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ABSTRACT

Biofortification and fortification strategies for lentilLéns culinaris Medik.) were
investigated to increase bioavailabten (Fe) in the human diet. Biofortification studies included,
firstly, development of a precise protofot Fe analysis of seeds df (seven).ensspecies using
flame atomic absorption spectrometryARS). Secondly,genotype (G)x harvest (H) timing
interadion of seed Fe accumulation was determined during seed maturationistagesn lentil
species. Thirdly, estimates were made of seed Fe concentration (SFeC), its inheritance, and the
effect of genotype (G) x environment (E) interaction for two inteifipgecombinant 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 fortificationrstegy, appropriate methods and dosage were determined for Fe
fortification of lentil dal with FeS®@7H.O, NaFeEDTA and FeSH>O. A colorimetric study
determined changés appearance of fortified lentil at various Fe concentrations over three storage
peiiods. Sensory evaluation with panelists in Saskatoon and Bangladesh evaluated cooked and
uncooked fortified lentil using aPointhedonic scale (1 = dislike extremely to 9 = like extremely).
Finally, Fe and phytic acid (PA) concentration and relative iBaviailability (RFeB%) were
estimated in 30 traditional Bangladeshi dal meals featuring either fortified (fortificant Fe
concentration of 2800 ug*y or unfortified lentil

The first study determined the minimdentil seed sample (0.3 g and @ @®f wild and
cultivated species, respectively) requifedanaccurate and precise estimation of SFeC.Ghxe
H timing interaction study revealed significant variation for SFeC among genplypasimilar

seed Fe accumulation trend over the harvest periagld Fvaluations revealed significant



variability for SFeC among lentil RILs and for G x E interactions with high broad sense heritability

for SFeC. Association mapping studies revealed wide variation for SFeC among genotypes. Two
SNP markers were tighty Ink ed t o SFe C ( Talsasgvénadditonalnarkers3 6) a |
were also significant ((Six)nagetstver®foudd o8 chb®gsome or S
5. Putative candidate genes were identified underlying alleles iedeel related functions. Eh
fortification study revealed that NaFeEDTA was the most suitable Fe fortificant for lentil dal, and

at 1600ug g* fortificant Fe concentratiqrit provided 13-14 mg of additional Fper100 g of dal.

Total Fe and PA concentrations, and RFeB% differgdifscantly between cooked unfortified

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

and cooked sampleghen tested in Canada and Bangladé&i-eEDTA had the least effect on
consumer perception of calg taste, texture, odi and overall acceptability of cooked lentil. The

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

to 439 ug g and RFeBo by 79% as estimated by Ca2aell ferritin formation. Rytic add levels

also were reduced from 6.2 to 4.6 m§when fortified lentil was added, thereby reducing the

PA:Fe molar ratio from 8.8 to 0.%he overall outcomes of this researclild help to significantly

and costeffectively increase the amount of biodable Fe in lentil, and the consumption of

fortified lentilcoudh el p t o provide a significant part of
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Figure 7.8. Effect of storage time on changes in L*, a* and b* score of football
samples fortified with 1600 ppm of Fe using FeSB.0, NaFeEDTA and FeSH-0.
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Figure 8.3. Box plot analysis of hedonic scores obtained for ten uncooked ler
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unfortified control) evaluated for appearance (a,d), odour (b,e) and overall accept
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Figure 9.1Relative iron bioavailability (RFeB%) n d Fe ¢ o n c&above eadt
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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 &eedeficient. About one fouhn of the total world population
is affected by anemiaan indirect indicator of Fe deficien€ilcLeanet al, 2009) The severity
is much higher in developing countries due to inadequate supply of nutritionally balanced food in
the context of geometric populatigrowth rates, diverse food habits and s@donomic 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

escap the risk of Fe deficiency.

Among the food legumes, lentlléns culinarisMedik.) is an important grain legume that
provides both protein and micronutrients for human and animal diets. Lentisalse of the
cheapest sources of protein and microeuats 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. Impro#gmgoncentration and
bioavailability potentlly 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 investgathas
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 bioavaildiof Fein lentil. The overall hypothesis tfie body
of work in the thesiswas that both Fe biofortification and fortification can increase the

concentration and bioavailability of Fe in lentil.



1.1.Biofortification studies in lentil

The concept of bioforfication 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 speciégns culinaris,plus six wild specied.. orientalis, L. odemensis, L.
tomentosus, L. nigricans, L. ervoides and L. lam@Wéng et al., 2015)The species of the wild
gene pool have not beatvestigateextensively from the standpoint of thpotential contribution

to nutritional improvement of cultivated lentil.

1.1.1.0Optimizing seed sample size fee analysis of wild and cultivated lentil

When using flame atomic absorption spectrophotometnAAB) to measure Fe
concentration in lentiseeds, 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 spméintsareindeterminate,
and the seed pods are dehiscent. A wide range of variability is folueg ipiologicaltraits such
as seed dormancy, flowering, maturity, seed shattering, seed size and shape, seed yield per plant
and disease resistandelants are dif€ult to grow and produce low seed yield, making them
expensive to grow and produce large amounts of seed for nutritional ana@lysisultivated
species has many different market classes that vary in seed size, seed shape, sa&tl coat
cotyledon colourand consumer preference. There is a need to quantify the necessary amount of
seed needed to assess the seed Fe concentration of the wild species and the different market

classes of cultivated lentil teducecost, time andabour using FAAS.



Hypothess. The quantity of seexddand seedveight of lentil speciehavean effect on
consistent and accurate estimation of Fe concentration usamge atomic absorption

spectrophotometry (RAS).

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

Lentil is an indeterminate plant and this growth habit is influenced by environmental
condition (Shresthaet al, 2006) The time to maturity of different genotypes from different
speciesand even withina species may vary due to their genetic restitution as well ashe
influence of the macro and micro environments which fluctuate widely based on temperature,
moisture and day lengtke accumulation in seeds during the maturation periodsisgportant
to understandespecially because the ptamare dehiscent and continue to flower and produce seeds
until they experience environmental conditions (frost, lmeatrought) that end the life cycle.
Variation may occur not onlyn total nutrient accumulation in seeds, but aisahe rate of
accumudtion of nutrientsin lentil seed during different seed maturation stagestudy was
initiated with 12 wild and two cultivated species and seeds from a single plant were harvested three
timesat intervals ofL0 daysThe results from this study can prdeian idea about Fe accumulation
in lentil seed during matation

Hypothesis The ime of seed development during the growing season influences seed Fe
concentration and Fe accumulation in lentil seeds amongeahgspeciesandis influenced by

genoty@ x harvest interaction

1.1.3.G x E interaction effects on Fe accumulation lentil interspecifichybrids

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

which in turn can play a substantial role in differentiadnmmnutrient accumulation from s@¢Bouis



& Welch, 2010) Apart from genotypicvariation, the lentil production environmergsuch as
geographich location, soil factors, temperature and othervironmental conditionshave
significant effect®n micronutrientoncentrations lentil (Thavarajahet al.,2010) The influence

of temperature and soil conditions on concentration of phytic acid, Fe and Zn in Saskatchewan
grown lentilswas reportecby Thavarajah et gl.(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 aability and abundance of Fe in s@#andian et al., 2011Kumar et al.
(2013)also reported highlw significant influence of genotgy environment and location on Fe

and Zn concentration in lentiThe Fe concentration in lentil will be influenced by environment
and it may varyamong genotypessenotype x environment interaction can reduce the genotypic
stability of crop genotypes irspective of environment. It would be useful to reliably identify
stable genotypes with reliably higher concentrations of bioavailable Fe. Moreover, since
interspecific hybridization is nowsed tomprove diseaseesistance in lent{Tullu et al.,2013)

it is important to ascertain how seed Fe concentration may vary in interspatifibybridsand

their progenies which contribute genetic diversity to cultivated lentil breeding. The fundamental
guestion is whether mot 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 cacentration of Fe in seeds dfens culinaris x Lens ervoides

interspecific hybrids and their parents is the same across environments.

