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ABSTRACT 

Grain quality is well known as one of the most interesting breeding objectives in 

Mediterranean countries. It still has great importance in wheat markets because 

of the increased interest of the consumers for high-quality staple food such as 

pasta, couscous and various types of bread. The performance of many quality 

characteristics depends greatly on environmental conditions and, in this context, 

organic agriculture could guarantee a durum wheat material with high 

nutraceutical value for healthy food production and special dietary uses. Among 

organic wheat production, KAMUT
®
 khorasan wheat (Triticum turgidum ssp. 

turanicum (Jakubz.)) has attracted great attention due to its specific nutritional 

and functional properties (antioxidant, anti-inflammatory, and prebiotic 

activities). The aim of this thesis was to evaluate the environmental and climatic 

effects on the nutritional and nutraceutical quality of organic durum and durum-

type wheat varieties. The work was subdivided into three main sections aimed at 

understanding the dynamic affecting the accumulation of nutritional and 

functional compounds in wheat caryopsis of durum and durum type wheat 

varieties. The first two section provide a complete characterization of KAMUT
®
 

khorasan grain. This is a distinctive study: first a collection of the same 

organically grown genotype collected during two decades of cultivation was 

characterized for nutritional and functional properties; then the investigation has 

shifted to the same crop harvested in a vast region (180000 km
2
), including 

several different environments. In the third section 24 old and modern durum 

and durum-type wheat varieties, cropped in the same location and growing 

season, were analyzed in order to determine and compare the phenolic 

composition. Results obtained gives a fundamental understanding of durum 

wheat grains composition in terms of nutrient and bioactive compounds. 
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INTRODUCTION  

The recent attention to environmental, economical and social challenges has 

increased the need for an alternative to conventional agriculture. Conventional 

or chemical agriculture involves a massive use of fertilizers and pesticides that 

can contaminate the environment and damage the soil structure, leading to soil 

erosion, organic matter loss and reduced soil fertility (Herencia et al., 2008). 

Organic agriculture is a viable alternative to conventional farming and one of 

the key values is to maintain high yields and improve the quality utilizing 

farming practices that have acceptable environmental impacts and take into 

account the health of the consumer (Murphy et al., 2007).  

In the present work several organic durum wheat varieties have been analyzed. 

Durum wheat (Triticum turgidum ssp. durum) has been chosen for the analysis 

because it is one of the most important cereal crops used in the Mediterranean-

type temperate zones for the production of staple food, such as pasta, couscous, 

and various types of bread. Durum wheat is also one of the most common crops 

in Italy with a cultivated area of 1.31 million hectares in 2015 and a production 

of 4.38 million tons (Database - Eurostat). Furthermore organic wheat represents 

an important nutraceutical raw material for healthy food production and special 

dietary uses. Several epidemiological studies have evidenced that regular 

consumption of whole wheat derived staple food has positive effects on health, 

as it contributes to proper regulation of blood glucose levels and the 

management of obesity. It was also demonstrated that whole wheat consumption 

helps to decrease cardiovascular mortality and the incidence of colorectal cancer 

(Gil et al., 2011; Sahyoun et al., 2006; Truswell, 2002). Other studies recently 

evidenced in humans that a replacement diet with KAMUT
®
 khorasan (an 

ancient organic grain) products has positive effects in circulatory blood 

parameters in both a healthy population and in chronic disease populations. In a 

similar study ancient grain significantly reduced symptoms of irritable bowel 

syndrome (IBS) (Sofi et al., 2014, 2013; Whittaker et al., 2016, 2015). 

Nevertheless nowadays, most of the wheat products we consume derive from 

modern wheat varieties bred after the so-called ñGreen Revolutionò (in the 

1960s). The introduction of dwarf genes led to new durum wheat cultivars straw 

lines with high yield and improved technological quality (De Vita et al., 2007a; 
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2007b). In fact, the breeding programs have been focused on improving primary 

metabolism and technological properties (i.e. gluten quality) of durum wheat 

and, consequently, they have almost not taken into account the nutraceutical and 

health- promoting properties of wheat consumption in the human diet (Motzo et 

al., 2004; Pecetti and Annicchiarico, 1998). Conversely, KAMUT
®
 khorasan is 

the trademark of an ancient wheat cultivar, the khorasan wheat (Triticum 

turgidum ssp. turanicum (Jakubz.)) derived from a natural hybrid between T. 

durum and Triticum polonicum, which occurred in the Fertile Crescent 

(Khlestkina et al., 2006). Cultivation of KAMUT
®
 khorasan wheat is 

exclusively managed by a license agreement which requires organic certification 

of the crop and several quality specifications related both to nutritional 

characteristics and growing conditions (Quinn, 1999). In particular, the grain 

must be the ancient khorasan variety of wheat, never hybridised or cross, grown 

only as a certified organic grains, untouched by modern varieties of wheat to 

99%, have a protein content between 12 and 18%, be free of signs of disease at 

98% and contain between 400 and 1000 ppb of selenium. So far these specific 

standards are consistently satisfied only in the growing region of North America 

and in particular in the Upper Great Plains of Alberta, Saskatchewan, Montana 

and North Dakota (Grausgruber et al., 2004). Climate change is nowadays 

evident, particularly in terms of increasing temperature, increasing CO2 

concentration, widespread melting of snow and ice and rising global average sea 

level (Ceccarelli et al., 2010). In fact, over the past sixty years (1950ï2010) 

there has been a significant alteration of the climatic conditions. For example, in 

Canada the temperature has increased and the warming is slightly more evident 

in the minimum temperature than in the maximum (Vincent et al., 2012). It is 

known that wheat is a species adapted to different agricultural environments and 

end-uses, and is exposed to variable environmental conditions, both within and 

over several crop years (Graybosch et al., 1995). The manifestation of those 

environmental conditions in the developing kernel affects the quality of the crop 

by influencing yield, grain characteristics and flour quality (Altenbach et al., 

2003). In particular, fibre components have been commonly considered as 

inherent characteristics, although climatic conditions may have a certain effect 

on the grain fibre quantity and quality, by influencing grain size and the 
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proportional amounts of each kernel tissue (endosperm, aleurone, germ) 

(Gebruers et al., 2008; Shewry et al., 2010). Additionally, the growing 

conditions are known to strongly influence the expression levels of plant 

secondary metabolites such as polyphenols and, therefore, may affect the 

accumulation of phenolic compounds during kernel development (Mpofu et al., 

2006; Shewry et al., 2010). These phytochemical compounds with antioxidant 

activity are plant secondary metabolites belonging to the phenylpropanoid 

pathway and contain one or more aromatic rings and one or several hydroxyl 

groups, including phenolic acids, such as ferulic, p-coumaric, p-hydroxybenzoic, 

vanillic, and syringic acids. (Adom et al., 2005, 2003; Liu, 2004; Yu et al., 

2002). As per definition, antioxidant compounds, can delay or avoid the 

oxidative damage of substrates as DNA, enzymes and cell wall molecules, 

neutralizing free radicals (e.g., ROS) that are the cause of many chronic diseases 

(i.e. cardiovascular disease and cancer). In vitro investigations of whole wheat 

grains established that phenolic compounds possess high antiradical power and 

contribute to most of the total antioxidant activity (Adom et al., 2005, 2003; 

Okarter et al., 2010; Yu et al., 2002). Phenolic compounds in wheat are mainly 

concentrated in the outer layers of the kernel, such as aleurone, pericarp, and 

embryo cell walls (Adom et al., 2005). They are mainly present as soluble free 

acids, soluble conjugates esterified to sugars and other low molecular weight 

molecules, as well as insoluble forms bound to cell wall components, such as 

polysaccharides and lignin. The latter phenolic components contribute to 70 - 

80% of the total phenolic content (Adom et al., 2005; Dinelli et al., 2011; 

Leoncini et al., 2012). Due to the fact that phenolic acids occur in the outer 

layers of the grain, they may be lost during the refinement processes, thus 

significantly affecting the nutritional and nutraceutical values of the final grain 

products (Di Silvestro et al., 2014; Slavin, 2004). On the other hand, antioxidant 

compounds as well as dietary fiber, vitamins and minerals are preserved in 

whole meal products (Hirawan et al., 2010). Currently, few data about 

nutritional and functional composition of organically grown KAMUT
® 

khorasan 

grains are available in the literature, especially regarding the changes as a 

function of cropping year and growing location.  
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The purpose of the research reported in this thesis was to evaluate the 

environmental and climatic effects on the nutritional and nutraceutical quality of 

organic durum and durum-type wheat varieties. The work was subdivided into 

three main sections aimed at understanding the dynamic affecting the 

accumulation of nutritional and functional compounds in wheat caryopsis of 

durum and durum type wheat varieties. The first two section of the present work 

gives a complete characterization of a durum-type wheat variety: KAMUT
®
 

khorasan grain. This is a unique study: first a collection of the same organically 

grown genotype collected during twenty-one years of cultivation was analyzed 

(SECTION 1); then the researched has shifted to the same crop harvested in a 

region of such broad extension (180000 km
2
), that consequently includes several 

different environments (SECTION 2). In the third section of this thesis different 

old and modern durum and durum-type wheat varieties, cropped in the same 

location and growing season, were analyzed in order to determine and compare 

the phenolic composition (SECTION 3). This last section aimed to contribute to 

the understanding of wheat whole grain nutraceutical properties, fostering the 

development of wheat varieties with high level of health-promoting 

phytochemicals. 

The specific of this thesis were:  

¶ a complete description of the quality of KAMUT
® 

khorasan grains 

harvested in the last two decades (1989-2012) on a specific farm in 

Montana and, therefore, an evaluation of the environmental effects on 

phytochemical accumulation. The project included the analysis of dietary 

fibre components (both insoluble and soluble fractions), starch 

compositions (total and resistant starch, amylose and amylopectin 

fractions) and the characterization of antioxidant properties through the 

determination of polyphenol and flavonoid content (both free and bound 

phenolic compounds) (SECTION 1). 

