming (Figures 4-6).  Similarly, 

carotenoid contents were also not significantly reduced with steaming (Figures 8 and 9).  

These observations were similar to those reported by Mathiowetz (2018).  Rose et al., 

2008 reported no significant reductions in antioxidant content (ferulic acid content), nor 

antioxidant activity up to 120 seconds of steam treatment of wheat.  Bergonio et al. 



 

125 

 

(2016) also reported the retention of antioxidant content and activity with steam treatment 

of wheat.   

In not steamed grains, flours from freshly harvested grains had lower lutein and 

zeaxanthin contents compared to flours from one-year-old grains (Figures 8-10).  

However, this was not the case for flours from steamed grains, where the opposite was 

true.  This observation suggests that steam treatment had an effect in preserving 

antioxidant content, particularly in flours from freshly harvested grains, and that the 

degradation of carotenoids in flour happens very quickly upon milling.   

The steam treatment performed in this study was not too harsh or too long, thus 

preserving antioxidant content while reducing enzymatic activity.  Therefore, 120 

seconds of steam treatment duration was utilized for IWG grains before milling and 

storage as flour. 

 

3.3. Chemical Changes of Flour from Freshly Harvested Grains over Storage 

 

3.3.1. Changes in Enzymatic Activity over Storage 

 

 A decrease in lipase activity was observed in flour samples over storage (Table 3).    

Decreases in lipase activity over flour storage has also been observed with storage of 

wheat flour (Poudel & Rose, 2018; Doblado-Maldonado, 2012; Rose et al., 2008; Rose & 

Pike, 2006).  In grains, reductions in lipase activity over storage may be due to grains 
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entering a state of dormancy during dry storage (Bewley, Bradford, Hilhorst, & 

Nonogaki, 2013); however, in flour this phenomena is not clear.  

Over storage, steam treatment had a significant effect on the flours’ lipase 

activities (P < 0.05, Table 25, Appendix M).  Overall, steamed partially refined and 

whole IWG flours had significantly lower lipase activities compared to the respective not 

steamed samples over storage.  Refined IWG flours from steamed grains, however, were 

not significantly different from refined IWG flours from not steamed grains until after 9 

months of storage, where at 9 months refined IWG flours from steamed grains had 

significantly lower lipase activity compared to those from not steamed grains (Table 3).  

This observation suggests that with longer storage times, steam treatment may reduce the 

lipase activity of refined IWG flours.  The fact that steam treatment significantly reduced 

lipase activity of partially refined and whole IWG flours over time, compared to refined 

flours only at 9 months, suggests that the direct steam treatment method utilized was 

effective at significantly inactivating lipases located primarily in the bran, which is on the 

outside of the grain.  These results confirm the findings of Poudel, Bhatta, Regassa, & 

Rose (2017), who concluded that different isozymes that have lipase activity are located 

in different parts of the grain, which could be shielded against thermal treatment.  

Although in smaller proportions than in the bran, lipases in the endosperm may still have 

an effect on the development of rancidity. 

Lipases are problematic to shelf life stability because of their contribution to the 

development of hydrolytic rancidity.  With IWG’s high fat content (Table 2), and higher 

lipase activity compared to HRW (Table 3), the development of hydrolytic rancidity is a 
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concern to overall storage stability, especially as free polyunsaturated fatty acids, 

products of lipase activity, are more prone to oxidation than esterified polyunsaturated 

fatty acids. 

 Lipoxygenase activity contributes to the development of oxidative rancidity over 

storage, which is problematic for overall storage stability.  Lipoxygenase oxidizes 

polyunsaturated fatty acids, leading to primary and secondary lipid oxidation products, 

which impair sensory acceptability. 

Similarly to lipase, lipoxygenase activity decreased significantly from time 0 to 9 

months of storage (Table 3).  Lipoxygenase activity in wheat flour and rice bran also 

declined over storage (Maraschin et al., 2008; Malekian et al., 2000). 

At time 0, HRW had higher lipoxygenase activity compared to IWG, but this 

trend was not significant over storage.  At the end of storage, HRW and IWG had similar 

lipoxygenase activities, perhaps due to different rates of degradation, damage, or 

inhibition over storage (Boudreau et al., 2017; Butovich & Lukyanova, 2008).  Similarly, 

lipoxygenase activity of IWG and HRW grains was not significantly different over 

storage at 45C and 22C (Mathiowetz, 2018). 

Refinement resulted in significantly lower lipoxygenase activities over storage (P 

< 0.001, Table 26, Appendix M), due to removal of bran and germ.  However, 

lipoxygenase activities of respective whole, partially refined, and refined flour samples 

were often not significantly different from each other, and showed similar decreasing 

trends over storage.  Lipoxygenases may not have been completely removed with 

removal of bran (Li et al., 2016; Galliard, 1986b).   
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Steam treatment had an effect on lipoxygenase activity at the beginning of 

storage, but by the end of storage, steam treatment did not result in a significant 

difference.  While steaming significantly reduced lipase activity, lipoxygenase 

inactivation was modest, which may explain why lipoxygenase activity of flour from 

steamed grains did not remain significantly lower than that of flours from not steamed 

grained samples over storage. 

High RH is an indication of higher water vapor concentration in the air, which 

results in higher water content in stored food samples due to migration of water until an 

equilibrium is reached (Sujitha et al., 2018; Taylor, Tsai, Rasco, Tang, & Zhu, 2018; 

Uchegbu & Ishiwu, 2012; Rehman & Shah, 1999).  An RH of 43% corresponds to a 10% 

moisture content, whereas 65% RH corresponds to moisture contents above 14% (Pixton 

& Warburton, 1971).  In the current study, the main concern with higher RH is its effect 

on activities of lipid-degrading enzymes and progression of rancidity.  Different enzymes 

are known to exhibit different activity profiles at different levels of moisture, and trends 

are sample dependent (Wehtje & Adlercreutz, 1997).  In wheat flour, it has been shown 

that lipase activity in general increases with increasing amount of moisture (Doblado-

Maldonado et al., 2012; Wehtje & Adlercreutz, 1997).  On the other hand, flour 

lipoxygenase activity has been shown to decrease with increasing wheat flour moisture 

content and increasing storage temperature (Maraschin et al., 2008).  In the present study, 

higher enzymatic activity (both lipase and lipoxygenase activities, for both IWG and 

HRW flours) was observed at higher RH over storage, but in general numeric differences 

were not statistically significant.  One exception to this trend was lipase activities at time 
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9 for IWG flours from not steamed grains, where activity at 65% RH was significantly 

higher than that at 43% RH.  However, this was not observed for IWG flours from 

steamed grains.  The moisture increase due to RH over storage may not have been 

sufficient to increase enzymatic activity significantly, until 9 months of storage in not 

steamed samples.  While lipase and lipoxygenase activities may contribute to the 

development of hydrolytic and oxidative rancidity over storage, the antioxidant content of 

IWG and HRW may be key to counter lipid oxidation and prolong shelf life. 

 

3.3.2. Changes in Antioxidant Content over Storage 

 

Overall, the contents of ferulic, p-coumaric, and sinapic acid did not significantly 

decrease over time in partially refined and whole IWG flours (Figure 4, Figure 5, and 

Figure 6 respectively).  In wheat flour, ferulic acid did not significantly degrade over 

storage (Rose et al., 2008).  Similarly, in IWG grains, ferulic, p-coumaric, and sinapic 

acid contents remained steady over the storage period or slightly increased (Mathiowetz, 

2018).  This stability may be due to the regeneration of hydroxycinnamic acids by other 

antioxidants or by other hydroxycinnamic acids present, acting in a synergistic manner 

(Salazar-López et al., 2017).  The content of p-coumaric acid in whole HRW flour, stored 

at both 65% and 43% RH, was significantly reduced with time.  However, the 

concentration of p-coumaric acid was relatively low in HRW prior to storage compared 

to IWG.  Additionally, refined IWG flours had significant reduction of p-coumaric acid 
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content over time.  Reductions in antioxidant content may be due to their degradation or 

action as antioxidants (Alam et al., 2016; Guo & Beta, 2013; Salazar-López et al., 2017; 

Taofiq, González-Paramás, Barreiro, & Ferreira, 2017).  The slight reduction in p-

coumaric acid content in refined IWG flours, therefore, may be due to engagement in 

antioxidant activity, which was significant in this case, potentially due to the original, low 

content of hydroxycinnamic acids in refined IWG flour. 

Differences in ferulic, sinapic, and p-coumaric acid content between IWG and 

HRW were apparent throughout storage at both RHs, where whole and partially refined 

IWG flours had significantly higher concentrations compared to whole HRW flours, and 

refined IWG flours had higher contents compared to refined HRW flours.  This 

observation is in line with the previous discussion on differences in antioxidant content 

between IWG and HRW. 

Over storage, steam treatment resulted in significantly higher contents of the three 

hydroxycinnamic acids compared to respective not steamed samples (P < 0.001, Tables 

35-37, Appendix M).  This may be due to the lower enzymatic activities observed with 

steam treatment, leading to slower development of oxidative rancidity, thus, antioxidant 

content was preserved to a greater extent.  Rose et al. (2008) also reported that with steam 

treatment of grains, resultant wheat flour had significant preservation of total phenolic 

compounds and antioxidant activity over storage.   

Storage at different RHs showed a relatively small and not significant (P > 0.1, 

Tables 35-37, Appendix M) effect on the hydroxycinnamic acid contents of IWG flours 
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over storage across refinement levels.  This observation confirmed that hydroxycinnamic 

acids were stable over flour storage, even at higher RHs.  

Carotenoids, namely lutein and zeaxanthin, were significantly degraded over 

storage (Figure 8 and Figure 9, respectively).  Several storage studies on wheat and 

einkorn flours show significant decreases in carotenoid concentration over storage as well 

(Mellado-Ortega & Hornero-Méndez, 2017; Hidalgo & Brandolini, 2008; Leenhardt et 

al., 2006; Farrington, Warwick, & Shearer, 1981).  Significant degradation of carotenoids 

over storage has also been reported in IWG grains (Mathiowetz, 2018).  Carotenoids 

were subject to first-order degradation, with r
2
 values greater than 0.7, most above 0.95 

(Tables 38-39, Appendix N).  In wheat flour, it is reported that carotenoids follow a first-

order degradation model (Mellado-Ortega & Hornero-Méndez, 2017; Yabuzaki, 2017; 

Wang et al., 2016).  Additionally, it was found that carotenoids in einkorn flour, similar 

to IWG in that the fat content is relatively high compared to HRW, also underwent first-

order degradation at temperatures ranging from -20C to 38C over 300 days of storage 

(Hidalgo & Brandolini, 2008).   

Previous studies have demonstrated the catabolic effect of lipoxygenase activity 

on the degradation of carotenoids (Chedea & Jisaka, 2013; Leenhardt et al., 2006).  

Carotenoids can also be consumed by participating in inhibitory activity towards pro-

oxidant species.  Both lutein and zeaxanthin contents were significantly negatively 

correlated (r = -0.34 and -0.37 respectively, P < 0.001, Table 10, Appendix L) with 

lipoxygenase activity over storage.  These results suggest that lipoxygenase activity may 

have degraded carotenoid contents over storage to an extent.  However, carotenoids may 
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have also been involved in quenching radical species formed by lipid oxidation, due to 

their antioxidant activity. 

Over storage, carotenoid contents of respective flours at different levels of 

refinement were not statistically different.  Based on degradation models, it was found 

that over storage, refined samples had a slightly faster rate of degradation compared to 

respective whole and partially refined samples (0.39 vs. 0.20, for whole and refined IWG 

not steamed for example, Tables 38-39, Appendix N).  Additionally, in general whole 

flours maintained significantly higher contents of lutein and zeaxanthin compared to 

respective refined flours by the end of storage, which was expected since these samples 

had higher contents of lutein and zeaxanthin to start with.   

Steamed IWG flours had significantly higher lutein and zeaxanthin contents over 

storage compared to respective not steamed flours, suggesting carotenoid content was 

preserved.  Similar to hydroxycinnamic acid contents over storage, this may be due to the 

lower enzymatic activities observed with steam treatment, leading to slower development 

of oxidative rancidity, thus, antioxidant content was preserved to a greater extent over 

storage.  Steam treatment was found to have a significant impact on carotenoid content of 

flours over time (P < 0.001, Tables 33-34, Appendix M).  Rose et al. (2008) and Hu et al. 

(2018) reported that with steam treatment of grains, resultant wheat flour had significant 

preservation of antioxidant content over storage. 

Over storage, carotenoid contents of samples stored at 65% RH were significantly 

lower (P < 0.001, Tables 33-34, Appendix M) compared to respective samples stored at 

43% RH.  This may be due to carotenoids being oxidized faster at a higher RH, or due to 
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greater contents of carotenoids being involved in inhibitory actions on radical species 

when flours were stored at 65% RH vs. 43% RH, due to numerically higher lipoxygenase 

activity and thus greater development of oxidative rancidity at higher RH.  Flour samples 

stored at 65% RH had faster rates of carotenoid degradation over storage compared to 

respective flours at 43% RH, for both lutein and zeaxanthin, with shorter half-lives and 

increased rate constants (first order kinetic models, Tables 38-39, Appendix N).  The 

effect of RH on carotenoid degradation has not been studied in flour.  In corn, it was 

found that carotenoid stability was dependent on the humidity and temperature of storage, 

and that with increasing humidity, the rate of carotenoid degradation increased, when 

measured over 12 months of storage (Ortiz, Rocheford, & Ferruzzi, 2016).   

Changes in antioxidant content (hydroxycinnamic acids and carotenoids) will lend 

to changes in antioxidant activity, and thus will affect the overall storage stability of 

flours.  Antioxidant content and corresponding activity is of particular importance to 

storage stability, due to radical quenching or reduction of radical species, which can slow 

the progression of lipid oxidation and thus extend shelf life.  

 

3.3.3. Changes in Antioxidant Activity over Storage 

 

In general, the antioxidant activity as measured by the DPPH assay of both 

acetone and alkaline hydrolysate extracts did not significantly change over storage (Table 

5).  Exceptions to this overall trend were the activities of some of the acetone extracts and 

a few of the alkaline hydrolysis extracts of refined IWG samples. 
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Activities of both extracts as analyzed by the DPPH assay strongly correlated with 

the contents of all three hydroxycinnamic acids measured (r = 0.84 - 0.96, P < 0.001, 

Table 10, Appendix L).  As antioxidant content and activity have been significantly 

correlated in previous reports (Adom et al. 2005), it can be concluded that any changes in 

hydroxycinnamic content over storage will contribute to changes in antioxidant activity.  

Mathiowetz (2018) also found that ferulic, p-coumaric, and sinapic acid contents of 

grains over storage significantly correlated with antioxidant activity of the alkaline 

hydrolysate extracts as measured by the DPPH assay.  This observation is expected as the 

same alkaline hydrolysis extracts were used to measure antioxidant content and activity.  

Accordingly, the lack of change in antioxidant activity of the alkaline hydrolysate 

extracts as determined by the DPPH assay, is attributed to the minor, if any, change 

observed in the contents of hydroxycinnamic acids.   

