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ABSTRACT 

 

Biofortification and fortification strategies for lentil (Lens culinaris Medik.) were 

investigated to increase bioavailable iron (Fe) in the human diet. Biofortification studies included, 

firstly, development of a precise protocol for Fe analysis of seeds of all  (seven) Lens species using 

flame atomic absorption spectrometry (F-AAS). Secondly, genotype (G) × harvest (H) timing 

interaction of seed Fe accumulation was determined during seed maturation stages in seven lentil 

species. Thirdly, estimates were made of seed Fe concentration (SFeC), its inheritance, and the 

effect of genotype (G) × environment (E) interaction for two interspecific recombinant inbred line 

populations (RILs) of lentil. Finally, molecular markers associated with SFeC across 138 diverse 

cultivated lentil accessions were identified by phenotyping in four environments in Saskatchewan, 

Canada. For the fortification strategy, appropriate methods and dosage were determined for Fe 

fortification of lentil dal with FeSO4·7H2O, NaFeEDTA and FeSO4·H2O. A colorimetric study 

determined changes in appearance of fortified lentil at various Fe concentrations over three storage 

periods. Sensory evaluation with panelists in Saskatoon and Bangladesh evaluated cooked and 

uncooked fortified lentil using a 9-point hedonic scale (1 = dislike extremely to 9 = like extremely). 

Finally, Fe and phytic acid (PA) concentration and relative Fe bioavailability (RFeB%) were 

estimated in 30 traditional Bangladeshi dal meals featuring either fortified (fortificant Fe 

concentration of 2800 µg g-1) or unfortified lentil. 

The first study determined the minimum lentil seed sample (0.3 g and 0.5 g of wild and 

cultivated species, respectively) required for an accurate and precise estimation of SFeC. The G × 

H timing interaction study revealed significant variation for SFeC among genotypes, but a similar 

seed Fe accumulation trend over the harvest period. Field evaluations revealed significant 
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variability for SFeC among lentil RILs and for G × E interactions with high broad sense heritability 

for SFeC. Association mapping studies revealed wide variation for SFeC among genotypes. Two 

SNP markers were tightly linked to SFeC (īlog10 P Ó 4.36) and also seven additional markers 

were also significant (īlog10 P Ó 3.06) for SFeC. Most (six) markers were found on chromosome 

5. Putative candidate genes were identified underlying alleles encoding Fe related functions. The 

fortification study revealed that NaFeEDTA was the most suitable Fe fortificant for lentil dal, and 

at 1600 µg g-1 fortificant Fe concentration, it provided 13-14 mg of additional Fe per 100 g of dal. 

Total Fe and PA concentrations, and RFeB% differed significantly between cooked unfortified 

and fortified lentil. Significant differences in sensory quality were observed among all uncooked 

and cooked samples when tested in Canada and Bangladesh. NaFeEDTA had the least effect on 

consumer perception of colour, taste, texture, odour and overall acceptability of cooked lentil. The 

meal study revealed that NaFeEDTA fortified lentil increased Fe concentration in lentil from 60 

to 439 µg g-1 and RFeB% by 79% as estimated by Caco-2 cell ferritin formation. Phytic acid levels 

also were reduced from 6.2 to 4.6 mg g-1 when fortified lentil was added, thereby reducing the 

PA:Fe molar ratio from 8.8 to 0.9. The overall outcomes of this research could help to significantly 

and cost-effectively increase the amount of bioavailable Fe in lentil, and the consumption of 

fortified lentil could help to provide a significant part of the consumerôs daily Fe requirement.  
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CHAPTER 1 

INTRODUCTION AND RES EARCH HYPOTHESES 

Iron (Fe) deficiency is one of the most prevalent health concerns worldwide, especially in 

developing countries where diets are Fe deficient. About one fourth of the total world population 

is affected by anemia - an indirect indicator of Fe deficiency (McLean et al., 2009). The severity 

is much higher in developing countries due to inadequate supply of nutritionally balanced food in 

the context of geometric population growth rates, diverse food habits and socio-economic standing 

of populations. Fe is needed to regulate a number of metabolic processes and since the human 

body cannot produce it, adequate amounts of bioavailable Fe should be consumed in the diet to 

escape the risk of Fe deficiency.  

Among the food legumes, lentil (Lens culinaris Medik.) is an important grain legume that 

provides both protein and micronutrients for human and animal diets. Lentil also is one of the 

cheapest sources of protein and micronutrients for vegetarian diets, in which animal product 

consumption is very low. This crop is consumed as a staple food in some developing countries 

where malnutrition due to Fe deficiency is more prominent. Improving Fe concentration and 

bioavailability potentially can be achieved by biofortification, a genetic approach, or by 

fortification, a food processing approach. Research has been initiated to increase Fe concentration 

and bioavailability through biofortification, although to this point limited investigation has 

occurred in the area of genetic strategies for increasing bioavailability of Fe in lentil. In this body 

of research, we report on a series of studies that can make contributions toward achieving the goal 

of improving both Fe content and bioavailability of Fe in lentil. The overall hypothesis of the body 

of work in the thesis was that both Fe biofortification and fortification can increase the 

concentration and bioavailability of Fe in lentil. 
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1.1. Biofortification studies in lentil  

The concept of biofortification of staple seed crops is predicated on the idea that sufficient 

variability for Fe concentration exists in the available gene pool of the crop.  The cultivated lentil 

gene pool has one species, Lens culinaris, plus six wild species, L. orientalis, L. odemensis, L. 

tomentosus, L. nigricans, L. ervoides and L. lamottei (Wong et al., 2015). The species of the wild 

gene pool have not been investigated extensively from the standpoint of their potential contribution 

to nutritional improvement of cultivated lentil.   

1.1.1. Optimizing seed sample size for Fe analysis of wild and cultivated lentil 

When using flame atomic absorption spectrophotometry (F-AAS) to measure Fe 

concentration in lentil seeds, sufficient amounts of seed are required to provide reliable estimates 

of Fe concentration. Consideration of how many seeds are used in analysis of Fe concentration is 

especially important for wild lentil. Seeds of wild lentil are very small, plants are indeterminate, 

and the seed pods are dehiscent. A wide range of variability is found in key biological traits such 

as seed dormancy, flowering, maturity, seed shattering, seed size and shape, seed yield per plant 

and disease resistance. Plants are difficult to grow and produce low seed yield, making them 

expensive to grow and produce large amounts of seed for nutritional analysis. The cultivated 

species has many different market classes that vary in seed size, seed shape, seed coat and 

cotyledon colour, and consumer preference. There is a need to quantify the necessary amount of 

seeds needed to assess the seed Fe concentration of the wild species and the different market 

classes of cultivated lentil to reduce cost, time and labour using F-AAS.  
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Hypothesis: The quantity of seeds and seed weight of lentil species have an effect on 

consistent and accurate estimation of Fe concentration using flame atomic absorption 

spectrophotometry (F-AAS). 

1.1.2. Variation of Fe uptake at different plant maturity stages of lentil 

Lentil is an indeterminate plant and this growth habit is influenced by environmental 

condition (Shrestha et al., 2006). The time to maturity of different genotypes from different 

species, and even within a species, may vary due to their genetic constitution as well as the 

influence of the macro and micro environments which fluctuate widely based on temperature, 

moisture and day length. Fe accumulation in seeds during the maturation period also is important 

to understand, especially because the plants are dehiscent and continue to flower and produce seeds 

until they experience environmental conditions (frost, heat or drought) that end the life cycle. 

Variation may occur not only in total nutrient accumulation in seeds, but also in the rate of 

accumulation of nutrients in lentil seed during different seed maturation stages. A study was 

initiated with 12 wild and two cultivated species and seeds from a single plant were harvested three 

times at intervals of 10 days. The results from this study can provide an idea about Fe accumulation 

in lentil seed during maturation.   

Hypothesis: The time of seed development during the growing season influences seed Fe 

concentration and Fe accumulation in lentil seeds among the Lens species and is influenced by 

genotype × harvest interaction. 

1.1.3. G × E interaction effects on Fe accumulation in lentil interspecific hybrids 

Environmental factors and agronomic practices can interact with plant gene expression, 

which in turn can play a substantial role in differential micronutrient accumulation from soil (Bouis 
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& Welch, 2010). Apart from genotypic variation, the lentil production environment, such as 

geographical location, soil factors, temperature and other environmental conditions, have 

significant effects on micronutrient concentrations in lentil (Thavarajah et al., 2010). The influence 

of temperature and soil conditions on concentration of phytic acid, Fe and Zn in Saskatchewan 

grown lentils was reported by Thavarajah et al., (2011). Soil pH is an important factor that 

influences the availability of Fe for uptake by plants. Under natural alkaline pH conditions, soil Fe 

precipitates and limits availability and abundance of Fe in soil (Pandian et al., 2011). Kumar et al., 

(2013) also reported highly a significant influence of genotype, environment and location on Fe 

and Zn concentration in lentil. The Fe concentration in lentil will be influenced by environment 

and it may vary among genotypes. Genotype × environment interaction can reduce the genotypic 

stability of crop genotypes irrespective of environment. It would be useful to reliably identify 

stable genotypes with reliably higher concentrations of bioavailable Fe. Moreover, since 

interspecific hybridization is now used to improve disease resistance in lentil (Tullu et al., 2013) 

it is important to ascertain how seed Fe concentration may vary in interspecific lentil hybrids and 

their progenies which contribute genetic diversity to cultivated lentil breeding. The fundamental 

question is whether or not interspecific hybridization can result in development of lentil germplasm 

with more variation in seed Fe concentration, which would be essential to make progress in 

biofortification. This type of information has never been reported. 

Hypothesis: The concentration of Fe in seeds of Lens culinaris x Lens ervoides 

interspecific hybrids and their parents is the same across environments. 

1.1.4. Marker -trait association analysis of Fe concentration in lentil seeds 

Marker-trait association can help to determine the genetic basis for uptake of 

micronutrients, such as Fe, Zn, Se and other nutritional components of food legumes. A set of 138 
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diverse cultivated lentil accessions from 34 countries was previously evaluated for morphological 

and phenological traits in four environments (2 sites × 2 years) in Saskatchewan, Canada. The 

collection was genotyped using 1150 SNP (single nucleotide polymorphism) markers that are 

distributed across the lentil genome. Results from this study can reveal if there is any accessible 

variation for seed Fe concentration. The marker-trait association analysis can also detect SNP 

markers tightly linked to seed Fe concentration. 

Hypothesis: Genomic regions controlling seed Fe concentration of lentil can be identified 

through association mapping. 

1.2. Iron fortification of dehulled lentil  

Food fortification is a potentially cost-effective way to add micronutrients to processed foods 

that could rapidly mitigate micronutrient malnutrition (WHO & FAO, 2006). Fortifying lentil with 

suitable Fe fortificants during processing is a research area with potential to reduce Fe deficiency. 

In this approach, dehulled lentil can be enriched with extra Fe to prevent Fe deficiency in humans. 