¶ the determination of the nutrient, fibre and antioxidant composition of 

KAMUT
®
 grain as a function of the growing location in order to 

understand the environmental dynamics affecting the phytochemical 

profile. The study involved an area covering approximately 180000 km
2
 

(Canada and USA) which includes several different farms and 
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environments. The grain collection consisted of grain samples harvested 

at 109 different locations in two cropping years, 2010 and 2011. Each 

grain sample was analyzed for the antioxidant compounds (polyphenols, 

flavonoids) and dietary fibre components (soluble and insoluble dietary 

fibres, resistant starch) and results were elaborated using Geographic 

Information System (GIS) to develop quality maps. Moreover, the 

elaboration of data concerning grain yield, test weight and protein 

content allowed a comparison between the agronomic performance and 

the nutritional/nutraceutical profile of KAMUT
®
 grain (SECTION 2). 

¶ the determination and comparison of the phenolic composition of 

different durum and durum-type wheat varieties, including old and 

modern genotypes, cropped in the same location and growing season. In 

particular, the characterization and identification of individual 

polyphenols was obtained using ultra-high performance liquid 

chromatography-tandem mass spectrometry (UHPLC-MS/MS) 

(SECTION 3).  
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Nutritional and nutra ceutical aspects of KAMUT
®
 khorasan wheat grown 

during the last two decades 

A. DI LORETO, R. DI SILVESTRO, S. BOSI, V. BREGOLA, V. STENICO, 

R. E. SFERRAZZA, I. MAROTTI, R. QUINN AND G. DINELLI 

 

SUMMARY 

Recently, organic farming system has attracted the attention of consumers 

because of its low environmental impact. Organic agriculture is a valid 

alternative to conventional farming, and ancient wheat, such as KAMUT
®
 

khorasan wheat, has emerged as a leader in this category for its nutritional and 

functional properties (anti-inflammatory, antioxidant and prebiotic). It is known 

in literature that the environmental condition may affect bioactive compound 

composition of wheat kernels.  

The aim of the present study is to evaluate the environmental effect on the 

quality of KAMUT
®
 khorasan grains harvested in the last two decades (1989-

2012) on one farm in Montana (USA), through the evaluation of phytochemical 

accumulation. The characterization of a collection of KAMUT
®
 khorasan wheat 

collected during twenty-one years of cultivation is a unique study and, as far as 

we know, there are few similar articles available in literature. Results evidenced 

a great variability in the amounts of macronutrient and nutraceuticals. In 

particular from 1989 to 2012, it was observed a decrease of the trend line in the 

content of total starch (ranging from 50.54 ± 1.31 to 70.87 ± 1.61 g/100g) and 

amylose (from 41.48 ± 1.01 to 31.46 ± 0.15 % of total starch) and a slight 

increase of insoluble dietary fiber (IDF) amount (from 12.14 ± 0.41 to 17.75 ± 

0.44 g/100g), while the soluble dietary fiber (SDF) content varied among the 

years of cultivation even if the general trend remained constant (4.57 ± 0.12 - 

2.82 ± 0.02 g/100g). High variability of the total polyphenols content was 

observed among the investigated wheat samples. The free soluble fraction varied 

between 52.07 ± 2.36 mg/100g and 119.98 ± 4.72 mg/100g, while the range 

observed for bound polyphenols is comprised between 73.22 ± 3.15 and 136.20 

± 11.07 mg/100g. Moreover an inverse correlation between free and bound 
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fractions of polyphenols was observed (r = -0.528 ; p = 0.0139). The results 

obtained in the present study evidenced that, under organic farming systems, the 

influence of environmental conditions plays a fundamental role on the 

accumulation of primary and secondary metabolites in wheat kernels and 

strongly modulates the nutritional and nutraceutical value of flour. 
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INTRODUCTION 

The recent attention to environmental, economical and social problems has 

increased the need for an alternative to conventional agriculture. Conventional 

or chemical agriculture involves a massive use of fertilizers and pesticides that 

can contaminate the environment and damage the soil structure, leading to soil 

erosion, organic matter loss and reduced soil fertility (Herencia et al., 2008). 

Organic agriculture is a viable alternative to conventional farming and one of 

the key values is to maintain high yields and improve the quality utilizing 

farming practices that have acceptable environmental impacts and take into 

account the health of the consumer (Murphy et al., 2007). It raises a great deal 

of interest that organic wheat represents an important nutraceutical raw material 

for healthy food production and special dietary uses. Above all, the ancient 

KAMUT
®
 khorasan wheat (Triticum turgidum ssp. turanicum (Jakubz.)) has 

attracted great attention due to its specific nutritional and functional properties 

(antioxidant, anti-inflammatory, and prebiotic activities) (Benedetti et al., 2012; 

Carnevali et al., 2014; Gianotti et al., 2011; Marotti et al., 2012; Valerii et al., 

2015; Valli et al., 2015). In particular, KAMUT
® 

khorasan wheat contains a 

higher protein content than common wheat, in addition to greater variability in 

the qualitative composition of amino acids and a greater quantity of lipids and 

fatty acids (Grausgruber et al., 2005; Angioloni & Collar 2011). Furthermore, 

other studies recently evidenced in humans that a replacement diet with 

KAMUT
®
 khorasan products has positive effects in circulatory blood 

parameters in both a healthy population and in chronic disease populations. In a 

similar study ancient grain significantly reduced symptoms of irritable bowel 

syndrome (IBS) (Sofi et al., 2013; Sofi et al., 2014; Whittaker et al., 2015; 

Whittaker et al., 2016). 

KAMUT
®
 is a registered trademark used in marketing foodstuffs of the ancient 

cultivated khorasan wheat variety called ñQK-77ò, which was registered by the 

USDA in 1990. Cultivation of KAMUT
®
 khorasan wheat is exclusively 

managed by a license agreement which requires organic certification of the crop 

and several quality specifications related both to nutritional characteristics and 

growing conditions (Quinn, R.M., 1999). For example the grain must descend 
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unmodified from the original seed stock first used under the KAMUT
®
 brand. 

Additionally, the grain must have a protein content of between12 and 18% and 

must contain between 400 and 1000 ppb selenium. So far these specific 

standards are consistently satisfied only in the growing region of North America 

and in particular in the Upper Great Plains of Alberta, Saskatchewan, Montana 

and North Dakota (Grausgruber et al., 2004). Climate change is nowadays 

evident, particularly in terms of increasing temperature, increasing CO2 

concentration, widespread melting of snow and ice and rising global average sea 

level (Ceccarelli et al., 2010). In fact, over the past sixty years (1950ï2010) 

there has been a significant alteration of the climatic conditions. In particular, in 

Canada the temperature has increased and the warming is slightly more evident 

in the minimum temperature than in the maximum (Vincent et al., 2012). It is 

known that wheat is a species adapted to different agricultural environments and 

end-uses, and is exposed to variable environmental conditions, both within and 

over several crop years (Graybosh et al., 1995). The manifestation of those 

environmental conditions in the developing kernel affects the quality of the crop 

by influencing yield, grain characteristics and flour quality (Altenbach et al., 

2003). In particular, fibre components have been commonly considered as 

inherent characteristics, although climatic conditions may have a certain effect 

on the grain fibre quantity and quality, by influencing grain size and the 

proportional amounts of each kernel tissue (endosperm, aleurone, germ) 

(Gebruers et al., 2008; Shewry et al., 2010). Additionally, the growing 

conditions are known to strongly influence the expression levels of plant 

secondary metabolites such as polyphenols and, therefore, may affect the 

accumulation of phenolic compounds during kernel development (Mpofu et al., 

2006; Shewry et al., 2010). Currently, few data about nutritional and functional 

composition of organically grown KAMUT
® 

khorasan grains are available in the 

literature, especially regarding the changes as a function of cropping year and 

growing location.  

The study aims at providing a description of the quality of KAMUT
® 

khorasan 

grains harvested in the last two decades (1989-2012) on a specific farm in 

Montana and, therefore, evaluating the environmental effects on phytochemical 

accumulation. The project includes the analysis of dietary fibre components 
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(both insoluble and soluble fractions), starch compositions (total and resistant 

starch, amylose and amylopectin fractions) and the characterization of 

antioxidant properties through the determination of polyphenol and flavonoid 

content (both free and bound phenolic compounds).  

 

MATERIAL AND METHODS 

Grain samples 

The study was carried out using a collection of KAMUT
®
 khorasan wheat 

(Triticum turgidum spp. turanicum) harvested in North America for 21 growing 

season (from 1989 to 2012). The wheat samples were cropped on the ñQuinn 

Organic Farmò located near Big Sandy, Montana (USA) in accordance with the 

strictly quality specifications required by Kamut International, Ltd. Mean 

temperatures and rainfall amounts recorded at the experimental field are 

reported in Figure 1. Whole-grain samples were ground to semolina using a 

domestic stone mil (100% flour extraction) (Billy 200, Hawos Mulini, Bad 

Homburg, Germany). All determinations were replicated three times and results 

expressed on a dry weight (DW) basis. 

 

Chemicals 

Folin-Ciocalteu, gallic acid and catechin reagent were purchased from Sigma-

Aldrich (St Louis, MO, USA). All other chemicals and solvents were of 

analytical grade. 

 

Macronutrients Analyses 

The determination of the protein content was carried out according to the 

Kjeldahl procedure (N x 5.7) (AACC, 1983). The determination of total starch 

content was carried out using the Megazyme assay kit (Megazyme Int. Ireland 

Ltd., Wicklow, Ireland) based on the use of glucose oxidase-peroxidase reagent 

(GOPOD) after hydrolytic digestion with Ŭ-amylase and amyloglucosidase. The 

amount of amylose was obtained using the Amylose/Amylopectin Megazyme 

assay kit (Megazyme Int. Ireland Ltd., Wicklow, Ireland). The method was 

based on the use of lectin concanavalin A (Con A) for the precipitation and 



 

12 

 

removal of the amylopectin-Con A complex.  Afterwards, the amylose 

molecules were hydrolyzed to D-glucose with Ŭ-amylase/amiloglucosidase and 

spectrophotometrically quantified using GOPOD reagent. According to 

McCleary & Monaghan (2002), resistant starch content was determined using a 

Megazyme assay kit. After an overnight digestion with Ŭ-amylase and 

amyloglucosidase, soluble starch was removed with 95% and 50% ethanol 

consecutive washes. Then, the pellet was extracted with 2 mol L
ī1

 KOH to 

dissolve resistant starch, hydrolysed with amyloglucosidase and quantified using 

a GOPOD reagent (Di Silvestro et al., 2012). 