The activity of the acetone extracts from refined IWG and HRW samples was 

significantly reduced over storage, whereas that of the respective partially refined and 

whole flours was not significantly reduced over storage.  This observation might be due 

to lower antioxidant contents of refined flours, particularly carotenoid contents.  Lutein 

and zeaxanthin contents had positive correlations with antioxidant activity of acetone 

extracts as measured by DPPH, which partially explained the loss of activity observed in 

refined samples as carotenoids were significantly degraded over storage (r = 0.32 and 

0.37, P < 0.001, Table 10, Appendix L).  These results are promising for whole and 

partially refined IWG flour, as high carotenoid content could help mitigate lipid oxidation 

over storage.   
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Steaming preserved antioxidant activity over storage as measured by DPPH, 

which was likely due to preservation of antioxidant content due to steaming as explained 

previously.  The DPPH antioxidant activity of acetone extracts of flours from steamed 

grains was significantly higher in comparison to respective not steamed flours (P < 0.001, 

Table 30, Appendix M).  At 9 months of storage, all steamed samples had antioxidant 

activities that were significantly higher than respective not steamed samples.  Previously, 

Rose et al. (2008) reported that steaming preserved antioxidant activity of wheat flour 

over storage.  Larger rates of carotenoid degradation were observed in not steamed 

samples over storage compared to respective steamed samples, as modeled by first order 

kinetics (Tables 38-39, Appendix N).  Antioxidant activity as measured by DPPH with 

acetone extracts significantly correlated with lutein and zeaxanthin contents over storage 

(P < 0.001, Table 10, Appendix L).  However, other antioxidants present in addition to 

carotenoids or free phenolics could have also contributed to antioxidant activity changes 

over time in acetone extracts.  These additional extracted compounds, namely flavonoids, 

tocopherols, tocotrienols, vitamin E, or other compounds with antioxidant activity may 

have been extracted in acetone and contributed positively to antioxidant activity (Nielsen 

& Hansen, 2008; Adom et al., 2005; Marathe et al., 2002).  Additionally, some of these 

compounds may have been degraded by steaming or over storage, which may explain 

decreasing antioxidant activity when hydroxycinnamic acid contents did not decrease 

significantly over storage.   

With regard to DPPH antioxidant activity of the alkaline hydrolysate extracts, 

steam treatment resulted in significantly higher antioxidant activities over time in refined 
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and partially refined samples at the beginning of storage.  Steam treatment did not appear 

to have had an impact on the measured antioxidant activity of whole IWG flours’ alkaline 

extracts over storage.  This observation may be due to the retention of hydroxycinnamic 

acid contents over storage, as the contents of all three hydroxycinnamic acids over 

storage were significantly correlated with the DPPH antioxidant activity of the alkaline 

hydrolysate extracts (r = 0.91 – 0.96, P < 0.001, Appendix M).  By the end of storage, 

however, steam treatment did not appear to have had an effect on the DPPH antioxidant 

activity of the alkaline hydrolysate extracts, with the exception of two samples (refined 

IWG flour stored at 65% RH and whole IWG flour stored at 43% RH).  Overall, observed 

results confirmed the significance of hydroxycinnamic acid and carotenoid contents on 

the DPPH antioxidant activity, especially with respect to the ability to quench free 

radicals via SET. 

 Antioxidant activity as measured by the LMB assay in general did not 

significantly decline after nine months of storage in IWG flours from freshly harvested 

grains (Table 5).  Mathiowetz (2018) also reported that antioxidant activity, as measured 

by LMB, did not decline over storage of HRW and IWG grains at 4C, 22C, and 45C 

temperatures.  The exceptions to this trend were the LMB antioxidant activities of 

partially refined and refined IWG flours, which may be due to lower antioxidant contents 

compared to respective whole flours.  Antioxidant activity as measured by the LMB 

assay correlated significantly with contents of all three hydroxycinnamic acids over 

storage (r = 0.74 - 0.78, P < 0.001, Table 10, Appendix L).  The lack of significant 

change in hydroxycinnamic acids over storage may explain the minimal change in LMB 
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antioxidant activity over storage, especially that the same alkaline hydrolysate extracts 

utilized to quantify hydroxycinnamic acids were used to measure antioxidant activity by 

LMB.  Overall, these results further confirmed the significance of hydroxycinnamic acids 

on antioxidant activity, especially with respect to the ability to quench free radicals via 

reduction.   

Steam treatment did not have an impact on antioxidant activity as measured by 

the LMB assay over time storage.  These results are similar to those of Mathiowetz 

(2018), when LMB antioxidant activity in stored grains showed no significant differences 

between steamed and non-steamed IWG across temperatures and storage time points.   

Similarly, respective samples at both RHs in general did not have significantly 

different antioxidant activities over storage, as measured by the DPPH assay and the 

LMB assay.  Hydroxycinnamic acid contents were not significantly affected by RH 

either, as discussed previously; therefore, it would follow that antioxidant activities as 

measured by both assays would also not be affected by RH. 

Antioxidant content and activity are important with regard to lipid oxidation during 

storage.  The action of lipase and lipoxygenase on lipids results in hydrolytic and 

oxidative rancidity (De Almeida et al., 2014).  Antioxidant content and activity can delay 

the appearance of lipid oxidation products and thus prolong shelf life.  Lipid hydrolysis 

and oxidation products, including free fatty acids, peroxides, and hexanal, can impair 

sensory acceptability over storage and limit shelf life. 
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3.3.4. Progression of Hydrolytic and Oxidative Rancidity over Storage 

 

Free fatty acid content increased significantly in all samples over storage (Figure 

11).  Free fatty acids followed zero or first order kinetics for rate of formation, with good 

fit models (r
2
 = 0.72 - 0.98, Table 40 and 41, Appendix N).  Free fatty acid content was 

positively correlated with lipase activity (r = 0.55, P < 0.001), which is expected as 

increased lipase activity lends to increased development of free fatty acids over storage 

(Table 10, Appendix L).  Rose and Pike (2006) also reported a high correlation between 

lipase activity and free fatty acid development over storage of whole kernel wheat and 

wheat bran.  Most notably for flour samples stored at 43% RH, towards the end of storage 

the content of free fatty acids leveled off, which was matched by a reduction of lipase 

activities over storage (Table 3).  Free fatty acid values in IWG were similar to those seen 

in oats at time 0 (Ekstrand et al., 1993), and initial free fatty acid values of HRW at time 

0 were similar to those previously reported in wheat (4.3 - 4.6 g in 100 g fat) (Pixton, 

Warburton, & Hill, 1975).  These results were also similar to values reported by 

Mathiowetz (2018). 

The free fatty acid content of HRW flours was lower than that of IWG flours 

(Figure 11).  This observation is attributed to the higher lipase activity in IWG compared 

to HRW (Table 3).  Mathiowetz (2018) also found that throughout storage of the grains at 

all three temperatures (45C, 22C, and 4C), IWG had significantly higher free fatty 

acid levels than HRW, which mirrored the reported higher lipase levels measured in IWG 

as compared to HRW. 
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 The development of free fatty acids over storage was impacted by refinement (P < 

0.001, Table 27, Appendix M), due to effect of refinement on lipase activity of flours, as 

discussed previously.  Refined flours’ free fatty acid contents were significantly lower 

than respective whole and partially refined flours.  While numerically different, the free 

fatty acid contents of respective whole and partially refined flours were not statistically 

significantly different.  This trend was also observed with lipase activities.   

Steam treatment had a significant effect on free fatty acid content over storage (P 

< 0.001, Table 27, Appendix M).  Flour from steamed grains had significantly lower free 

fatty acid contents over storage compared to respective not steamed flours.  With reduced 

lipase activity over storage due to steaming, it follows that the progression of hydrolytic 

rancidity in flours from steamed grains would be slowed in comparison to flours from not 

steamed grains.  This observation was similar to that of numerous storage studies 

employing steam treatment, reporting reduced contents of free fatty acids over storage of 

wheat flour, oats, and other grains (Nielsen & Hansen, 2008; Rose et al., 2008; Lehtinen, 

2003; Lehtinen et al., 2003; Molteberg et al., 1995).  Poudel and Rose (2018) found that 

steam treatment significantly reduced free fatty acid contents of wheat flour over storage, 

which was attributed to reduction in lipolytic activity due to steam treatment (Poudel & 

Rose, 2018).    
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Figure 11. Free fatty acid content of flours from freshly harvested grains over nine months storage at ambient temperature 

and 43% RH (A, B) and 65% RH (C, D). IWG samples (A and C) are represented as follows: IWG whole steamed (        ), 

IWG partially refined steamed (         ), IWG refined steamed (         ), IWG whole not steamed (         ), IWG partially 

refined not steamed (          ), and IWG refined not steamed (           ). HRW samples (B and D) are represented as follows: 

HRW whole (        ) and HRW refined (       ).  Error bars represent standard error (n = 3). 
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Free polyunsaturated fatty acids are more prone to oxidation than esterified 

polyunsaturated fatty acids; thus, the development of free fatty acids over storage may 

not only negatively affect sensory acceptability, but also the development of primary 

lipid oxidation products, namely peroxides.  In fact, free fatty acid content and peroxide 

value were significantly correlated (r
 
= 0.39 - 0.54, P < 0.001, Table 10, Appendix L).  

This correlation suggests that free fatty acids are being oxidized by lipoxygenase, or by 

autoxidation, into fatty acid hydroperoxides.  The higher free fatty acids in IWG 

compared to HRW could play a significant role in the development of oxidative rancidity 

over storage.  Peroxide development over storage may lend to development of secondary 

lipid oxidation products, namely hexanal, which may also negatively affect sensory 

acceptability and overall shelf life stability. 

Peroxide value, a primary product of lipid oxidation, increased and then decreased 

with storage (Figure 12), which was expected as hydroperoxides are first formed over 

storage, and then with time are converted to secondary lipid oxidation products by 

reaction or rearrangement.  For IWG flours, whole and partially refined samples, the 

peroxide value peaked around 4.5 months of storage, whereas the peroxide value of 

HRW flour samples peaked around 1.5 months (Figure 12), which may be due to the 

higher lipoxygenase activity in HRW compared to IWG (Table 3).  Lipoxygenase activity 

was significantly correlated with peroxide value (r = 0.43, P < 0.001), which makes sense 

as hydroperoxides are a primary lipid oxidation product by action of lipoxygenase (Table 

10, Appendix L).  However, autoxidation may have also played a role.  Mathiowetz 

(2018) also reported that HRW grains had higher contents of peroxides over storage at 
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45C and 22C compared to IWG grains.  However, IWG reached a higher overall 

peroxide value over storage compared to HRW.  This is likely due to IWG’s higher fat 

content compared to HRW, and the higher contents of free fatty acids over storage 

(Figure 11) due to IWG’s higher lipase activity compared to HRW (Table 3).  As noted 

earlier, free polyunsaturated fatty acids are more prone to oxidation by lipoxygenase than 

esterified polyunsaturated fatty acids.  

The development of peroxides over storage was delayed by refinement.  This may 

be due to effects of refinement on lipoxygenase activity of flours and on antioxidant 

content and activity of flours, as discussed previously.  Refined IWG flours, as opposed 

to respective whole and partially refined flours, did not appear to peak within the duration 

of storage, with peroxide values only increasing over the storage period.  This may be 

due to the reduction of fat content and lipoxygenase activity upon removal of bran.  With 

lower fat content, proportionally there are less polyunsaturated fatty acids present to be 

oxidized, and due to less free fatty acid development in refined flours with lower lipase 

activity, lower peroxide values compared to respective whole and partially refined flours 

were expected.  With refined flours’ lower lipoxygenase activity compared to respective 

whole and partially refined flours, peroxides formed at a slower rate over storage, thus, 

did not reach a peak within the storage period. 
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Figure 12. Hydroperoxide content of flours from freshly harvested grains over nine months storage at ambient 

temperature and 43% RH (A, B) and 65% RH (C, D). IWG samples (A and C) are represented as follows: IWG whole 

steamed (        ), IWG partially refined steamed (         ), IWG refined steamed (         ), IWG whole not steamed (         ), 

IWG partially refined not steamed (          ), and IWG refined not steamed (           ). HRW samples (B and D) are 

represented as follows: HRW whole (        ) and HRW refined (       ).  Error bars represent standard error (n = 3). 
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Steam treatment had a significant effect on hydroperoxide content over storage (P 

< 0.001, Appendix M).  With the reduced lipoxygenase activity at the beginning of 

storage upon steaming, the peroxide value of flours from steamed grains was 

significantly lower in comparison to respective not steamed flours throughout storage.  

Storage studies employing steam treatment reported lower contents of oxidation products 

over storage of wheat flour (Poudel & Rose, 2018; Nielsen & Hansen, 2008; Rose et al., 

2008).  In IWG grains, Mathiowetz (2018) reported a small, yet positive inhibitory effect 

on hydroperoxide development over storage with steaming, and attributed this 

observation to higher antioxidant activity in steamed grains rather than a difference in 

lipoxygenase activity.  In the case of the present study, this may also be true as 

antioxidant content and activity was significantly higher with steaming over storage, 

whereas lipoxygenase activity was affected by steaming only at the beginning of storage. 

IWG’s superior antioxidant content and activity, compared to HRW, contributed 

to the delayed onset of oxidation products, including peroxides.  In HRW samples, with 

lower antioxidant content and activity compared to IWG, the appearance of oxidation 

products was sooner than in IWG flours.  Mathiowetz (2018) reported multiple peaks in 

peroxides over storage at ambient temperature in IWG and HRW grains, which 

corresponded with peaks in free fatty acid content, suggesting the oxidation of free fatty 

acids to peroxides.  However, HRW grains that were not steamed peaked prior to not-

steamed IWG grains (Mathiowetz, 2018).  This observation was similar to those made in 

the present study with HRW and IWG flours.  The high antioxidant content and activity 
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of IWG was beneficial in protecting against the fast progression of oxidation compared to 

HRW.  

Hexanal content significantly increased over storage (Figure 13). Peroxide value 

was significantly correlated with hexanal content (r = 0.50 – 0.92, P < 0.001), suggesting 

that peroxide content contributed to the formation of hexanal over storage, which is 

expected as peroxides, primary lipid oxidation products, can be converted over storage to 

secondary lipid oxidation products, such as hexanal (Table 10, Appendix L).  It has been 

reported that hexanal concentration increases with storage in wheat flour and oats 

(Lehtinen et al., 2003; Molteberg et al., 1995; Nielsen & Hansen, 2008; Obadi et al., 

2018).  Overall, hexanal formation was found to follow zero order kinetics (r
2
 = 0.73 - 

0.98, Table 40 and 41, Appendix N).  Previous studies have found hexanal formation to 

follow zero order kinetics in wheat flour and in oats, with linear progression with time 

(Nielsen & Hansen, 2008; Lehtinen et al., 2003; Heiniö et al., 2002; Molteberg et al., 

1995).   

As previously discussed, it is known that antioxidant content and respective 

activities can quench radicals, which can delay oxidative rancidity.  Lutein and 

zeaxanthin contents had significant negative correlations with peroxide value and hexanal 

contents over storage (r
2
 = -0.42, -0.52, -0.40, and -0.50 respectively, all P < 0.001, Table 

10, Appendix L), which supports the radical quenching action of carotenoids with the 

development of oxidative rancidity over storage.   
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Figure 13.  Hexanal content of flours from freshly harvested grains over nine months storage at ambient temperature and 

43% RH (A, B) and 65% RH (C, D). IWG samples (A and C) are represented as follows: IWG whole steamed (         ), 

IWG partially refined steamed (         ), IWG refined steamed (         ), IWG whole not steamed (         ), IWG partially 

refined not steamed (          ), and IWG refined not steamed (           ). HRW samples (B and D) are represented as follows: 

HRW whole (        ) and HRW refined (       ).  Error bars represent standard error (n = 3). 
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Grain type had a significant effect on hexanal content over storage, similar to free 

fatty acids and peroxide value (P < 0.001, Appendix M).  Hexanal contents of flours 

mirrored peaks in peroxides, where initially HRW samples had a lag in the beginning of 

storage, especially evident in flours stored at 43% RH.  After a peak of peroxide value at 

after 1.5 months, the hexanal content of HRW flours increased rapidly after 3 months of 

storage.  In IWG flours, on the other hand, despite peroxides peaking at 4.5 months, 

hexanal appeared to continue to increase linearly with time.  A linear increase in hexanal 

is similar to previous reports on wheat flour and oats (Nielsen & Hansen, 2008; Lehtinen 

et al., 2003; Heiniö et al., 2002; Molteberg et al., 1995).  

Refinement resulted in significantly lower hexanal contents over storage (P < 

0.001, Appendix M).  The hexanal contents of whole and partially refined flours were 

significantly higher compared to those of respective refined flours over storage.  This is 

mostly attributed to lower lipoxygenase activity in the refined flour and the lower content 

of peroxides over storage.  In HRW samples, the same trends were observed. 