1.1.4.Marker -trait association analysis ofre concentration in lentil seeds
Markertrait association can help to determirthe 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 countriaspreviously evaluated for morphological

and phenological traits ifour environments (2 sites x 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 &ccessibl
variation for seed Fe concentration. The matka&it 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 associatiomapping

1.2. Iron fortification of dehulled lentil

Food fortification is a potenti costeffective way to add micronutrients to processed foods
that ouldrapidly mitigate micronutrient malnutritigqfVHO & FAO, 2006) Fortifying lentil with
suitable Fe fortificants during pressing is a research area with potential to reBadeficiency.
In this approach, dehulled lentil can be enriched with édta preventfedeficiency 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 thestappropriate Fe fortificarfor fortifying
dehulled lenti products. Known Fe fortificants such as ferrous sulphate heptahydrate, ferrous
sulphate monohydrate, soditinan-EDTA, ferrous fumarate and ferric orthophosphate are
acceptable fortificant§WWHO & FAO, 2006)that were used to fortify dehulled lentBBefore
fortification, some peliminary studiessuch 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 fosdtifts, assessment of the
appropriate dose of Fe solution, effect of storage on chamggpearance, effect of fortification

on boiling time and determiation ofthe fortification protocol that can be merged with current
lentil processing techniquesvould provide information that might helpn standarding the

protocol for fortification of lentil.

Hypothesis It is possible to fortify Fe in daulled 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 vadded food for the marketplace. A series of
techniques wsused in this process to measure the human response to foods wrelthedbias
effects of brand identity and other information that may create impact on stakeholder perception
(Lawless & Heymann, 2010-ortified lentilhas somedistinguishingcharacteristicén comparison
to unfortified lentil. The changeas organoleptic properties of fortified lentil can be evaluated by
consumers and their renkarwould provide valuable information that woulitl in making

recommendationt food scientists or product developers for commercial food production.

Hypothesis Unfortified and Fefortified lentil areacceptedsimilarly by consumers with

respect to sewsy attributes.



1.2.3. Assessment of bioavailabilityf fortified lentils under relevant Bangladeshi meal

preparation methods

Ensuring sufficient amounts of mineral micronutrient intake to prevent deficiency disorders
is a wellestablished concept, buthether 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 theanvitro Cacoe?2 cell bioassayre used to assess Fe bioavailab{fgirweathefTait, 2008)
In this studyfortified lentil would be assessed througinvitro systemtheCaca2 cell bioassay
thatis widely used to estimate bioavailability of Fe. Based on the results of bioavailability of
fortified lentil, bioavailabilityof Fe infortified lentil under relevant meal preparation methalds

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 ofthe research

The research in the thesis was desigiwezbntribute toknowledge otthe genetic potential
of lentil for biofortification, and also to initiate new approaches to increase Fe bioavailability
through consumption of fortifiedentil. The possible outcomes of these studies include
measuement ofthe stability of Fe concentration across different environments, estimation of Fe
in wild species of the genlilens,QTLs conferring seed Fe concentratidavelopment of efficient
Fe cacentration measurement protocols and the identification of appropriate Fe fortificants and

thebioavailability ofFe infortified lentil.



1.4. Experimental objectives

Biofortification

1. Determination of the minimum quantity of lentil seeds required to conslistpiantify Fe
concentration using whole seed digestion with nitric acid and atomic absorption
spectrophotometry (RAS).

2. Estimation of variation in Fe accumulation in seed during different growth stages and to
determine the genotype x harvest timingerattion that influenseFe accumulatiornn
seedof 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 X environment
interactionon seed Fe concentration.

4. Identification of significant marketrait associatiosfor Fe concentratiom lentil seedvia
association mapping.

Fortification

1. Determine the most suitalftefortificant for dehulled lentil based on ease of fortificatjon
andto determine the optimal processing technology to for#yn dehulled lentil based
on current processing practices.

2. Determinethe sensory acceptability of fortified lentifsappearance, odour, texture, taste
and overall acceptability.

3. Determine tle concentration and bioavailability dfe in fortified lentil when used in

relevant meal preparations.



CHAPTER 2

LITERATURE REVIEW

2.1. Introduction

The resear ch t loopbictortifeaion erd tfoetificatibnerr lentil Ifens culinaris

Medik)o reveal ed a c¢ombi nafdantsaence,foodtstience end menpno r  a |
nutrition. A number of currently published articles, review papers, dissertations, websites, reports

and short communications related to the selected research topicrgeneed and synthesized in

this review to provide an update on current knowledge and gaps in this research area. Five main
component®f the review are described below. The first-shlapter (2.2) is a brief introduction

to the lentil crop. The seconaé third subchapters (2.3 & 2.4) are focused on a review of the
relationship of Fe with plants and humans, respectively. The fourth and fifithaplers (2.5 &

2.6) reviews Fe biofortification and Fe fortification, respectively.

2.2. The lentil crop

Cultivated lentil is a sefpollinated, diploid crop which in the small but genetically diverse
genud_ens(Ladizinsky & Abbo, 1996)The term_enswas first coined by Tamefort to designate
as a specific genus reviewedGuberoet al., 009) Perceptions of speciation within geriens
evolves over time. The classical species relationships described for theLgesis that it is
comprised of six different species: the cultivated ldnti€ulinaris (Medik.) subspculinaris (i)
andsubsporientalis(Boiss.) Ponert (ii)l.. odemensiélLadiz.) (iii), L. tomentosuéLadiz.) (iv)L.
nigricans(M. Bieb.) Godr. (v)L. ervoides(Brign.) Grande (vi) andl. lamotteiCzefr (vii) (Van
Osset al.,1997) All Lensspecies have the same chromosome number (2n (Sadhantest al.,

2009) Thesesix species are classified into three gene pools when considering hybridization



barriers among therfCubero et al., 2009Amonrg 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 thatof Wong et al.(2015)who used genotyping by sequencing and placed all the lentil species
in four different gene pools. The primary gene pool &inf three speciekens culinaris L.
orientalisandL. tomentosuand the secondary gene pool consists of two spdciésnotteiand

L. odemensisThe tertiary and quaternary gene pool condistervoidesand L. nigricans
respectively.

Lentil is ore of the most economically important legume crops. It has been used as a protein
source in human and animal digsL-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 afttbpkea, 1992)The first report
on lentil domestication in thHinduKush region of central Asia was suggested(Bgrulina,