 

Dietary Fibre components 

Insoluble (IDF), soluble (SDF) and total (TDF) dietary fibre contents were 

determined following the enzymatic/gravimetric procedure described by Prosky 

et al. (1998) using the Megazyme assay kit (Megazyme Int. Ireland Ltd, Bray, 

Ireland). The procedure was based on the sequential enzymatic digested using 

heat stable a-amylase, protease and amyloglucosidase, allowing the 

determination of IDF, SDF and TDF amounts as previously described (Di 

Silvestro et al., 2012).  

The arabinoxylans (AX) content was determined according to the procedure of 

the enzymatic assay kit D-Xylose (Megazyme International Ireland Ltd, 

Wicklow, Ireland) with some modifications. Wholegrain samples were 

subjected to acid hydrolyzation in boiling water bath, followed by re-

equilibration of pH with NaOH 1.3M. After the hydrolysis, samples were 

clarified by treatment with solutions of hexacyanoferrate (II) and zinc sulphate. 

This assay kit allowed the indirect measurement of D-xylose amount, through 

the spectrophotometric determination of NADH produced during the reaction of 

ɓ-D-xylose with NAD
+
 in the presence of ɓ-xylose dehydrogenase. The AX 

concentration was calculated by considering the estimated D-xylose content in 

wheat flour arabinoxylans (62%). 

The determination of betaglucans (BG) content was carried out on the basis of 

the method described previously by our research group (Marotti et al., 2012) 

using the Megazyme assay kit (Megazyme International Ireland Ltd, Wicklow, 

Ireland). 
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Determination of phenolic compounds 

Free and bound phenolic compounds were extracted as previously described by 

Dinelli et al. (2011). Whole-grain flours were extracted with cold 80% ethanol 

to dissolve the free soluble compounds, followed by acid and alkaline 

hydrolyses to release the bound forms. Extracts were analyzed for the 

polyphenol quantification following the colorimetric procedure based on the 

FolinïCiocalteu reagent, as described by Singleton et al. (1999). Furthermore, 

extracts containing free and bound phenolic compounds were analyzed for 

flavonoid content following the spectrophotometric method previously 

described (Dinelli et al., 2011). 

 

Statistical analysis 

One-way analysis of variance (ANOVA, Tukeyôs honestly significant difference 

multiple comparison) was performed for comparing the flour samples. 

Linear discriminate analysis (LDA) was performed on the standardised matrix 

of the nutrient and phytochemical content of grain samples, including a total of 

16 variables (protein, starch, amylose, amylopectin, RS, IDF, SDF, TDF, AX, 

BG, FP, BP, TP, FF, BF, TF). All statistical analyses were conducted using 

Statistica 6.0 software (2001, StatSoft, Tulsa, OK, USA). 

 

RESULTS 

Macronutrient composition 

Macronutrient composition of the wheat grains analyzed is presented in Table 1 

for protein starch, amylose, and amylopectin content. Regarding the protein 

content, significantly differences were observed among wheat sample analyzed 

in the present study. In particular, protein values ranged between 12.3 g/100g to 

23.7 g/100g, respectively for samples collected in 1993 and 2003 with a mean 

value of 16.8 g/100g (Table 1).Total starch content varied significantly among 

the sample analyzed. KAMUT
®
 khorasan grain harvested in 1993 has evidenced 

the highest amount of starch, while samples collected in 1999, 2003 and 2004 

have showed the lowest starch content (Table 1). Besides total starch, 

statistically significant differences were observed in the amylose and 
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amylopectin content. In particular, a reduction of the amylose percentage 

fraction was observed from 1989 to 2012 in KAMUT
®
 khorasan grains.  The 

opposite trend was observed in the amylopectin content. Total starch content is 

in agreement with data reported in literature by Merendino et al., (2006) 

regarding durum wheat harvested in Italy, while percentage fraction of amylose 

is lower than observed in two durum wheat cultivars cropped in Spain by 

Guzman et al., (2011). 

 

Dietary fibre and resistant starch content 

The bran layer of the kernel is particularly rich in dietary fibre, including 

insoluble (IDF), soluble (SDF) and resistant starch. Dietary fibre composition of 

the investigated wheat samples is presented in Table 2. In our study, dietary 

fibre content varied greatly among the 21 KAMUT
®
 khorasan samples. The 

highest IDF amount was observed in the sample harvested in 1997, while the 

lowest was in samples collected in 1989, 1993, 1994 and 1998 (Table 2). In 

general, a positive trend in the IDF amounts was observed in the last two 

decades. Regarding SDF, significant differences were observed among the 

different years of cultivation. KAMUT
®
 khorasan wheat harvested in 1989, 

2000, 2003, 2005,2006 and 2009 had the highest level, while samples collected 

in 1990, 1991, 1993, 1995, 2004, 2011 and 2012 showed the lowest amounts 

However, the general trend in the content of soluble dietary fibre has remained 

stable during the last twenty-one years, although with some exceptions. The 

arabinoxylan (AX) content of whole grains observed in the present study was 

reported in Table 2. KAMUT
®
 khorasan wheat harvested in 1990, 1991 1992 

and 1995 showed the highest content of AX, while the grain collected in 1989 

had the lowest content. Along with AX, ɓ-glucans are one of the most important 

dietary fibre components. Significant differences in ɓ-glucan amount were 

observed among samples of different cropping year. From 1989 to 2012 the 

tendency in the content of ɓ-glucan remained constant (Table 2). Resistant 

starch represents the fraction of the starch escaping digestion and not absorbed 

in the small intestine of healthy humans. In this study were observed significant 

differences among the KAMUT
®
 khorasan wheat samples analyzed (Table 2). 

The trend of resistant starch content did not change during the twenty-one years 
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of the study. The amounts of dietary fibre component, except for SDF, ɓ-glucan 

and resistant starch, observed in the present study are significantly higher than 

those previously reported for KAMUT
®
 khorasan and closely related durum 

wheat, while for SDF, ɓ-glucan and resistant starch the average amounts were 

lower than reported in literature on durum wheat cultivars and KAMUT
®
  

khorasan harvested in Italy (Merendino et al., 2006 and Marotti et.al., 2012) and 

with respect to durum wheat varieties cropped in Hungary in 2004 (Gebruers et 

al., 2008) 

 

Antioxidant components 

Polyphenols are the most representative class of antioxidant in wheat, mainly 

concentrated in the bran layer of the kernel. They are for the most part made up 

of phenolic acids and flavonoids (Dinelli et al.,2009) In wheat, phenolic 

compound exist in the soluble (free) and insoluble (bound) forms. The phenolic 

composition of the investigated grains is reported in Table 3. High variability of 

the total polyphenols content was observed among the investigated wheat 

samples, with the sample harvested in 1992 showing the highest amount. 

Regading the free soluble fraction, higher amounts were obtained for samples 

collected in 2008, 2009 and 2012. The lowest free phenolic accumulation was 

observed for grain harvested in 1990, 1994, 1996, 1997 and 1998 (Table 3). An 

inverse correlation between free and bound fractions of polyphenols was 

observed (r = -0.528 ; p = 0.0139). Moreover, in the last twenty-one years the 

trend in the amount of the free fraction of polyphenols increased, while an 

opposite tendency was evidenced for the bound fraction of polyphenols. 

Regarding the accumulation of total flavonoids in KAMUT
®
 khorasan kernel, 

samples collected in 1992, 1997, 2008 and 2012 have shown the highest 

amount, while samples harvested in 1990, 1993, 1995 and 2006 were 

characterized by the lowest content of total flavonoids (Table 3). The highest 

free soluble flavonoid amount was recorded by sample collected in 

1992,whereas the highest bound flavonoid content was obtained by grains 

grown in 1997 and 1998 (Table 3).  
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Linear Discriminant Analyses (LDA) 

The multivariate technique of data analyses has been used to explain the 

observed variability in nutrient and phytochemical content of wheat samples 

harvested in Montana (USA) from 1989 to 2012. LDA allowed to obtain more 

information as regards the variables that mainly influenced the sample 

similarities and differences (Rodriguez- Delgado et al.,2002; Di Silvestro et al., 

2012). Figure 2 shows the scatterplot of the grain samples on the space defined 

by the first two canonical functions.  

KAMUT
® 

khorasan grains harvested in 2006, 2008, 2009, 2011 and 2012 are 

clustered together in a separate group. A second cluster is identified by sample 

collected in 1991, 1992, 1995, 1996, 1997, 1999, 2001, 2004, and 2005. A third 

but less homogeneous cluster is identified by KAMUT
®
 khorasan wheat 

harvested in 1989, 1990, 1993, and 1994. As revealed from the values of 

canonical functions standardised within variances for each variable on root 1, 

the described clusterisation of the cases seen were strongly influenced by 

protein, betaglucans, insoluble and soluble dietary fibre and amylose content 

(values of first canonical discriminant function (Root 1) equal to 1.38, 0.57, -

0.52, -0.72 and -0.69, respectively). The clusterisation of the cases along second 

canonical function (Root 2) seen were strongly influenced by amylose, free 

polyphenols, bound flavonoids, resistant and total starch and betaglucans 

amount (values of canonical discriminant function 2 equal to 1.62 1.23, 1.25, 

0.72, -1.29 and -0.68, respectively). Indeed, cluster A included grain samples 

with the highest amount of amylose, free polyphenols and bound flavonoids, 

whereas cluster C had the highest total starch content. Wheat samples grouped 

together in cluster B are characterized by an highest average content of soluble 

dietary fibre and by the lowest protein content.  