Steam treatment had a significant effect on hexanal content over storage (P < 

0.001, Appendix M).  Hexanal content followed the same trend as peroxide value with 

regard to steam treatment.  Given lower hydroperoxide contents due to the effect of steam 

treatment, hexanal contents of steamed flours were also significantly lower in comparison 

to respective not steamed flours throughout storage.  Lower hexanal contents have been 

reported in heat-treated wheat flour and oats over storage (Lehtinen et al., 2003; 

Molteberg et al., 1995). 
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The impact of RH on development of rancidity was evident in this study for all 

three measures of rancidity.  RH had a significant effect on free fatty acid, peroxide 

value, and hexanal development over storage (P < 0.001, Appendix M).  In general, 

flours stored at 65% RH had significantly higher free fatty acid contents compared to 

respective flours stored at 43% RH.  Similarly, peroxide value of flours in general 

followed the same trend over storage, with significantly higher peroxide values in both 

IWG and HRW flours when stored at 65% RH compared to 43% RH.  Hexanal contents 

over storage followed this trend as well.  It appeared that RH was the largest factor in the 

formation of hexanal content over storage, as flours stored at 65% RH had significantly 

higher hexanal contents, and the rate of formation of hexanal was larger in flours stored 

at 65% RH compared to 43% RH, as fitted by zero order kinetic models (r
2
 > 0.88, 

Appendix L).  An increase in RH can increase the rate of lipid oxidation in low-moisture 

foods.  Higher RHs can lead to an increase in water activity.  At higher water activities, 

lipid oxidation can be accelerated by mobilizing and plasticizing components that were 

previously nonreactive (Karel, 1980).  Therefore, these results were expected due to the 

impact of RH and resulting water activity on lipid oxidation.  Hexanal has been 

correlated with negative sensory scores, thus may impair sensory acceptability (Bin & 

Peterson, 2016; Hansen & Rose, 1995, 1996).  Proper storage conditions are imperative 

to prevent the development of oxidation, which will in turn reduce sensory acceptability.  
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3.4. Chemical Changes in Flour from One-Year-Old Grains over Storage 

 

3.4.1. Changes in Enzymatic Activity over Storage 

 

Similarly to flours from freshly harvested grains, the lipase activity of flours from 

one-year-old grains decreased over storage (Table 4).  However, lipase activities of flours 

from one-year-old grains were lower than flours from freshly harvested grains at time 0 

(Table 3).  This trend was also observed over storage.  At the end of 9 months of storage, 

the flours from freshly harvested grains had higher lipase activities compared to the 

respective flour from one-year-old grains at the end of 6 months of storage.  However, 

flours from both stored and freshly harvested not steamed HRW grains had similar values 

at time 0, and at the end of storage.  This may be because lipase activity may have 

decreased over storage as grain, prior to storage as flour.  

Grain type was found to have a significant impact on lipase activity over storage 

of flours from one-year-old grains (P < 0.001, Table 12, Appendix M).  HRW flour had 

significantly lower lipase activity over storage compared to all IWG samples, which is in 

alignment with the storage study of flour from freshly harvested grain, and with previous 

reports on HRW lipase activity compared to IWG (Mathiowetz, 2018; Tyl & Ismail, 

2018).   

Refinement did not have an impact on lipase activity of flours from one-year-old 

grains.  The effect of refinement on lipase activity was significant only for flour from 
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steamed grains at 6 months of storage.  Refinement had the opposite trend in IWG flour 

from not steamed grains, where partially refined flour had larger lipase activities over 

storage compared to whole IWG flour.   

A different situation was observed for lipoxygenase activities.  Over storage, 

unlike in flours from freshly harvested grains, the lipoxygenase activity of flours from 

one-year-old grains increased (Table 4).  This increase could be attributed to growth of 

lipoxygenase producing bacteria in the stored grains (Sujitha et al., 2018; Mehrabi et al., 

2016; Hansen et al., 2013; Nyyssölä et al., 2012).  These microbes may include 

Pseudomonas aeruginosa and Escherichia coli, which have been reported in flour 

previously as contamination from the soil.  In addition, the fungus Gaeumannomyces 

graminis, which is a slow-growing plant pathogen commonly found in winter wheat and 

turf grass grains, can also produce lipoxygenases (Mehrabi et al., 2016; Hansen et al., 

2013; Nyyssölä et al., 2012).  An increase in lipoxygenase activity over storage has been 

observed in milled rice (Dhaliwal, Sekhon, & Nagi, 1991) and wheat flour (Nielsen & 

Hansen, 2008).  An increase in lipoxygenase activity was also observed in stored whole 

grains, including wheat (Liu, Li, Guo, Liu, & Zhao, 2016) and IWG (Mathiowetz, 2018).  

In whole grains, after-ripening effects have been used to explain increases in 

lipoxygenase activity. 

The higher lipoxygenase activity in HRW compared to IWG was maintained 

throughout storage, with the exception of lipoxygenase activities at time 6, where 

lipoxygenase activity of HRW and IWG samples were not statistically different, similar 

to results of flours from freshly harvested grains.  
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Steam treatment did not result in a reduction of lipoxygenase activity in flours 

from one-year-old grains and did not have an effect over storage, despite significant 

reduction at time 0.  This was also observed in lipoxygenase activities of flours from 

freshly harvested grain, as discussed previously.     

Refinement did not have an effect on lipoxygenase activity over storage (P = 

0.076, Table 13, Appendix M).  In general, there was no significant difference between 

any respective samples with different levels of refinement over storage.  This trend is 

similar to the lipoxygenase activity results of flours from freshly harvested grains, as 

discussed previously. 

 

3.4.2. Changes in Antioxidant Content over Storage 

 

The hydroxycinnamic acid contents of flours from one-year-old grains did not 

decrease significantly over the storage period, similar to flours from freshly harvested 

grains (Figure 7).  Prior to storage, contents of hydroxycinnamic acids were similar to 

those of fours from freshly harvested grains (ferulic acid and sinapic acid), or slightly 

lower (p-coumaric acid).  In general, steam treatment, as well as refinement, had a 

significant effect on hydroxycinnamic acid contents over storage, as determined by one-

way ANOVA and Welch’s two sample t-tests with respective steamed and not steamed 

samples.  Multiple-way ANOVA suggested similarly, with both steam treatment and 

refinement having a significant effect on the contents of all three hydroxycinnamic acids 



 

152 

 

over storage (P < 0.05, Tables 22-24, Appendix M).  As discussed previously, steam 

treatment lends to higher antioxidant contents over storage.  In all flours, however, there 

was no significant difference in hydroxycinnamic acid content at the end of storage. 

 The contents of lutein and zeaxanthin of flours significantly declined over the 

storage period (Figure 10), similarly to flours from freshly harvested grains.  Over 

storage, steam treatment and refinement had a significant effect on lutein and zeaxanthin 

contents (P < 0.01, Tables 20-21, Appendix M).  In general, there were significant 

differences between respective steamed and not steamed samples over storage, as well as 

between respective whole and partially refined samples for both lutein and zeaxanthin 

contents.  These trends for carotenoid contents were similar to that of flours from freshly 

harvested grains, as discussed previously.   

 

3.4.3. Changes in Antioxidant Activity over Storage 

 

The antioxidant activity as measured by the DPPH assay decreased significantly 

in both sample extracts over storage (Table 6).  This is in contrast to flours from freshly 

harvested grains, where activity as measured by DPPH in general did not significantly 

decline with storage.  However, as measured by the LMB assay, antioxidant activity did 

not change significantly over storage, which was also observed in flours from freshly 

harvested grains.  Carotenoid contents of flours from one-year-old grains were 

significantly correlated with acetone extracts as measured by the DPPH assay (r = 0.8, P 
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< 0.001), but were not significantly correlated with the alkaline hydrolysate extracts nor 

with activity as measured by the LMB assay (Table 11, Appendix L), which is in 

alignment with observations reported by Mathiowetz (2018).  The decline in carotenoid 

contents partially explains the decline in antioxidant activity observed as measured in the 

acetone extracts.  On the other hand, hydroxycinnamic acid contents were not 

significantly correlated with the DPPH activity of the alkaline hydrolysate extracts.  Only 

ferulic acid and p-coumaric acid contents were significantly correlated with antioxidant 

activity as measured by LMB (r = 0.62 - 0.66, P < 0.001), and with the activity of acetone 

extracts as measured by the DPPH assay (r = 0.46 - 0.81, P < 0.001, Table 11, Appendix 

L).  Therefore, the preservation of hydroxycinnamic acid contents over storage likely lead 

to the preservation of antioxidant activity as measured by LMB.  This suggests the 

significance of hydroxycinnamic acids on antioxidant activity as measured by LMB, 

especially with respect to reduction by SET as the mechanism of free radical quenching.   

The antioxidant activity of flours from one-year-old grains in general had a 

similar trend over time as flours from freshly harvested grain.  However, IWG flour from 

one-year-old grains had approximately a 25% lower initial antioxidant activity, compared 

to flours from freshly harvested grains, as measured by the DPPH assay with acetone 

extracts and for the LMB assay.  This suggests that in general, antioxidant activity was 

lost during storage as grain due to antioxidant degradation or free radical quenching, as 

lower carotenoid content was observed in flours from one-year-old grains compared to 

flours from freshly harvested grains.  In general, HRW had lower antioxidant activities 
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compared to IWG initially and over storage, as discussed and reported previously 

(Mathiowetz, 2018).   

In general, neither steam treatment nor refinement had a significant effect on 

antioxidant activities of flours from one-year-old grains during storage.  These results are 

in contrast to observed trends of hydroxycinnamic acids and carotenoid contents.  

However, this trend was not consistent across antioxidant activity assays, nor across 

extract type.  By 6 months of storage, the DPPH activity of alkaline hydrolysis extracts of 

flours from steamed grains had significantly higher antioxidant activities compared to 

respective not steamed samples. Additionally, acetone extracts of whole IWG flours had 

significantly higher DPPH activity compared to partially refined IWG flours, whereas 

this was not the case for DPPH activity of alkaline hydrolysate extracts or LMB activity.  

Lack of consistency in results regarding the effect of steam treatment and refinement on 

antioxidant activity by DPPH and LMB may be due to prior grain storage. 

 

3.4.4. Progression of Hydrolytic and Oxidative Rancidity over Storage 

 

The contents of free fatty acids, hydroperoxides, and hexanal of flours from one-

year-old grains followed similar trends to those of flours from freshly harvested grains, 

with the exception of a lack of hydroperoxide peak over the storage period (Figure 14).  

In general, flours from one-year-old grains had lower contents of free fatty acids at the 

end of storage, despite having a higher content of free fatty acids at time 0, compared to 
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flours from freshly harvested grains.  Flours from one-year-old grains also had lower 

hydroperoxide contents and hexanal contents at the end of storage, despite having higher 

contents at time 0, compared to flours from freshly harvested grains. With prior grain 

storage, resulting flours in general had slower rates of formation of free fatty acids and 

hexanal compared to flours from freshly harvested grains (Table 40, 41, and 43, 

Appendix N).  

Free fatty acids increased with storage, and then appeared to level off between 

three and six months of storage (Figure 14), which mirrors reductions in lipase activity 

over storage.  The rate of formation of free fatty acids was fitted to zero-order kinetic 

models (r
2
 = 0.74 - 0.98, Table 43, Appendix N), similarly to flours from freshly 

harvested grain.  Free fatty acid contents of HRW were lower than that of IWG over 

storage due to respective differences in lipase activity, as discussed previously.   
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 Figure 14. Free fatty acids (A), hydroperoxides (B), and hexanal (C) content of flours from one year old stored grains 

over six months storage at 43% RH and ambient temperature. Samples are represented as follows: IWG whole steamed      

(         ), IWG partially refined steamed (          ), IWG whole not steamed (          ), IWG partially refined not steamed         

(         ), and HRW whole not steamed (           ). Error bars represent standard error (n = 3). 
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Peroxide value significantly increased over the storage period and did not peak 

(Figure 14).  This could be attributed to lipoxygenase activity, which in this case 

increased over the entire storage period, unlike the observation for flour from freshly 

harvested grains.  Thus, peroxide values continued to be formed.  Because the grains 

were previously stored, peroxide value may have already peaked prior to storage as flour.  

An increase in hexanal over storage was observed without any lag periods, confirming 

that a peak in peroxides might have occurred prior to flour storage.  However, with 

increasing lipoxygenase activity observed, and in the presence of lipase and continual 

production of free fatty acids, peroxides could potentially peak over a longer storage 

period as flour.  HRW whole flour had lower peroxide value and lower hexanal content 

over storage compared to IWG flours.  This may be due to lower total fat content of 

HRW compared to IWG.   

Flours from one-year-old grains, while beginning at a higher hexanal content, did 

not reach as high of hexanal contents by the end of storage compared to flours from 

freshly harvested grains (Figure 14).  Hexanal, a secondary lipid oxidation product, either 

was formed at a slower rate in flours from one-year-old grains, or was lost to an extent in 

these samples, because hexanal is volatile.  Overall, hexanal formation was found to 

follow first order kinetics for flours from one-year-old grains, with moderate to good fit 

for these models (r
2
 = 0.89 - 0.98, Table 43, Appendix N).  The rate of formation of 

hexanal could also fit zero order models but with slightly lower r
2
 values.  There are a 

number of mechanisms for the formation of hexanal, including lipoxygenase pathways, 

decomposition reactions, or intramolecular shifts and reactions, and different pathways 
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may proceed at different rates within different samples, dependent on a number of factors 

including moisture content, oxygen concentration, and lipoxygenase activity (Oakley, 

Casadio, Shull, & Broadbelt, 2018; Koelsch, Downes, & Labuza, 1991).  While the 

model with the highest r
2
 was reported, different models may have also fit samples 

sufficiently (Nielsen & Hansen, 2008).   

Free fatty acids, peroxide value, and hexanal contents followed expected trends 

with regard to steam treatment and refinement, similarly to flours from freshly harvested 

grains and as previously reported (Mathiowetz, 2018), with the exception of free fatty 

acid contents of flours from steamed grains, which were not statistically different from 

flours from not steamed grains.  Despite this, both steam treatment and refinement was 

found to have a significant (P < 0.001) effect on free fatty acid content and hexanal 

content over storage, but not on peroxide value (Table 14, Table 16, Appendix M).   

The effect of steam treatment and refinement on the storage stability of flours 

from one-year-old grains was mixed.  In general, steam treatment was shown to be 

positive with regard to storage stability, preserving antioxidant contents and delaying the 

development of rancidity, but in other measures such as enzymatic activity and 

antioxidant activity, steam treatment and refinement did not have a consistent, significant 

impact.  However, the impact of previous grain storage was positive in general, with 

lower enzymatic activities and similar antioxidant contents at the beginning and end of 

storage, and overall lower contents of free fatty acids, hydroperoxides, and hexanal at the 

end of storage compared to flours from freshly harvested grains.  Thus, it is 

recommended to store IWG as whole grains long as possible before milling to flour.  In 
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wheat, previous storage as grain was found to be beneficial from the standpoint of 

rancidity development in resultant flour (Hansen & Rose, 1995).  However, with 

increasing lipoxygenase activity observed over storage of resultant flour, it is not 

recommended to store the resulting flour for very long, because if stored longer than six 

months, likely the contents of hydroperoxides, hexanal, and other secondary lipid 

oxidation products, such as octanal or propanal, would continue to increase and impair 

sensory acceptability.  Furthermore, it has been shown in previous studies that prior grain 

storage has been beneficial with regard to flour functionality (Doblado-Maldonado et al., 

2012; Pareyt, Finnie, Putseys, & Delcour, 2011; Tait & Galliard, 1988).  Further study is 

recommended on the sensory attributes of flour from one-year-old grains, and on 

consumer acceptability of flour.  Results are positive with lower contents of rancidity 

products, but a consumer panel on acceptability and liking would be ideal to determine if 

storage as grain prior to milling would be beneficial from a sensory acceptability 

perspective.
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4. Conclusions, Implications, and Recommendations 

  

 Overall, steam treatment and partial refinement had a positive effect on storage 

stability of flours from freshly harvested grains.  Positive effects included reduced 

enzymatic activities, lower contents of rancidity products over storage, and preserved 

antioxidant content and activity over storage.  The direct steam treatment utilized 

significantly reduced lipase and lipoxygenase activity over storage, which led to 

improved storage stability with delayed appearance of rancidity measures.  While 

hydroperoxides increased over storage, flour from steamed grains had lower 

hydroperoxide contents over time compared to flour from not steamed grains, confirming 

that steam treatment was effective in postponing oxidation product formation via partial 

lipoxygenase inactivation.  The free fatty acid content also increased over storage, but to 

a lesser extent in flour from steamed grains, further confirming that steam treatment was 

effective in partial inactivation of lipase activity.  Similarly, refinement resulted in 

significantly lower measures of rancidity over storage with lower enzymatic activities 

compared to whole flours.  Antioxidant content and activity were not greatly impacted by 

steaming, and were mostly preserved during storage, combating oxidative rancidity.  