1930) Pearman,(2005) reported that the Fertile Crescent is the source of wild ancestor of
cultivated lentil (subsporientalis). Cubero et al(2009)reported that, on the basiarcheological
data, the wild and cultivatdcensspecies originated from the Near East. From the center of origin,
lentil cultivation spread and is now grown in ~&@untries includinghe entire Mediterranean
region, central West and South Asia, Efiég Australia, temperate regions of North and South
America, and even in some tropical regioh8OSTAT, 2017)

Lentil ranks as the fifth most importagtain legume crop of the world in terms of total
production and area under harvest and fourth in terms of (RADSTAT, 2017) The world
production ofentil in 2014 was 4.82 Mt at 1.06 t/fBAOSTAT, 2017) In Western Canada, lentil

was introduced in the early 1970dcVicar et al., 2017jrom the Palouse region. From 600 ha at
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that time, thearea increaseith Saskatchewan (SK) to as much as 2.1million ha in 2Bt¥icar

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 econmic 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 Z888katchewan Pulse
Growers, 2017)The Middle East and North Africa (MENA) region kaa as the region for
highest per capita availability of lentil for consumption in 2086 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 pulseqAkibode & Maredia, 2011)Among theSouth Asian countries, India is the largest
importer and consumer of lentil, especially red lentil exported from CdMatzawaria, 2014)

Among the pulse crops, lentil contains a substantial amount of protein, complex
carbohydrates, and micronutrients including (BellaValle 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 fg@dsh et al., 2013)The main source of
protein n 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 {38 mg kgl), Zn (4454 mg kgl), Se (42%73 mg kd') and
relatively low amounts of the micronutrient absorbance inhibitor phytic acid4(2.5ng ¢')
(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 &sential 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 systeifvsgani, 2012)or as an electron donor in the electron transport
chains of photosynthesis and respirati@onnolly & Guerinot, 2002)Iron deficiency reduces

chlorophyll synthesis and thus causes chlorosis in p{aisishmuth, 2011)
2.3.2.Iron uptakein 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 avaitgufimicronutrients and their
magnitude in soil is one of the obstacles for iron uptake into the plant. Another reason is the
formation of fAmetall organic complexeso by the
the rhizosphere, and the breakvn of metal chelates for transport into the plant @&chian,

2000)

Iron is abundant in so{Peiffer et al., 2012; Schmidt, 199@nd plants requira minimal
amount of FeMost annual plants require 1 to 1.5 Ib Fe acommpared with nitrogen (N) at 80
to 200 Ib acré (Hochmuth, 2011)The Fe availability in soil is ghly influenced by soil pH and
aeration(Schmidt, 1999)Alkaline conditions (pH > 8) make Fgferric Fe) unavailable. The Fe
(ferrous Fe) form is available from solil at pH-G.5and plants can easily uptake and u@dawlin

et al.,1999) The reduced form of Beis reported to be more available thari*R&ochian, 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 insble 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 soltibladfieg
agents termed fAphytosi der op*hianrfoe absorptiom sntmosh e | p t
monocots and in dicots including legumes®*fg reduced to Fé atthe cell surfaces at-4 cm
behind the root tip where the maximum amount of protons and reductants are rgleabecuth,
2011) In dicot and notpoaceous plants, several responses to Fe eleficiwere briefly described
by (Kochian, 2000Li & Lan, 2017. A model was used to describe the absorption of Fe in dicots
from the rhizosphere by a twsiepprocess The first step is the reduction of extracellular Fe (lII)
chelates by ferric reductase and release of the bivaléhioRe The second step is the transport of
FE'into the cytopl asm with anls gkodayaship&oNistiizavam, fi s p e c
(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 tesdfon§e homeostasis in plants.
2.3.3.Fe storage in seeds

Pl ant ferritin also kno w-familyefstérggdprotemdve r r i t i
et al.,2015) One of the main goals of biofortification is to enrilslh phytoferritin content of edible
parts of plants. The ferritin also plays an important role in Fe metabolism and plants can store up
to ~ 4500 F&in innercavitesof f erri tin mol ecul e i n-phosphatef or m

mi n e (Harlsan & Arosio, 1996; Lv et al., 2015jerritin content in edible plant parts, such as
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seed, stem, and leaf tissue should be an excellent sourcé of Fee FDavitkiaka2015)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 alsodf in ferritin. Ferritin from leaves, roots, and nodules remobilizes in
seedqd Z i e lDaviiEzitka2015)Compard to cereals, legume seeds, such as, soyli&gnife
may, pea Pisum sativun), lentil, and chickpeaQicer arietinum are rich in ferritin due to
presence of nodulebecause Fe from root nodsleanslocate to the see(Burtonet al.,1998)
Ferritin concentration in soybeans seeds was reported in the ras@@®ing kg and 100 g of
fresh raw beans or seeds can provide only 12.5% and 6.66% of the RDA (recommended daily
allowance) for nofvegetarian adult men and women, respecti(@ygzekan & Joshi, 1987;
Zi e | -Dawgdxiak, 2015)Lentil is also rich in micronutrients, such as Fe, Zn, Se etc. Ferritin
Fe concentration in seeds may be influenced by the growing conditi@ans e FDiavitkiaka
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 depositeeeds
2.3.4.Influence of environment on Fe accumulation bhtil 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 thaeagpic 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 agexological regions around the
world, therefore geographical location, soil factors, temperature and other condaiohs\e

significant influence on lentil seed Fe concentra(ibhavarajah et al., 2010yhavarajah 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 conditionsil $-e precipitates and thus decreases
availability (Pandian et al., 2011Kumar et al.(2013)also reported the significant influence of
genotype, environment, and location on Fe and Zn concentration in lensl seed

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
elementdWhite & Broadley, 2005and Fe must be supplied by the diet. Iron deficiency anemia
is the most common and prevalent form of micronutrient malnutrition, affectinghodeof the
world populationfWHO & FAO, 2006) Anemia, resulting from Fe deficiency, is considered one
of the mat predominant health risks in developing countries and in a few developed countries
(Maheshwari & Chandra, 201Z)wo out of every three persons from the developing world suffer
from Fe deficiency and its resulting aner(iBaltusseret al.,2004) Anemia significantly affects
psychomotor and mental development of infants, cognitive development-s€havel children,
cognitive function and educational achievement of sechgelchildren, pregnancy outcomes, and
adult work produtivity (Baltussen et al., 2004)he WHO reported that prevalence of anemia was
50% for pregnant women, infants, and children agedykars, followed by 40% for school
children(WHO & FAO, 2006) The anemic condition of prescheaed children, adolescents,
and nompregnant women are also estimated to be about 25%5%0and 35%, respectively
(WHO & FAO, 2006) In developing countries, the major concern is the increasing rate of

morbidity and mortality rate of prescheagjed 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 2t et al., 2013)

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

Age Males Females Pregnancy Lactation (mg/day)
(mg/day)  (mg/day) (mg/day)