According to the results obtained, the year of cropping induced strong effects on 

kernel composition and induced huge variation in the content of primary and 

secondary metabolites. 
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DISCUSSION 

Recently, reports in the literature evidenced the effects of genotype and 

environment, as well as their interaction, on bioactive compound composition of 

wheat kernels (Mpofu et al., 2006; Shewry et al., 2010). However, the available 

literature is quite scarce on this topic and, as far as we know, the changes of 

fibre components and antioxidants of the ancient KAMUT
®
 khorasan grains as a 

function of cropping year has never been investigated. The ancient grains may 

constitute a rich genetic resource for the low-input and organic sector, as they 

could guarantee a superior nitrogen (N) extraction in low-N environments, good 

competitiveness on weed control (due to higher plant height) and a general 

higher resistance to biotic and abiotic stresses (Lammerts van Bueren et al., 

2011). Several minor cereals and ancient crops constitute valuable nutritional 

grain ingredients for healthy food production, thanks to their better health-

related composition. In organic wheat production, one of the most important 

point is the grain quality, particularly as regards the protein content. Data 

obtained in this study were higher than those recorded in literature by Dinelli et 

al., (2014), but Merendino et al., (2006) reported higher values in KAMUT
®
 

khorasan grains. Protein content resulted positively correlated with temperature 

recorded during the grain-filling stage (r = 0.536; p = 0.012). The effect of 

environmental growing conditions on macronutrient accumulation was observed 

comparing the amount of starch in wheat kernel. It was observed a decrease of 

the trend line in the content of total starch from 1989 to 2012. As previously 

described by Hucl and Chibbar (1996), a negative correlation exists between 

protein and starch content in the wheat grain. This statement was confirmed by 

the presence of an inverse relationship between protein and starch levels was 

observed (r = -0.582; p = 0.005). In addition, it was also observed a negative 

correlation (r = -0.450 ; p=0.0407) between mean temperature during the grain-

filling stage and the lower ratio of starch in the endosperm. This is in accordance 

with Labuschagne et al., (2009) and can be attributed to the heat inactivation of 

starch synthase, the key enzyme in the starch biosynthesis reaction pathway. 

Differently from what reported in literature by Labuschagne et al. (2009), the 

ratio amylose:amylopectin decreased with increasing temperature during the last 

two decades. Literature data report that durum wheat starch granules contain 25-
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30% amylose (BeMiller & Whistler, 1996; Hansen et al., 2010), while in the 

present study a higher amylose percentage was observed. This divergence could 

be related to the influence of agronomic growing conditions on starch granule 

composition (Singh et al., 2010) or the limitation in comparing different 

amylose/amylopectin analytical techniques, as previously reported by Zhu et al., 

(2008). 

Resistant starch and soluble dietary fibre (as beta-glucans, arabinoxylans) are 

characterized by high prebiotic activity, indeed they can resist digestion and 

reach the colon where functioning as substrate for intestinal microbial flora 

(Marotti et al., 2012). Usually, a positive correlation between dietary fibre and 

mean temperature between heading and harvest is expected. (Shewry et al., 

2010). In the present study, the content of dietary fibre was found to slightly 

increase from 1989 to 2012 evidencing the strong effect of environmental 

condition on its accumulation in wheat kernel, as previously described 

(Gebruers et al., 2008; Marotti et al., 2012). 

The bran layer of wheat grains is relatively rich in antioxidants compounds. 

Polyphenols are a large group of phytochemicals including flavonoids (the most 

representative in wheat kernel), phenolic acids, coumarins, tannins, lignans and 

stilbens. In wheat kernel polyphenols exist in three forms: soluble, soluble 

conjugated (linked to low molecular weight sugars) and bound to cell wall 

components. All polyphenols present high antioxidant activity, arresting the 

damaging oxidative chain reaction caused by free radicals (peroxide, O2), thus 

preventing many degenerative human diseases (i.e. heart disease and cancer). 

Especially bound polyphenols possess strong anti-cancer properties as they 

survive the digestion process and reach the colon, where the endothelial cells 

may absorb phenolics and gain antioxidant protection (Kroon et al., 1997). The 

free phenolic contents observed in the present study were higher than those 

reported in literature for soluble compounds in durum wheat varieties harvested 

in Italy during one year of cultivation (Bellato et al., 2013; Ciccoritti et al., 

2013), while were in line with those recorded by Fares et al (2010), taking into 

account the insoluble fractions. As reported in Table 3, a great variability was 

observed in the amount of antioxidant compounds during the twenty-one 

cropping years of the present study. The only correlation observed was a 



 

19 

 

positive correlation with total precipitation was observed for free and total 

polyphenols and flavonoids (r = 0.576, p = 0.0062; r=0.947, p=0.0001; r=0.775, 

p=0.0001; r=0.729, p= 0.0002). The results were expected as phenolic 

biosynthesis can be induced by various biotic stress and therefore the observed 

variability among years of cultivation may also be related to plant pathologies 

present at different levels of severity (Dixon and Paiva, 1995). Moreover it 

wasn't observed any significant correlations between phenolic compounds and 

temperature during the cropping years taking into account in this study. 

The characterization of nutritional and nutraceutical properties of wheat grains 

harvested in Montana (USA) from 1989 to 2012 allowed the investigation of the 

nutrient and phytochemical accumulation as a function of changing 

environmental conditions in a long term experiment. The analyses showed great 

variability among samples collected in different years of cultivation. In 

particular, the greater environmental effects were observed for polysaccharides 

(starch and some dietary fibre components) and for phenolic compounds. Due to 

the major exposure of the crop to climatic changes, lower nutrients availability 

and pest diseases, the effects of the environmental conditions in agricultural 

low-input systems may exert higher influence as compared to the conventional 

ones. (Bilsborrow et al., 2013). More research is needed to investigate the cause 

of location effects, the correlations with soil samples and previous crops planted 

in rotation, extend the study to several genotype, and determine the heritability 

of the antioxidant properties. In conclusion, the present study has a unique 

value, because in literature are present very few work in which the same 

genotype is cultivated during twenty-one cropping years with the same 

agricultural practice. 
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Tables 

Table 1: Protein, starch, amylose and amylopectin composition of the investigated wheat grains. Values are mean of three different 

replications ± standard deviation. Means followed by the same letter are not significantly different at p<0.05 (Tukeyôs HSD) 

YEAR Protein (g/100g) Starch (g/100g) Amylose (% Starch) Amylopectin (% Starch) 

1989 20.9 ± 0.14 (b) 60.15 ± 1.22 (d-f) 41.48 ± 1.01 (a) 58.52 ± 1.01 (j) 
1990 17.7 ± 0.16 (ef) 67.23 ±1.44 (b) 37.69 ± 2.85 (cd) 62.31 ± 2.85 (gh) 
1991 12.8 ± 0.14 (l) 65.88 ± 2.38 (b) 40.40 ± 1.23 (ab) 59.60 ± 1.23 (ij) 
1992 16.1 ± 0.15 (hi) 61.85 ± 2.20 (c-e) 35.20 ± 1.96 (e-h) 64.80 ± 1.96 (c-f) 
1993 12.3 ± 0.14 (l) 70.87 ± 1.61 (a) 35.48 ± 1.24 (d-g) 64.52 ± 1.24 (d-g) 
1994 15.7 ± 0.18 (ij) 67.11 ± 0.68 (b) 36.97 ± 1.16 (c-f) 63.03 ± 1.16 (e-h) 
1995 17.3 ± 0.12 (fg) 64.50 ± 2.30 (bc) 34.61 ± 0.47 (f-i) 65.39 ± 0.47 (b-e) 
1996 14.0 ± 0.13 (k) 62.59 ± 2.97 (cd) 35.13 ± 1.66 (f-h) 64.87 ± 1.66 (c-e) 
1997 16.3 ± 0.14 (h) 60.56 ± 0.50 (d-f) 37.67 ± 0.02 (c-e) 62.33 ± 0.02 (f-h) 
1998 15.4 ± 0.11 (j) 60.95 ± 0.56 (c-f) 37.71 ± 0.81 (cd) 62.29 ± 0.81 (gh) 
1999 17.1 ± 0.12 (g) 52.82 ± 0.61 (jk) 38.97 ± 0.52 (bc) 61.03 ± 0.52 (hi) 
2000 20.3 ± 0.13 (c) 54.67 ± 0.23 (ij) 32.61 ± 0.53 (h-j) 67.39 ± 0.53 (a-c) 
2001 16.0 ±0.14 (hi) 55.61 ± 1.78 (g-j) 32.05 ± 0.52 (ij) 67.95 ± 0.52 (ab) 
2003 23.7 ± 0.11 (a) 50.54 ± 1.31 (k) 32.72 ± 0.20 (h-j) 67.28 ± 0.20 (a-c) 
2004 15.6 ± 0.19 (ij) 53.31 ± 1.55 (jk) 31.46 ± 0.15 (j) 68.54 ± 0.15 (a) 
2005 17.9 ± 0.19 (e) 54.90 ± 0.51 (ij) 34.53 ± 0.31 (f-i) 65.47 ± 0.31 (b-e) 
2006 18.5 ± 0.14 (d) 54.98 ± 1.26 (h-j) 35.34 ± 0.59 (d-h) 64.66 ± 0.59 (c-g) 
2008 15.3 ±0.21 (j) 58.80 ± 2.23 (e-h) 33.13 ± 1.30 (g-j) 66.87 ± 1.30 (a-d) 
2009 16.5 ± 0.15 (h) 56.65 ± 0.92 (g-j) 31.51 ± 0.70 (j) 68.49 ± 0.70 (a) 
2011 15.7 ± 0.17 (ij) 58.30 ± 2.70 (f-i) 32.78 ± 0.09 (h-j) 67.22 ± 0.09 (a-c) 
2012 18.6 ± 0.14 (d) 59.40 ± 2.32 (e-g) 31.96 ± 1.50 (ij) 68.04 ± 1.50 (ab) 
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Table 2: Dietary fibre, arabinoxylan, ɓ-glucans and resistant starch composition of the investigated wheat grains. Values are mean of three 

different replications ± standard deviation. Means followed by the same letter are not significantly different at p<0.05 (Tukeyôs HSD) 