Partial refinement maintained IWG’s high antioxidant content and activity; whereas, 

refined flour had significantly less antioxidant content and activity compared to whole 

and partially refined flour.  Based on these results, if IWG grains need to be milled to 

flour shortly after harvest, a direct steam treatment of the grains prior to milling to flour 
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is recommended from the perspective of mitigating hydrolytic and oxidative rancidity 

over flour storage.  Additionally, partial refinement may be beneficial for improving 

storage stability by partial removal of bran, significantly reducing fat and lipid degrading 

enzyme content, while not significantly affecting dietary fiber content and antioxidant 

content. 

Results demonstrated that flours stored at 43% RH had a slower progression of 

rancidity in comparison to samples stored at 65% RH.  Based on these results, storing 

IWG flour at lower RHs (43% RH vs. 65% RH) can help improve storage stability with 

regard to delaying the development of hydrolytic and oxidative rancidity.   

In IWG flours from one-year-old grains, steam treatment had a positive impact 

with regard to storage stability, preserving antioxidant contents and delaying the 

development of rancidity.  However, with regard to lipase and lipoxygenase activity and 

antioxidant activity as measured by DPPH and LMB, steam treatment and refinement did 

not have a consistent, significant impact.  The impact of grain storage prior to milling 

was positive in general, with lower enzymatic activities and similar antioxidant contents 

at the beginning and end of storage, and overall lower contents of free fatty acids, 

hydroperoxides, and hexanal at the end of storage in the resultant flour compared to flour 

from freshly harvested grains.  Based on these results, it is recommended to store IWG as 

whole grains long as possible before milling to flour.  In wheat, previous storage as grain 

was found to be beneficial with regard to flour rancidity development (Hansen & Rose, 

1995).  Additionally, rancidity development was mild in whole IWG grains during 

storage (Mathiowetz, 2018).  However, with increasing lipoxygenase activity observed 
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over storage of resultant flour, it is not recommended to store the resulting flour for an 

extended period of time, because if stored longer than six months, likely secondary lipid 

oxidation products would continue to increase in concentration and impair sensory 

acceptability.   

Based on the results of this study, we accept our hypotheses that the reduction of 

enzymatic activity by steam treatment and refinement, along with the presence of 

antioxidants, could help prolong the shelf life of IWG flour.  We also accept the 

hypothesis that flour storage at 43% RH, compared to storage at 65% RH, will result in 

slower progression of rancidity. 

The present study contributed to the understanding of IWG flour storage stability 

by identifying processing practices and storage conditions for prolonged shelf life.  

Establishing a more effective steam treatment and gaining a deeper understanding of 

IWG storage stability will help guide future work in consumer product applications, 

genetic selection and breeding, and other studies.  With continuous breeding efforts to 

increase seed size, the composition of IWG may continue to change, and so further 

research on IWG’s storage stability as grain and as flour may be necessary. Additionally, 

the selection of IWG lines that have lower lipase and lipoxygenase activity is 

recommended to minimize hydrolytic and oxidative rancidity development.  Further study 

is also recommended on the sensory attributes of flour from one-year-old grains to 

determine the impact of prior grain storage on sensory attributes.  The strong relationship 

between free fatty acids and off-flavors necessitates future sensory studies on stored IWG 

flour from previously stored grain due to hydrolytic rancidity.  Additionally, investigating 
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the overall consumer acceptability and preference of products utilizing IWG flour as an 

ingredient would be a natural follow-up study.  Finally, it is recommended to study the 

shelf life of products made with IWG. 

Overall, the reduction of enzymatic activity by steam treatment resulted in lower 

contents of hydrolytic and oxidative rancidity products over storage.  Partial refinement 

also resulted in lower contents of rancidity products and enzymatic activities over 

storage, while retaining nutritional benefits linked with bran including dietary fiber and 

antioxidant content.  Thus, both steam treatment and partial refinement, combined with 

low RH storage conditions, may be useful to prolong the shelf life of IWG flour.  The 

deeper understanding, provided by this study, of best storage practices of IWG flour will 

benefit IWG’s commercialization for food applications, thus incentivizing farmers to 

grow IWG. 
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Appendix A. Optimization of Steam Time: Analysis of Enzymatic Activity and Antioxidant Activity 

with Different Lengths of Steam Treatment 

 

 

 

Figure 15. Enzymatic activity (A: lipase activity, B: lipoxygenase activity, C: peroxidase activity) of IWG flours from one 

year old stored grains with varying steam times.  Lowercase superscripts represent significant differences (P ≤ 0.05) according 

to the Tukey’s HSD means comparison test, and error bars represent standard error (n = 3). 
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Table 7. Antioxidant content of IWG grains subjected to varying steaming times. 

 

 

Steam Treatment 

(seconds) 

Hydroxycinnamic Acids (ug/g Flour) 
 

Carotenoids (mg/100g Flour) 

p-Coumaric Acid Ferulic Acid Sinapic Acid 
 

Lutein Zeaxanthin 

0 39.0
a
 658.6

ab
 37.6

ab
 

 
3.48

b
 0.761

ab
 

30 34.9
a
 762.7

a
 43.5

a
 

 
3.65

a
 0.812

a
 

60 34.8
a
 523.7

bc
 30.5

b
 

 
3.54

ab
 0.775

ab
 

90 41.3
a
 679.2

ab
 38.7a

b
 

 
3.41

ab
 0.740

b
 

120 35.8
a
 622.2

abc
 37.8

ab
 

 
3.45

ab
 0.764

ab
 

 

 

Lowercase superscripts represent significant differences (P ≤ 0.05) according to the Tukey’s HSD means comparison test. 
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Appendix B. Bran to endosperm ratio. 

 

 

 

 

Table 8. Bran to endosperm of IWG, used to prepare flour samples for storage 

(courtesy of Misen Luu). 

Rep 
Endosperm 

(g) 

Bran 

(g) 

Total 

(g) 

Loss  
(g of initial weight of 

grains (100 g) not 

recovered after milling) 

Endosperm 

Ratio 

Bran 

Ratio 

4 49.88 45.02 94.9 5.1 55.0 45.0 

5 49.97 45.62 95.59 4.41 54.4 45.6 

1 44.97 45.03 90 10 55.0 45.0 

3 54.93 43.07 98 2 56.9 43.1 

     
Average 55.32 44.69 

     
SD 1.11 1.11 

     
CV 2.01 2.49 

 

 

For preparation of samples, a bran to endosperm ratio of 55 to 45 was used. Partially 

refined samples were prepared with 75% of the original bran ratio, based on preliminary 

trials that showed this level of bran as optimal for protein secondary structure in IWG 

dough.  Refined flours were prepared with no bran. 

 

 

Table 9. Percentages of endosperm to bran used to prepare flour samples for 

storage. 

Sample Endosperm (%) Bran (%) 

Whole 55 44 

Partial 67 33 

Refined 100 0 
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Appendix C. Lipase Activity Sample Calculation. 

 

Equation 1. Lipase activity 

 

𝐿𝑖𝑝𝑎𝑠𝑒 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
[(4.5 𝑚𝐿) × (𝐴𝑠 − 𝐴𝑏)]

[(𝜀𝑀) × 𝑡 × 𝑙 × 𝑆𝑎𝑚𝑝𝑙𝑒 𝑊𝑒𝑖𝑔ℎ𝑡 𝑑. 𝑏. (𝑔)]
 ×  

1000 𝜇𝐸𝑞/𝑚𝐿

1 𝑚𝑜𝑙/𝐿
 

Where: 

 

4.5 mL = Total reaction volume 

As = Absorbance of sample at 715 nm 

Ab  = Absorbance of blank at 715 nm  

εM  = Molar extinction coefficient of oleic acid (M
-1

·cm
-1

) at 715 nm determined 

through slope of oleic acid standard curve  

t = Incubation time in hours 

l = Path length = 1 cm for standard cuvette  

 

 

Sample Calculation  

Given: 

Sample: IWG from Freshly Harvested Grain, Steamed Whole Flour, Time 0, rep 2 

Sample Weight d.b. (g) = 1.0016 

Absorbance at 715 nm = 0.542 

Absorbance of the Sample Blank = 0.085 
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Figure 16. Standard curve of oleic acid plotting mM oleic acid against absorbance at 715 

nm. The slope of the line (extinction coefficient of oleic acid) was used to determine 

lipase activity. 

 

 

𝐿𝑖𝑝𝑎𝑠𝑒 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
[(4.5 𝑚𝐿) × (0.542 − 0.085)]

[(116.80 𝑀−1 ∙ 𝑐𝑚−1) × 4 ℎ × 1 𝑐𝑚 × 1.0016 𝑔)]
 × 

1000
𝜇𝐸𝑞
𝑚𝐿

1
𝑚𝑜𝑙

𝐿

 

 

= 𝟒. 𝟑𝟗 
𝒎𝒎𝒐𝒍𝒆𝒔 𝒐𝒍𝒆𝒊𝒄 𝒂𝒄𝒊𝒅

𝒉 ∙ 𝒈
 

  

y = 116.8x - 0.0088 

R² = 0.9998 
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Appendix D. Lipoxygenase Activity Sample Calculation. 

 

Equation 2. Lipoxygenase activity 

Lipoxygenase activity (U/g) 

=
(𝐴𝑠 − 𝐴𝑏)

𝜀𝑚𝑀 

× 𝑉𝑜𝑙𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛  (𝐿) ×
𝑉𝑜𝑙𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛  (𝑚𝐿)

𝑉𝑜𝑙𝐴𝑙𝑖𝑞𝑢𝑜𝑡  (𝑚𝐿)
×

1

 𝑡 × 𝑙 × 𝑆𝑎𝑚𝑝𝑙𝑒 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑔)
×

1000 𝜇𝑚𝑜𝑙𝑒𝑠

1 𝑚𝑚𝑜𝑙
 

 

Where:  

As = Absorbance of sample at 560 nm  

Ab  = Absorbance of blank at 560 nm 

εmM = 47 mM
-1

·cm
-1

 (Molar extinction coefficient for lipid hydroperoxides in a 

methanol-based reagent) (Vega et al., 2005) 

VolReaction = Total reaction volume in L = 0.003 L 

VolExtraction = Total extraction volume in mL = 20 mL 

VolAliquot = Total aliquot assayed in mL = 0.010 mL 

t = incubation time in minutes = 15 min 

l = path length = 1 cm for standard cuvette 

 

Sample Calculation  

Given: 

Sample: IWG Steamed Whole, 43% RH, Flour from Freshly Harvested Grain, Time 4.5, 

Rep 1 

Sample Weight (g) = 1.0027 

Absorbance at 715 nm = 0.692 

Absorbance of the Blank = 0.115 

VolReaction = Total reaction volume in L = 3 mL = 0.003 L 

VolExtraction = Total extraction volume in mL = 20 mL 

VolAliquot = Total aliquot assayed in mL = 0.010 mL 

t = incubation time in minutes = 15 min 

l = path length = 1 cm for standard cuvette 

 
Lipoxygenase activity (U/g) 

=
(0.692 − 0.115)

47 𝑚𝑀−1 · 𝑐𝑚−1
× 0.003 𝐿 ×

20 𝑚𝐿

0.010 𝑚𝐿
×

1

15 𝑚𝑖𝑛 × 1 𝑐𝑚 × 1.0027 𝑔
×

1000 𝜇𝑚𝑜𝑙𝑒𝑠

1 𝑚𝑚𝑜𝑙

=
𝟒. 𝟖𝟗𝟕 𝝁𝒎𝒐𝒍𝒆𝒔 

𝒎𝒊𝒏· 𝒈 
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Appendix E. Hydroxycinnamic Acid Quantification Sample 

Chromatogram, Standard Curves, and Calculation. 

 

 

 

 
 

Figure 17. Sample chromatogram (pictured: IWG Partial Steamed 65% RH, Time 1.5, 

Flour from Freshly Harvested Grains, Rep 3; Code: 1B3), with ferulic acid (peak A), p-

coumaric acid (peak B), and sinapic acid (peak C).  
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Figure 18. Sample standard curves of ferulic acid (A), p-coumaric acid (B), and sinapic 

acid (C) used to quantify hydroxycinnamic acids in samples. 
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Sample Calculation for Ferulic Acid 

Given: 

Sample: Ferulic Acid Content for IWG Partial Steamed 65% RH, Time 1.5, Flour from 

Freshly Harvested Grains, Rep 3 

Sample Weight (g) = 0.2040 

Peak Area of Ferulic Acid = 3198390 

Equation of the line from corresponding standard curve: y = 30252046.897 x  -8931.498 

 

Ferulic Acid (μg/g sample) =  

(𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎𝑆𝑎𝑚𝑝𝑙𝑒−  𝑏)

𝑚
×

1

𝑉𝑜𝑙𝐸𝑥𝑡𝑟𝑎𝑐𝑡(𝑚𝐿)
×

1000 𝜇𝑚𝑜𝑙𝑒𝑠

1 𝑚𝑚𝑜𝑙
×

1

𝑆𝑎𝑚𝑝𝑙𝑒 𝑤𝑡 (𝑔)
  

Where:  

b = y-intercept of ferulic acid standard curve  

m = slope of ferulic acid standard curve 

VolExtract = Volume of reconstituted extracts of hydroxycinnamic acids in 75% 

methanol, = 1 mL  

 

 

Ferulic Acid (μg/g sample) = 

(3198390 −  8931.49753694422)

30252046.8965517
×

1

1 𝑚𝐿
×

1000 𝜇𝑚𝑜𝑙𝑒𝑠

1 𝑚𝑚𝑜𝑙
×

1

0.2040 𝑔
=  

𝟓𝟏𝟔. 𝟖 𝝁𝒈

𝒈
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Appendix F. Carotenoid Quantification Sample Chromatogram, 

Standard Curves, and Calculation. 

 

 

Figure 19. Sample chromatogram (pictured: IWG Refined Not Steamed, Time 0, Flour 

from Freshly Harvested Grains, Rep 1; Code: 0L1), with lutein (peak A) and zeaxanthin 

(peak B).  

 

 

 

 

 

 

 

 

B 

A 



 

195 

 

 

 

  

 

Figure 20. Standard curves of lutein (A) and zeaxanthin (B) used to quantify carotenoids 

in samples. 
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Sample Calculation for Lutein 

Given: 

Sample: Lutein Content of IWG Refined Not Steamed, Time 0, Flour from Freshly 

Harvested Grains, Rep 1 

Sample Weight (g) = 0.4912 

Peak Area of Lutein = 1365137 

Equation of the line from Lutein standard curve: y = 194558150 x - 24353.85 

 

Lutein (mg/100 g sample) = 

(Lutein Peak Area −  b)

m
×

1

𝐷𝑖𝑙 𝐹𝑎𝑐𝑡𝑜𝑟
×

𝑉𝑜𝑙𝐸𝑥𝑡𝑟𝑎𝑐𝑡 

1 
×

1

𝑆𝑎𝑚𝑝𝑙𝑒 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑔)
× 100 𝑔 

Where:  

b = y-intercept of lutein standard curve  

m = slope of lutein standard curve 

VolExtract = Volume of extract of carotenoids in water-saturated butanol = 5 mL  

Dil Factor = Dilution Factor for IWG samples = 2.5 (HRW Dilution Factor = 

6.66) 

 

 

 

Lutein (mg/100 g sample) = 

(1365137 −  24353.85)

194558150
×

1

2.5
×

5 𝑚𝐿

1 
×

1

0.4912 𝑔
× 100 𝑔 

=  
 𝟐. 𝟖𝟏 𝒎𝒈

𝟏𝟎𝟎 𝒈
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Appendix G. DPPH Radical Scavenging Activity Sample Standard 

Curves and Sample Calculation. 