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

1to 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 ilAndersoret al.,2012; Hentzest al.,2010; Hoppleet al.,2008) Many molectar
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 hon{elestess
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 pkaansderrin saturation < 16%
and Fe overload occurs when plasma transferrin saturation is XHé&%ze et al., 2010)Fe is
absorbed first by the epithelial mucosa cells, mainly in the duodenum and upper j@iloppter
et al., 2008) The cellular uptake of Fe also depends on whether or not it is theroa 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 Jand IRP 2)YAnderson et al., 2012)

Both the heme and ndreme Fe partly share a similar pathway across the mucosal border
(Hoppler et al., 2008Non-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 FeHaatad-e is
primarily absorbed as the form. The*Form of dietary Fe is first reduced to ¥derrous by a
duodenal enzyme cytochrome (DCYTB). Then thé" mters the enterocyte with the help of
divalent metal ion transporterl (DMT1). Inside the estgte, both heme and ndreme 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 havesome protein or noeprotein 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 stapledonddo 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 enlarge(@®ayet al.,2010) Some of the
antinutritional compounds in pulse crop seeds are alkaloids, antigenic factors, trypsin inhibitors,
vicine-convicine, lectins, oligosaccharides, tannins and phy(@&le®hee & Muehlbauer, 2002)

Almost all pulses contain phytic acid or inositol hexaphosphate (IP6) in variablengsnlt is
considered to be antinutritional due to its effects on reducing the absorption of micronutrients in

human and animal dietBhytic acid has a significant role in inhibition of Fe absorption which can
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be increased four to fivimld by reducinghe phytate level in grair(slurrell et al., 1992)Another

study showed that phytic acid is a proactive component that chelates metal ions, thus helping to
reduce Femediated colon cancer and blood presgdif®u & Erdman, 1995)However, though

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

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

2.5. Iron biofortification

WHO (2018a)d ef i ned bi ofortification as Athe pro
food crops is improved through agronomic practices, conventional plant breeding, or modern
bi otechnol ogyo. One advant age o frtificabon oo or t i f i
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 inapige 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 popula{lBosis & Welch,
2010)

Biofortification research over the last two decades was focused on use of conventional
plant breeding and other modern genetic technologiese<Gamferring regulation of Fe uptake
in food crops are now identified using molecular, genetic and biochemical techiiqbagashi
& Nishizawa,(2012)reviewed representative genes that are responsible for Fe deficiency in both
monocot and dicot plants. These gea#ect Fe uptake, translocation, subcellular translocation,
and regulation in response to Fe shortage or excess at the moleculaléstelet al., 006)
summarized the multiple advtages 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 micromiginiseed

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 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 initiafiamy
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 reSisédoatct and
biotic stresses. Considerable diversity is observed in lentil germplasm collections comssitued
at different national and international germplasm banks around the Woolo.Trust,(2017)has
recorded 43214 accessions in different gene or institutions of 41 countries in¢hudm@tional
Centre for Agricultural Research in the Dry Areas (ICARD#g Australian Temperate Field
Crops Collection in Austra and the Seed and Plant Improvement Institute, Iran. The collections
include wildrelatives, landraces and breeding materials developed by using germplasm from the
genusLens The University of Saskatchewan has received landraces and wild lentil agsessio
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. Recengrse accessions aens lamottewere foundo have potential to take
up higher amounts of micronutrients such as Fe and Zn froniDsoilt 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 beetiated to develop RILs to further investigate introgression

of genesnto 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 mappingnd asociation mapping techniques arged tadentify molecular
markers associated with desired traits. Seleatising molecular markers tagged with specific
traits could help taevelop effectivdoreeding programs for new varieties of interest to @sets.
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)avarajah et al., 2011Pevelopment 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,
mostlyin rice which has a fily sequenced genomé@nuradha et al.(2012)identified 14 QTLs
and 10 candidate genes for both Fe and Zn concentration iffRaiéfer et al., 2012jdentified
QTLs explaining 70% of the genetic variation for Fe efficiency in soyb@bifhe mak In lentil,
four QTL regions were found to be dibuted across two linkage group (LG2 and LG5) for seed
Se concentratiofAtes et al., 2016)Blair et al.,(2010)reported a set of acrosge overlapping
Fe and Zn QTL on linkage group b06 of a Mesoamerican common Bhasgolus vulgarik.)
population. Limited research has been done to measure the QTL for Fe uptake in lentil. The first
high density linkage map was constructed using g@nugyby sequencing and mapped QTL for
seed Fe uptake in lentil BAdldemir et al.,(2017) A recentlyinitiated lentilgenomcs 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 desirablenutritional 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 eslwidely by plant geneticists and breedersas$sociate desirddaits of interestwith
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 I@Nefdborg & Tavaré, 2002; Zhet al.,

2008) Association mappg 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 fiff@doruk, 2013)Yu & Buckler (2006)reported three
advantages of AM over linkage analysispibvides muchhigher mapping resolution, uses

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

Candidate gene association mapping and genwithe association mapping (GWAS) are
two broad categories of association mapping reported in theuiterdthe former helps to detect
polymorphisms of selected candidate genes responsible for controlling phenotypic variation of a
specific trait, whereaGWAS isa more comprehensive approach that systematically searches the

whole genome to find the signdts various complex traité&Zhu et al., 2008)

2.5.4.Association mapping for Fe concentration in other crops

Some recent studies that haveenconducted to identify the markémait association for

micronutrients including Fe in different crops is summarized in Table 2.2.
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Table 2.2. Marketrait associations for Fe concentration in different crops

Crop Marker type/ total Trait/s Marker trait Reference
markers used association
Maize 457,650 SNPs Fe deficient and | 18 and 17 significant | (Benke,
Fe sufficient SNPs found Urbany, &
regions assocated in Fe Stich, 2015)
deficient and Fe
sufficient regions
Rice 143 markes Content of 5 Three QTLs were (Y. Huang et
including 100 minerals in whole| identified for Fe al., 2015)
simple sequence | grain (including | concentration
repeats (SSR) Fe)
markers
298 Barley| 7842 SNP markers | Grain Fe No QTL was reported (Mamo,
landraces concentration Barber, &
Steffenson,
2014)
219 155 SSR markers | 8 macro ad 155 SSR markers. Th (Nawaz et
Brown micronutrient highest number of al., 2015)
rice concentrations markers (16) were
accessiong including Fe detected for Fe
concentration.

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 tritede¢o mineral micronutrients.