This research is unique in the context of food fortification and requires addition of Fe, 

measurement of Fe concentration, sensory evaluation and assessment of bioavailability in fortified 

lentil. 

1.2.1. Optimization of Fe fortification method 

Initial research was focused on identifying the most appropriate Fe fortificant for fortify ing 

dehulled lentil products. Known Fe fortificants such as ferrous sulphate heptahydrate, ferrous 

sulphate monohydrate, sodium-iron-EDTA, ferrous fumarate and ferric orthophosphate are 

acceptable fortificants (WHO & FAO, 2006) that were used to fortify dehulled lentil. Before 

fortification, some preliminary studies, such as, selection of lentil genotype for fortification, choice 
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of appropriate lentil product type, selection of appropriate method of fortification, assessment of 

appropriate temperature for drying of lentil after soaking with fortificants, assessment of the 

appropriate dose of Fe solution, effect of storage on changes in appearance, effect of fortification 

on boiling time, and determination of the fortification protocol that can be merged with current 

lentil processing techniques, would provide information that might help in standardizing the 

protocol for fortification of lentil. 

Hypothesis: It is possible to fortify Fe in de-hulled lentil in a biologically and culturally 

meaningful way. 

1.2.2. Sensory evaluation of Fe fortified lentil 

Sensory evaluation is a necessary component of the fortification technique when 

considering the production of processed or value-added foods for the marketplace. A series of 

techniques was used in this process to measure the human response to foods and reduce the bias 

effects of brand identity and other information that may create impact on stakeholder perception 

(Lawless & Heymann, 2010). Fortified lentil has some distinguishing characteristics in comparison 

to unfortified lentil. The changes in organoleptic properties of fortified lentil can be evaluated by 

consumers and their remarks would provide valuable information that would aid in making 

recommendations to food scientists or product developers for commercial food production. 

Hypothesis: Unfortified and Fe-fortified lentil are accepted similarly by consumers with 

respect to sensory attributes. 
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1.2.3. Assessment of bioavailability of fortified lentils under relevant Bangladeshi meal 

preparation methods 

Ensuring sufficient amounts of mineral micronutrient intake to prevent deficiency disorders 

is a well-established concept, but whether or not adequate amounts of the supplemented mineral 

is absorbed is an important question for improvement of mineral status of humans. Different 

methods such as haemoglobin repletion, plasma appearance, fecal monitoring (chemical balance), 

and the invitro Caco-2 cell bioassay are used to assess Fe bioavailability (Fairweather-Tait, 2008). 

In this study, fortified lentil would be assessed through an in vitro system, the Caco-2 cell bioassay 

that is widely used to estimate bioavailability of Fe. Based on the results of bioavailability of 

fortified lentil, bioavailability of Fe in fortified lentil under relevant meal preparation methods also 

would be determined. 

Hypotheses: Using Fe-fortified lentil in relevant meal preparations will have a significant 

effect on increasing Fe concentration and bioavailability. 

1.3.  Summary of the significance of the research 

The research in the thesis was designed to contribute to knowledge of the genetic potential 

of lentil for biofortification, and also to initiate new approaches to increase Fe bioavailability 

through consumption of fortified lentil. The possible outcomes of these studies include 

measurement of the stability of Fe concentration across different environments, estimation of Fe 

in wild species of the genus Lens, QTLs conferring seed Fe concentration, development of efficient 

Fe concentration measurement protocols and the identification of appropriate Fe fortificants and 

the bioavailability of Fe in fortified lentil. 
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1.4. Experimental objectives 

Biofortification 

1. Determination of the minimum quantity of lentil seeds required to consistently quantify Fe 

concentration using whole seed digestion with nitric acid and atomic absorption 

spectrophotometry (F-AAS). 

2. Estimation of variation in Fe accumulation in seed during different growth stages and to 

determine the genotype × harvest timing interaction that influences Fe accumulation in 

seed of seven lentil species. 

3. Determination of seed Fe concentration of interspecific RILs grown across a wide range of 

environments and assessment of inheritance and effect of genotype × environment 

interaction on seed Fe concentration. 

4. Identification of significant marker-trait associations for Fe concentration in lentil seed via 

association mapping. 

Fortification 

1. Determine the most suitable Fe fortificant for de-hulled lentil based on ease of fortification, 

and to determine the optimal processing technology to fortify Fe in de-hulled lentil based 

on current processing practices. 

2. Determine the sensory acceptability of fortified lentils ï appearance, odour, texture, taste 

and overall acceptability. 

3. Determine the concentration and bioavailability of Fe in fortified lentil when used in 

relevant meal preparations.  
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CHAPTER 2 

LITERATURE REVIEW   

2.1. Introduction 

The research topic selected here ñIron biofortification and fortification in lentil (Lens culinaris 

Medik.)ò revealed a combination of three major areas - plant science, food science and human 

nutrition. A number of currently published articles, review papers, dissertations, websites, reports 

and short communications related to the selected research topic were organized and synthesized in 

this review to provide an update on current knowledge and gaps in this research area. Five main 

components of the review are described below. The first sub-chapter (2.2) is a brief introduction 

to the lentil crop. The second and third sub-chapters (2.3 & 2.4) are focused on a review of the 

relationship of Fe with plants and humans, respectively. The fourth and fifth sub-chapters (2.5 & 

2.6) reviews Fe biofortification and Fe fortification, respectively.  

2.2. The lentil crop 

Cultivated lentil is a self-pollinated, diploid crop which in the small but genetically diverse 

genus Lens (Ladizinsky & Abbo, 1996). The term Lens was first coined by Tournefort to designate 

as a specific genus reviewed in Cubero et al., (2009). Perceptions of speciation within genus Lens 

evolves over time. The classical species relationships described for the genus Lens is that it is 

comprised of six different species: the cultivated lentil L. culinaris (Medik.) subsp. culinaris (i) 

and subsp. orientalis (Boiss.) Ponert (ii), L. odemensis (Ladiz.) (iii), L. tomentosus (Ladiz.) (iv) L. 

nigricans (M. Bieb.) Godr. (v), L. ervoides (Brign.) Grande (vi) and L. lamottei Czefr (vii) (Van 

Oss et al., 1997). All Lens species have the same chromosome number (2n = 14) (Sonnante et al., 

2009). These six species are classified into three gene pools when considering hybridization 



10 
 

barriers among them (Cubero et al., 2009). Among the six species (i to vi) mentioned above, the 

primary gene pool includes (i) and (ii), the secondary gene pool includes (iii) and (iv) and the 

remaining three belong to the tertiary gene pool. The most recent classification of the lentil species 

is that of Wong et al., (2015) who used genotyping by sequencing and placed all the lentil species 

in four different gene pools. The primary gene pool consists of three species, Lens culinaris, L. 

orientalis and L. tomentosus and the secondary gene pool consists of two species, L. lamottei and 

L. odemensis. The tertiary and quaternary gene pool consists L. ervoides and L. nigricans, 

respectively. 

Lentil is one of the most economically important legume crops. It has been used as a protein 

source in human and animal diets (AL-Asbahi, 2011) since prehistoric times. This crop is 

considered to have originated as part of the Near Eastern complex with many of the oldest 

domesticated crops such as einkorn, emmer, barley, linseed and pea (Harlan, 1992). The first report 

on lentil domestication in the Hindu-Kush region of central Asia was suggested by (Barulina, 

1930). Pearman, (2005) reported that the Fertile Crescent is the source of wild ancestor of 

cultivated lentil (subsp. orientalis). Cubero et al., (2009) reported that, on the basis of archeological 

data, the wild and cultivated Lens species originated from the Near East. From the center of origin, 

lentil cultivation spread and is now grown in ~50 countries including the entire Mediterranean 

region, central West and South Asia, Ethiopia, Australia, temperate regions of North and South 

America, and even in some tropical regions (FAOSTAT, 2017).  

Lentil ranks as the fifth most important grain legume crop of the world in terms of total 

production and area under harvest and fourth in terms of yield (FAOSTAT, 2017). The world 

production of lentil in 2014 was 4.82 Mt at 1.06 t/ha (FAOSTAT, 2017). In Western Canada, lentil 

was introduced in the early 1970s (McVicar et al., 2017) from the Palouse region. From 600 ha at 
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that time, the area increased in Saskatchewan (SK) to as much as 2.1million ha in 2016 (McVicar 

et al., 2017). Lentil has become a very important crop in SK due to its value in crop diversification, 

extension of crop rotations, reduction of the requirements for nitrogen fertilizer and its ability to 

improve economic returns to the growers. Canada has become the top lentil producer and exporter 

in the world, accounting for up to 40% of global production, and 90% of Canadian production. 

The value of lentil exports from Canada reached $2.4 billion in 2016 (Saskatchewan Pulse 

Growers, 2017). The Middle East and North Africa (MENA) region ranked as the region for 

highest per capita availability of lentil for consumption in 2006-08, followed by the South Asian 

region where consumption rate of lentil was 1.03 kg/person/year out of 9.70 kg/person/year for 

total pulses (Akibode & Maredia, 2011). Among the South Asian countries, India is the largest 

importer and consumer of lentil, especially red lentil exported from Canada (Manawaria, 2014).  

Among the pulse crops, lentil contains a substantial amount of protein, complex 

carbohydrates, and micronutrients including Fe (DellaValle et al., 2013). Additional nutrients 

include amino acids, vitamins, phenolic compounds, dietary fiber and resistant and slowly 

digestible starch, making lentil one of the healthiest foods (Tosh et al., 2013). The main source of 

protein in South Asian region is believed to be the pulses. Lentil is increasingly deemed a whole 

food, and Canadian lentils are becoming more popular to consumers worldwide due to presence 

of considerable amounts of Fe (73-90 mg kg-1), Zn (44-54 mg kg-1), Se (425-673 mg kg-1) and 

relatively low amounts of the micronutrient absorbance inhibitor phytic acid (2.5-4.4 mg g-1) 

(Thavarajah et al., 2011). 

2.3. Iron and plants 

2.3.1. Fe for plants 
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Iron plays a significant role in increasing the quality and quantity of crop yield, which leads 

to effects on the health of humans and animals through dies. Iron is required in minimal amounts 

for plant growth, but it is essential for plant biological activities. It plays a vital role in all 

fundamental mechanisms in plants such as photosynthesis, respiration, and metabolic processes 

through its role in enzyme systems (Vigani, 2012) or as an electron donor in the electron transport 

chains of photosynthesis and respiration (Connolly & Guerinot, 2002). Iron deficiency reduces 

chlorophyll synthesis and thus causes chlorosis in plants (Hochmuth, 2011). 

2.3.2. Iron uptake in plants 

The mechanism of micronutrient acquisition in plants is becoming an important issue in 

modern agriculture due to the relationship between the micronutrient content of food and human 

health and nutrition (Kochian, 2000). The author also reported several reasons responsible for 

complicating the acquisition of micronutrients. The relative availability of micronutrients and their 

magnitude in soil is one of the obstacles for iron uptake into the plant. Another reason is the 

formation of ñmetallorganic complexesò by the micronutrient cations in the soil, their presence in 

the rhizosphere, and the breakdown of metal chelates for transport into the plant cell (Kochian, 

2000).   