 

 

 

 
 

Figure 21.  Sample standard curves for the DPPH radical scavenging activity assay, 

plotting trolox concentration against absorbance at 515 nm (A), and plotting trolox 

concentration against % DPPH Radical Scavenging Activity (B). 
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Equation 3. DPPH radical scavenging activity percent 

 

𝐷𝑃𝑃𝐻 𝑅𝑎𝑑𝑖𝑐𝑎𝑙 𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) = (
(1 − 𝐴𝑠𝑎𝑚𝑝𝑙𝑒)

𝐴𝑏𝑙𝑎𝑛𝑘
) × 100% 

 

Where:  

Asample = Absorbance of sample or trolox at 515 nm = 0.397 

Ablank  = Absorbance of blank (60 μM DPPH radical solution) at 515 nm = 0.619 

 

 

Equation 4. DPPH Radical Scavenging Activity in units of μmoles trolox equivalents 

(TE) per gram of sample 

 

𝜇𝑚𝑜𝑙𝑒𝑠 𝑇𝐸 = (
% 𝐷𝑃𝑃𝐻 𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦−𝑏

𝑚
) ×

𝑉𝑜𝑙𝐸𝑥𝑡𝑟𝑎𝑐𝑡

𝑉𝑜𝑙𝐴𝑙𝑖𝑞𝑢𝑜𝑡
 × 𝑑 ×

𝑉𝑜𝑙𝐸𝑥𝑡𝑟𝑎𝑐𝑡

1000 𝑚𝐿
×

1

𝑤𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑔)
  

 

Where:  

b = Y-intercept of equation of the standard curve for % DPPH radical scavenging  

activity of trolox standards  

m = Slope of the equation of the standard curve for % DPPH radical scavenging 

activity of trolox standards  

VolExtract = Total extraction volume in mL  

d = dilution factor  

VolAliquot = Aliquot volume in mL  

 

Sample Calculation for DPPH 

Given: 

Sample: DPPH Radical Scavenging Activity of IWG Partial Steamed 43% RH, Time 9, 

Flour from Freshly Harvested Grains, Rep 2, Alkaline Hydrolysis Extract 

Sample Weight (g) = 0.2009 

Absorbance at 515 nm = 0.4471 

Absorbance of the blank at 515 nm = 0.6652 

Equation of the line standard curve with %DPPH Scavenging: y = 0.0816 x + 51.484 

 

 

𝐷𝑃𝑃𝐻 𝑅𝑎𝑑𝑖𝑐𝑎𝑙 𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) = ( 
(1−0.4471)

0.6652
) × 100% = 83.12% 

𝜇𝑚𝑜𝑙𝑒𝑠
𝑇𝐸

𝑔
= (

83.12% − 51.484

0.0816
) ×

1 𝑚𝐿

0.1 𝑚𝐿
 × 30 ×

1 𝑚𝐿

1000 𝑚𝐿
×

1

0.2009 𝑔
= 57.86  
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Appendix H. Leucomethylene Blue Antioxidant Assay Sample Standard 

Curves and Sample Calculation. 

 

 

 

 

 

 

 

 

 

 

Figure 22. Sample standard curves for the LMB assay, plotting trolox concentration 

against absorbance at 666 nm (A), and plotting trolox concentration against delta 

absorbance (B). 
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Equation 5. LMB antioxidant activity 

𝑚𝑚𝑜𝑙 𝑇𝐸

𝑔
=

[(𝐴𝑏𝑙𝑎𝑛𝑘 − 𝐴𝑠𝑎𝑚𝑝𝑙𝑒) − 𝑏]

𝑚
×

𝑉𝑜𝑙𝐸𝑥𝑡𝑟𝑎𝑐𝑡

𝑉𝑜𝑙𝐴𝑙𝑖𝑞𝑢𝑜𝑡
× 𝑑 ×

𝑉𝑜𝑙𝐸𝑥𝑡𝑟𝑎𝑐𝑡

1000 𝑚𝐿
×

1

𝑆𝑎𝑚𝑝𝑙𝑒 𝑤𝑡 (𝑔)
 

Where:  

Ablank = Absorbance of blank at 666 nm  

Asample = Absorbance of sample at 666 nm  

b = Y-intercept of equation of the standard curve plotting Δ Absorbance at 666 

nm of trolox concentrations (0.2-2 mM)  

m = Slope of the equation of the standard curve plotting Δ Absorbance at 666 nm 

of trolox concentrations (0.2-2 mM)  

VolExtract = Total extraction volume in mL  

VolAliquot = Aliquot volume in mL 

d = dilution factor  

 

 

Sample Calculation for LMB 

Given: 

Sample: IWG Whole Steamed Time 0, Flour from Freshly Harvested Grains, Rep 3, 

Alkaline Hydrolysis Extract 

Sample Weight (g) = 0.1996 

Absorbance at 515 nm = 1.4736 

Absorbance of the blank at 666 nm = 1.9266 

Equation of the line standard curve with delta absorbance: y = 0.1251 x + 0.3455 

Dilution Factor = 3 

 
𝑚𝑚𝑜𝑙 𝑇𝐸

𝑔
= 

[(1.9266 − 1.4736) − 0.3455]

0.1251
×

1 mL

0.05 𝑚𝐿
× 3 ×

1 mL

1000 𝑚𝐿
×

1

0.1996 g
= 0.258 
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Appendix I. Free Fatty Acids Sample Calculation. 

 

Equation 6. Percent free fatty acids 

%𝐹𝑟𝑒𝑒 𝑓𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑𝑠 =  
[(𝑉𝑠 − 𝑉𝑏) ×

𝑁 𝑁𝑎𝑂𝐻
1000 𝑚𝐿 ×

282 𝑔
𝑚𝑜𝑙

]

𝑊𝑒𝑖𝑔ℎ𝑡 𝑓𝑙𝑜𝑢𝑟 (𝑔)
× 100 

 

Where:  

Vs = Volume of sodium hydroxide titrated to neutralize sample  

Vb  = Volume of sodium hydroxide used to neutralize blank  

N NaOH = Normality of NaOH in Eq/L  

282 g/mol = Molecular weight of oleic acid  

 

 

Sample Calculation  

Given: 

Sample: IWG Partially Refined Steamed 65% RH Time 3, Flour from Freshly Harvested 

Grains, Rep 2 

Sample Weight (g) = 5.3062 

Volume of blank = 0.0 mL 

Volume of sample = 20.5 

Normality of NaOH = 0.00988 N 

 

 

%𝐹𝑟𝑒𝑒 𝑓𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑𝑠 =  
[(20.5 − 0.0) ×

0.00988 𝐸𝑞 𝑁𝑎𝑂𝐻/𝐿
1000 𝑚𝐿 ×

282 𝑔
𝑚𝑜𝑙

]

5.3062 𝑔
× 100

= 𝟏. 𝟎𝟖% 
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Appendix J. Peroxide Value Sample Calculation. 

 

 

 

 

Equation 7.  Peroxide value (mEq hydroperoxides/kg fat)  

 

 
𝑚𝐸𝑞 ℎ𝑦𝑑𝑟𝑜𝑝𝑒𝑟𝑜𝑥𝑖𝑑𝑒𝑠

1000 𝑔 𝑓𝑎𝑡
=

[(𝑉𝑜𝑙𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑉𝑜𝑙𝑏𝑙𝑎𝑛𝑘)  × 𝑁 𝑁𝑎2𝑆2𝑂3 × 1000]

𝑊𝑒𝑖𝑔ℎ𝑡 𝑓𝑎𝑡 (𝑔)
 

 

 

Where:  

Volsample = Volume of Na2S2O3 (mL) used to titrate sample  

Volblank  = Volume of Na2S2O3 (mL) used to titrate blank  

N Na2S2O3 = Normality of Na2S2O3 (Eq/L)  

 

 

Sample Calculation  

Given: 

Sample: HRW Whole 43% RH Time 9, Flour from Freshly Harvested Grains, Rep 1 

Weight of Fat extract = 0.0996 g 

Volume of blank = 0.6 mL 

Volume of sample = 1.0 mL 

N Na2S2O3  = 0.001 

 

𝑚𝐸𝑞 ℎ𝑦𝑑𝑟𝑜𝑝𝑒𝑟𝑜𝑥𝑖𝑑𝑒𝑠

1000 𝑔 𝑓𝑎𝑡
=

[(1.0 𝑚𝐿 − 0.6 𝑚𝐿) × 0.001
𝐸𝑞
𝐿 × 1000]

0.0996 𝑔 𝑓𝑎𝑡 
= 𝟒. 𝟎𝟐 
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Appendix K. Hexanal Content Sample Chromatogram and Calculation. 

 

 

Figure 23. Sample chromatogram (pictured: HRW 65% RH Whole Time 6, Flour from 

Freshly Harvested Grains, Rep 1; Code:  6M1), to quantify hexanal (peak A) using heptyl 

acetate as an internal standard (peak B). 

 

 

Equation 8.  Hexanal content calculation. 

 

𝐻𝑒𝑥𝑎𝑛𝑎𝑙 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (
𝑝𝑝𝑚

𝑔 𝑓𝑙𝑜𝑢𝑟
)

=     

(𝐻𝑒𝑥𝑎𝑛𝑎𝑙 𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎 ∗ 𝐶𝑜𝑛𝑐 𝐻𝑒𝑝𝑡𝑦𝑙 𝐴𝑐𝑒𝑡𝑎𝑡𝑒)
𝐻𝑒𝑝𝑡𝑦𝑙 𝐴𝑐𝑒𝑡𝑎𝑡𝑒 𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎

∗ 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝐹𝑎𝑐𝑡𝑜𝑟

𝑊𝑒𝑖𝑔ℎ𝑡 𝐹𝑙𝑜𝑢𝑟 (𝑔)
 

Where:  

Reference Factor = the ratio of peak areas between hexanal and heptyl acetate, in 

a standard that had equal concentration of both hexanal and heptyl acetate 

 = (Hexanal Peak Area / Heptyl Acetate Peak Area) 

B 

A 
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Sample Calculation  

Given: 

Sample: HRW 65% RH Whole Time 6, Flour from Freshly Harvested Grains, Rep 1 

Sample Weight (g) = 3.5006  

Hexanal Peak Area = 16227.7 

Heptyl Acetate Peak Area = 690.4 

Heptyl Acetate Concentration = 10 ppm 

Reference factor (average of two standard runs) = 0.29 

 

 

𝐻𝑒𝑥𝑎𝑛𝑎𝑙 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (
𝑝𝑝𝑚

𝑔 𝑓𝑙𝑜𝑢𝑟
) =     

(16227.7 ∗ 10)
690.4 ∗ 0.29

3.5006
 

 

= 19.47 (
𝑝𝑝𝑚

𝑔 𝑓𝑙𝑜𝑢𝑟
)
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Appendix L. Correlation Data Tables for Flour Storage Studies 

 

 

Table 10. Correlation coefficients for the storage study of flour from freshly harvested grains, depicting relationships among 

enzymatic activity, rancidity measures, antioxidant content, and antioxidant activity. 

 

 

Lipase 

Activit
y^ 

Lipoxy
genase 

Activit

y^ 

Free 
Fatty 

Acid 
Content

^ 

Peroxid

e 
Value 

Hexana

l 
Content 

Lutein 

Conte
nt 

Zeaxa
nthin 

Conte

nt 

DPPHᵝ 

(Alkali
ne 

Hydrol
ysis 

Extract

s) 

DPPHᵝ 
(Aceto

ne 
Extract

s) 

LMB 
Antiox

idant 
Activit

y 

p-

Coum
aric 

Acid 

Conte
nt 

Feruli
c Acid 

Conte

nt 

Sina
pic 

Acid 
Cont

ent 

Lipase Activity^ 1 
            

Lipoxygenase Activity^ 0.035 1 
           

Free Fatty Acid Content^ 0.553*** -0.520*** 1 
          

Peroxide Value -0.078 0.426*** 0.388*** 1 
         

Hexanal Content 0.016 -0.629*** 0.670*** 0.502*** 1 
        

Lutein Content 0.436*** -0.370*** -0.172** -0.416*** -0.517*** 1 
       

Zeaxanthin Content 0.461*** -0.336*** -0.131* -0.402*** -0.499*** 0.992*** 1 
      

DPPHᵝ (Alkaline 

Hydrolysis Extracts) 
0.812*** -0.045 0.643*** -0.064 0.171 0.221* 0.253** 1 

     

DPPHᵝ (Acetone Extracts) 0.795*** -0.124 0.699*** -0.018 0.215 0.321*** 0.376*** 0.917*** 1 
    

LMB Antioxidant 

Activity 
0.692*** -0.044 0.553*** 0.023 0.078 0.321*** 0.363*** 0.801*** 0.830*** 1 

   

p-Coumaric Acid 

Content 
0.887*** -0.093 0.696*** -0.004 0.161* 0.326*** 0.387*** 0.911*** 0.931*** 0.769*** 1 

  

Ferulic Acid Content 0.799*** -0.070 0.658*** -0.053 0.141 0.140 0.209** 0.969*** 0.902*** 0.786*** 0.935*** 1 
 

Sinapic Acid Content 0.766*** -0.081 0.666*** -0.016 0.221** 0.064 0.134 0.941*** 0.846*** 0.748*** 0.886*** 0.968*** 1 

*P < 0.05; **P < 0.01; ***P < 0.001. 

^ Dry Basis, ᵝ DPPH Radical Scavenging Activity 
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Table 11. Correlation coefficients for the storage study of flour from one-year-old stored grains, depicting relationships 

among enzymatic activity, rancidity measures, antioxidant content, and antioxidant activity. 
 

 

Lipase 

Activit
y^ 

Lipoxyg
enase 

Activity
^ 

Free 

Fatty 

Acid 
Cont

ent^ 

Peroxi

de 
Value 

Hexan
al 

Conten
t 

Lutein 

Conten
t 

Zeaxant

hin 
Content 

DPPHᵝ 
(Alkali

ne 

Hydrol
ysis 

Extract
s) 

DPPHᵝ 

(Aceto

ne 
Extract

s) 

LMB 

Antioxi

dant 
Activit

y 

p-
Coumar

ic Acid 
Content 

Feruli
c Acid 

Conte
nt 

Sin

api

c 
Aci

d 
Co

nte

nt 

Lipase Activity^ 1 
            

Lipoxygenase Activity^ -0.630*** 1 
           

Free Fatty Acid Content^ 0.072 0.514** 1 
          

Peroxide Value -0.318 0.776*** 
0.537**

* 
1 

         

Hexanal Content -0.388* 0.713*** 
0.531**

* 
0.916*** 1 

        

Lutein Content 0.779*** -0.793*** 0.073 -0.569*** -0.450*** 1 
       

Zeaxanthin Content 0.762*** -0.782*** 0.062 -0.568*** -0.452*** 0.997*** 1 
      

DPPHᵝ (Alkaline 

Hydrolysis Extracts) 
0.289 -0.389* 0.230 -0.465** -0.472** 0.207 0.172 1 

     

DPPHᵝ (Acetone Extracts) 0.755*** -0.477** 0.304 -0.388* -0.363* 0.804*** 0.804*** 0.286 1 
    

LMB Antioxidant 

Activity 
0.429* -0.112 

0.531**

* 
0.170 0.115 0.314 0.329* 0.188 0.577*** 1 

   

p-Coumaric Acid 

Content 
0.625*** -0.261 

0.592**

* 
0.021 0.035 0.605*** 0.603*** 0.255 0.805*** 0.663*** 1 

  

Ferulic Acid Content 0.254 -0.251 0.403 -0.072 -0.136 0.257* 0.282* 0.380* 0.467** 0.621*** 0.645*** 1 
 

Sinapic Acid Content -0.293 -0.058 0.029 0.035 -0.094 -0.326** -0.296* 0.264 -0.126 0.244 0.105 0.749*** 1 

*P < 0.05; **P < 0.01; ***P < 0.001. 