Most of the research BM to identify Fe deficiency chlorosis loci in soybe&vianget al.,(2008)

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

soybeanDiapari 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-taede set of 16591 SNPs was used

in a genomeavide association study of 92 desi and kabuli chickpea accegtlpadhyaya et al.,

2016) The results showed 16 loci associated with seed Fe and Zn concentration. Studies of marker
trait associations for Fe cagatration in lentil are limited-edoruk,(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, Sé@md 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 eaoiofactors, including the age and gender of the
target populatior{NorthropClewes, 2013)Some @aproaches are long term, such as increasing
micronutrient status in staple food crops using modified agronomic approaches, ahagedd
techniques including food fortification, micronutrient supplementation, and dietary diversification.
Other approachessuch 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 defidreadarget
population(NorthropClewes, 2013)

2.6.1.Fortification

Food fortification with miconutrients is a rapid and cesffective way to increase
micronutrient intake or to mitigate the micronutrient deficiency. Fortifying complementary foods
is a costeffective and sustainable approach to provide micronutrients to a target population

withoutchanging their food habi{®orthropClewes, 2013)Various foods or food products have
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been forified to enrich or improve micronutrients intalevels andare used in different regions

of the world to target specific health problems. Examples includerifed cereals to correct
anemia, and vitam#D fortified milk to prevent rickets diseagBishai & Nalubola, 2002)The

US Agriculture and Consumer Protection department and FAO of the United Nations state 10
general priniples 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 legislat 84 countries

(Food Fortification Initiative, 2015)Several studies prove thattification 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 lev@Baset al.,2013)

2.6.2.Fortificants used for fortification

Several Fe fortificants are approved for use to improve Fe statlg]img 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. Obstacleshswas safety, technological and economical
consideration also require considerat{biaas & Miller, 2006) Moreover, Fe interacts with food
constituents and develops undesirable organoleptic changes that influence consumer acceptability
of Fefortified food. The wide variety of Fe fortificants used as food fortificants are divided into
three broad categories tme basis of solubilityHurrell, 2002a; WHO & FAO, 2006}s follows:
(i) water soluble, (ii) poorly water solubleibsoluble in dilute acid, and (iii) water insoluble and
poorly soluble in dilute acid. The watsoluble compounds/fortificants are widely accepted due

to their high relative bioavailability, but the negative relationship between relative Fe
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bioavailabilty with other undesirable chang@doppeet al.,2008)is a constraint to their use as
fortificants. The most widely used wateoluble Fe fortificant is FeSOdue to its ease of
application in dry foods and its lower cost. But Fe®@n also cause rancidity and -offlor
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 usedtiffeafdrfor 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 foors fortified with Fe and other micronutrien{®ary 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 cér@sed complementary foods, dairy
products, rice, cocoa products, ssauce, sal{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 repaet for pulse crops like lentil.

2.6.3.Use of NaFeEDTA as a food fortificant

Sodium iron EDTA (NaFeEDTA) is a widely used, wasetuble Fe fortificant that has
stability during processing and storgf¢HO & FAO, 2006) NaFeEDTA is also preferred for use
in fortifying foods thatontain 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 fortificgkturrell et al, 2000; Davidsson et al2002;
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International Nutritional Anemia Consultative Gro@998) Among the different fortificants used

to increase Fe conciation in foods, NaFeEDTA was reported to bé @mes more effective for
achieving higher absorption of Fe compared to Fe81 ferrous fumaratgiurrell et al, 2000)

The authors suggest that combining N&EDTA with FeSQin a 1:1 molar ratio can increase the
absorption of Fe from FeSOrhuy et al, (2003) reported NaFeEDTA to be a promising cost
effective, water soluble and highly bioavailable Fe fortificant that immgloWe status of
Vietnamese woman who had consumed NaFeE@Bdried fish sauce for 6 days weék10 mg

Fe day!) 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 f8oB%&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 semiral Guatemalan populatidiviteri et al., 1995) A study
by Viteri et al, (1978) in 7 children and 98 adults with three Fe fortificants £{(&€x)s,
NaFeEDTA and ferrrous ascorbate) revealet NaFeEDTA was-3 times more effective than
Fe(SQy): 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 NaFeteRifiad
fish sauce sigficantly increased the amount of Hb and serum ferritin after providing it to Fe
deficient anemic school children in Cambodiaongfils et al., 2008) Lena Davidsson,
Kastenmayer, & Hurrel(1994)revealed no significant negative effect of NaFeERoAified
bread (5 mg Fe/day) consumption on Zn and Ca, and that NaFeEDTA may also increase Zn
absorption and Fe bioavailability. Another studylgvidssoret al.,(1998)showed no influence
of absorption or urinary excretion of Mn after consuming NaFeEDTA fortified fdddet al.

(2015) reported that NaFeEDTA fortified soy sauce did not affect Zn biokiiylan children.
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Vitamin C helps with absorption of Fe from fortificantérinidad et al.,(2014) showed
improvement of the Fe status of children after receiving NaFeEDTA fortified hot beverages, and
absorptiorwas increased by 1.5% by receiving additional vitamin C with the beveGigasg et
al.,(2012)reported that Fe abgaifon was increased by using a mixture of Fe&@ NaFeEDTA
instead of using NaFeEDTA or Feg&lone.
2.6.4.Sensory evaluation of Fe fortified foods

Sensory analysis started in the mi@" century, and it is considered a multidisciplinary
science compaed of different knowledge areas such as food science, psychology, statistics, human
physiology, sociology and food preparation knowled@®uz 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 unasstigation(Lawless &
Heymann, 2010)Sensory measurements of characterigifcany 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 evaluatin (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 chan@es/ell-Benjamin & Guinard, 2003)or instance,
ferrous salts are more soluble and reactive with foohponents compared to ferric salts

(Richardson, 1990)There is an obvious challenge for food fortificatid the use of highly
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bioavailable Fe results in effolor and offflavor development attributable to catalytic degradation

of vitamins and lipid oxidatiorfMellican et al, 2003) Polyphenols containing ortioydroxyl
groups react with ferric iron and develop-offlor (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 preferencelsconsumers.

2.6.5.Bioavailability of Fe in humars

Bioavailability of Fe is the key determinant that affects the success or failure of Fe status
improvement programs that use dietary intervent(iBairweatheiTait & 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 presentstgus, pregnancy,
nutritional deficiencies, genetic disorders and disease status can influence the bioavailability of
northeme or planbased FgHallberg 1981; Hurrell and Egli 2010)sually, plartbased foods
have poor Fe bioavailability compared to ankbased foods due to the presence of Fe absorption
inhibitors such as phytat@ibsonet al, 2010) The primary soice of norheme 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 (bfuFell,

2003)

2.6.6 In vitro models for assessing Fe bioavailability

Bioavailability of Fe mainly depends on the form of Fe in the diet. Rlaséd food
primarily exists as ncheme FgHoekengeaet 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 bioavailabilityedidfore recommending
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any food or food products in a diet. Fanivitro methods are used to determine the bioaccessibility

of Fe- solubility, dializability, the gastrointestinal model and the C2aazll 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 F&-gitro digestion is condtted to
simulate the human digestive system via either adi@p or threetep digestion. Afterwards, the
digested food samples are used to measure the Fe bioaccessibility using solubility, dializability or
gastrointestinal models. Bioavailability can éssessed by determining the Fe uptake, transport,

or both by Cace cells.

2.6.7.Estimation of Fe bioavailability using Cac@ cell culture

Caco2 cells are the human epithelial cell line that was derived from a human colonic
adenocarcinomdgEtcheverry et al., 2012)These Cac@ cell lines have been used for a few
decades as a model for studying intestinal human Fe updkarezHernandezt al, 1991)

These cells can express several biochemical and morphological characteristics of small intestinal
enterocytegPinto et al., 1983; Sambuy et al., 2008)ahnet al.,(1996)developed a model to
assess Fe bioavailability from food by combining simulated pempiit intestinal digestion

followed by Fe uptake measurement using CGacell monolayers.