YEAR IDF (g/100g) SDF (g/100g) AX (g/100g) BG (g/100g) RS (g/100g) 

1989 12.14 ± 0.41 (k) 4.16 ± 0.14 (ab) 2.24 ± 0.09(j) 0.24 ± 0.02(c-e) 0.48 (b-d)  
1990 13.42 ± 0.94 (h-j) 2.85 ± 0.27 (g) 3.35 ± 0.08(a-c) 0.25 ± 0.02(a-d) 0.51 (a-c) 
1991 13.73 ± 0.52 (g-j) 3.32 ± 0.48 (d-g) 3.54 ± 0.16(a) 0.27 ± 0.01(ab) 0.44 (b-d) 
1992 13.76 ± 0.71 (g-j) 3.87 ±0.31 (b-d) 3.39 ± 0.17(ab) 0.26 ± 0.01(a-d) 0.39 (d) 
1993 12.13 ± 0.98 (k) 3.24 ± 0.34 (d-g) 3.13 ± 0.26(b-e) 0.27 ± 0.03(ab) 0.47 (b-d) 
1994 12.65 ± 0.31 (jk) 3.59 ±0.07 (b-f) 2.67 ± 0.05(hi) 0.21 ± 0.01(e) 0.55 (ab) 
1995 14.90 ± 0.72 (d-g) 3.49 ± 0.56 (c-g) 3.51 ± 0.25(a) 0.22 ± 0.01(de) 0.46 (b-d) 
1996 13.39 ± 0.65 (ij) 3.85 ± 0.26 (b-d) 3.18 ± 0.31(b-d) 0.23 ± 0.01(c-e) 0.54 (ab) 
1997 19.65 ± 0.49 (a) 3.62 ± 0.20 (b-e) 2.61 ± 0.01(i) 0.27 ± 0.02(a-c) 0.63 (a) 
1998 13.14 ± 0.61 (i-k) 3.78 ± 0.44 (b-d) 2.88 ± 0.01(e-i) 0.25 ± 0.02(a-d) 0.55 (ab) 
1999 14.63 ± 0.54 (e-g) 3.69 ± 0.42 (b-d) 2.82 ± 0.01(f-i) 0.26 ± 0.01(a-d) 0.42 (b-d) 
2000 16.15 ± 0.39 (cd) 3.91 ± 0.66 (a-d) 2.94 ± 0.06(d-i) 0.22 ± 0.01(de) 0.62 (a) 
2001 14.90 ± 0.51 (d-g) 3.67 ± 0.62 (b-e) 2.98 ± 0.03(d-h) 0.24 ± 0.01(b-e) 0.44 (b-d) 
2003 15.97 ± 0.74 (c-e) 4.53 ± 0.11 (a) 2.97 ± 0.07(d-h) 0.24 ± 0.01(a-e) 0.40 (cd) 
2004 14.51 ± 0.06 (f-i) 3.22 ± 0.13 (d-g) 2.94 ± 0.05(d-i) 0.28 ± 0.01(a) 0.44 (b-d) 
2005 14.60 ± 1.53 (e-h) 4.57 ± 0.12 (a) 3.00 ± 0.03(d-h) 0.24 ± 0.01(a-e) 0.44 (b-d) 
2006 16.87 ± 0.52 (bc) 4.04 ± 0.13 (a-c) 3.05 ± 0.12(c-g) 0.21 ± 0.01(e) 0.54 (ab) 
2008 16.50 ± 0.62 (bc) 2.88 ± 0.60 (fg) 3.01 ± 0.06(d-g) 0.24 ± 0.04(b-e) 0.52 (a-c) 
2009 15.87 ± 0.06 (c-f) 3.91 ± 0.73 (a-d) 2.72 ± 0.10(g-i) 0.23 ± 0.02(c-e) 0.49 (a-d) 
2011 16.42 ± 0.18 (bc) 2.95 ± 0.36 (e-g) 3.13 ± 0.06(b-f) 0.25 ± 0.01(a-d) 0.53 (a-c) 
2012 17.75 ± 0.44 (b) 2.82 ± 0.02 (g) 3.09 ± 0.06(c-f) 0.24 ± 0.01(c-e) 0.51 (a-d) 

Abbreviations: IDF, insoluble dietary fibre; SDF, soluble dietary fibre; AX, arabinoxylan; BG, ɓ-glucans;  

RS, resistant starch 
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Table 3: Free, bound and total polyphenol and flavonoid contents of the investigated wheat grains. Values are mean of three different 

replications Ñ standard deviation. Means followed by the same letter are not significantly different at p<0.05 (Tukeyôs HSD) 

YEAR Free Polyphenols 
(mg/100g) 

Bound Polyphenols 
(mg/100g) 

Total Polyphenols 
(mg/100g) 

Free Flavonoids 
(mg/100g) 

Bound Flavonoids 
(mg/100g) 

Total Flavonoids 
(mg/100g) 

1989 68.59 ± 7.16 (gh) 97.55 ± 7.39 (e-g) 166.14 ± 9.92 (f-h) 29.90 ± 4.11 (cd) 10.61 ± 1.95 (de) 40.51 ± 4.20 (d-f) 
1990 59.91 ± 4.57 (ij) 100.88 ± 4.69 (d-f) 160.78 ± 4.83 (h) 19.04 ± 2.57 (fg) 7.48 ± 1.00 (e) 26.51 ± 3.49 (g) 
1991 77.28 ± 4.37 (ef) 116.15 ± 4.18 (bc) 193.43 ± 6.02 (bc) 26.28 ± 1.39 (de) 12.22 ± 1.62 (de) 38.50 ± 1.03 (d-f) 
1992 104.64 ± 8.36 (b) 136.20 ± 11.07 (a) 240.84 ± 13.12 (a) 46.62 ± 4.66 (a) 13.14 ± 1.57 (c-e) 59.77 ± 5.79 (a) 
1993 67.15 ± 5.64 (g-i) 125.28 ± 3.83 (ab) 192.43 ± 8.70 (b-d) 13.83 ± 1.46 (h) 10.80 ± 0.96 (de) 24.64 ± 2.31 (g) 
1994 62.10 ± 5.68 (h-j) 102.93 ± 12.31 (c-f) 165.02 ± 6.63 (f-h) 27.27 ± 4.19 (c-e) 11.79 ± 0.37 (de) 39.06 ± 3.82 (d-f) 
1995 84.66 ± 2.05 (c-e) 91.55 ± 7.57 (e-h) 176.21 ± 5.53 (c-h) 24.11 ± 1.40 (ef) 9.95 ± 0.56 (de) 34.05 ± 0.84 (e-g) 
1996 57.96 ± 5.59 (j) 112.07 ± 17.78 (cd) 170.04 ± 20.52 (f-h) 23.01 ± 5.92 (ef) 18.02 ± 9.36 (bc) 41.03 ± 14.09 (d-f) 
1997 58.75 ± 0.79 (ij) 130.83 ± 10.63 (ab) 189.58 ± 11.41 (b-e) 27.54 ± 1.34 (c-e) 27.54 ± 1.34 (a) 55.08 ± 2.67 (ab) 
1998 52.07 ± 2.36 (j) 115.53 ± 0.79 (b-d) 167.59 ± 1.57 (f-h) 23.18 ± 0.31 (ef) 23.18 ± 0.31 (ab) 46.36 ± 0.62 (b-d) 
1999 69.88 ± 3.94 (f-h) 91.03 ± 3.15 (e-i) 160.91 ± 0.79 (gh) 25.65 ± 0.10 (de) 19.55 ± 0.72 (bc) 45.20 ± 0.62 (b-e) 
2000 74.61 ± 1.97 (e-g) 89.09 ± 0.39 (e-i) 163.70 ± 2.36 (gh) 26.16 ± 0.01 (de) 16.64 ± 0.92 (b-d) 42.80 ± 0.92 (c-f) 
2001 81.85 ± 2.76 (de) 88.81 ± 3.15 (f-i) 170.66 ± 0.39 (e-h) 24.34 ± 0.31 (ef) 14.90 ± 0.10 (cd) 39.24 ± 0.41 (d-f) 
2003 89.09 ± 0.39 (cd) 83.80 ± 1.57 (g-i) 172.88 ± 1.18 (d-h) 22.74 ± 0.10 (ef) 14.53 ± 0.82 (cd) 37.28 ± 0.92 (d-f) 
2004 92.70 ± 3.94 (c) 106.90 ± 1.97 (c-e) 199.60 ± 5.90 (b) 24.56 ± 0.41 (d-f) 12.93 ± 0.41 (c-e) 37.49 ± 0.01 (d-f) 
2005 76.28 ± 3.54 (e-g) 90.76 ± 5.12 (e-i) 167.04 ± 8.66 (f-h) 23.69 ± 0.41 (ef) 15.91 ± 1.13 (b-d) 39.60 ± 0.72 (d-f) 
2006 104.39 ± 5.51 (b) 81.85 ± 4.33 (hi) 186.24 ± 9.84 (b-f) 15.77 ± 1.14 (gh) 16.49 ± 1.54 (b-d) 32.27 ± 2.68 (d-f) 
2008 119.98 ± 4.72 (a) 73.22 ± 3.15 (i) 193.20 ± 1.57 (b-d) 38.00 ± 0.72 (b) 14.17 ± 1.13 (cd) 52.17 ± 0.41 (a-c) 
2009 112.19 ± 7.87 (ab) 82.96 ± 5.90 (g-i) 195.15 ± 13.78 (bc) 33.35 ± 0.31 (bc) 13.59 ± 0.92 (c-e) 46.94 ± 1.23 (b-d) 
2011 108.01 ± 6.69 (b) 73.22 ± 3.15 (i) 181.23 ± 9.84 (b-g) 27.18 ± 0.21 (c-e) 13.88 ± 0.31 (c-e) 41.05 ± 0.10 (c-f) 
2012 111.63 ± 1.57 (ab) 87.14 ± 4.72 (f-i) 198.77 ± 6.30 (b) 37.64 ± 0.41 (b) 14.24 ± 0.82 (cd) 51.88 ± 1.23 (a-c) 
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Figures 

 
Figure 1: Heat maps showing the temperature (A) and precipitation (B) recorded 

for the trial site during the years of the study. Values are the means (A) and 

totals (B) for a month periods. 
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Figure 2: Scatterplot of the KAMUT khorasan grains collected during the twenty-one years of cultivation according to the nutrient and 

phytochemical content defined by the first two canonical functions (Root 1and Root 2) 
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SECTION 2 
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SECTION  2 

Study of phytochemical profile of khorasan wheat (T. turgidum ssp 

turanicum): spatial analyses of KAMUT
®
 production  

 

1. Introduction 

The recent attention to environmental, economical and social problems has 

increased the interest in organic food products. Several epidemiological studies 

have evidenced that regular consumption of whole wheat derived staple food has 

positive effects on health, as it contributes to proper regulation of blood glucose 

levels and the management of obesity. It was also demonstrated that whole 

wheat consumption helps to decrease cardiovascular mortality and the incidence 

of colorectal cancer (Gil et al., 2011; Sahyoun et al., 2006; Truswell, 2002). 