^ Dry Basis, ᵝ DPPH Radical Scavenging Activity 
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Appendix M. Multiple-Way Analysis of Variance (ANOVA) Summary 

Tables 

 

Table 12.  Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, steam treatment, refinement level, and grain on lipase activity of flours 

from one-year-old stored grains. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 

F 

Value 

Significance                                                                                              

(P Value)  

Refinement 1 2.952 96.599 6.27E-08 *** 

Steam 1 0.331 10.828 0.004954 ** 

Grain 1 6.419 210.026 3.15E-10 *** 

Time 2 1.605 52.499 1.69E-07 *** 

Refinement:Steam 1 4.371 143.001 4.53E-09 *** 

Refinement:Time 2 0.070 2.297 0.134869   

Steam:Time 2 0.033 1.071 0.367428   

Grain:Time 2 0.233 7.626 0.005187 ** 

Refinement:Steam:Time 2 0.298 9.761 0.001927 ** 

Residuals 15 0.031 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 

 

Table 13. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, steam treatment, refinement level, and grain on lipoxygenase activity of 

flours from one-year-old stored grains. 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 

F 

Value 

Significance                                                                                              

(P Value)  

Refinement 1 0.416 3.222 0.075601  
*
  

Steam 1 3.409 26.426 1.33E-06 *** 

Grain 1 6.443 49.940 2.01E-10 *** 

Time 2 30.994 240.231 2.57E-39 *** 

Refinement:Steam 1 1.108 8.585 0.004183 ** 

Refinement:Time 2 0.776 6.016 0.003391 ** 

Steam:Time 2 2.584 20.027 4.61E-08 *** 

Grain:Time 2 1.406 10.899 5.13E-05 *** 

Refinement:Steam:Time 2 0.892 6.912 0.00153 ** 

Residuals 102 0.129 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 
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Table 14. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, steam treatment, refinement level, and grain type on free fatty acid 

content of flours from one-year-old stored grains. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 1 0.0207 26.07 5.88E-06 *** 

Steam 1 0.3267 410.84 7.14E-25 *** 

Grain 1 1.1675 1468.30 4.19E-37 *** 

Time 4 0.4864 611.72 7.06E-40 *** 

Refinement:Steam 1 0.0008 0.99 0.324265   

Refinement:Time 4 0.0022 2.83 0.035039 * 

Steam:Time 4 0.0106 13.34 2.43E-07 *** 

Grain:Time 4 0.0106 13.33 2.46E-07 *** 

Refinement:Steam:Time 4 0.0022 2.79 0.036764 * 

Residuals 47 0.0008 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 

 

 

Table 15. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, steam treatment, refinement level, and on hydroperoxide content of 

flours from one-year-old stored grains. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 1 0.950 4.532 0.040592 * 

Steam 1 1.116 5.325 0.027242 * 

Grain 1 6.011 28.683 5.93E-06 *** 

Time 4 251.021 1197.780 4.65E-36 *** 

Refinement:Steam 1 4.291 20.476 7.03E-05 *** 

Refinement:Time 4 2.933 13.996 7.55E-07 *** 

Steam:Time 4 1.425 6.800 0.000391 *** 

Grain:Time 4 2.452 11.702 4.40E-06 *** 

Refinement:Steam:Time 4 6.122 29.212 1.42E-10 *** 

Residuals 34 0.210 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 
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Table 16. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, steam treatment, refinement level, and on hexanal content of flours from 

one-year-old stored grains. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 1 33.636 155.356 1.27E-14 *** 

Steam 1 121.872 562.885 1.43E-23 *** 

Grain 1 1.504 6.945 0.01232 * 

Time 4 863.421 3987.860 4.20E-47 *** 

Refinement:Steam 1 4.030 18.615 0.000119 *** 

Refinement:Time 4 6.204 28.655 9.52E-11 *** 

Steam:Time 4 50.487 233.182 3.35E-25 *** 

Grain:Time 4 1.605 7.413 0.000183 *** 

Refinement:Steam:Time 4 5.106 23.585 1.23E-09 *** 

Residuals 36 0.217 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 

 

Table 17. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, steam treatment, refinement level, and grain on antioxidant activity of 

flours from one-year-old stored grains analyzed by the DPPH assay on alkaline 

hydrolysis extracts. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 1 229.788 3.494 0.072481  
*
  

Steam 1 802.380 12.200 0.001664 ** 

Grain 1 706.132 10.737 0.002886 ** 

Time 2 5027.796 76.446 7.60E-12 *** 

Refinement:Steam 1 319.874 4.864 0.036128 * 

Refinement:Time 2 51.056 0.776 0.470106   

Steam:Time 2 83.482 1.269 0.297262   

Grain:Time 2 143.304 2.179 0.132663   

Refinement:Steam:Time 2 204.739 3.113 0.060738  
*
  

Residuals 27 65.769 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 
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Table 18. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, steam treatment, refinement level, and grain type on antioxidant activity 

of flours from one-year-old stored grains analyzed by the DPPH assay on acetone 

extracts. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 1 41.1192 38.3947 1.08E-06 *** 

Steam 1 91.4704 85.4098 5.33E-10 *** 

Grain 1 664.0769 620.0767 1.20E-20 *** 

Time 2 31.0488 28.9915 1.51E-07 *** 

Refinement:Steam 1 4.3016 4.0166 0.054815 
*
 

Refinement:Time 2 15.9160 14.8615 3.99E-05 *** 

Steam:Time 2 13.0993 12.2314 0.000152 *** 

Grain:Time 2 0.4539 0.4238 0.658663   

Refinement:Steam:Time 2 2.3513 2.1955 0.130102   

Residuals 28 1.0710 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 

 

Table 19. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, steam treatment, refinement level, and grain on antioxidant activity of 

flours from one-year-old stored grains analyzed by the LMB assay on alkaline hydrolysis 

extracts. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 1 7.07E-05 0.128 0.723347   

Steam 1 0.0250 45.436 7.09E-07 *** 

Grain 1 0.0135 24.550 5.22E-05 *** 

Time 2 0.0004 0.697 0.508192   

Refinement:Steam 1 0.0021 3.736 0.06567  
*
  

Refinement:Time 2 0.0005 0.884 0.426851   

Steam:Time 2 0.0005 0.842 0.443896   

Grain:Time 2 6.16E-05 0.112 0.894606   

Refinement:Steam:Time 2 0.0023 4.122 0.029515 * 

Residuals 23 0.0006 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 
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Table 20. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, steam treatment, refinement level, and grain on lutein content 

(carotenoid) of flours from one-year-old stored grains. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 1 11.835 1102.029 9.94E-36 *** 

Steam 1 2.871 267.325 1.05E-21 *** 

Grain 1 36.413 3390.776 1.29E-47 *** 

Time 4 6.473 602.764 1.27E-41 *** 

Refinement:Steam 1 0.117 10.872 0.001802 ** 

Refinement:Time 4 0.289 26.875 6.30E-12 *** 

Steam:Time 4 0.054 5.061 0.001671 ** 

Grain:Time 4 1.087 101.189 2.49E-23 *** 

Refinement:Steam:Time 4 0.009 0.856 0.49699   

Residuals 50 0.011 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 

 

Table 21. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, steam treatment, refinement level, and grain on zeaxanthin content 

(carotenoid) of flours from one-year-old stored grains. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 1 0.482 768.930 5.09E-32 *** 

Steam 1 0.202 322.001 1.95E-23 *** 

Grain 1 1.801 2871.123 7.75E-46 *** 

Time 4 0.331 528.429 3.16E-40 *** 

Refinement:Steam 1 0.004 6.074 0.017197 * 

Refinement:Time 4 0.016 25.726 1.30E-11 *** 

Steam:Time 4 0.004 5.904 0.000569 *** 

Grain:Time 4 0.057 91.356 2.36E-22 *** 

Refinement:Steam:Time 4 0.001 0.915 0.462536   

Residuals 50 0.001 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 
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Table 22. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, steam treatment, refinement level, and grain type on p-coumaric acid 

content (hydroxycinnamic acid) of flours from one-year-old stored grains. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 1 11.978 8.036 0.00674 ** 

Steam 1 49.742 33.372 5.85E-07 *** 

Grain 1 363.144 243.637 3.20E-20 *** 

Time 4 11.134 7.470 9.62E-05 *** 

Refinement:Steam 1 1.652 1.108 0.297847   

Refinement:Time 4 0.249 0.167 0.954148   

Steam:Time 4 5.239 3.515 0.013683 
*
 

Grain:Time 4 0.578 0.388 0.816333   

Refinement:Steam:Time 4 2.797 1.876 0.130307   

Residuals 47 1.491 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 

 

 

Table 23. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, steam treatment, refinement level, and grain type on ferulic acid content 

(hydroxycinnamic acid) of flours from one-year-old stored grains. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 1 3813.345 5.2264 0.026608 * 

Steam 1 132945.100 182.2099 3.94E-18 *** 

Grain 1 14627.334 20.0477 4.52E-05 *** 

Time 4 6215.897 8.5193 2.67E-05 *** 

Refinement:Steam 1 808.280 1.1078 0.297723   

Refinement:Time 4 246.660 0.3381 0.850975   

Steam:Time 4 1508.293 2.0672 0.099452  
*
  

Grain:Time 4 188.529 0.2584 0.903139   

Refinement:Steam:Time 4 293.055 0.4017 0.806512   

Residuals 49 729.626 NA NA   

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 
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Table 24. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, steam treatment, refinement level, and grain type on sinapic acid content 

(hydroxycinnamic acid) of flours from one-year-old stored grains. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 1 333.951 42.059 4.16E-08 *** 

Steam 1 786.539 99.058 2.35E-13 *** 

Grain 1 282.984 35.640 2.60E-07 *** 

Time 4 85.233 10.734 2.51E-06 *** 

Refinement:Steam 1 6.183 0.779 0.381866   

Refinement:Time 4 3.171 0.399 0.808115   

Steam:Time 4 15.249 1.920 0.121881   

Grain:Time 4 5.805 0.731 0.575078   

Refinement:Steam:Time 4 2.894 0.364 0.832723   

Residuals 49 7.940 NA NA   

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 
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Table 25. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, storage conditions, steam treatment, refinement level, and grain type on 

lipase activity of flours from freshly harvested grains. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 2 156.417 1468.350 4.52E-66 *** 

Steam 1 0.544 5.110 0.026379 * 

RH 1 6.840 64.207 5.71E-12 *** 

Grain 1 144.763 1358.949 1.21E-53 *** 

Time 2 21.074 197.833 1.66E-32 *** 

Refinement:Steam 2 0.979 9.191 0.000246 *** 

Refinement:RH 2 0.164 1.540 0.220286   

Steam:RH 1 0.539 5.062 0.027067 * 

Refinement:Grain 1 51.325 481.811 1.51E-36 *** 

RH:Grain 1 1.191 11.178 0.001238 ** 

Refinement:Time 4 2.206 20.706 6.68E-12 *** 

Steam:Time 2 3.824 35.895 5.41E-12 *** 

RH:Time 2 1.727 16.216 1.11E-06 *** 

Grain:Time 2 5.490 51.538 2.48E-15 *** 

Refinement:Steam:RH 2 0.070 0.658 0.520643   

Refinement:RH:Grain 1 0.003 0.028 0.868285   

Refinement:Steam:Time 4 0.601 5.640 0.000453 *** 

Refinement:RH:Time 4 0.099 0.929 0.451122   

Steam:RH:Time 2 0.456 4.282 0.016944 * 

Refinement:Grain:Time 2 1.470 13.801 6.57E-06 *** 

RH:Grain:Time 2 0.330 3.094 0.050504  
*
  

Refinement:Steam:RH:Time 4 0.226 2.125 0.084839  
*
  

Refinement:RH:Grain:Time 2 0.105 0.986 0.377436   

Residuals 84 0.107 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 

 

 

 

 

 

 

 

 



 

215 

 

Table 26. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, storage conditions, steam treatment, refinement level, and grain type on 

lipoxygenase activity of flours from freshly harvested grains. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 

F 

Value 

Significance                                                                                              

(P Value)  

Refinement 2 0.715 10.170 5.91E-05 *** 

Steam 1 1.789 25.452 9.34E-07 *** 

RH 1 1.421 20.219 1.11E-05 *** 

Grain 1 0.715 10.178 0.001624 ** 

Time 2 35.185 500.645 1.42E-83 *** 

Refinement:Steam 2 0.021 0.299 0.742083   

Refinement:RH 2 0.072 1.021 0.361988   

Steam:RH 1 0.033 0.468 0.494713   

Refinement:Grain 1 1.671 23.773 2.05E-06 *** 

RH:Grain 1 0.013 0.190 0.663123   

Refinement:Time 4 0.462 6.567 5.14E-05 *** 

Steam:Time 2 4.574 65.088 4.96E-23 *** 

RH:Time 2 0.867 12.338 8.24E-06 *** 

Grain:Time 2 0.475 6.752 0.00142 ** 

Refinement:Steam:RH 2 0.026 0.363 0.695675   

Refinement:RH:Grain 1 0.057 0.814 0.367991   

Refinement:Steam:Time 4 0.033 0.470 0.758004   

Refinement:RH:Time 4 0.067 0.954 0.43376   

Steam:RH:Time 2 0.050 0.708 0.493856   

Refinement:Grain:Time 2 0.475 6.763 0.001406 ** 

RH:Grain:Time 2 0.033 0.476 0.62196   

Refinement:Steam:RH:Time 4 0.012 0.177 0.950103   

Refinement:RH:Grain:Time 2 0.025 0.361 0.697257   

Residuals 225 0.070 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 
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Table 27. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, storage conditions, steam treatment, refinement level, and grain type on 

free fatty acid content of flours from freshly harvested grains. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 2 9.070 7872.166 3.30E-178 *** 

Steam 1 0.032 27.680 3.97E-07 *** 

RH 1 0.778 674.885 2.67E-63 *** 

Grain 1 4.760 4131.364 1.58E-127 *** 

Time 5 1.598 1387.267 2.12E-143 *** 

Refinement:Steam 2 0.023 20.377 1.02E-08 *** 

Refinement:RH 2 0.028 24.577 3.51E-10 *** 

Steam:RH 1 0.023 19.953 1.39E-05 *** 

Refinement:Grain 1 0.937 813.007 3.07E-69 *** 

RH:Grain 1 0.001 1.125 0.290149   

Refinement:Time 10 0.115 99.986 1.16E-68 *** 

Steam:Time 5 0.159 138.262 3.37E-60 *** 

RH:Time 5 0.037 31.889 2.73E-23 *** 

Grain:Time 5 0.025 21.371 8.20E-17 *** 

Refinement:Steam:RH 2 0.007 6.090 0.002751 ** 

Refinement:RH:Grain 1 0.001 0.534 0.465847   

Refinement:Steam:Time 10 0.016 14.258 1.62E-18 *** 

Refinement:RH:Time 10 0.003 2.188 0.02031 * 

Steam:RH:Time 5 0.003 2.839 0.017066 * 

Refinement:Grain:Time 5 0.004 3.608 0.00389 ** 

RH:Grain:Time 5 0.003 2.838 0.017079 * 

Refinement:Steam:RH:Time 10 0.003 2.981 0.001669 ** 

Refinement:RH:Grain:Time 5 0.006 5.559 8.59E-05 *** 

Residuals 183 0.001 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 
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Table 28. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, storage conditions, steam treatment, refinement level, and grain type on 

hydroperoxide content of flours from freshly harvested grains. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 2 11.912 10.274 5.78E-05 *** 