2.6.8.In-vivo models for assessing Fe bioavailability

Experiments using animals or other living organisms are referrethago techniques.
The in-vivo methods regire more ethical considerations compared toirthétro methods. The
in-vivo methods are sometimes used as part of a validation procedure forvitre methods
(Tako & Glahn, 201Q)Thein-vivo model is the most appropriate model for estimation of Fe

bioavailability is humans, althgh it is more expensive and tirsensumingDiaset 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 witletexperimental diets for a
specified period, and a blood sample is collected to assess the hemoglobin repletion efficiency
(HRE), which is an indicator of iron bioavailabilifiias et al., 2017; Pattersenal.,2008) Iron
bioavailability of biofortified foods usingn-vivo techniques was reviewed in a recent article by
(Dias et al., 2017)Thein-vivo study designs reported by the authors included the rat model using
the haemoglobin depletierepletion method, the poultry adel 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,
doubleblind, longitudinal, interention trials with anemic and nememic 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 transfarsaturation have also been used for all population gr@MpkO

& FAO, 2006)

Among the animal models, the pig models are usually preferred due to the similarity of
gastrointestinal anatomy and physiology between pigs and h§freiset 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 consumdiets that are similar to common human diets in resqaooeregions 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 soméeling polyphenols
present in legume crops including lentil. In legumes, phytate content is higher and located in the
protein bodies in the endospe(®andberg, 20025eeds of soybean, red kidney bean, pea, and
lentil have phytatgohosphorus within a range of 0iZ8 63, 0.340.58, 0.060.33 and 0.080.30
0/100g, respectivelyReddy, 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 bioaudilatak.
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 duringepsirtg(Reddy, 2001)

2.7. Research perspective

The Crop Development Centre of the University of Saskatchewan has conductethresea
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 conmpatis 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 thé eyesthesve
proved to be a good souressistance for various diseases compared to the cultivated species. But
little is known aboufe and other micronutriengtatus in wild lentilsSome preliminary work
showed genotypes from some wild species have significantly higher concentration dfdHeeain
micronutrients than the cultivated genotypgeesearch 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 plabased sources, and thgh costs of developing and
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marketing new varietiesith 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 mentionetdave. 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 ail$ usi
micronutrients and vitamins. Fortification of letiith 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 biofortificatiand 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 rbfiwfation and
fortification can help to improve the micronutriea@ncentratiorof lentil. Biofortification can be
done using both genetic and agronomic methods. Genetic biofortification can be achieved by both
conventional and transgenic approaches. 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 anriportant 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 extracCinapared
to the cultivated species, the productivity of the wikhsspecies 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 largeale experimentaith many genotypes and populations.
Validation of a quick and simple technique is required to estimate Fe concentration-dg&y F
in whole lentil seed. In consideration of this, the first study was undertaken taken to optimize seed
sample size for Fanalysis of both wild and cultivated lentil usingARS.
This chapter was published as part of a manusaiptOctober 04, 2017 in the journal
ACommuni cations i n Soi |l. THRrsearchcetedatonstudid? ineoling An a |

Fewere designed, analysed and repoltgdhe author of this thesis.

Kundu, S. S., Podder, R.Bett, K. E., Schoenauy J. J. andVandenberg A. 2017.0Optimizing
Seed Sample Size for Zinc and Iron Analysis &ild and Cultivated Lentil. Communications
in Soil Science and Plant Analysis.8(13), pp: 15841594.

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

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 enzyfvggni, 2012)or as an electron donor the
electrontransport chains of photosynthesis and respirg@onnolly & Guerinot, 2002)Plants
have a transport mechanism to take up Fe from soil to different plant padseagpknows 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 plat tissues. The three most available techniques are 1) flame atomic absorption
spectrometry (FAAS), 2) inductively coupled plasma mass spectrometry M&) and 3)
inductively coupled plasma atomic emission spectrometry -AEB). F-AAS is the most
commorty used method for micronutrient analysis in clean and complex matrix safAplexa
et al.,2001)because of itfower cost, easier accessibility aadalytical performance. Compared
to other timeconsuming and laborious digestion proceduresHti®sz-H-O- 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
stressegTullu et al 2010) Wild lentil species are increasingly being used to expand available

genetic diversity in cultivated lentWong et al.(2015)recently classified lentil species into four
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gene pools using genotyping by sequendirms culinaris, L. tomentosuandL. orientaliswere
considered the primary gene podbl, lamotteiandL. odemensiss the secondary gene polol,
ervoidednto the tertiary andl. nigricansinto the quaternary gene po@lenetic resources of wild
lentil species originating from different parts of the warealed high variation in seed Fe
concentration(Sarker et al. 2007; Kumar et al. 2014; Karakoy et al. 20IB¢ amoant of
micronutrients in lentil seeds depends on growing location, genotype, and genotype by location
effects.Karakdy et al.(2012)found Fe concentration in Turkish lentil landraces ranged from 64
81 mg kg'. Thavarajah et al(2011)reported Fe concentration in Canadian lentil cultivars inge
from 7390 mg kg'. Sarker et al.,(2007) reported a wide range of variation in total Fe
concentration from 4109 mg kg in 1200 lentil genotypes including breedingelin landraces
and wild lentil species.

Lentil seed size varies across the speciesenfstaxa, with significant size and weight
difference among genotypes from the different centres of origin. Canadian lentil cultivars generally
have greater seed weigtimpared to South Asian cultivars and wild lentil progenitors. On the
basis of seed sizBarulina,(1930)classified cultivatd lentils into two sukspecies, microsperma
(small seeded) and macrosperma (large seeded) which were considered two different lentil
biotypes.Ferguson & Robertsoii1999)studied the morphological and phenological variation of
310 accessions of wildenstaxa from the ICARDA germplasm collection. They reported that for
cultivated lentil 108seed weight (HSW) ranges from 116.1 g and wild lentil accessions had
much lower 100 seed weight than thens culinarislaboratory standarddild lentil seeds and
seeds of their interspecific hybrids are often difficult to produce, hervend 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 ten market classes including small red, extra
small red, large red, small green, extra srgadlen, medium green, large green, French green,
green cotyledon and Spanish brown asdabsifications othethree major market class groups
(green, red and specialty market clasg8askatchewan Pulse Growers, 2013een lentils are
usually large (>69/100 seeds) with green seed coats and yellow coty(&dskise, 1996)Red
lentil typically has brown to gray seed coats with seed weight <3.59/100 seedscandumed

after dehulling to prepare a dish known as fd

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
measuement 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 fAAS and (2) to validate a quick and simple analytical metioo 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 usind/&S, the most accessible and inexpensive analytic

technique.