Iron is abundant in soil (Peiffer et al., 2012; Schmidt, 1999), and plants require a minimal 

amount of Fe. Most annual plants require 1 to 1.5 lb Fe acre-1, compared with nitrogen (N) at 80 

to 200 lb acre-1 (Hochmuth, 2011). The Fe availability in soil is highly influenced by soil pH and 

aeration (Schmidt, 1999). Alkaline conditions (pH > 8) make Fe3+ (ferric Fe) unavailable. The Fe2+ 

(ferrous Fe) form is available from soil at pH 6.5-7, and plants can easily uptake and use it (Havlin 

et al., 1999). The reduced form of Fe2+ is reported to be more available than Fe3+ (Kochian, 2000). 
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The soluble inorganic form of Fe found in soil in chelated condition is the dominant form in which 

plants take up the major part of Fe required for their growth.  

Most of the Fe present in soil is insoluble and thus plants may suffer from Fe deficiency 

stress. Under stress conditions, plants can induce physiological and biochemical responses to make 

required Fe soluble and available for their growth. Two different strategies are used by plants to 

solubilize and take up Fe. Plants of the Poaceae (grass) family excrete highly soluble Fe3+ binding 

agents termed ñphytosiderophoresò that help to solubilize the Fe3+ ion for absorption. In most 

monocots and in dicots including legumes, Fe3+ is reduced to Fe2+ at the cell surfaces at 1-4 cm 

behind the root tip where the maximum amount of protons and reductants are released (Hochmuth, 

2011). In dicot and non-poaceous plants, several responses to Fe deficiency were briefly described 

by (Kochian, 2000; Li & Lan, 2017). A model was used to describe the absorption of Fe in dicots 

from the rhizosphere by a two-step process. The first step is the reduction of extracellular Fe (III) 

chelates by ferric reductase and release of the bivalent Fe2+ ion. The second step is the transport of 

Fe2+ into the cytoplasm with the help of a ñspecific Fe2+ transporterò. Kobayashi & Nishizawa, 

(2012) reviewed current understanding of Fe uptake, translocation, subcellular translocation, and 

regulation in response to Fe shortage or excess in higher plants at the molecular level. The authors 

summarized the studies that represented the central genes responsible for Fe homeostasis in plants. 

2.3.3. Fe storage in seeds 

Plant ferritin also known as ñphytoferritinò is a broad super-family of storage proteins (Lv 

et al., 2015). One of the main goals of biofortification is to enrich the phytoferritin content of edible 

parts of plants. The ferritin also plays an important role in Fe metabolism and plants can store up 

to ~ 4500 Fe3+ in inner cavities of ferritin molecule in the form of an ñiron oxyhydroxide-phosphate 

mineralò (Harrison & Arosio, 1996; Lv et al., 2015). Ferritin content in edible plant parts, such as 



14 
 

seed, stem, and leaf tissue should be an excellent source of Fe (ZieliŒska-Dawidziak, 2015). This 

protein can provide Fe especially for vegetarians and populations where Fe from meat is limited.  

Most of the Fe uptake from the soil is accumulated in leaves. In legumes, nodules involved 

in nitrogen fixation are also rich in ferritin. Ferritin from leaves, roots, and nodules remobilizes in 

seeds (ZieliŒska-Dawidziak, 2015). Compared to cereals, legume seeds, such as, soybean (Glycine 

max), pea (Pisum sativum), lentil, and chickpea (Cicer arietinum) are rich in ferritin due to 

presence of nodules  because Fe from root nodules translocate to the seeds (Burton et al., 1998). 

Ferritin concentration in soybeans seeds was reported in the range of 50-70 mg kg-1 and 100 g of 

fresh raw beans or seeds can provide only 12.5% and 6.66% of the RDA (recommended daily 

allowance) for non-vegetarian adult men and women, respectively (Sczekan & Joshi, 1987; 

ZieliŒska-Dawidziak, 2015). Lentil is also rich in micronutrients, such as Fe, Zn, Se etc. Ferritin 

Fe concentration in seeds may be influenced by the growing conditions (ZieliŒska-Dawidziak, 

2015). Using biofortification strategies could be an attractive way to develop or explore new 

germplasm that can take up more Fe from the soil for deposition in seeds. 

2.3.4. Influence of environment on Fe accumulation by lentil plants 

Assessment of genotype by environment interaction for micronutrient dense germplasm is 

essential for determining the influence of growing environments on micronutrient content 

expression (Bouis & Saltzman, 2017). The interaction can also reduce the genotypic stability of 

micronutrient dense genotypes. Plant gene expression can be influenced by environmental factors 

and agronomic practices that can differentiate the amount of micronutrient accumulation from soil 

(Bouis & Welch, 2010). Lentil is cultivated in many different agro-ecological regions around the 

world, therefore geographical location, soil factors, temperature and other conditions can have 

significant influence on lentil seed Fe concentration (Thavarajah et al., 2010). Thavarajah et al., 
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(2011) reported on the influence of temperature and soil conditions on the concentration of phytic 

acid, Fe and Zn in Saskatchewan grown lentils. For instance, Fe availability is highly influenced 

by soil pH condition. In natural alkaline pH conditions, soil Fe precipitates and thus decreases 

availability (Pandian et al., 2011). Kumar et al., (2013) also reported the significant influence of 

genotype, environment, and location on Fe and Zn concentration in lentil seeds.  

2.4. Iron and humans 

2.4.1. Nutritional aspects of Fe and its homeostasis in human 

 Fe is also an essential micronutrient for humans.  A human requires more than 22 mineral 

elements (White & Broadley, 2005) and Fe must be supplied by the diet. Iron deficiency anemia 

is the most common and prevalent form of micronutrient malnutrition, affecting one-third of the 

world population (WHO & FAO, 2006). Anemia, resulting from Fe deficiency, is considered one 

of the most predominant health risks in developing countries and in a few developed countries 

(Maheshwari & Chandra, 2012). Two out of every three persons from the developing world suffer 

from Fe deficiency and its resulting anemia (Baltussen et al., 2004). Anemia significantly affects 

psychomotor and mental development of infants, cognitive development of pre-school children, 

cognitive function and educational achievement of school-age children, pregnancy outcomes, and 

adult work productivity (Baltussen et al., 2004). The WHO reported that prevalence of anemia was 

50% for pregnant women, infants, and children aged 1-2 years, followed by 40% for school 

children (WHO & FAO, 2006). The anemic condition of preschool-aged children, adolescents, 

and non-pregnant women are also estimated to be about 25%, 30-55% and 35%, respectively 

(WHO & FAO, 2006). In developing countries, the major concern is the increasing rate of 

morbidity and mortality rate of preschool-aged children and pregnant women, mostly due to Fe 
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deficiency (McLean et al., 2009), caused by poor diet. The RDAs for Fe (in mg/day) for infants, 

children and adults are summarized in Table 2.1 (Zhao et al., 2014)). 

Table 2.1. Recommended dietary allowances for iron for infants, children and adults*  

Age Males 

(mg/day) 

Females 

(mg/day) 

Pregnancy 

(mg/day) 

Lactation (mg/day) 

7 to 12 months 11 11 N/A N/A 

1 to 3 years 7 7 N/A N/A 

4 to 8 years 10 10 N/A N/A 

9 to 13 years 8 8 N/A N/A 

14 to 18 years 11 15 27 10 

19 to 50 years 8 18 27 9 

51+ years 8 8 N/A N/A 

* (Zhao et al., 2014) 

Mammalian Fe metabolism or Fe homeostasis is reviewed or reported in much literature, 

for example in (Anderson et al., 2012; Hentze et al., 2010; Hoppler et al., 2008). Many molecular 

structures and metabolic pathways are involved in Fe homeostasis in the human body. The 

regulation of adequate plasma Fe levels is the key to systemic Fe supply and homeostasis (Hentze 

et al., 2010). This plasma Fe is bound to the glycoprotein transferrin that indicates the Fe overload 

and Fe deficiency in human. Fe deficiency occurs when the plasma transferrin saturation < 16% 

and Fe overload occurs when plasma transferrin saturation is > 45% (Hentze et al., 2010). Fe is 

absorbed first by the epithelial mucosa cells, mainly in the duodenum and upper jejunum (Hoppler 

et al., 2008). The cellular uptake of Fe also depends on whether or not it is in non-heme or heme 

Fe form (Hoppler et al., 2008), and cellular Fe homeostasis is influenced by the amount of Fe 
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uptake, storage, utilization, and export. These functions are regulated by Fe regulatory proteins 1 

and 2 (IRP 1 and IRP 2) (Anderson et al., 2012). 

Both the heme and non-heme Fe partly share a similar pathway across the mucosal border 

(Hoppler et al., 2008). Non-heme Fe is more efficiently absorbed than heme Fe. A saturable heme 

carrier protein (HCP1) has been identified, and it is regulated by the present Fe status. Heme Fe is 

primarily absorbed as the form. The Fe3+ form of dietary Fe is first reduced to Fe2+ ferrous by a 

duodenal enzyme cytochrome (DCYTB). Then the Fe2+ enters the enterocyte with the help of 

divalent metal ion transporter1 (DMT1). Inside the enterocyte, both heme and non-heme Fe 

combine with plasma carrier transferrin (Tf) with the help of a ferroportin (FP) protein. This Tf 

transports Fe throughout the body cells and the absorbed ion is mainly used for hemoglobin 

formation (Hoppler et al., 2008). 

2.4.2. Iron absorption inhibitors present in legumes including lentils 

Pulses do have some protein or non-protein antinutritional compounds that reduce 

consumer acceptability. In some regions of the world, especially in the developing countries, 

people traditionally consume pulse crops as a partially staple food and to feed animals. This 

practice might have made them tolerant to these antinutritional compounds. But in some regions, 

consumers have expressed concerns about pulse consumption due to feeling stomach discomfort, 

hemagglutination, bloating, vomiting and pancreatic enlargement (Roy et al., 2010). Some of the 

antinutritional compounds in pulse crop seeds are alkaloids, antigenic factors, trypsin inhibitors, 

vicine-convicine, lectins, oligosaccharides, tannins and phytates (McPhee & Muehlbauer, 2002). 

Almost all pulses contain phytic acid or inositol hexaphosphate (IP6) in variable amounts. It is 

considered to be antinutritional due to its effects on reducing the absorption of micronutrients in 

human and animal diets. Phytic acid has a significant role in inhibition of Fe absorption which can 
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be increased four to five-fold by reducing the phytate level in grains (Hurrell et al., 1992). Another 

study showed that phytic acid is a proactive component that chelates metal ions, thus helping to 

reduce Fe-mediated colon cancer and blood pressure (Zhou & Erdman, 1995). However, though 

many components can influence the quality of human and animal diets, to attract people to 

consume more pulses, it is essential to reduce antinutritional components.  