KAMUT
®
 khorasan is the trademark of an ancient wheat cultivar, the khorasan 

wheat (Triticum turgidum ssp. turanicum (Jakubz.)) derived from a natural 

hybrid between T. durum and Triticum polonicum, which occurred in the Fertile 

Crescent (Khlestkina et al., 2006). Cultivation of KAMUT
®
 khorasan wheat is 

exclusively managed by a license agreement which requires organic certification 

of the crop and several quality specifications related both to nutritional 

characteristics and growing conditions (Quinn, 1999). In particular, the grain 

must be the ancient khorasan variety of wheat, never hybridised or cross, grown 

only as a certified organic grains, untouched by modern varieties of wheat to 

99%, have a protein content between 12 and 18%, be free of signs of disease at 

98% and contain between 400 and 1000 ppb of selenium. So far these specific 

standards are consistently satisfied only in the growing region of North America 

and in particular in the Upper Great Plains of Alberta, Saskatchewan, Montana 

and North Dakota (Grausgruber et al., 2004). Durum wheat is produced in 

virtually every region of the US, where in fact the main cereal grown, occupying 

an area of about 240000 km² and showing characteristics that vary from region 

to region. 60% of the total US production of durum wheat is produced in North 

Dakota, while the remaining 40% is divided among Montana, California, South 

Dakota and Idaho, with a total production of about 58 million tons per year, 

making the United States the third largest producer of durum wheat 

(https://www.ag.ndsu.edu/plantsciences/research/durum/production, 2012; 
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"United States wheat Production", 2002). In Canada, an area of about 100,000 

square kilometers, produces about 27 million tons of wheat a year, making the 

country the seventh largest producer in the world, mainly due to agricultural 

activity carried out in Alberta and Saskatchewan 

(http://www.albertawheat.com/about-wheat/canada/, 2013). It is known that 

wheat is a species adapted to different agricultural environments and end-uses, 

and is exposed to variable environmental conditions, both within and over 

several crop years (Graybosch et al., 1995). The manifestation of those 

environmental conditions in the developing caryopsis may affects the quality of 

the crop by influencing yield, grain characteristics and flour quality (Altenbach 

et al., 2003). In particular, fibre components have been commonly considered as 

inherent characteristics, although climatic conditions may have a certain effect 

on the grain fibre quantity and quality, by influencing grain size and the 

proportional amounts of each kernel tissue (endosperm, aleurone, germ) 

(Gebruers et al., 2008; Shewry et al., 2010). In addition, the growing 

environmental conditions are known to strongly influence the expression levels 

of plant secondary metabolites and, therefore, may affect the accumulation of 

phenolic compounds during kernel development (Mpofu et al., 2006; Shewry et 

al., 2010). Currently, few data about nutritional and functional composition of 

organically grown KAMUT
® 

khorasan grains are available in the literature, 

especially regarding the changes as a function of cropping year and growing 

location. Moreover, this is the first study in which an organically grown crop is 

investigated in a region of such broad extension, including several different 

environments.  

The research aimed at determining the nutrient, fibre and antioxidant 

composition of KAMUT
®
 grain as a function of the growing location and 

understanding the environmental dynamics affecting the phytochemical profile. 

The study involved an area covering approximately 180000 km
2
 (Canada and 

USA) which included several different farms and environments. The grain 

collection consisted of grain samples harvested at 109 different locations in two 

cropping years, 2010 and 2011. Each grain sample was analyzed for the 

antioxidant compounds (polyphenols, flavonoids) and dietary fibre components 

(soluble and insoluble dietary fibres, resistant starch) and results were elaborated 
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using Geographic Information System (GIS) to develop quality maps. Moreover, 

the elaboration of data concerning grain yield, test weight and protein content 

allowed a comparison between the agronomic performance and the 

nutritional/nutraceutical profile of KAMUT
®
 grain. The study, however, is in 

progress and results obtained here will be integrated with the third year of 

KAM UT
®
 khorasan cultivation.  

 

2. Material and Methods 

Grain samples and chemicals 

The study was carried out using a collection of KAMUT
®
 khorasan wheat 

(Triticum turgidum spp. turanicum) harvested in North America in 2010 and 

2011. The collection consisted of 109 samples for the first year and 109 for the 

second. Each sample identified a KAMUT
®
 khorasan producer and was cropped 

in accordance with the strictly specifications required by Kamut International, 

Ltd. Whole-grain samples were ground to semolina using a domestic stone mil 

(100% flour extraction) (Billy 200, Hawos Mulini, Bad Homburg, Germany). 

All determinations were replicated three times and results expressed on a dry 

weight (DW) basis. Folin-Ciocalteu, gallic acid and catechin reagent were 

purchased from Sigma-Aldrich (St Louis, MO, USA). All other chemicals and 

solvents were of analytical grade. 

 

Starch analysis 

Starch was measured using a Megazyme assay kit (Megazyme International 

Ireland Ltd, Wicklow, Ireland), as described by Di Silvestro et al., (2012). 

Resistant starch (RS) was determined with the Megazyme assay kit (Megazyme 

International Ireland Ltd), as detailed previously by Marotti et al., (2012). After 

an a-amylase and amyloglucosidase overnight digestion, soluble starch was 

removed with consecutive washes of 95% and 50% ethanol. The pellet was 

dissolved in KOH solution, hydrolysed with amyloglucosidase and 

spectrophotometrically quantified using GOPOD reagent. 
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Dietary Fibre components 

Total (TDF), insoluble (IDF) and soluble (SDF) die- tary fibre contents were 

determined following the enzy- matic/gravimetric method described by Prosky 

et al. (1988) using a Megazyme assay kit (Megazyme Inter- national Ireland 

Ltd) The procedure was based on the sequential enzymatic digested using heat 

stable a-amylase, protease and amyloglucosidase, allowing the determination of 

IDF, SDF and TDF amounts as previously described (Di Silvestro et al., 2012). 

 

Phenolic compounds 

Free and bound phenolic compounds were extracted as previously described by 

Dinelli et al., (2011). Whole grain flours were extracted with cold 80% ethanol 

(4°C) in order to dissolve the free soluble compounds, followed by acid and 

alkaline hydrolyses to release the bound forms. Extracts were analysed for the 

polyphenol quantification following the colorimetric procedure based on the 

FolinïCiocalteu reagent, as described by Singleton et al., (1999). Furthermore, 

extracts containing free and bound phenolic compounds were analysed for 

flavonoid content following the spectrophotometric method previously 

described (Dinelli et al., 2011). The absorbance values were converted using 

gallic acid and catechin as standard for polyphenols and flavonoid, respectively. 

 

Statistical analysis 

Whole data set of 2010 and 2011 KAMUT
®
 khorasan production were 

elaborated using open source QGIS 2.6.1 - Brighton software. Two different 

type of maps were elaborated using two different geostatistical methods, the 

circles around points and interpolation using the algorithms inverse distance to a 

power. One-way analysis of variance (ANOVA) in conjunction with Tukeyôs 

honest significant difference was performed for comparing the flour samples. 

Significance between means was determined by least significant difference 

values for P < 0.05. Correlation analyses was performed on the standardised 

matrix of the nutrient and phytochemical content of 2010 and 2011 data set 

using Statistica 6.0 software (2001, StatSoft, Tulsa, OK, USA). One-way 

analysis of variance (ANOVA) in conjunction with Tukeyôs honest significant 

difference was performed for comparing the flour samples. Significance 
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between means was determined by least significant difference values for P < 

0.05 

 

3. Results and discussion 

 

Yield and commercial quality 

The main agronomic traits and commercial quality parameters recorded in the 

present work are yield and protein content.(Table 1). Grain yield significantly 

varied among samples harvested in 2010 and ranged from 0.3 to 2.3 t/ha, with a 

mean values of 1.3 t/ha (Table 1). Data distribution is not in agreement with 

normal distribution. Most of the farms (47%) had grain yield comprised within 

1.0-1.5 t/ha. In 30 farms out of 108 (28%) the grain yield was higher than the 

mean value observed for the whole data set. KAMUT
®
 khorasan grains cropped 

in 2011 showed a mean values of 1.1 t/ha, slightly lower than 2010. The range 

of production was comprised between 0.1 and 2.2 t/ha (Table 1). Data 

distribution is in agreement with normal distribution. Most of the farms (70%) 

had grain yield comprised within 0.5-1.5 t/ha. In 56 farms out of 109 (51%) the 

grain yield was higher than the mean value observed for the whole data set. 