3.2. Materials and Methods
3.2.1. Apparatus

An electronic seed counter (ESIC Agriculex Inc. Guelph, Canada) was used to count
lentil seed samples. The seed weight of lentil genotypes washd®tdrby counting 100 seeds (at
12% moisture content) with an electronic balafstimations of all metal ion concentrations were
performed using arAnalytikiena (Jena, Germany), ndx®300 flame atomic absorption

spectrometer (AAS) equipped with a compuisocessor. Deuterium background correction was

36



used with Fe hollovwcathode lamps as radiation sources. Operating conditions recommended by
the manufacturer were used throughout the experiment. To maximise the absorbance signal for
each metal burner, hdigand acetylenair flow rate were adjusted by aspirating the analyte
solution. To maintain discrete volume sampling, a final volume of 100 pl of analyte solution was
injected automatically into the flame of the spectrometer through the nebulizer byesampl
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 d&tgs for the determination of Fe concentration b&AS

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 (I miv) Air (6.67), Acetylene (1.08)
Integration time (5 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 puri tlyBanattad,r (el
Massabusetts, USA). Laboratory glass wares were kept in 10% (v/v) HbiQovernight and
subsequently rinsed four times in distilled water followed by oven drying to avoid contamination.
Stock standard solutions of Fe (1000 migiere obtained from VHG, Manebter, 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 1Y) working standard solutions wemsed to confirm FAAS accuracy. The standard stock
solutions concentration calibration curves were linear (for &e019993). Concentrated nitric
acid, hydrochloric acid and hydrogen peroxide used in the digestion procedure were supplied by
Fisher Chemials 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) werasised
standard to compare.
3.2.3.Sampling of seeds

Six wild lentil genotypes (one representing each of the six species of lgemigind six
popular cultivated lentil genotypes (one representative accession from each of the six most
important market clags 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, atetick,
Saskatchewan.

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

Wild Lensspecies and genotypes Cultivated lentil market classes and genotype:
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 ngricans IG 116024 Green cotyledon CDC QG2
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3.2.4. Procedure

Fe concentrations (mg Ryin whole lentil seeds were measured to assess the validity of
proposed digestion and analytical methods. Total Fe concentration in each replicated lentil seed
samplewas measured using HN®I.O> digestion followed by FAAS analysis. Whole lentil seed
samples were digested using the modified procedure describ@dnibgchingeret al, 2000)
Whole seed samples were thoroughly washed with distiléadnized water to remove surface
contaminants and then airied before weighing separately into 0.1, 0.3, 0.5 and 0.7-gauiples
which were placed into specific digestion glass tubes (30 ml) of the Vulcan 84 automated digestion
chamber(Vulcan 84, Questron Technology, Ontario, CA, USByery analysis set congesl of
four blanks and four laboratory standards within a set of 84 digestion tubes. Each digestion tube
had 6 ml of concentrated nitric acid (Hh)Gnjected into it. The digestion plate temperature was
raised to 86C and then samples were allowed to digir 45 min. Then 5 ml of hydrogen
peroxide (HO2) were injected to each digestion tube and digestion continued for 65 min. At this
point 3 ml of 6M HCI was added to all tubes. The tubes were left in the digestion chamber for
another 5 min to completedhdigestion step. Digested samples were cooled for 45 min, followed
by volume adjustment to 25 ml with distillelfionized water at room temperature (22 °C) and
then transfer to analysis tubes. Blanks were prepared in the same way but without samghe additi
Six ml of digested solution was used each time to determine Fe concentratidtAl®y Bamples,
standard working solutions, blanks and standard reference materials were measu®dy F
under the same instrumental conditions (Table 3.3).
3.3.5. Statiscal 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
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different lentil genotypes using the Mixed Model procedure (PROC Ml $AS software version
9.4 (SAS Institute Inc., Cary, NC, USA). Average concentrations were separated by both genotype
and sample size using Fishero6s protected LSD
P < 0.05 and 0.01. Contrast statistianalysis 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 quaritigatinalysis 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.
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Figure 3.1 Calibration straight line for standard solutions containing 0, 0.5, 1.0 and 3:®anhg |
Fe.

Four standard solutions of Fe concentration were employed to study the linearity of
absorbance response. The calibration curves for different starmlatohrss were drawn after

setting the parameters ofAAS (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) ragdinst
absorbance of Fe (Figure 3.1).

The accuacy 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
guantification of Fe by fAAS. (Ghaediet al, 2013)reported relative staadd 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 fro89.3-101.1 %) Table 3.3). Two standard reference
materials (Bovine liveNIST 1577a) and rice flour (NIST 1568and 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 atng with the laboratory standard (yellow lentil) were compared under the same
instrumental conditions. The analysis of the 0.1 g sampéessignificantly different from the
three larger sample sizes for Fe concentration, however, no significant difieresieeobserved

in rice flour and bovine liveFigure 3.2
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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 fofFe. Letters above bars indicate significant differencés<aD.05 among different

sample weights.
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Table 3.3. Accuracy of the method evaluated by comparing the Fe concentration*jrafjtkgee
standard reference materials (certified values) to tleeage values obtained using the method

developed in this study

Standard reference materic Certified values Average Recovery Relative
(mg Fe kg values (%) standard
(mg Fe kg) deviation(%)
Tomato leaves (NIST 1573a  368.0+0.7 358.5 97.4 3.1
Durumwheat (NIST 8436a) 41.5+4 41.9 101.1 4.3
Rice flour (NIST 1568a) 7.4%4 6.7 90.3 51

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

The internal reproducibility and repeatability were measured usa®e 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 wh#dhsame 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 mestied 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 operatotdtday fluctuation) under the same
instrumental condition The relative standard deviation for e¢ayday fluctuation was 1.5% for
Fe concentration. Four samples from lot 2 were analysed on two consecutive days by another

operator (analysio-analyst fluctuation). The relative standard deviation for anébyahalyst
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fluctuation was 1.5% for Fe (Table 3.4). Both relative standard deviations fao-day and
analystto-analyst fluctuations showed good reproducibility of this analytical method.

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

samples preparations by two analysts

Lot 1

Analyst Day Fe(mg kg?h)
68.7
70.2
71.8
A 68.6
Mean 69.8
R.S.D.* (%) 15
Lot 2

Analyst Day Fe(mg kg?h)
70.0
71.2
68.0
B 71.2
Mean 70.1
R.S.D*. (%) 1.5

Note.Fe concentration is the mean of two digested solutions run throughAAS& ER.S.D -

> > >
» w N P

o > >
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Relative Standard Deviation

3.3.2. Seed amount optimization for Fe analysis in lentil seeds

Weights of 100 seed samples of each lentil genotypenepoeted in Table 3.5. Based on
the weigh of 100 seeds, wild lentil species were subdivided into aegeled (>1 g per 100 seeds)
and smaliseeded (<1 g per 100 seeds species (FigdréaB 3.3 (b)). Large differences for Fe

concentration were obsexvé both wild and cultivated lentil genotypes (Table 3.5). For the wild
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lentil genotypes, Fe concentration ranged fror782ng kg'. Lens lamotte{IG 110813) of the
secondary gene pool had the highest Fe concentration and was signifipanthy06) diferent
from all other wild genotypes (Figure 3.3 (a & b). However, seetlermsodemensigiG 72760

from the tertiary gene pool had the lowest concentration ¢{fFigare 3.3 (a & b))

Weight of sample (g)
100 - @A0.1g m0.3g EO0.5g B0.7g

AA

[Fe] in mg kg !