2.5. Iron biofortification  

 WHO (2018a) defined biofortification as ñthe process by which the nutritional quality of 

food crops is improved through agronomic practices, conventional plant breeding, or modern 

biotechnologyò. One advantage of biofortification over conventional fortification or 

supplementation is that the former can reach populations where the latter two activities are difficult 

to implement and/or have limits. To enrich the nutritional quality of staple crops such as rice, 

wheat, maize, and common bean it is imperative to supplement the essential micronutrients. 

Biofortification can help to increase the micronutrient level in the edible part of the staple foods, 

which can improve the nutritional health of micronutrient deficient populations (Bouis & Welch, 

2010).  

Biofortification research over the last two decades was focused on use of conventional 

plant breeding and other modern genetic technologies. Genes conferring regulation of Fe uptake 

in food crops are now identified using molecular, genetic and biochemical techniques. Kobayashi 

& Nishizawa, (2012) reviewed representative genes that are responsible for Fe deficiency in both 

monocot and dicot plants. These genes affect Fe uptake, translocation, subcellular translocation, 

and regulation in response to Fe shortage or excess at the molecular level. Nestel et al., (2006) 

summarized the multiple advantages of biofortification of staple food crops. The authors mention 

that (i) biofortification can capitalize on the micronutrients in daily diets or staple foods of low 
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income people, and a onetime investment to develop genetically improved micronutrient rich seed 

can allow people to produce seed by themselves so it will be cost effective; (ii) biofortified crops 

will be sustainable; (iii) biofortified crops are more readily available than the commercially 

fortified foods, so it can target people living in both suburban and the remote areas; (iv) 

biofortification is an environmentally feasible method and breeding to increase higher 

micronutrient component will not incur a yield penalty.  

2.5.1. Using gene bank germplasm for biofortification 

Availability of suitable genetic resources of any crop are important for initiation of any 

breeding program that involves creating variation followed by selection of desirable phenotypes. 

The main goal to use the genetic resources to achieve optimum yield and resistance to abiotic and 

biotic stresses. Considerable diversity is observed in lentil germplasm collections conserved in situ 

at different national and international germplasm banks around the world. Crop Trust, (2017) has 

recorded 43214 accessions in different gene or institutions of 41 countries including International 

Centre for Agricultural Research in the Dry Areas (ICARDA), the Australian Temperate Field 

Crops Collection in Australia and the Seed and Plant Improvement Institute, Iran. The collections 

include wild relatives, landraces and breeding materials developed by using germplasm from the 

genus Lens. The University of Saskatchewan has received landraces and wild lentil accessions 

from the gene banks of ICARDA and the USDA. These have been incorporated into the lentil 

breeding program to develop recombinant inbred lines (RILs), advanced backcross populations 

and new varieties. Recent, some accessions of Lens lamottei were found to have potential to take 

up higher amounts of micronutrients such as Fe and Zn from soil (Da. It could be worthwhile to 

use the broad genotypic variation that is present in the landraces and wild accessions in future 
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breeding program. Breeding has been initiated to develop RILs to further investigate introgression 

of genes into cultivated lentil for developing lentil germplasm with improved ability to take up Fe. 

2.5.2. Molecular marker and QTL associations for Fe uptake in lentil 

QTL linkage mapping and association mapping techniques are used to identify molecular 

markers associated with desired traits. Selection using molecular markers tagged with specific 

traits could help to develop effective breeding programs for new varieties of interest to end-users. 

Genetic variation for micronutrients such as Fe, Zn and Se are available in both cultivated and wild 

species (Khazaei et al., 2017; Kumar et al., 2013; Thavarajah et al., 2011). Development of 

molecular markers or QTL for Fe concentration could accelerate lentil breeding for this objective. 

QTLs and candidate genes for Fe concentration have been identified in different crops, 

mostly in rice which has a fully sequenced genome. Anuradha et al., (2012) identified 14 QTLs 

and 10 candidate genes for both Fe and Zn concentration in rice. (Peiffer et al., 2012) identified 

QTLs explaining 70% of the genetic variation for Fe efficiency in soybean (Glycine max). In lentil, 

four QTL regions were found to be distributed across two linkage group (LG2 and LG5) for seed 

Se concentration (Ates et al., 2016). Blair et al., (2010) reported a set of across-site overlapping 

Fe and Zn QTL on linkage group b06 of a Mesoamerican common bean (Phaseolus vulgaris L.) 

population. Limited research has been done to measure the QTL for Fe uptake in lentil. The first 

high density linkage map was constructed using genotyping by sequencing and mapped QTL for 

seed Fe uptake in lentil by Aldemir et al., (2017). A recently initiated lentil genomics project is 

characterizing global lentil germplasm from all over the world and screening it under a wide range 

of environmental conditions. This may lead to development of some functional markers associated 

with desirable nutritional traits.  
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2.5.3. Marker-trait association studies of seed Fe concentration in lentil 

Two different strategies, linkage analysis or QTL mapping, and association mapping (AM) 

have been used widely by plant geneticists and breeders to associate desired traits of interest with 

molecular markers. The AM approach is the more promising tool, using modern genomic 

technologies to exploit natural diversity through assessment of historical and evolutionary 

recombination events that occur at the population level (Nordborg & Tavaré, 2002; Zhu et al., 

2008). Association mapping also helps with selection of molecular markers that can inherit with 

or associate with the trait. This helps the breeder to select genotypes or predict the phenotype of a 

particular genotype before going to the field (Fedoruk, 2013). Yu & Buckler (2006) reported three 

advantages of AM over linkage analysis. It provides much higher mapping resolution, it uses 

greater allele numbers and broader reference populations, and ultimately, it reduces research time.  

Candidate gene association mapping and genome-wide association mapping (GWAS) are 

two broad categories of association mapping reported in the literature. The former helps to detect 

polymorphisms of selected candidate genes responsible for controlling phenotypic variation of a 

specific trait, whereas GWAS is a more comprehensive approach that systematically searches the 

whole genome to find the signals for various complex traits (Zhu et al., 2008). 

2.5.4. Association mapping for Fe concentration in other crops 

Some recent studies that have been conducted to identify the marker-trait association for 

micronutrients including Fe in different crops is summarized in Table 2.2. 
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Table 2.2. Marker-trait associations for Fe concentration in different crops 

Crop Marker type/ total 

markers used 

Trait/s Marker trait 

association 

Reference 

Maize 457,650 SNPs Fe deficient and 

Fe sufficient 

regions 

18 and 17 significant 

SNPs found 

associated in Fe 

deficient and Fe 

sufficient regions 

(Benke, 

Urbany, & 

Stich, 2015) 

Rice 143 markers 

including 100 

simple sequence 

repeats (SSR) 

markers 

Content of 5 

minerals in whole 

grain (including 

Fe) 

Three QTLs were 

identified for Fe 

concentration 

(Y. Huang et 

al., 2015) 

298 Barley 

landraces 

7842 SNP markers Grain Fe 

concentration 

No QTL was reported  (Mamo, 

Barber, & 

Steffenson, 

2014) 

219 

Brown 

rice 

accessions 

155 SSR markers 8 macro and 

micronutrient 

concentrations 

including Fe 

155 SSR markers. The 

highest number of 

markers (16) were 

detected for Fe 

concentration. 

(Nawaz et 

al., 2015) 

 

2.5.5. Association mapping studies related to Fe accumulation in legumes including lentil  

Several studies report association analysis in various legume crops with the goal of 

identifying the association between the marker and specific traits related to mineral micronutrients. 

Most of the research is AM to identify Fe deficiency chlorosis loci in soybean. Wang et al., (2008) 

reported two significant associations (Satt 114 and Satt 239) with Fe deficiency chlorosis in 

soybean. Diapari et al., (2014) identified 8 SNP loci associated with Fe and Zn concentration in a 
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set of 94 diverse chickpea germplasm with 1186 SNPs. A large-scale set of 16591 SNPs was used 

in a genome-wide association study of 92 desi and kabuli chickpea accessions (Upadhyaya et al., 

2016). The results showed 16 loci associated with seed Fe and Zn concentration. Studies of marker-

trait associations for Fe concentration in lentil are limited. Fedoruk, (2013) observed associations 

using a GLM model for four different traits and found 30 different associations for three of them, 

including 15 associations for seed diameter, 9 for seed plumpness and six for seed thickness. No 

associations were observed for flowering date.  

2.6. Iron fortification  

Several approaches have proven potential to address micronutrient malnutrition. All have 

limitations depending on sociocultural and economic factors, including the age and gender of the 

target population (Northrop-Clewes, 2013). Some approaches are long term, such as increasing 

micronutrient status in staple food crops using modified agronomic approaches, and food-based 

techniques including food fortification, micronutrient supplementation, and dietary diversification. 

Other approaches, such as nutrition education, public health interventions and food safety 

measures also play a role in reduction of micronutrient malnutrition. All of these approaches can 

be used individually or in combination be applied to address micronutrient deficiency in a target 

population (Northrop-Clewes, 2013). 

2.6.1. Fortification 

Food fortification with micronutrients is a rapid and cost-effective way to increase 

micronutrient intake or to mitigate the micronutrient deficiency. Fortifying complementary foods 

is a cost-effective and sustainable approach to provide micronutrients to a target population 

without changing their food habits (Northrop-Clewes, 2013). Various foods or food products have 
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been fortified to enrich or improve micronutrients intake levels and are used in different regions 

of the world to target specific health problems. Examples include Fe-fortified cereals to correct 

anemia, and vitamin-D fortified milk to prevent rickets disease (Bishai & Nalubola, 2002). The 

US Agriculture and Consumer Protection department and FAO of the United Nations state 10 

general principles for addition of nutrient to foods in a published technical Consultation on Food 

fortification, Technology and Quality Control (1995). A recent report indicated that food 

fortification with various micronutrients and vitamins was mandatory by legislation in 84 countries 

(Food Fortification Initiative, 2015). Several studies prove that fortification with Fe can improve 

the Fe status in humans. An example is a systematic review revealing that fortification with 

micronutrients including Fe significantly increased serum Fe concentrations with no significant 

adverse effect on hemoglobin levels (Das et al., 2013). 