Quality maps showed a sort of gradient of yield grains moving from east to west 

of the KAMUT
®
 khorasan region of production (Figure 1). Grain yield recorded 

in samples cropped in 2010 was positive correlated with total starch (r<0.3). In 

addition a negative correlation was observed between yield and free and total 

polyphenols (-0.3<r<0). Grain yield of 2011 showed a positive correlation with 

altitude, protein content and test weight. As evidenced in literature, the 

environmental conditions significantly affected the grain yield. In facts, the air 

temperature during grain filling may affect translocation rates of carbon and 

nitrogen compounds, determining the yield and the final protein concentration of 

wheat kernel (Vaccari et al., 2007).  

Protein content of KAMUT
®
 khorasan production in 2010 ranged from 11% to 

16% with an average value of 13% (Table 1). Great variability was observed 

among samples analysed. In 42 farms out of 108 (38%) the protein content was 

higher than the mean value observed for the whole data set. In 2011 the mean 

protein content was 12% and ranged from 9% to 16% (Table 1). Data 
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distribution was in agreement with normal distribution, and in the same way 

observed in 2010 samples, there was a huge range for protein. In 52 farms out of 

109 (48%) the protein content was higher than the mean value observed for the 

whole data set. The protein accumulation was shown to be highly dependent on 

genotype, soil fertility (available nitrogen) and environmental conditions 

(temperature, water) (Dupont et al., 2006; Giuliani et al., 2011). Generally a 

negative correlation would be expected between grain yield and protein content 

(Blanco et al., 2012; Kibite and Evans, 1984). In the present study this statement 

was confirmed only by 2011 production which evidenced a negative correlation 

between protein content and grain yield. In facts, farms located in the East area 

providing the lowest yield but the highest protein levels. Instead, the farms 

located on the West margin provided the KAMUT
®
 grains richest in proteins 

while maintaining high productivity (Figure 3, 4). Further studies are necessary 

to fully understand the dynamics affecting the grain yield level and protein 

content, also taking into account temperature, precipitations and soil structure.  

Total and resistant starch 

Starch is the most important polysaccharide in human diet and is the major 

component of wheat caryopsis, representing more than 70% of its dry weight. 

Resistant starch (RS) is a starch fraction that cannot be digested in the small 

intestine, and it ferments in the large intestine resulting in the production of 

hydrogen, carbon dioxide, methane and short chain fatty acids (Mann et al., 

2007). In the present study RS content observed for the 2010 was comprised 

between 0.22 and 1.78 g/100g and data distribution was not in agreement with 

normal distribution (Table 1). In 57 farms out of 109 (52%) the resistant starch 

content was higher than the mean value (0.65 ± 0.21 g/100g) observed for the 

whole data set. Samples harvested in 2011 showed a lower average content of 

RS (0.55 g/100g) in comparison with 2010 samples. Data distribution is not in 

agreement with normal distribution and ranged from 0.18 g/100g to 2.15 g/100g 

(Table 1). A huge range for RS was observed. In facts, 50 farms out of 109 

(47%) showed a RS content higher than the mean value observed for the whole 

data set. Comparing with other studies in literature, the obtained RS content was 

lower (Di Silvestro et al., 2014; Marotti et al., 2012). The total starch (TS) 

amount obtained in 2010 grains varied within a huge range (52.22 - 69.19 
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g/100g) but in most of the farms (56%) the starch content aligned with the mean 

value observed for the whole data set (63.6 ± 2.9 g/100g) and only 36 locations 

showed higher TS values (Table 1). This is reflected in the quality map reported 

in Figure 7, as the majority of the production area provided KAMUT
®
 grain 

with starch levels comprised between 61.0 and 67.0 g/100g (green/blue colours). 

The comparison between samples cropped in 2010 and 2011 showed significant 

differences in the TS content. In particular, KAMUT
®
 khorasan production of 

2011 showed an average content higher TS content if compared with the 2010 

one (Table 1). As previously evidenced in literature a negative correlation exists 

between protein and starch content in the wheat grain and this statement was 

confirmed by the correlation analyses in the 2011 KAMUT
®
 khorasan 

production (Hucl and Chibbar, 1996). Moreover, also GIS map confirmed this 

statement, with the area of the region that was characterized by the lowest 

protein content provided the highest starch amounts (Figures 6, 8). 

Dietary fibre 

Dietary fibre is the predominant bioactive component of whole wheat grain. Due 

to its several health benefits, which include prevention of colon cancer, prebiotic 

activity and modulation of blood glucose and insulin levels, dietary fibre makes 

a big contribution to the nutraceutical value of wheat-based products 

(Charalampopoulos et al., 2002). As regards dietary fibre content, there was a 

significant difference (p<0.001) between the wheat varieties cropped in 2010 

and in 2011 in terms of insoluble fibre components (Table 1). Grain samples 

harvested in 2010 ranged from 11.16 g/100g to 19.15 g/100g with a mean value 

of 14.29 g/100g. KAMUT
®
 khorasan cropped in 2011 showed an average 

insoluble dietary fibre (IDF) content of 16.13 g/100g, ranging between 10.76 

g/100g to 23.05 g/100g (Table 1). Great variability was observed among data 

distribution in the year for what concern IDF amounts (Figure 9). In 60 farms 

out of 108 (55%) the IDF content was higher than the mean value observed for 

the whole data set. Data distribution for the year 2011, instead is in agreement 

with normal distribution. In 58 farms out of 109 (53%) the IDF content was 

higher than the mean value observed for the whole data set. As regards the 

soluble dietary (SDF) components, data distribution for samples cropped in 

2010 was in agreement with normal distribution and the mean values was 3.27 
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g/100g (Table 1). The SDF values were comprised within a huge range of 

variation. In 42 farms out of 109 (38%) the SDF content was higher than the 

observed mean value and they are located throughout the production area, from 

East to West (Figure 11). Significant differences (p<0.001) were observed 

comparing the two years of cultivation, with samples harvested in 2011 showing 

a higher content of soluble dietary fibre. This content ranged between 1.99 

g/100g and 6.43 g/100g, with a mean values of 3.64 g/100g (Table 1). The total 

dietary fibre (TDF) content of KAMUT
®
 khorasan harvested in 2010 varied 

within a huge range of values (13.58-22.62 g/100g) and data distribution was 

not in agreement with normal distribution (Table 1). In 44 farms out of 109 

(40%) the TDF amount was higher than the mean value observed for the whole 

data set (17.58 g/100g). Once again significant differences (p<0.001) were 

observed comparing the two years of cultivation. Grain samples from 2011 

showed a mean value higher (19.76 g/100g) than that of 2010 (Table 1). The 

quality map obtained for TDF was highly influenced by the IDF contribution 

and again evidenced the highest accumulation of fibre components in the central 

area of the region (Figures 13, 14). Data obtained in the present study however 

were in line with previous studies for what concerns the year 2010, while data 

from 2011 were higher (Gebruers et al., 2008; Marotti et al., 2012). These 

results again underline the important effect of climate and growing factors and 

the need for in-depth investigation of the environment effects on the 

accumulation of fibres in the caryopsis. 

Antioxidant compounds 

Polyphenols are the most representative class of antioxidant in wheat, mainly 

concentrated in the outer layer of the kernel. They are for the most part made up 

of phenolic acids and flavonoids and exert high antioxidant activity acting as 

radical scavengers (Dinelli et al., 2009). Moreover, their role in the prevention 

of cancer and several chronic diseases were widely demonstrated in literature 

(Carter et al., 2006; Fardet, 2010). In wheat, phenolic compounds exist in the 

soluble (free) and insoluble (bound) forms. Both phenolic fractions have been 

shown to possess valuable healthïpromoting properties, acting as radical 

scavengers and preventing several chronic disease. In addition, the bound 
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fraction, which is crosslinked with cell wall components , may resist upper 

digestive process and reach the colon where they are liberated by the intestinal 

microflora. The digested phenolics directly exert their health benefits reducing 

the incidence of colon cancer; indeed, colonic endothelial cells may absorb the 

liberated phenolics and gain powerful antioxidant protection (Kroon et al., 

1997). In the present work significant differences (p<0.001) were observed 

between 2010 and 2011 samples in the free polyphenols (FP) content, with mean 

values of 81.62 mg/100g and 68.57 mg/100g, respectively (Table 2). The FP 

content of 2010 varied within a huge range of values (34.50 - 130.72 mg/100g) 

and data distribution was in agreement with the Gaussian normal distribution. In 

58 farms out of 109 (53%) the free polyphenols content was higher than the 

mean value observed for the whole set of data. The data distribution of FP 

content in 2011, instead, was not in agreement with normal distribution with 72 

farms out of 109 (64%) containing a FP content lower than the mean value. 

Regarding the bound polyphenols content in 2010 a huge range of variation was 

observed and it was comprised between 56.59 and 115.33 mg/100g (Table 2). 

65% of the farms (75 out of 109) showed bound phenolic amounts higher or 

aligned with the mean values observed for the whole data set (84.84 mg/100g). 