Steam 1 563.104 485.682 2.34E-54 *** 

RH 1 393.885 339.730 2.95E-44 *** 

Grain 1 6313.044 5445.062 2.45E-142 *** 

Time 5 2697.471 2326.595 5.42E-169 *** 

Refinement:Steam 2 43.418 37.448 1.90E-14 *** 

Refinement:RH 2 66.971 57.763 2.40E-20 *** 

Steam:RH 1 9.154 7.896 0.005472 ** 

Refinement:Grain 1 815.053 702.991 6.29E-66 *** 

RH:Grain 1 11.755 10.139 0.001695 ** 

Refinement:Time 10 320.965 276.836 6.45E-108 *** 

Steam:Time 5 40.181 34.657 3.98E-25 *** 

RH:Time 5 27.513 23.730 1.59E-18 *** 

Grain:Time 5 1254.270 1081.820 5.23E-138 *** 

Refinement:Steam:RH 2 10.014 8.637 0.000256 *** 

Refinement:RH:Grain 1 185.823 160.274 4.55E-27 *** 

Refinement:Steam:Time 10 27.282 23.531 1.85E-28 *** 

Refinement:RH:Time 10 21.283 18.357 2.70E-23 *** 

Steam:RH:Time 5 22.028 19.000 2.55E-15 *** 

Refinement:Grain:Time 5 251.773 217.157 9.01E-77 *** 

RH:Grain:Time 5 42.551 36.701 2.96E-26 *** 

Refinement:Steam:RH:Time 10 10.415 8.983 4.53E-12 *** 

Refinement:RH:Grain:Time 5 19.440 16.767 1.01E-13 *** 

Residuals 191 1.159 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 
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Table 29. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, storage conditions, steam treatment, refinement level, and grain type on 

hexanal content of flours from freshly harvested grains. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 2 419.223 763.249 4.73E-88 *** 

Steam 1 0.973 1.772 0.184853   

RH 1 1201.239 2187.009 6.44E-102 *** 

Grain 1 398.829 726.120 1.01E-64 *** 

Time 5 2217.251 4036.790 4.04E-181 *** 

Refinement:Steam 2 16.354 29.775 7.00E-12 *** 

Refinement:RH 2 67.636 123.140 2.67E-34 *** 

Steam:RH 1 5.664 10.312 0.001568 ** 

Refinement:Grain 1 2.662 4.846 0.028997 * 

RH:Grain 1 0.367 0.668 0.414842   

Refinement:Time 10 53.196 96.850 1.51E-66 *** 

Steam:Time 5 2.631 4.790 0.000393 *** 

RH:Time 5 156.887 285.632 5.08E-83 *** 

Grain:Time 5 21.474 39.097 5.62E-27 *** 

Refinement:Steam:RH 2 19.307 35.150 1.36E-13 *** 

Refinement:RH:Grain 1 7.437 13.541 0.000309 *** 

Refinement:Steam:Time 10 2.988 5.440 5.02E-07 *** 

Refinement:RH:Time 10 16.550 30.132 2.41E-33 *** 

Steam:RH:Time 5 3.032 5.519 9.46E-05 *** 

Refinement:Grain:Time 5 3.133 5.705 6.59E-05 *** 

RH:Grain:Time 5 2.612 4.756 0.00042 *** 

Refinement:Steam:RH:Time 10 8.832 16.080 2.07E-20 *** 

Refinement:RH:Grain:Time 5 0.944 1.718 0.132677   

Residuals 178 0.549 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 
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Table 30. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, storage conditions, steam treatment, refinement level, and grain type on 

antioxidant activity of flours from freshly harvested grains analyzed by the DPPH assay 

on acetone extracts. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 2 3309.703 4664.696 3.20E-89 *** 

Steam 1 1449.485 2042.904 3.35E-62 *** 

RH 1 2.443 3.443 0.066912  
*
  

Grain 1 902.117 1271.444 1.06E-53 *** 

Time 2 19.014 26.798 8.55E-10 *** 

Refinement:Steam 2 35.479 50.004 3.49E-15 *** 

Refinement:RH 2 3.895 5.489 0.005688 ** 

Steam:RH 1 10.204 14.382 0.000275 *** 

Refinement:Grain 1 675.915 952.635 1.21E-48 *** 

RH:Grain 1 0.579 0.816 0.36899   

Refinement:Time 4 41.466 58.442 7.32E-24 *** 

Steam:Time 2 0.572 0.806 0.450021   

RH:Time 2 0.394 0.555 0.57601   

Grain:Time 2 5.755 8.111 0.000589 *** 

Refinement:Steam:RH 2 0.158 0.223 0.800572   

Refinement:RH:Grain 1 0.165 0.233 0.63074   

Refinement:Steam:Time 4 21.547 30.368 8.15E-16 *** 

Refinement:RH:Time 4 3.924 5.531 0.000515 *** 

Steam:RH:Time 2 3.561 5.019 0.008656 ** 

Refinement:Grain:Time 2 2.197 3.097 0.050209  
*
  

RH:Grain:Time 2 0.149 0.210 0.811336   

Refinement:Steam:RH:Time 4 0.115 0.163 0.956755   

Refinement:RH:Grain:Time 2 0.070 0.099 0.906081   

Residuals 87 0.710 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 
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Table 31. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, storage conditions, steam treatment, refinement level, and grain type on 

antioxidant activity of flours from freshly harvested grains analyzed by the DPPH assay 

on alkaline hydrolysis extracts. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 2 24268.889 4258.390 9.86E-87 *** 

Steam 1 2475.499 434.369 2.26E-35 *** 

RH 1 10.792 1.894 0.172372   

Grain 1 2241.634 393.333 7.79E-34 *** 

Time 2 91.703 16.091 1.16E-06 *** 

Refinement:Steam 2 33.840 5.938 0.003841 ** 

Refinement:RH 2 25.482 4.471 0.014212 * 

Steam:RH 1 1.098 0.193 0.661868   

Refinement:Grain 1 1003.035 176.000 1.64E-22 *** 

RH:Grain 1 0.718 0.126 0.723439   

Refinement:Time 4 10.898 1.912 0.115668   

Steam:Time 2 0.833 0.146 0.864243   

RH:Time 2 5.068 0.889 0.414684   

Grain:Time 2 11.579 2.032 0.137359   

Refinement:Steam:RH 2 46.651 8.186 0.000557 *** 

Refinement:RH:Grain 1 1.418 0.249 0.619231   

Refinement:Steam:Time 4 29.237 5.130 0.000937 *** 

Refinement:RH:Time 4 16.733 2.936 0.02509 * 

Steam:RH:Time 2 0.948 0.166 0.847015   

Refinement:Grain:Time 2 46.816 8.215 0.000544 *** 

RH:Grain:Time 2 0.816 0.143 0.866755   

Refinement:Steam:RH:Time 4 15.919 2.793 0.031121 * 

Refinement:RH:Grain:Time 2 3.329 0.584 0.559793   

Residuals 86 5.699 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 
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Table 32. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, storage conditions, steam treatment, refinement level, and grain type on 

antioxidant activity of flours from freshly harvested grains analyzed by the LMB assay 

on alkaline hydrolysis extracts. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 

F 

Value 

Significance                                                                                              

(P Value)  

Refinement 2 0.242 224.654 3.52E-30 *** 

Steam 1 0.170 157.821 3.65E-19 
 

RH 1 0.009 8.130 0.005807 ** 

Grain 1 0.034 31.774 3.89E-07 *** 

Time 2 0.045 42.085 1.65E-12 *** 

Refinement:Steam 2 0.003 3.077 0.05278 
*
  

Refinement:RH 2 0.004 4.063 0.021664 * 

Steam:RH 1 9.97E-05 0.093 0.761965   

Refinement:Grain 1 0.036 32.980 2.57E-07 *** 

RH:Grain 1 0.003 2.548 0.115234   

Refinement:Time 4 0.003 2.705 0.037677 * 

Steam:Time 2 0.020 18.408 4.44E-07 *** 

RH:Time 2 0.004 3.339 0.041546 * 

Grain:Time 2 0.002 1.790 0.175019   

Refinement:Steam:RH 2 0.002 1.565 0.216808   

Refinement:RH:Grain 1 0.000 0.189 0.665218   

Refinement:Steam:Time 4 0.003 2.393 0.059327  
*
  

Refinement:RH:Time 4 0.001 1.183 0.326491   

Steam:RH:Time 2 7.57E-05 0.070 0.932241   

Refinement:Grain:Time 2 0.001 0.896 0.413185   

RH:Grain:Time 2 0.003 2.435 0.095441  
*
  

Refinement:Steam:RH:Time 4 0.003 2.464 0.053495  
*
  

Refinement:RH:Grain:Time 2 0.001 0.637 0.532117   

Residuals 66 0.001 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 
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Table 33. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, storage conditions, steam treatment, refinement level, and grain type on 

lutein content (carotenoid) of flours from freshly harvested grains analyzed. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 2 8.211 2432.482 5.22E-131 *** 

Steam 1 65.890 19518.989 1.78E-185 *** 

RH 1 3.810 1128.745 1.83E-79 *** 

Grain 1 71.814 21273.643 8.22E-189 *** 

Time 5 32.553 9643.438 1.43E-216 *** 

Refinement:Steam 2 0.304 90.126 7.59E-28 *** 

Refinement:RH 2 0.425 126.027 5.97E-35 *** 

Steam:RH 1 0.491 145.516 6.15E-25 *** 

Refinement:Grain 1 1.547 458.143 2.38E-51 *** 

RH:Grain 1 0.470 139.231 3.60E-24 *** 

Refinement:Time 10 0.659 195.197 5.21E-91 *** 

Steam:Time 5 2.891 856.544 2.00E-123 *** 

RH:Time 5 0.242 71.819 4.79E-41 *** 

Grain:Time 5 6.104 1808.070 8.94E-152 *** 

Refinement:Steam:RH 2 0.026 7.753 0.000589 *** 

Refinement:RH:Grain 1 0.078 23.235 3.04E-06 *** 

Refinement:Steam:Time 10 0.215 63.593 9.61E-54 *** 

Refinement:RH:Time 10 0.038 11.222 8.19E-15 *** 

Steam:RH:Time 5 0.114 33.712 3.31E-24 *** 

Refinement:Grain:Time 5 0.276 81.613 2.03E-44 *** 

RH:Grain:Time 5 0.057 16.883 1.14E-13 *** 

Refinement:Steam:RH:Time 10 0.015 4.323 2.00E-05 *** 

Refinement:RH:Grain:Time 5 0.017 5.113 0.000208 *** 

Residuals 180 0.003 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 

 

 

 

 

 

 

 

 



 

223 

 

Table 34. Multi-way analysis of variance on the individual effects and interaction effects 

of storage time, storage conditions, steam treatment, refinement level, and grain type on 

zeaxanthin content (carotenoid) of flours from freshly harvested grains analyzed. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 2 0.250 1588.488 4.57E-108 *** 

Steam 1 2.172 13822.682 2.92E-160 *** 

RH 1 0.118 749.424 4.77E-63 *** 

Grain 1 1.797 11435.330 1.35E-153 *** 

Time 5 0.747 4751.491 2.04E-175 *** 

Refinement:Steam 2 0.009 58.276 7.59E-20 *** 

Refinement:RH 2 0.017 110.173 4.68E-31 *** 

Steam:RH 1 0.007 46.085 1.97E-10 *** 

Refinement:Grain 1 0.020 125.434 5.52E-22 *** 

RH:Grain 1 0.012 79.515 8.99E-16 *** 

Refinement:Time 10 0.017 110.197 2.03E-67 *** 

Steam:Time 5 0.086 546.545 2.89E-100 *** 

RH:Time 5 0.006 37.444 1.71E-25 *** 

Grain:Time 5 0.147 935.324 1.55E-118 *** 

Refinement:Steam:RH 2 0.002 13.331 4.32E-06 *** 

Refinement:RH:Grain 1 0.003 17.244 5.27E-05 *** 

Refinement:Steam:Time 10 0.010 64.253 1.63E-51 *** 

Refinement:RH:Time 10 0.002 11.880 2.79E-15 *** 

Steam:RH:Time 5 0.007 45.772 2.00E-29 *** 

Refinement:Grain:Time 5 0.006 35.558 1.54E-24 *** 

RH:Grain:Time 5 0.003 16.255 5.24E-13 *** 

Refinement:Steam:RH:Time 10 0.001 6.793 8.00E-09 *** 

Refinement:RH:Grain:Time 5 0.001 5.534 9.76E-05 *** 

Residuals 164 0.0002 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 
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Table 35. Multi-way analysis of variance on the individual effects and interaction effects 

of storage temperature, storage time, steam treatment, and grain type on p-coumaric acid 

content (hydroxycinnamic acid) of flours from freshly harvested grains. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 2 17200.82 2436.731 4.84E-93 *** 
Steam 1 2055.478 291.1865 6.22E-33 *** 
RH 1 0.814137 0.115334 0.734788 

 Grain 1 7745.937 1097.318 1.07E-59 *** 
Time 4 64.78051 9.177044 1.89E-06 *** 
Refinement:Steam 2 736.5491 104.3422 2.61E-26 *** 
Refinement:RH 2 12.88662 1.825566 0.165888 

 Steam:RH 1 0.715005 0.10129 0.750879 
 Refinement:Grain 1 5511.92 780.8388 2.62E-52 *** 

RH:Grain 1 11.87352 1.682046 0.197318 
 Refinement:Time 8 11.36679 1.610261 0.129668 
 Steam:Time 4 19.01414 2.693613 0.03452 * 

RH:Time 4 10.59127 1.500398 0.206892 
 Grain:Time 3 12.32836 1.74648 0.161602 
 Refinement:Steam:RH 2 25.99226 3.682158 0.028264 * 

Refinement:RH:Grain 1 3.934937 0.557438 0.456859 
 Refinement:Steam:Time 8 15.77758 2.23511 0.02985 * 

Refinement:RH:Time 8 7.713639 1.092742 0.373572 
 Steam:RH:Time 3 48.11138 6.815634 0.000292 *** 

Refinement:Grain:Time 3 5.004668 0.70898 0.548612 
 RH:Grain:Time 3 4.484184 0.635246 0.593824 
 Refinement:Steam:RH:Time 6 13.94897 1.976062 0.074939 * 

Refinement:RH:Grain:Time 3 4.319589 0.611929 0.608646 
 Residuals 112 7.058973 NA NA 
 

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 
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Table 36. Multi-way analysis of variance on the individual effects and interaction 

effects of storage temperature, storage time, steam treatment, and grain type on ferulic 

acid content (hydroxycinnamic acid) of flours from freshly harvested grains. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 2 7676197 3793.431 2.05E-106 *** 
Steam 1 357460.3 176.6501 4.64E-25 *** 
RH 1 4286.968 2.118538 0.148226 

 
Grain 1 490435.9 242.3641 3.46E-30 *** 
Time 4 3239.033 1.600669 1.79E-01 

 
Refinement:Steam 2 105847.5 52.30783 6.42E-17 *** 
Refinement:RH 2 18694.63 9.238531 0.000189 *** 
Steam:RH 1 11832.32 5.847308 0.017157 * 
Refinement:Grain 1 422136.9 208.612 1.10E-27 *** 
RH:Grain 1 571.7216 0.282534 0.596062 

 
Refinement:Time 8 5001.227 2.471512 0.016433 * 
Steam:Time 4 2941.975 1.453868 0.22082 

 
RH:Time 4 1668.14 0.824363 0.512219 

 
Grain:Time 3 449.1055 0.221939 0.880992 

 
Refinement:Steam:RH 2 6105.323 3.017135 0.052798 * 
Refinement:RH:Grain 1 59.0306 0.029172 0.864681 

 
Refinement:Steam:Time 8 1314.435 0.649569 0.734523 

 
Refinement:RH:Time 8 1883.146 0.930615 0.494142 

 
Steam:RH:Time 3 4216.827 2.083876 0.106146 

 
Refinement:Grain:Time 3 1796.239 0.887667 0.449797 

 
RH:Grain:Time 3 436.9445 0.21593 0.885185 

 
Refinement:Steam:RH:Time 6 3199.328 1.581047 0.158764 

 
Refinement:RH:Grain:Time 3 384.2354 0.189882 0.903108 

 
Residuals 116 2023.55 NA NA 

 
*P < 0.05; **P < 0.01; ***P < 0.001; 

*
 P < 0.1. 
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Table 37. Multi-way analysis of variance on the individual effects and interaction 

effects of storage temperature, storage time, steam treatment, and grain type on sinapic 

acid content (hydroxycinnamic acid) of flours from freshly harvested grains. 