2.6.2. Fortificants used for fortification 

Several Fe fortificants are approved for use to improve Fe status, including ferrous sulfate, 

ferrous fumarate, sodium iron EDTA, ferrous orthophosphate, etc. A successful Fe fortification 

program depends on the choice of a complementary food vehicle, choice of Fe fortificant, and 

absorbability of the added Fe. Obstacles such as safety, technological and economical 

consideration also require consideration (Haas & Miller, 2006). Moreover, Fe interacts with food 

constituents and develops undesirable organoleptic changes that influence consumer acceptability 

of Fe-fortified food. The wide variety of Fe fortificants used as food fortificants are divided into 

three broad categories on the basis of solubility (Hurrell, 2002a; WHO & FAO, 2006) as follows: 

(i) water soluble, (ii) poorly water soluble but soluble in dilute acid, and (iii) water insoluble and 

poorly soluble in dilute acid. The water-soluble compounds/fortificants are widely accepted due 

to their high relative bioavailability, but the negative relationship between relative Fe 



25 
 

bioavailability with other undesirable changes (Hoppe et al., 2008) is a constraint to their use as 

fortificants. The most widely used water-soluble Fe fortificant is FeSO4 due to its ease of 

application in dry foods and its lower cost. But FeSO4 can also cause rancidity and off-color 

development. The lowest adverse effects on sensory attributes in food are developed from Fe 

compounds that are insoluble in water and poorly soluble in dilute acid (category 3), such as ferric 

phosphate compounds and elemental Fe. The most widely used Fe fortificant for legumes and 

cereals is NaFeEDTA because of some specific properties compared to other Fe fortificants 

(discussed in section 7.4).  

Nineteen American countries now have national fortification programs in which at least 

one widely consumed food is fortified with Fe and other micronutrients (Dary et al., 2002). 

Different Fe compounds are suggested as the most suitable fortificants for specific food vehicles, 

such as wheat flour, corn flour and masa, different cereal-based complementary foods, dairy 

products, rice, cocoa products, soy sauce, salt (WHO & FAO, 2006). For instance, anhydrous 

ferrous sulfate is considered suitable to fortify low extraction (white) wheat flour and degermed 

corn flour, while NaFeEDTA is used for high extraction wheat flour, corn flour, and corn masa 

flour. No fortificants are reported for pulse crops like lentil.  

2.6.3. Use of NaFeEDTA as a food fortificant 

Sodium iron EDTA (NaFeEDTA) is a widely used, water-soluble Fe fortificant that has 

stability during processing and storage (WHO & FAO, 2006). NaFeEDTA is also preferred for use 

in fortifying foods that contain phytic acid because at lower pH, EDTA works as a chelating agent 

and prevents Fe from binding to phytic acid and some phenolic compounds. This can increase Fe 

absorption from food and from the food fortificant (Hurrell et al., 2000; Davidsson et al., 2002; 
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International Nutritional Anemia Consultative Group, 1998). Among the different fortificants used 

to increase Fe concentration in foods, NaFeEDTA was reported to be 2-4 times more effective for 

achieving higher absorption of Fe compared to FeSO4 and ferrous fumarate (Hurrell et al., 2000). 

The authors suggested that combining Na2EDTA with FeSO4 in a 1:1 molar ratio can increase the 

absorption of Fe from FeSO4. Thuy et al., (2003) reported NaFeEDTA to be a promising cost 

effective, water soluble and highly bioavailable Fe fortificant that improved Fe status of 

Vietnamese woman who had consumed NaFeEDTA-fortified fish sauce for 6 days week-1 (10 mg 

Fe day-1) for 6 months. The authors also reported that prevalence of Fe deficiency and Fe 

deficiency anemia were reduced from 62.5% to 32.8%, and from 58.3% to 20.3%, respectively, in 

the Fe- fortified group compared to the control group. 

A significant improvement of Fe storing and Hb level increases were observed after 

intervention of NaFeEDTA in a semi-rural Guatemalan population (Viteri et al., 1995). A study 

by Viteri et al., (1978) in 7 children and 98 adults with three Fe fortificants ((Fe2(SO4)3, 

NaFeEDTA and ferrrous ascorbate) revealed that NaFeEDTA was 2-3 times more effective than 

Fe2(SO4)3 when added solely in the meal, due to its adequate bioavailability and higher tolerance 

to inhibitors present in the food. Another report showed that consumption of NaFeEDTA-fortified 

fish sauce significantly increased the amount of Hb and serum ferritin after providing it to Fe-

deficient anemic school children in Cambodia (Longfils et al., 2008). Lena Davidsson, 

Kastenmayer, & Hurrell (1994) revealed no significant negative effect of NaFeEDTA-fortified 

bread (5 mg Fe/day) consumption on Zn and Ca, and that NaFeEDTA may also increase Zn 

absorption and Fe bioavailability. Another study by Davidsson et al., (1998) showed no influence 

of absorption or urinary excretion of Mn after consuming NaFeEDTA fortified foods. Li  et al. 

(2015) reported that NaFeEDTA fortified soy sauce did not affect Zn bioavailability in children. 
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Vitamin C helps with absorption of Fe from fortificants. Trinidad et al., (2014) showed 

improvement of the Fe status of children after receiving NaFeEDTA fortified hot beverages, and 

absorption was increased by 1.5% by receiving additional vitamin C with the beverages. Chang et 

al., (2012) reported that Fe absorption was increased by using a mixture of FeSO4 and NaFeEDTA 

instead of using NaFeEDTA or FeSO4 alone.  

2.6.4. Sensory evaluation of Fe fortified foods 

Sensory analysis started in the mid-19th century, and it is considered a multidisciplinary 

science composed of different knowledge areas such as food science, psychology, statistics, human 

physiology, sociology and food preparation knowledge (Cruz et al., 2010; Moskowitz & 

Hartmann, 2008). Three major types of sensory evaluation techniques are generally used by the 

food industry to evaluate fortified foods or new processed foods. These are (i) descriptive testing, 

(ii)  discriminative testing and (iii) consumer effectiveness testing. These tests are selected based 

on their primary purpose and most valid use. Selection of testing methods for food product 

evaluation should be appropriate for answering the questions under investigation (Lawless & 

Heymann, 2010). Sensory measurements of characteristics of any food product should be done 

very carefully by following an impartial presentation of the samples to the subjects, eliminating 

response biases and using an appropriate method that can help to demonstrate the consumer or 

panelist ability for evaluation (Jeannine, 2009).  

The success of fortification programs depends on consumer acceptability of the fortified 

food. Some natural food components such as anthocyanins, tannins, and flavonoids can react with 

Fe to cause rancidity and other flavor changes (Bovell-Benjamin & Guinard, 2003). For instance, 

ferrous salts are more soluble and reactive with food components compared to ferric salts 

(Richardson, 1990). There is an obvious challenge for food fortification if the use of highly 
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bioavailable Fe results in off-color and off-flavor development attributable to catalytic degradation 

of vitamins and lipid oxidation (Mellican et al., 2003). Polyphenols containing ortho-hydroxyl 

groups react with ferric iron and develop off-color (Mellican et al., 2003). Sensory evaluation can 

help to determine the factors that affect the flavor of foods or drinks, and ultimately, the 

acceptability to and preferences of consumers. 

2.6.5. Bioavailability of Fe in humans 

Bioavailability of Fe is the key determinant that affects the success or failure of Fe status 

improvement programs that use dietary intervention (Fairweather-Tait & Teucher, 2002). In 

humans, bioavailability represents the efficiency of the nutrient that is used to improve nutrient 

status (Wienk et al., 1999). Several individual factors, such as present Fe status, pregnancy, 

nutritional deficiencies, genetic disorders and disease status can influence the bioavailability of 

non-heme or plant-based Fe (Hallberg 1981; Hurrell and Egli 2010). Usually, plant-based foods 

have poor Fe bioavailability compared to animal-based foods due to the presence of Fe absorption 

inhibitors such as phytate (Gibson et al., 2010). The primary source of non-heme Fe is the 

complementary foods which are a mixture of cereal grains and legume seeds. These two food 

groups have high levels of phytic acid which is considered a potential inhibitor of Fe (Hurrell, 

2003).  

2.6.6. In vitro models for assessing Fe bioavailability 

Bioavailability of Fe mainly depends on the form of Fe in the diet. Plant-based food 

primarily exists as non-heme Fe (Hoekenga et al., 2011) and its solubility is a significant factor 

influencing its bioavailability. An increase of Fe concentration does not necessarily increase Fe 

bioavailability. Therefore, it is important to assess the bioavailability of Fe before recommending 
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any food or food products in a diet. Four in-vitro methods are used to determine the bioaccessibility 

of Fe - solubility, dializability, the gastrointestinal model and the Caco-2 cell model (Etcheverry 

et al., 2012). The authors discussed the protocol, advantages and limitations for each one of the 

methods. In brief, before assessing the bioavailability of Fe, an in-vitro digestion is conducted to 

simulate the human digestive system via either a two-step or three-step digestion. Afterwards, the 

digested food samples are used to measure the Fe bioaccessibility using solubility, dializability or 

gastrointestinal models. Bioavailability can be assessed by determining the Fe uptake, transport, 

or both by Caco-2 cells. 

2.6.7. Estimation of Fe bioavailability using Caco-2 cell culture 

Caco-2 cells are the human epithelial cell line that was derived from a human colonic 

adenocarcinoma (Etcheverry et al., 2012). These Caco-2 cell lines have been used for a few 

decades as a model for studying intestinal human Fe uptake (Alvarez-Hernandez et al., 1991). 

These cells can express several biochemical and morphological characteristics of small intestinal 

enterocytes (Pinto et al., 1983; Sambuy et al., 2005). Glahn et al., (1996) developed a model to 

assess Fe bioavailability from food by combining simulated peptic and intestinal digestion 

followed by Fe uptake measurement using Caco-2 cell monolayers.  

2.6.8. In -vivo models for assessing Fe bioavailability 

Experiments using animals or other living organisms are referred as in-vivo techniques. 

The in-vivo methods require more ethical considerations compared to the in-vitro methods. The 

in-vivo methods are sometimes used as part of a validation procedure for the in-vitro methods 

(Tako & Glahn, 2010). The in-vivo model is the most appropriate model for estimation of Fe 

bioavailability is humans, although it is more expensive and time-consuming (Dias et al., 2017).  
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Various animals such as rabbits, chickens, and pigs are used in micronutrient bioavailability 

studies (Liu, 2014). For in-vivo techniques, subjects are fed with the experimental diets for a 

specified period, and a blood sample is collected to assess the hemoglobin repletion efficiency 

(HRE), which is an indicator of iron bioavailability (Dias et al., 2017; Patterson et al., 2008). Iron 

bioavailability of biofortified foods using in-vivo techniques was reviewed in a recent article by 

(Dias et al., 2017). The in-vivo study designs reported by the authors included the rat model using 

the haemoglobin depletion-repletion method, the poultry model via haemoglobin maintenance 

efficiency, a human model using stable isotope in women with low Fe status, intervention studies 

with preschool children using ferritin and haemoglobin analysis, and randomized controlled, 

double-blind, longitudinal, intervention trials with anemic and non-anemic women. According to 

(WHO & FAO, 2006) blood hemoglobin level and serum ferritin status are commonly and reliably 

used to assess Fe status in anemic and iron deficient populations. Other indicators such as 

transferrin receptor, and transferrin saturation have also been used for all population groups (WHO 

& FAO, 2006).  