In 2011, data distribution was in agreement with the Gaussian distribution. In 50 

farms out of 109 (46%) the BP content was higher than the mean value observed 

for the whole data set (88.32 mg/100g). The total polyphenol (TP) content in 

samples harvested in 2010 ranged from 117.24 to 223.38 mg/100g and data 

distribution was not in agreement with normal distribution (Table 2). Since the 

total polyphenol amount was given by the sum of the free and bound fractions 

for which a normal distribution was observed, it is plausible that some locations 

favoured the accumulation of both free and bound polyphenols. TP amount in 

KAMUT
®
 khorasan cropped in 2011 was significantly lower than 2010 

production, with an average values of 156.90 mg/100g and 166.46 mg/100g, 

respectively (Table 2). In 2011 KAMUT
®
 khorasan production, data distribution 

was in agreement with Gaussian normal distribution. In 54 farms out of 109 

(50%) the TP content was higher than the mean value observed for the whole 

data set. Data obtained in the present work were slightly lower than reported in 

literature by Di Silvestro et al., (2014), but higher than reported by Fares et al., 
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(2010) and Dinelli et al., (2009). Considering the quality map obtained for FP 

and BP (Figures 15, 16, 17, 18), a sort of compensation between the two 

phenolic fractions was observed. In particular, locations with high FP content 

exhibited a general low BP amount and vice-versa. Concerning flavonoids, the 

range of variation observed for the free fraction of 2010 samples was narrow 

with respect to free polyphenols and ranged between 14.04 and 72.67 mg/100g 

(Table 2). Most of the farms (51 out of 109) produced KAMUT
®
 grain samples 

with free flavonoid amount comprised within 20-40 mg/100g, while in 35 

locations (32% of the total farms) the FF content was higher than the mean 

value observed for the whole data set (27.59 mg/100g). The quality map clearly 

shows that most of the investigated areas provide grain with medium free 

flavonoids levels (Figure 21). In the map, some locations emerged for the 

highest accumulation of soluble flavonoids and are mainly located in the central 

area of the map. Significant differences (p<0.01) were observed comparing the 

two years of cultivation, with a higher accumulation of FF in 2010 samples with 

respect to 2011 (Figures 21, 22). Data distribution is not in agreement with 

normal distribution and ranged from 4.68 mg/100 to 51.67 mg/100, with a mean 

value of 23.50 mg/100g (Table 2). In 41% of farms (45 out of 109) the FF 

content was higher than the mean value observed. The bound flavonoid fraction 

in 2010 samples ranged from 6.63 and 20.54 mg/100g (Table 2). Data 

distribution was in agreement with normal distribution, with a mean value of 

11.22 mg/100g. In 39 farms out of 109, accounting for 36% of the total 

locations, the bound flavonoid content was higher than the observed mean value. 

KAMUT khorasan production in 2011 showed an average BF amount lower 

than 2010 (14.85 mg/100g), ranging from 0.47 to 39.10 mg/100g (Table 2).. The 

total flavonoid (TF) determination highlighted that in 2010 KAMUT
®
 

accumulates on average 38.81 mg/100g in the kernel. 47 farms out of 109 (43%) 

showed total flavonoids values higher than the observed mean value. Most of 

them provided grain samples with TF amounts comprised within 36-49 

mg/100g, that is the yellow, red/pale area of the map (Figures 25, 26). As 

previously observed for polyphenols, there is a sort of compensation between 

the soluble and insoluble flavonoid fractions that results in a quite homogenous 

distribution of total flavonoids values, with the exception of few farms 
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corresponding to the locations with the highest free flavonoids levels. In 2011 

KAMUT
®
 khorasan showed a total flavonoids amount similar than 2010, with a 

mean value of 38.35 mg/100g. The range of the TF amounts was comprised 

between 18.51 and 84.72 mg/100g (Table 2). In addition 48 farms out of 109 

showed a content higher than the mean value observed for the whole data set. 

Data obtained in the present work for TF were in line with those reported in 

literature (Di Silvestro et al., 2014) and higher than reported by Dinelli et al., 

(2009). 

4. Conclusion 

It raises a great deal of recent interest that organic wheat constitutes valuable 

nutraceutical raw material for healthy food production and special dietary uses. 

In particular, khorasan wheat (T. turgidum ssp. turanicum) has attracted great 

attention because of its specific nutritional and functional properties 

(antioxidant, antitumoral and prebiotic activities). Currently, few data are 

available in literature about fibre and antioxidant composition and the changes 

of their amounts as a function of cropping year and growing location of 

organically grown KAMUT
® 

khorasan grains. To the best of our knowledge, 

this is the first study in which an organically grown crop is investigated in a 

region of such broad extension (180000 km
2
), including several different 

environments (Canada, USA). The research aimed at determining the 

productivity, nutrient and nutraceutic composition of KAMUT
®
 grain as a 

function of the growing location and understanding the environmental dynamics 

affecting the phytochemical profile. The maps showed the variability of the 

phytochemical amounts among North American farms and allowed the 

identification of areas in which bioactive compounds had accumulated at a 

higher level in the wheat grains. The research underlined the strong influence of 

the environmental factors on crop productivity and quality, in terms of 

nutritional and nutraceutical value. According to the present results, the choice 

of a growing location in which the accumulation of health-promoting 

compounds (i.e. polyphenols, fibres) is stimulated by specific climatic 

conditions emerges as a key factor for the production of organic wheat foodstuff 

in the functional food scenario. However this is a 2 year study and further study 
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are necessary to full understand the environmental factors which affected the 

accumulation of nutrients and antioxidant compounds in wheat kernel. 
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Tables 

Table 1: Range of concentration and mean values of agronomical traits, starch and dietary fibre components. Different letters in a 

column indicate statistically different values.  

Years of 

production 

Yield  

(t/ha) 

Protein  

(%) 

Total Starch 

(g/100g) 

Resistant  

Starch 

(g/100g) 

Insoluble Dietary 

 Fibre  

(g/100g) 

Soluble Dietary  

Fibre 

(g/100g) 

Total Dietary  

Fibre 

(g/100g) 

2010 0.28-2.81  

(1.30) a 

11-16 

(13) a 

52.22-69.19 

(63.56) b 

0.22-1.78 

(0.65) a 

11.16-19.15 

(14.29) b 

1.26-4.89 

(3.27) b 

13.58-22.62 

(17.57) b 

2011 0.15-2.17  

(1.05) b 

9-16 

(12) b 

55.94-71.98 

(65.29) a 

0.18-2.15 

(0.55) b 

10.76-23.05 

(16.13) a 

1.99-6.43 

(3.64) a 

13.86-26.09 

(19.76) a 

 

Table 2: Range of concentration and mean values of antioxidant compounds. Different letters in a column indicate statistically 

different values.  

Years of 

production 

Free 

Polyphenols 

(mg/100g) 

Bound 

Polyphenols 

(mg/100g) 

Total 

Polyphenols 

(mg/100g) 

Free 

Flavonoids 

(mg/100g) 

Bound 

Flavonoids 

(mg/100g) 

Total 

Flavonoids 

(mg/100g) 

2010 34.50-130.72 

(81.62) a 

56.59-115.33 

(84.84) a 

117.24-

223.38 

(166.46) a 

14.04-72.67 

(27.59) a 

6.63-20.54 

(11.22) b 

22.45-83.60 

(38.81) a 

2011 41.21-131.11 

(68.57) b 

44.00-143.64 

(88.32) a 

98.57-217.69 

(156.90) b 

4.68-51.67 

(23.50) b 

0.47-39.10 

(14.85) a 

18.51-84.72 

(38.35) a 
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Figures 

 

Figure 1: GIS map obtained for grain yield of KAMUT
®
 collection harvested in North 

America in 2010 (red colour = low; blue colour = high). 

 

Figure 2: GIS map obtained for grain yield of KAMUT
®
 collection harvested in North 

America in 2011 (red colour = low; blue colour = high). 
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Figure 3: GIS map obtained for protein content of KAMUT
®
 collection 

harvested in North America in 2010 (red colour = low; blue colour = high). 

 

Figure 4: GIS map obtained for protein content of KAMUT
®
 collection 

harvested in North America in 2010 (red colour = low; blue colour = high). 
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Figure 5: GIS map obtained for resistant starch content of KAMUT
®
 collection 

harvested in North America in 2010 (red colour = low; blue colour = high). 

 

Figure 6: GIS map obtained for resistant starch content of KAMUT
®
 collection 

harvested in North America in 2011 (red colour = low; blue colour = high). 
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Figure 7: GIS map obtained for total starch content of KAMUT
®
 collection 

harvested in North America in 2010 (red colour = low; blue colour = high). 

 

Figure 8: GIS map obtained for total starch content of KAMUT
®
 collection 

harvested in North America in 2011 (red colour = low; blue colour = high). 
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Figure 9: GIS map obtained for Insoluble Dietary Fibre content of KAMUT
®
 

collection harvested in North America in 2010 (red colour = low; blue colour = 

high). 

 

Figure 10: GIS map obtained for Insoluble Dietary Fibre content of KAMUT
®
 

collection harvested in North America in 2011 (red colour = low; blue colour = 

high). 
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Figure 11: GIS map obtained for Soluble Dietary Fibre content of KAMUT
®
 

collection harvested in North America in 2010 (red colour = low; blue colour = 

high). 

 

Figure 12: GIS map obtained for Soluble Dietary Fibre content of KAMUT
®
 

collection harvested in North America in 2011 (red colour = low; blue colour = 

high). 
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Figure 13: GIS map obtained for Total Dietary Fibre content of KAMUT
®
 

collection harvested in North America in 2010 (red colour = low; blue colour = 

high). 

 

Figure 14: GIS map obtained for Total Dietary Fibre content of KAMUT
®
 

collection harvested in North America in 2011 (red colour = low; blue colour = 

high). 
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Figure 15: GIS map obtained for free polyphenols content of KAMUT
®
 

collection harvested in North America in 2010 (red colour = low; blue colour = 

high). 

 

Figure 16: GIS map obtained for free polyphenols content of KAMUT
®
 

collection harvested in North America in 2011 (red colour = low; blue colour = 

high). 
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Figure 17: GIS map obtained for bound polyphenols content of KAMUT
®
 

collection harvested in North America in 2010 (red colour = low; blue colour = 

high). 

 

Figure 18: GIS map obtained for bound polyphenols content of KAMUT
®
 

collection harvested in North America in 2011 (red colour = low; blue colour = 

high). 
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Figure 19: GIS map obtained for total polyphenols content of KAMUT
®
 

collection harvested in North America in 2010 (red colour = low; blue colour = 

high). 

 

Figure 20: GIS map obtained for total polyphenols content of KAMUT
®
 

collection harvested in North America in 2011 (red colour = low; blue colour = 

high). 
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Figure 21: GIS map obtained for free flavonoids content of KAMUT
®
 collection 

harvested in North America in 2010 (red colour = low; blue colour = high). 

 

Figure 22: GIS map obtained for free flavonoids content of KAMUT
®
 collection 

harvested in North America in 2011 (red colour = low; blue colour = high). 