 

Source of Variation 
Degrees of 

Freedom 

Mean 

Square 
F Value 

Significance                                                                                              

(P Value)  

Refinement 2 86672.94 4369.724 5.29E-107 *** 
Steam 1 1340.553 67.58565 3.98E-13 *** 
RH 1 7.967752 0.401704 0.527503  

Grain 1 957.7063 48.28396 2.58E-10 *** 
Time 4 27.83675 1.403425 2.37E-01  

Refinement:Steam 2 764.7366 38.55515 1.82E-13 *** 
Refinement:RH 2 42.43209 2.139267 0.122528  

Steam:RH 1 26.048 1.313242 0.254251  

Refinement:Grain 1 2953.012 148.8798 2.70E-22 *** 
RH:Grain 1 38.98189 1.965321 0.163711  

Refinement:Time 8 38.54699 1.943395 0.060293 * 
Steam:Time 4 113.4564 5.720048 0.000316 *** 
RH:Time 4 143.9227 7.25604 3.12E-05 *** 
Grain:Time 3 1.84307 0.092921 0.963809  

Refinement:Steam:RH 2 180.1352 9.081741 0.000221 *** 
Refinement:RH:Grain 1 7.059051 0.355891 0.552001  

Refinement:Steam:Time 8 100.5048 5.067077 2.17E-05 *** 
Refinement:RH:Time 8 60.10004 3.030018 0.004043 ** 
Steam:RH:Time 3 105.0592 5.296692 0.001882 ** 
Refinement:Grain:Time 3 67.33283 3.394668 0.020435 * 
RH:Grain:Time 3 7.602512 0.38329 0.765238  

Refinement:Steam:RH:Time 6 111.3227 5.612474 4.01E-05 *** 
Refinement:RH:Grain:Time 3 21.92403 1.105327 0.350108  

Residuals 112 19.83488 NA NA  

*P < 0.05; **P < 0.01; ***P < 0.001; 
*
 P < 0.1. 
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Appendix N. Kinetic Tables for Rancidity Measures and Antioxidant 

Contents 

 

 

Rate of formation or degradation was calculated for rancidity measures and 

antioxidant contents over time for both storage studies.  However, rates of formation 

were not reported for hydroperoxides, nor were the rate of degradation calculated for 

hydroxycinnamic acids.  As hydroperoxides are primary indicators of rancidity, and 

content of peroxides are expected to increase and then decrease with time as over time 

peroxides are formed and then are converted to secondary oxidation products, which was 

observed in the flour from freshly harvested grains storage study.  Hydroxycinnamic 

acids were not significantly degraded with time across all samples of flour from both 

storage studies.  Thus, fitting these measures to rate order models would not be ideal.  

When these measures were fitted to first or zero order kinetics, there was poor fit, as 

expected, and therefore were not reported, as ultimately the calculations for these 

measures would not be useful. 
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Table 38.  Rate parameters of carotenoids degradation reactions of flours from 

freshly harvested grains over nine months of storage at ambient temperature and 

65% RH, fitted by first-order kinetic (lnA = - kt + lnAo) or zero-order kinetic (A = 

Ao – kt). 

 

   Carotenoids 

   Lutein Zeaxanthin 

IWG Whole Steamed 

Order  First First 

Slope (k)  -0.33 -0.30 

Intercept (lnAo or Ao)  1.45 -0.30 

t1/2 (months)  2.12 2.29 

 
r

2
  0.9921 0.9701 

IWG Partial Steamed 

Order  First First 

Slope (k)  -0.32 -0.29 

Intercept (lnAo or Ao)  1.40 -0.36 

t1/2 (months)  2.19 2.36 

 
r

2
  0.9976 0.9946 

IWG Refined Steamed 

Order  First First 

Slope (k)  -0.25 -0.24 

Intercept (lnAo or Ao)  1.46 -0.38 

t1/2 (months)  2.73 2.87 

 
r

2
  0.9005 0.9347 

IWG Whole Not Steamed 

Order  First First 

Slope (k)  -0.45 -0.46 

Intercept (lnAo or Ao)  1.25 -0.52 

t1/2 (months)  1.55 1.52 

 
r

2
  0.9841 0.8880 

IWG Partial Not Steamed 

Order  First First 

Slope (k)  -0.38 -0.37 

Intercept (lnAo or Ao)  1.27 -0.69 

t1/2 (months)  1.84 1.85 

 
r

2
  0.9366 0.9384 

IWG Refined Not Steamed 

Order  First First 

Slope (k)  -0.31 -0.27 

Intercept (lnAo or Ao)  1.31 -0.69 

t1/2 (months)  2.22 2.58 

 
r

2
  0.8787 0.8945 

HRW Whole Not Steamed 

Order  First First 

Slope (k)  -0.50 -1.39 

Intercept (lnAo or Ao)  -1.34 -1.64 

t1/2 (months)  1.38 0.50 

 
r

2
  0.9919 0.9584 

HRW Refined Not Steamed 

Order  First First 

Slope (k)  -0.28 -0.08 

Intercept (lnAo or Ao)  -1.55 -4.92 

t1/2 (months)  2.45 9.24 

 
r

2
  0.9528 0.6895 
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Table 39. Rate parameters of carotenoids degradation reactions of flours from 

freshly harvested grains over nine months of storage at ambient temperature and 

43% RH, fitted by first-order kinetic (lnA = - kt + lnAo) or zero-order kinetic (A = 

Ao – kt). 

   Carotenoids 

   Lutein Zeaxanthin 

IWG Whole Steamed 

Order  First First 

Slope (k)  -0.17 -0.16 

Intercept (lnAo or Ao)  1.32 -0.45 

t1/2 (months)  4.11 4.35 

 
r

2
  0.9995 0.9899 

IWG Partial Steamed 

Order  First First 

Slope (k)  -0.16 -0.14 

Intercept (lnAo or Ao)  1.27 -0.53 

t1/2 (months)  4.38 4.92 

 
r

2
  0.9760 0.9559 

IWG Refined Steamed 

Order  First First 

Slope (k)  -0.22 -0.22 

Intercept (lnAo or Ao)  1.50 -0.31 

t1/2 (months)  3.21 3.12 

 
r

2
  0.9966 0.9950 

IWG Whole Not Steamed 

Order  First First 

Slope (k)  -0.20 -0.18 

Intercept (lnAo or Ao)  0.97 -0.91 

t1/2 (months)  3.47 3.80 

 
r

2
  0.9707 0.8683 

IWG Partial Not Steamed 

Order  First First 

Slope (k)  -0.21 -0.21 

Intercept (lnAo or Ao)  1.18 -0.61 

t1/2 (months)  3.24 3.33 

 
r

2
  0.9463 0.9016 

IWG Refined Not Steamed 

Order  First First 

Slope (k)  -0.39 -0.57 

Intercept (lnAo or Ao)  1.51 0.07 

t1/2 (months)  1.78 1.22 

 
r

2
  0.9064 0.8321 

HRW Whole Not Steamed 

Order  First First 

Slope (k)  -0.15 -0.13 

Intercept (lnAo or Ao)  -1.96 -1.88 

t1/2 (months)  4.72 5.40 

 
r

2
  0.9214 0.9183 

HRW Refined Not Steamed 

Order  First First 

Slope (k)  -0.05 0.05 

Intercept (lnAo or Ao)  -4.35 -5.03 

t1/2 (months)  13.52 -13.30 

 
r

2
  0.6066 0.1454 
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Table 40. Rate parameters of oxidation product formation reactions of flours from 

freshly grains over nine months of storage at ambient temperature and 65% RH, 

fitted by first-order kinetic (lnA = - kt + lnAo) or zero-order kinetic (A = Ao – kt). 

  

   Free Fatty Acid 

Content 

 Hexanal 

Content 

IWG Whole Steamed 

Order  Zero  Zero 

Slope (k)  0.13  3.42 

Intercept (lnAo or Ao)  0.46  -1.41 

t1/2 (months)  2.42  0.44 

 
r

2
  0.9129  0.9728 

IWG Partial Steamed 

Order  Zero  Zero 

Slope (k)  0.11  2.75 

Intercept (lnAo or Ao)  0.48  -0.89 

t1/2 (months)  3.16  0.35 

 
r

2
  0.8846  0.9662 

IWG Refined Steamed 

Order  Zero  Zero 

Slope (k)  0.06  2.29 

Intercept (lnAo or Ao)  0.17  -0.67 

t1/2 (months)  1.56  0.30 

 
r

2
  0.9360  0.9189 

IWG Whole Not Steamed 

Order  Zero  Zero 

Slope (k)  0.07  3.51 

Intercept (lnAo or Ao)  0.93  -0.04 

t1/2 (months)  7.14  0.06 

 
r

2
  0.8893  0.9839 

IWG Partial Not Steamed 

Order  Zero  Zero 

Slope (k)  0.05  3.23 

Intercept (lnAo or Ao)  0.90  -1.16 

t1/2 (months)  9.72  0.40 

 
r

2
  0.8242  0.9797 

IWG Refined Not 

Steamed 

Order  Zero  Zero 

Slope (k)  0.02  1.77 

Intercept (lnAo or Ao)  0.41  0.37 

t1/2 (months)  13.14  0.14 

 
r

2
  0.5486  0.9710 

HRW Whole Not 

Steamed 

Order  Zero  Zero 

Slope (k)  0.07  3.10 

Intercept (lnAo or Ao)  0.35  -1.65 

t1/2 (months)  3.25  0.54 

 
r

2
  0.8679  0.9805 

HRW Refined Not 

Steamed 

Order  Zero  Zero 

Slope (k)  0.04  1.30 

Intercept (lnAo or Ao)  0.10  -0.88 

t1/2 (months)  1.38  0.70 

r
2
  0.9792  0.8906 
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Table 41. Rate parameters of oxidation product formation reactions of flours from 

freshly grains over nine months of storage at ambient temperature and 43% RH, 

fitted by first-order kinetic (lnA = - kt + lnAo) or zero-order kinetic (A = Ao – kt). 

  

   Free Fatty 

Acid Content 

 Hexanal 

Content 

IWG Whole Steamed 

Order  First  Zero 

Slope (k)  0.15  1.89 

Intercept (lnAo or Ao)  -0.90  -0.02 

t1/2 (months)  4.67  0.07 

 
r

2
  0.8584  0.8834 

IWG Partial Steamed 

Order  First  Zero 

Slope (k)  0.15  1.37 

Intercept (lnAo or Ao)  -0.98  -0.22 

t1/2 (months)  4.73  0.22 

 
r

2
  0.9217  0.9741 

IWG Refined Steamed 

Order  First  Zero 

Slope (k)  0.10  1.29 

Intercept (lnAo or Ao)  -1.58  -0.51 

t1/2 (months)  6.67  0.40 

 
r

2
  0.7341  0.9731 

IWG Whole Not Steamed 

Order  First  Zero 

Slope (k)  0.04  2.20 

Intercept (lnAo or Ao)  -0.10  0.30 

t1/2 (months)  16.83  0.05 

 
r

2
  0.8122  0.9990 

IWG Partial Not Steamed 

Order  First  Zero 

Slope (k)  0.04  1.68 

Intercept (lnAo or Ao)  -0.14  -0.15 

t1/2 (months)  17.72  0.17 

 
r

2
  0.8669  0.9718 

IWG Refined Not Steamed 

Order  First  Zero 

Slope (k)  0.03  1.56 

Intercept (lnAo or Ao)  -1.06  -0.55 

t1/2 (months)  21.28  0.43 

 
r

2
  0.9638  0.9696 

HRW Whole Not Steamed 

Order  First  Zero 

Slope (k)  0.14  1.60 

Intercept (lnAo or Ao)  -1.31  -1.47 

t1/2 (months)  4.82  0.94 

 
r

2
  0.9732  0.9425 

HRW Refined Not 

Steamed 

Order  First  Zero 

Slope (k)  0.16  1.04 

Intercept (lnAo or Ao)  -2.32  -0.81 

t1/2 (months)  4.35  0.80 

r
2
  0.9323  0.8987 

 



 

232 

 

Table 42. Rate parameters of antioxidant degradation reactions of flours from one year 

old stored grains over six months of storage at ambient temperature and 43% RH, fitted 

by first-order kinetic (lnA = - kt + lnAo) or zero-order kinetic (A = Ao – kt). 

 

 

   Carotenoids 

   Lutein Zeaxanthin 

IWG Whole Steamed 

Order  First First 

Slope (k)  -0.17 -0.17 

Intercept (lnAo or Ao)  1.12 -0.39 

t1/2 (months)  4.07 4.15 

 
r
2
  0.9979 0.9893 

IWG Partial Steamed 

Order  First First 

Slope (k)  -0.17 -0.18 

Intercept (lnAo or Ao)  1.15 -0.36 

t1/2 (months)  4.02 3.79 

 
r
2
  0.9937 0.9866 

IWG Whole  Not Steamed 

Order  First First 

Slope (k)  -0.18 -0.18 

Intercept (lnAo or Ao)  1.20 -0.33 

t1/2 (months)  3.83 3.77 

 
r
2
  0.9992 0.9901 

IWG Partial  Not Steamed 

Order  First First 

Slope (k)  -0.18 -0.19 

Intercept (lnAo or Ao)  1.29 -0.26 

t1/2 (months)  3.81 3.57 

 
r
2
  0.9983 0.9992 

HRW Whole  Not Steamed 

Order  First First 

Slope (k)  -0.13 -0.14 

Intercept (lnAo or Ao)  -1.20 -3.04 

t1/2 (months)  5.51 5.09 

 
r
2
  0.9904 0.8990 
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Table 43. Rate parameters of oxidation product formation reactions of flours from one 

year old stored grains over six months of storage at ambient temperature and 43% RH, 

fitted by first-order kinetic (lnA = - kt + lnAo) or zero-order kinetic (A = Ao – kt). 

 

 

   Free Fatty Acid 

Content 

 Hexanal 

Content 

IWG Whole Steamed 

Order  Zero 
 

First 

Slope (k)  0.09 
 

0.41 

Intercept (lnAo or Ao)  0.70 
 

0.23 

t1/2 (months)  4.61 
 

1.71 

 
r
2
  0.7463 

 
0.8900 

IWG Partial Steamed 

Order  Zero 
 

First 

Slope (k)  0.09 
 

0.47 

Intercept (lnAo or Ao)  0.58 
 

0.30 

t1/2 (months)  3.68 
 

1.48 

 
r
2
  0.7972 

 
0.9257 

IWG Whole Not 

Steamed 

Order  Zero 
 

First 

Slope (k)  0.09 
 

0.55 

Intercept (lnAo or Ao)  0.68 
 

0.13 

t1/2 (months)  4.38 
 

1.25 

 
r
2
  0.8079 

 
0.9663 

IWG Partial Not 

Steamed 

Order  Zero 
 

First 

Slope (k)  0.07 
 

0.54 

Intercept (lnAo or Ao)  0.63 
 

0.19 

t1/2 (months)  5.59 
 

1.28 

 
r
2
  0.7227 

 
0.9333 

HRW Whole Not 

Steamed 

Order  Zero 
 

First 

Slope (k)  0.07 
 

0.62 

Intercept (lnAo or Ao)  0.31 
 

-0.43 

t1/2 (months)  2.39 
 

1.13 

 
r
2
  0.9837 

 
0.9831 
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Appendix O. Seed Size of Grains over Time  

 

 

Over time, breeding efforts have increased the seed size of IWG since 2004, which 

accounts for changes in composition of IWG grain and flour between early reports and 

more recent reports, including this study.  HRW grain seed sizes do not appear to be 

significantly changing over time. 

 

 

Table 44. Seed sizes of HRW and IWG grains over time. 

 

Sample and Year of 

Harvest 

Weight 

(g/1000) 

Average 

(g/1000) 
SD SE CV 

HRW 2015
1 

  

32.50 1.77       

  

HRW 2016 

32.661 

33.98 1.14 0.66 3.36 34.551 

34.714 

HRW 2017 

27.475 

27.38 0.28 0.16 1.03 27.599 

27.060 

 

Bulk IWG 2004
2 

 

  

3.90         

  

Bulk IWG 2015
1 

  

5.11 0.092       

  

IWG 2016 

5.349 

5.38 0.10 0.06 1.80 5.309 

5.493 

IWG 2017 

7.455 

7.34 0.21 0.12 2.89 7.095 

7.469 

1Sample used in Mathiowetz (2018) (Mathiowetz, 2018) 
2Sample used in Rahardjo 2018 (Rahardjo et al., 2018) 