Among the animal models, the pig models are usually preferred due to the similarity of 

gastrointestinal anatomy and physiology between pigs and humans (Tako et al., 2009). The authors 

also reviewed and suggested use of the pig model in bioavailability studies because (i) pigs are 

omnivorous and the digestive and metabolic processes in pigs are similar to those of humans, (ii) 

pigs readily consume diets that are similar to common human diets in resource-poor regions of the 

world and (iii) young pigs show Fe deficiency symptoms just after their birth unless they are given 

Fe injections.  
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2.6.9. Improvement of Fe bioavailability 

Bioavailability of Fe is highly influenced by phytate and by some Fe-binding polyphenols 

present in legume crops including lentil. In legumes, phytate content is higher and located in the 

protein bodies in the endosperm (Sandberg, 2002). Seeds of soybean, red kidney bean, pea, and 

lentil have phytate-phosphorus within a range of 0.28ï0. 63, 0.34ï0.58, 0.06ï0.33 and 0.08ï0.30 

g/100g, respectively (Reddy, 2001). Diets with low phytate or no phytate can help increase 

absorption of Fe from food. Degradation of phytate can help to make Fe more bioavailable. Hurrell 

et al., (1992) found significantly higher Fe absorption when phytate was degraded by adding a 

microbial phytase preparation in soy infant formula. Some polyphenolic compounds that inhibit 

Fe absorption were degraded by enzymes during processing (Reddy, 2001).  

2.7. Research perspective 

The Crop Development Centre of the University of Saskatchewan has conducted research 

on various aspects of pulse crop lentil biofortification for a decade. The primary objective of this 

research was to improve nutrient status in lentil seeds. CDC has a number of lentil cultivars with 

comparably higher amounts Fe, Zn, and Se in comparison to cultivars from other lentil growing 

areas of the world. Moreover, Canada is producing and exporting the largest amount of lentils to 

the world because of increased demand from consumers. Wild species of the genus Lens have 

proved to be a good source resistance for various diseases compared to the cultivated species. But 

little is known about Fe and other micronutrients status in wild lentils. Some preliminary work 

showed genotypes from some wild species have significantly higher concentration of Fe and other 

micronutrients than the cultivated genotypes. Research work to transfer potential genes that may 

confer higher seed micronutrient uptake is also a research topic at the CDC. The lower 

bioavailability of nonheme Fe from plant-based sources, and the high costs of developing and 
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marketing new varieties with higher micronutrient content have made the biofortification program 

of limited use to consumers so far. Compared to biofortification, a fortification program can 

overcome the limitations mentioned above. To our knowledge, there are no reports of efforts to 

fortify lentil or other grain legumes to improve micronutrient status. Success has been achieved 

for fortification of wheat flour, soy sauce, water, milk or milk products, rice, and edible oils using 

micronutrients and vitamins. Fortification of lentil with Fe is the first step in the attempt to improve 

the Fe status of lentil, a food that is in high demand for consumption on a regular basis in most of 

the South Asian countries. Both biofortification and fortification programs, in combination, have 

potential to improve the Fe status of lentils to help mitigate Fe deficiency of vulnerable people. 
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Prologue to Chapter 3 

From the literature review (Chapter 2) it was revealed that both biofortification and 

fortification can help to improve the micronutrient concentration of lentil. Biofortification can be 

done using both genetic and agronomic methods. Genetic biofortification can be achieved by both 

conventional and transgenic approaches. In the following chapters, studies using both 

biofortification and fortification strategies to improve Fe content and bioavailability will be 

reported. For both biofortification and fortification approaches, appropriate measurement of Fe 

concentration is an important step. Fe concentration is usually measured by first using digestion 

of seeds, followed by different analytical techniques including spectrometry. The digestion 

procedure is a destructive method that requires digesting the samples to extract the Fe. Compared 

to the cultivated species, the productivity of the wild Lens species is reduced. Determining the 

minimum amount or number of seed that can be used to produce precise estimates of Fe is the 

foremost objective of conducting large-scale experiments with many genotypes and populations. 

Validation of a quick and simple technique is required to estimate Fe concentration using F-AAS 

in whole lentil seed.  In consideration of this, the first study was undertaken taken to optimize seed 

sample size for Fe analysis of both wild and cultivated lentil using F-AAS.  

This chapter was published as part of a manuscript on October 04, 2017 in the journal 

ñCommunications in Soil Science and Plant Analysisò.  The research related to studies involving 

Fe were designed, analysed and reported by the author of this thesis.  

Kundu, S. S., Podder, R., Bett, K. E., Schoenau, J. J. and Vandenberg, A. 2017. Optimizing 

Seed Sample Size for Zinc and Iron Analysis of Wild and Cultivated Lentil. Communications 

in Soil Science and Plant Analysis. 48 (13), pp: 1584-1594. 

Copyright for use of this manuscript (# 1) in this thesis was obtained and is reported in Appendix 

12. 
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BIOFORTIFICATION OF LENTIL  

CHAPTER 3 

OPTIMIZING IRON ANAL YSIS OF SEEDS OF CULTIVATED AND WILD LEN TIL BY 

F-AAS  

 

3.1. Introduction and objectives 

Iron (Fe) is an essential element for all forms of life on the planet. Fe plays a significant 

role in normal growth, development and reproduction in plants and animals. Fe also plays an 

important role in all fundamental mechanisms in plants such as photosynthesis, respiration and 

metabolism due its role as a constituent of enzymes (Vigani, 2012) or as an electron donor in the 

electron-transport chains of photosynthesis and respiration (Connolly & Guerinot, 2002). Plants 

have a transport mechanism to take up Fe from soil to different plant parts, a process knows as Fe 

homeostasis. The most important edible part of most of the cereal and legume plants is the seed 

where accumulated Fe is stored.  

Various analytical techniques are available for determining the concentration of trace metal 

elements in plant tissues. The three most available techniques are 1) flame atomic absorption 

spectrometry (F-AAS), 2) inductively coupled plasma mass spectrometry (ICP-MS) and 3) 

inductively coupled plasma atomic emission spectrometry (ICP-AES). F-AAS is the most 

commonly used method for micronutrient analysis in clean and complex matrix samples (Abarca 

et al., 2001) because of its lower cost, easier accessibility and analytical performance. Compared 

to other time-consuming and laborious digestion procedures, the HNO3-H2O2 digestion procedure 

is the most frequently used digestion procedure for trace element analysis.  

Wild relatives of crop species have been a valuable source of resistance to abiotic and biotic 

stresses (Tullu et al, 2010). Wild lentil species are increasingly being used to expand available 

genetic diversity in cultivated lentil. Wong et al., (2015) recently classified lentil species into four 
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gene pools using genotyping by sequencing. Lens culinaris, L. tomentosus, and L. orientalis were 

considered the primary gene pool, L. lamottei and L. odemensis as the secondary gene pool, L.  

ervoides into the tertiary and L.  nigricans into the quaternary gene pool. Genetic resources of wild 

lentil species originating from different parts of the world revealed high variation in seed Fe 

concentration (Sarker et al. 2007; Kumar et al. 2014; Karaköy et al. 2012). The amount of 

micronutrients in lentil seeds depends on growing location, genotype, and genotype by location 

effects. Karaköy et al., (2012) found Fe concentration in Turkish lentil landraces ranged from 64-

81 mg kg-1. Thavarajah et al., (2011) reported Fe concentration in Canadian lentil cultivars ranged 

from 73-90 mg kg-1. Sarker et al., (2007) reported a wide range of variation in total Fe 

concentration from 41-109 mg kg-1 in 1200 lentil genotypes including breeding lines, landraces 

and wild lentil species.  

Lentil seed size varies across the species of Lens taxa, with significant size and weight 

difference among genotypes from the different centres of origin. Canadian lentil cultivars generally 

have greater seed weight compared to South Asian cultivars and wild lentil progenitors. On the 

basis of seed size, Barulina, (1930) classified cultivated lentils into two sub-species, microsperma 

(small seeded) and macrosperma (large seeded) which were considered two different lentil 

biotypes. Ferguson & Robertson, (1999) studied the morphological and phenological variation of 

310 accessions of wild Lens taxa from the ICARDA germplasm collection. They reported that for 

cultivated lentil 100-seed weight (HSW) ranges from 1.6-10.1 g and wild lentil accessions had 

much lower 100 seed weight than the Lens culinaris laboratory standard. Wild lentil seeds and 

seeds of their interspecific hybrids are often difficult to produce, however, and are available only 

in small quantities from seed resources, making it difficult to assess micronutrient levels.  
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Canadian lentil production includes up to  ten market classes including small red, extra 

small red, large red, small green, extra small green, medium green, large green, French green, 

green cotyledon and Spanish brown as sub-classifications of the three major market class groups 

(green, red and specialty market classes) (Saskatchewan Pulse Growers, 2017). Green lentils are 

usually large (>6g/100 seeds) with green seed coats and yellow cotyledons (Erskine, 1996). Red 

lentil typically has brown to gray seed coats with seed weight <3.5g/100 seeds and is consumed 

after dehulling to prepare a dish known as ñdhal.ò  

This study was initiated to assess the concentration of Fe in lentil genotypes available at 

the Crop Development Centre, University of Saskatchewan, Canada. Micronutrient concentration 

measurement is destructive and therefore, the specific goals of this experiment were (i) to 

determine the minimum amount of seeds required for precise estimation of Fe concentration in 

lentil seeds by F-AAS and (2) to validate a quick and simple analytical method for the estimation 

Fe concentration in whole lentil seeds. To our knowledge, this experiment is the first to identify 

the minimum amount of wild and cultivated lentil seeds necessary to analyze the accurate 

concentration of Fe in lentil seeds by using F-AAS, the most accessible and inexpensive analytic 

technique.  

3.2. Materials and Methods 

3.2.1. Apparatus 

An electronic seed counter (ESC-1, Agriculex Inc. Guelph, Canada) was used to count 

lentil seed samples. The seed weight of lentil genotypes was determined by counting 100 seeds (at 

12% moisture content) with an electronic balance. Estimations of all metal ion concentrations were 

performed using an Analytikjena (Jena, Germany), novAA®300 flame atomic absorption 

spectrometer (AAS) equipped with a computer processor. Deuterium background correction was 
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used with Fe hollow-cathode lamps as radiation sources. Operating conditions recommended by 

the manufacturer were used throughout the experiment. To maximise the absorbance signal for 

each metal burner, height and acetylene-air flow rate were adjusted by aspirating the analyte 

solution. To maintain discrete volume sampling, a final volume of 100 µl of analyte solution was 

injected automatically into the flame of the spectrometer through the nebulizer by sample 

aspiration tubing. Absorbance signals were measured in peak area mode by the spectrophotometer 

reader. Other instrumental parameters of this spectrophotometer for the estimation of Fe 

concentration are summarised in Table 3.1. 