Lens Lens Lens Yellow
nigricans |odemensis| ervoides | lamottei |[tomentosus| orientalis lentil
Small seed Large seed Lab. std.

Wild lentil species

Figure 3.3aFe concentration in 4 sample sizes of six wild legecies. Comparisons were made
for eachLensspecies separately. Different letters above bars indicates significant differeRces at
< 0.05 among different sample weights.

For wild lentils, statistical analysis among different seed sample sizes shdwedfGeed
samples ofLens lamottei, L. nigricanand L. tomentosusvere 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 Feceatration among four different sample sizes
(0.1, 0.3,0.5and 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 expense analysis time and cost rather than analysing Fe concentration separately. Sample
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sizes 0f21-26 seeds of the larger seeded wild lentilens lamottei, L. tomentoswsd L.
orientalis) and 4461 seeds of small seeded wild lentiefs nigricans, L. odeemsisand L.

ervoide$ were sufficient for reliable determination of Fe concentration in wild lentil using by F

AAS (Table 3.5)

Fe concentration M Number of seeds

~
(=]

A
- 60
- - 50 2
on D
= - 40 §
&N 7}
g 30 B
=) =
= - 20 2
= F £
o= =}
10 7
- — 0
Yellow
ervoides | nigricans gdemensis tomentosus| lamottei | orientalis lentil
Small seed (100 seed weight ranges|Large seed (100 seed weight ranges| Lab. std.
from 0.5t0 0.7 g) from12tol4g)

Wild lentil species

Figure 3.3bFe concentration (primary vertical axis) and mean number of lentil seeds (secondary
vertical axis) in 0.3 g ofUifferent wild lentil species. Different letters above bars indicate
significant differences @& < 0.05 among different wild lentil species.

Significant Fe concentration differences were also observed in different cultivated lentil
genotypes. In the sigultivated lentil genotypes, Fe concentration ranged from7Atmg kg'.
The small red genotype (CDC Maxim) had the highest Fe concentration and was significantly
different (o < 0.05) from other cultivated lentil genotypes. The green cotyledon gen@se (
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 Mean number  Mean Fe

weight of seeds concentration
@ in0.3g (mg kg')
Lens orientalis  1G 72611 1.4 21 73
Lens tomentosus IG 72643 1.2 26 67
Lens lamottei IG 110813 1.3 22 78
Lens odemensis 1G 72760 0.7 44 52
Lens ervoides  1G 72815 0.5 61 66
Lens nigricans  1G 116024 0.5 54 62
Lens culinaris CDC Robin/extra smallred 2.9 18 67
Lens culinais 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 gree 6.9 7 57
Lens culinaris CDC QG?2/green cotyledor 3.2 17 54

In most cases, the smaiteseed 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 thatf OvBaie
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 sizeutifvated lentil genotypes. Samples e18 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 concentratimig kg?) in four sizes of lentil seed samples (0.1, 0.3,

and 0.7 g) of wild and cultivated lentil genotypes

Wild lentil species

Seed sample Fe

size (g) df Mean concentration Pr>F
(mg kg

0.1 92 65 <.0001

0.3 92 67 <.0001

0.5 92 66 <.0001

0.7 92 65 <.0001

Cultivated lentil genotypes

Seed sanlp Fe

size (g) df Mean concentration Pr>F
(mg kg

0.1 92 63 <.0001

0.3 92 62 <.0001

0.5 92 58 <.0001

0.7 92 60 <.0001

Note.Fi sher 6s protected LSD procedure at P < 0.
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Figure 3.4a.Fe concentration in four t sample sizes of six cultivatedillenarket classes.
Comparisons were made for each market class separately. Letters above bars indicate significant

differences in Fe concentrationRk 0.05 among different sample weights.
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Figure 3.4bFe concentration (primary vertical axis) and meamber 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 concentrationPak 0.05 among different cultivated lentil market

classes.
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3.4. Cortlusions

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 gdand 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 rapiché 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
developng 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 toChapter 4

In Chapter 3, we determined the optimum amount of whole lentil seeds required to measure
seed Fe concentration usingARRS for both cultivated and wild lentil species. This result was
helpful for planning a subsequent study involving a larger barnof 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.

Theresults from this study clearly showed that small samples of seeds were sutfficient
measure Fe concentration. This allowed us to conduct additional studies that estimated the
variation of seed Fe concentration during different reproductive growth gteagesst) 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 ikengenetic gains in productivity. The genetic
base of current commercial cultivars of many crops has been narrowedttiaéhighselection
pressure duringultivar developmentDevelopment of new and improved cultivars with higher
yield and resistancerdolerance 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 genefiubate desirable
gualitative and quantitative traits. Amortigese, micronutrientoncentration in crop seeds is
gaining prominence due to its increasing importance in human health and nutrition. Fe is an
important essential micronutrient for biologicalseems 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 progesslving proteinsand small organ
molecules that aressential fothe uptake and transport of Fe from soil to different plant organs,
and ultimately, for storage of Fe in sed€Bsiat et al, 2010) Ferritin is one of the most common
forms of nonheme Fe and legume seeds are known as a traditional source of plant ferritin
( Zi e lDaviEzidka 2015) Many environmental factors influence ferritin gene expression

which ultimately influences plant ferritin storage in se@@sat et al., 201Q)
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Lentil is an indeterminate plant, and its vegetative growth is continuous under favorable
conditions during reproductivetage(Saskatchewan Pulse Growers, 20Ihe cultivated and
wild species have wide variation in seed size, seed appearance, maturity and many other
physiological and morphological ttea The genud.ens has one domesticated speciéens
culinaris) and six wild specied_( orientalis, L. tomentosus, L. odemensis, L. lamottei, L. ervoides,
andL. nigricang (Cubero et al., 2009; Wong et al., 201Substantial phenotyp variation for
plant morphological characteristics is present among sp@ciestobalet al.,2014) Like many
other dynamic plant characteristics, Fe accumulation in seeds might vary among reproductive
growth stages within and between the specidsens.In this study, we hypothesized that (1) the
indeterminate growth habit of lentihfluencesthe 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 thieens species is influenced by genotype x harvest interaction. The
following experimental objectives were considered in the design of experiments that could test the
hypotheses.
1 To estimate the variation in Fe accumulation in lentil seeds during growth stages of
indeterminate growth
1 To determine the genotypeharvest timing intexction that influences the Fe accumulation
in the seeds of theeven lentikpecies.

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 widey 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 baséd on the
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 gensgsed b6 determine

the Fe concentration of seeds that mature at different times

Lensspecies Genotypes

Lens culinaris CDC Maxim, CDC Greenstar
Lens orientalis IG 72611, IG 72643
Lens tomentosus P1572390, IG 72613
Lens lamottei IG 110810, IG110813
Lensodemensis IG 72760, IG 72623
Lens ervoides LO1-827A, 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), ir024, 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-s@dson growth stage in hill plots, (b)
plants inside mesh bags used for seed collection, and (c) seed harvesting techniques for wild

specis 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. ©@bllection
seeds requires extra care, using technigues 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 ited®ag The top portion of the mesh bag was

kept open and tied with nylon rope hold themesh bag in an upright position and to provide

adequate sunlight and aeration (Figure 4.1).
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