Table 3.1. Instrumental settings for the determination of Fe concentration by F-AAS  

Parameter Fe 

Wave length (nm) 248.3 

Slit width (nm) 0.2 

Light source Iron hollow cathode lamp 

Power supply (mA) 6 

Flame, flow setting (l min-1) Air (6.67), Acetylene (1.08) 

Integration time (s) 3 

Usable burner height (mm) 6-10 

 

3.2.2. Reagents and solutions   

All reagents were analytical grade and distilled and deionized water that was further 

purified by a Nanopure high purity water (electrical resistivity of 16.0 Mɋ cm-1) (Barnstead, 

Massachusetts, USA). Laboratory glass wares were kept in 10% (v/v) HNO3 for overnight and 

subsequently rinsed four times in distilled water followed by oven drying to avoid contamination. 

Stock standard solutions of Fe (1000 mg l-1) were obtained from VHG, Manchester, USA. Working 

standard solutions were prepared by appropriate dilution of the standard stock solutions. A 
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standard solution of Fe was used for calibration. Different concentrations of Fe (0.0, 0.5, 0.1 and 

3.0 mg l-1) working standard solutions were used to confirm F-AAS accuracy. The standard stock 

solutions concentration calibration curves were linear (for Fe, r2= 0.9993). Concentrated nitric 

acid, hydrochloric acid and hydrogen peroxide used in the digestion procedure were supplied by 

Fisher Chemicals and Anochemia, respectively. Four standard reference materials (Tomato leaves 

(NIST.1573a), Durum wheat (NIST.8436a), Bovine liver (NIST 1577a) and Rice flour (NIST 

1568a)) supplied by National Institute of Standard and Technology (NIST, USA) were used as 

standard to compare.  

3.2.3. Sampling of seeds 

Six wild lentil genotypes (one representing each of the six species of genus Lens) and six 

popular cultivated lentil genotypes (one representative accession from each of the six most 

important market classes produced in Canada) were used in this study (Table 3.2). Seeds of wild 

lentils were grown in field at Crop Science Field Laboratory, Saskatoon in 2013. The seed samples 

of six cultivars were collected from the Lentil Regional Varietal Trial, 2013, at Limerick, 

Saskatchewan. 

Table 3.2. Wild and cultivated lentil genotypes used for optimizing the estimation of Fe concentration 

in seeds by F-AAS. 

Wild Lens species and genotypes Cultivated lentil market classes and genotypes 

Species Genotype Market class Genotype 

Lens orientalis IG 72611 Extra small red CDC Robin 

Lens tomentosus IG 72643 Small red CDC Maxim 

Lens lamottei IG 110813 Large red CDC KR-1 

Lens odemensis IG 72760 Small green CDC Viceroy 

Lens ervoides IG 72815 Large green CDC Greenland 

Lens nigricans IG 116024 Green cotyledon CDC QG-2 
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3.2.4. Procedure 

 Fe concentrations (mg kg-1) in whole lentil seeds were measured to assess the validity of 

proposed digestion and analytical methods. Total Fe concentration in each replicated lentil seed 

sample was measured using HNO3-H2O2 digestion followed by F-AAS analysis. Whole lentil seed 

samples were digested using the modified procedure described by (Lintschinger et al., 2000). 

Whole seed samples were thoroughly washed with distilled-deionized water to remove surface 

contaminants and then air-dried before weighing separately into 0.1, 0.3, 0.5 and 0.7 g sub-samples 

which were placed into specific digestion glass tubes (30 ml) of the Vulcan 84 automated digestion 

chamber (Vulcan 84, Questron Technology, Ontario, CA, USA). Every analysis set consisted of 

four blanks and four laboratory standards within a set of 84 digestion tubes. Each digestion tube 

had 6 ml of concentrated nitric acid (HNO3) injected into it. The digestion plate temperature was 

raised to 86 °C and then samples were allowed to digest for 45 min. Then 5 ml of hydrogen 

peroxide (H2O2) were injected to each digestion tube and digestion continued for 65 min. At this 

point 3 ml of 6M HCl was added to all tubes. The tubes were left in the digestion chamber for 

another 5 min to complete the digestion step. Digested samples were cooled for 45 min, followed 

by volume adjustment to 25 ml with distilled-deionized water at room temperature (22 °C) and 

then transfer to analysis tubes. Blanks were prepared in the same way but without sample addition. 

Six ml of digested solution was used each time to determine Fe concentration by F-AAS. Samples, 

standard working solutions, blanks and standard reference materials were measured by F-AAS 

under the same instrumental conditions (Table 3.3). 

3.3.5. Statistical Analysis 

The experiment was set up in a completely randomized design with four replications. 

Analysis of variance (ANOVA) was used to determine the concentration of Fe variation in 



40 
 

different lentil genotypes using the Mixed Model procedure (PROC MIX) of SAS software version 

9.4 (SAS Institute Inc., Cary, NC, USA). Average concentrations were separated by both genotype 

and sample size using Fisherôs protected LSD procedure and level of significance was declared at 

P < 0.05 and 0.01. Contrast statistical analysis was performed using SAS covariance contrast (least 

squares mean) to compare the different lentil seeds sample sizes with one another.  

3.3. Results and Discussion 

3.3.1. Method validation 

Quality of an analytical method, especially for quantitative analysis is established by its 

validation. Background knowledge of calibration linearity, accuracy, recovery percentage, 

precision and detection limit are the main criteria for assessment of methodology for quantitative 

analysis of micronutrients. 

 

Figure 3.1. Calibration straight line for standard solutions containing 0, 0.5, 1.0 and 3.0 mg l-1 of 

Fe. 

Four standard solutions of Fe concentration were employed to study the linearity of 

absorbance response. The calibration curves for different standard solutions were drawn after 

setting the parameters of F-AAS (Table 3.3) at optimum levels. A linear relationship was obtained 
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for Fe by plotting each standard solution concentration (0, 0.5, 1.0 and 3.0 mg l-1) against 

absorbance of Fe (Figure 3.1). 

The accuracy of the analytical method used in the study was assessed by preparing the 

same quantity of standard reference materials in a similar matrix followed by digestion and 

quantification of Fe by F-AAS. (Ghaedi et al., 2013) reported relative standard deviation for Fe 

concentration of about 4% and that recovery above 90% indicates that the analytical method is 

reliable. In this current study, mean recovery (% R) of Fe for three standard reference materials 

with certified values from NIST ranged from 90.3-101.1 %) (Table 3.3). Two standard reference 

materials (Bovine liver (NIST 1577a) and rice flour (NIST 1568a)) and yellow lentil used as 

laboratory standard. Four different sample sizes (0.1, 0.3, 0.5 and 0.7 g) of two different standard 

materials along with the laboratory standard (yellow lentil) were compared under the same 

instrumental conditions. The analysis of the 0.1 g samples was significantly different from the 

three larger sample sizes for Fe concentration, however, no significant differences were observed 

in rice flour and bovine liver Figure 3.2.  

 

Figure 3.2. Comparisons of Fe concentration in four samples sizes of the lab check and two 

standard reference materials. Comparisons were made for each standard reference material 

separately for Fe. Letters above bars indicate significant differences at P < 0.05 among different 

sample weights. 
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Table 3.3. Accuracy of the method evaluated by comparing the Fe concentration (mg kg-1) of three 

standard reference materials (certified values) to the average values obtained using the method 

developed in this study 

Standard reference material Certified values 

 (mg Fe kg-1) 

Average 

values 

(mg Fe kg-1) 

Recovery  

(%) 

Relative 

standard 

deviation (%) 

Tomato leaves (NIST 1573a) 368.0±0.7 358.5 97.4 3.1 

Durum wheat (NIST 8436a) 41.5±4 41.9 101.1 4.3 

Rice flour (NIST 1568a)  7.4±4 6.7 90.3 5.1 

 Note: Average value of four estimated values of standard reference materials using a similar matrix. 

The internal reproducibility and repeatability were measured under same instrumental 

settings to evaluate the precision of this analytical method. Repeatability of this method was 

assessed by analysing four different samples (each 0.3 g of CDC Robin) with two replications 

prepared individually on the consecutive days with the same equipment by the same operator. The 

relative standard deviation of four different samples prepared by the same operator was 0.3%, 

indicating acceptable repeatability of this method of analysis.  

The internal reproducibility of the method was estimated by analysing two different lots of 

samples prepared on in four consecutive days by different operators. Four samples from lot 1 were 

analysed on four consecutive days by the same operator (day-to-day fluctuation) under the same 

instrumental conditions. The relative standard deviation for day-to-day fluctuation was 1.5% for 

Fe concentration. Four samples from lot 2 were analysed on two consecutive days by another 

operator (analyst-to-analyst fluctuation). The relative standard deviation for analyst-to-analyst 
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fluctuation was 1.5% for Fe (Table 3.4). Both relative standard deviations for day-to-day and 

analyst-to-analyst fluctuations showed good reproducibility of this analytical method. 

Table 3.4. Reproducibility in the determination of Fe concentration with two different lots of 

samples preparations by two analysts 

 Lot 1 

Analyst Day Fe (mg kg-1) 

A 1 68.7 

A 2 70.2 

A 3 71.8 

A 4 68.6 

Mean 
 

69.8 

R.S.D.* (%) 
 

1.5 

 Lot 2 

Analyst Day Fe (mg kg-1) 

A 5 70.0 

A 6 71.2 

B 7 68.0 

B 8 71.2 

Mean 
 

70.1 

R.S.D*. (%) 
 

1.5 

Note. Fe concentration is the mean of two digested solutions run through the F-AAS *R.S.D.-

Relative Standard Deviation 

3.3.2. Seed amount optimization for Fe analysis in lentil seeds 

Weights of 100 seed samples of each lentil genotype were reported in Table 3.5. Based on 

the weight of 100 seeds, wild lentil species were subdivided into large-seeded (>1 g per 100 seeds) 

and small-seeded (<1 g per 100 seeds species (Figure 3.3 (a); 3.3 (b)). Large differences for Fe 

concentration were observed in both wild and cultivated lentil genotypes (Table 3.5). For the wild 
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lentil genotypes, Fe concentration ranged from 52-78 mg kg-1. Lens lamottei (IG 110813) of the 

secondary gene pool had the highest Fe concentration and was significantly (p < 0.05) different 

from all other wild genotypes (Figure 3.3 (a & b). However, seeds of Lens odemensis (IG 72760) 

from the tertiary gene pool had the lowest concentration of Fe (Figure 3.3 (a & b)). 

 

 

Figure 3.3a. Fe concentration in 4 sample sizes of six wild lentil species. Comparisons were made 

for each Lens species separately. Different letters above bars indicates significant differences at P 

< 0.05 among different sample weights. 

For wild lentils, statistical analysis among different seed sample sizes showed 0.1 g of seed 

samples of Lens lamottei, L. nigricans and L. tomentosus were significantly different for Fe 

concentration in comparison to the three larger sample sizes (0.3, 0.5 and 0.7 g). However, other 

species did not show significant differences in Fe concentration among four different sample sizes 

(0.1, 0.3, 0.5 and 0.7 g). Therefore, estimation of Fe concentration using the same digestion matrix 

0.3 g of seeds from wild lentil species was more precise and reliable. This would help to reduce 

seed expenses, analysis time and cost rather than analysing Fe concentration separately. Sample 
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sizes of 21-26 seeds of the larger seeded wild lentils (Lens lamottei, L. tomentosus and L. 

orientalis) and 44-61 seeds of small seeded wild lentil (Lens nigricans, L. odemensis and L. 

ervoides) were sufficient for reliable determination of Fe concentration in wild lentil using by F-

AAS (Table 3.5).  

 

 

Figure 3.3b. Fe concentration (primary vertical axis) and mean number of lentil seeds (secondary 

vertical axis) in 0.3 g of different wild lentil species. Different letters above bars indicate 

significant differences at P < 0.05 among different wild lentil species. 

Significant Fe concentration differences were also observed in different cultivated lentil 

genotypes. In the six cultivated lentil genotypes, Fe concentration ranged from 54 - 73 mg kg-1. 

The small red genotype (CDC Maxim) had the highest Fe concentration and was significantly 

different (p < 0.05) from other cultivated lentil genotypes. The green cotyledon genotype (CDC 

QG-2) had the lowest concentration of Fe (Figure 3.4(a & b)). Average Fe concentration in 

different sample sizes of different market classes are shown in Table 3.5.  
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Table 3.5. Hundred seed weight (g), mean number of seeds in 0.3 g samples, and mean 

concentration of Fe in genotypes of six wild lentil species and in genotypes of cultivated lentil 

market classes  

Lentil species Genotype/market class 100 seed 

weight 

(g) 

Mean number 

of seeds  

in 0.3 g 

Mean Fe 

concentration  

 (mg kg-1) 

Lens orientalis IG 72611 1.4 21 73 

Lens tomentosus IG 72643 1.2 26 67 

Lens lamottei IG 110813 1.3 22 78 

Lens odemensis IG 72760 0.7 44 52 

Lens ervoides IG 72815 0.5 61 66 

Lens nigricans IG 116024 0.5 54 62 

Lens culinaris CDC Robin/extra small red 2.9 18 67 

Lens culinaris CDC Maxim/small red 3.9 12 73 

Lens culinaris CDC KR-1/large red 5.4 9 63 

Lens culinaris CDC Viceroy/small green 3.1 15 67 

Lens culinaris CDC Greenland/large green 6.9 7 57 

Lens culinaris CDC QG-2/green cotyledon 3.2 17 54 

 

In most cases, the smallest seed sample size (0.1 g) of different cultivated lentil genotypes 

had significantly higher Fe concentration than all other sample sizes. Contrast statistical analysis 

among different seed sample sizes from cultivated lentil genotypes revealed that 0.5 g of whole 

lentil seed was more reliable than 0.3 g seed sample size for precise estimation of Fe concentration. 

This is likely due to lower number of seeds in the 0.3 g of seed sample size which captures less 

seed variability than 0.5 g seed sample size of cultivated lentil genotypes. Samples of 7-18 seeds 
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(0.5 g) were reliable for precise estimation of Fe concentration in cultivated lentil genotypes (Table 

3.6). 

Table 3.6. Mean seed Fe concentration (mg kg-1) in four sizes of lentil seed samples (0.1, 0.3, 0.5 

and 0.7 g) of wild and cultivated lentil genotypes 

 
Wild lentil species 

Seed sample  

size (g) 

Fe 

df Mean concentration 

(mg kg-1) 

Pr > F 

0.1 92 65 <.0001 

0.3 92 67 <.0001 

0.5 92 66 <.0001 

0.7 92 65 <.0001 

 Cultivated lentil genotypes 

Seed sample 

size (g) 

Fe 

df Mean concentration  

(mg kg-1) 

Pr > F 

0.1 92 63 <.0001 

0.3 92 62 <.0001 

0.5 92 58 <.0001 

0.7 92 60 <.0001 

Note. Fisherôs protected LSD procedure at P < 0.01 



48 
 

 

Figure 3.4a. Fe concentration in four t sample sizes of six cultivated lentil market classes. 

Comparisons were made for each market class separately. Letters above bars indicate significant 

differences in Fe concentration at P < 0.05 among different sample weights. 

 

Figure 3.4b. Fe concentration (primary vertical axis) and mean number of lentil seeds (secondary 

vertical axis) in 0.5 g of six market classes of cultivated lentil. Different letters above bars indicate 

significant differences in Fe concentration at P < 0.05 among different cultivated lentil market 

classes. 
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3.4. Conclusions  

The method reported here for measuring Fe concentration in whole lentil seed samples 

indicated that it was possible to accurately determine the amount of Fe in lentil seeds directly by 

F-AAS without using much seed. Samples as small as 0.3 g of wild and 0.5 g of cultivated lentil 

seeds provided sufficient minimum sample sizes of lentil seeds for precise and repeatable 

estimation of Fe from the same seed sample. Since sample preparation described does not require 

grinding, this procedure is rapid and simple, and therefore useful for routine analysis. In future, 

genotypes with contrasting Fe concentration could be used to conduct experiments for better 

understanding of Fe accumulation and homeostasis in lentils, and to investigate methods for 

developing cultivars with Fe concentration in lentil seeds. These results can be used to minimize 

the amount of valuable and rare seed used for micronutrient analyses of seed samples of wild lentil 

species and their interspecific hybrids.  
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Prologue to Chapter 4 

In Chapter 3, we determined the optimum amount of whole lentil seeds required to measure 

seed Fe concentration using F-AAS for both cultivated and wild lentil species. This result was 

helpful for planning a subsequent study involving a larger number of wild lentil accessions, 

including unadapted genotypes that produce very small numbers of seeds, but are important from 

the standpoint of using them in long term breeding efforts for increasing seed iron Fe concentration 

through biofortification. 

The results from this study clearly showed that small samples of seeds were sufficient to 

measure Fe concentration. This allowed us to conduct additional studies that estimated the 

variation of seed Fe concentration during different reproductive growth stages (harvest) of lentil, 

and the genotype by harvest interaction that can influence the seed Fe concentration in lentil. This 

study was conducted at the Crop Development Centre of the University of Saskatchewan and is 

described in Chapter 4.  
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CHAPTER 4 

SEED IRON CONCENTRATION AT THREE GROWTH STAGES IN THREE 

ENVIRONMENTS FOR SEVEN LENTIL SPECIES  

4.1. Introduction 

Modern agriculture is increasingly dependent on the use of genetic resources, including 

landraces and crop wild relatives, to continue to make genetic gains in productivity. The genetic 

base of current commercial cultivars of many crops has been narrowed due to the high selection 

pressure during cultivar development. Development of new and improved cultivars with higher 

yield and resistance or tolerance to biotic and abiotic stresses will increasingly require deliberate 

efforts to increase useful variability in the available gene pool. The pool of wild relatives and 

landraces of any crop represents untapped potential reservoirs of genes that influence desirable 

qualitative and quantitative traits. Among these, micronutrient concentration in crop seeds is 

gaining prominence due to its increasing importance in human health and nutrition. Fe is an 

important essential micronutrient for biological systems of both plants and animals. Several 

processes are involved in acquisition of Fe for plant growth and for storage in seeds that are used 

as food for humans and animals.  

Fe homeostasis in plants is a dynamic process involving proteins and small organic 

molecules that are essential for the uptake and transport of Fe from soil to different plant organs, 

and ultimately, for storage of Fe in seeds (Briat et al., 2010). Ferritin is one of the most common 

forms of non-heme Fe and legume seeds are known as a traditional source of plant ferritin 

(ZieliŒska-Dawidziak, 2015). Many environmental factors influence ferritin gene expression 

which ultimately influences plant ferritin storage in seeds (Briat et al., 2010).  
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Lentil is an indeterminate plant, and its vegetative growth is continuous under favorable 

conditions during reproductive stage (Saskatchewan Pulse Growers, 2017). The cultivated and 

wild species have wide variation in seed size, seed appearance, maturity and many other 

physiological and morphological traits. The genus Lens has one domesticated species (Lens 

culinaris) and six wild species (L. orientalis, L. tomentosus, L. odemensis, L. lamottei, L. ervoides, 

and L. nigricans) (Cubero et al., 2009; Wong et al., 2015). Substantial phenotypic variation for 

plant morphological characteristics is present among species (Cristóbal et al., 2014). Like many 

other dynamic plant characteristics, Fe accumulation in seeds might vary among reproductive 

growth stages within and between the species of Lens. In this study, we hypothesized that (1) the 

indeterminate growth habit of lentil influences the duration of seed development during the 

growing season, and this can influence seed Fe concentration in lentil and that (2) Fe accumulation 

in lentil seeds among the Lens species is influenced by genotype × harvest interaction. The 

following experimental objectives were considered in the design of experiments that could test the 

hypotheses.  

¶ To estimate the variation in Fe accumulation in lentil seeds during growth stages of 

indeterminate growth  

¶ To determine the genotype × harvest timing interaction that influences the Fe accumulation 

in the seeds of the seven lentil species. 

4.2. Materials and Methods: 

4.2.1. Selection of lentil genotypes  

Fourteen lentil genotypes, including two genotypes from each of the six wild lentil species 

and two widely grown local cultivated commercial cultivars genotypes, were selected for this study 

(Table 4.1). All wild genotypes were obtained from the germplasm collection at Crop 
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Development Centre, University of Saskatchewan, Canada, and were selected based on their 

previous use in the lentil breeding program for development of intraspecific and/or interspecific 

RILs for inheritance studies of several traits of agronomic interest. 

Table 4.1. Selected twelve wild and two cultivated species from the genus Lens used to determine 

the Fe concentration of seeds that mature at different times  

Lens species Genotypes 

Lens culinaris  CDC Maxim, CDC Greenstar 

Lens orientalis  IG 72611, IG 72643 

Lens tomentosus  PI 572390, IG 72613 

Lens lamottei  IG 110810, IG 110813 

Lens odemensis  IG 72760, IG 72623 

Lens ervoides  L01-827A, IG 72815 

Lens nigricans  IG 136681, IG 116024 

 

4.2.2. Location and year  

This study was conducted in Saskatoon at three University of Saskatchewan locations i.e. Crop 

Science Field lab (CSFL), in 2014, and at CSFL and the Sutherland (STH) farm in 2015. 
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Figure 4.1. Images showing (a) field view of plants at mid-season growth stage in hill plots, (b) 

plants inside mesh bags used for seed collection, and (c) seed harvesting techniques for wild 

species genotypes used for the Fe accumulation study.  

4.2.3. Seed harvest 

Lentil plant growth of all species is indeterminate, and unlike cultivated species, the wild 

accessions have the dehiscent pod trait that causes seed dispersal at pod maturity. Collection of 

seeds requires extra care, using techniques to minimize seed loss (Figure 4.1). Every plant from 

each hill was covered with a mesh bag. The lower end of the mesh bag was tied at the bottom of 

the plant so that shattered seeds accumulated inside the bag. The top portion of the mesh bag was 

kept open and tied with nylon rope to hold the mesh bag in an upright position and to provide 

adequate sunlight and aeration (Figure 4.1).  


