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ABSTRACT

Zinc (Zn) is an essential trace element for all organisi@sreal-based diets
typically do not provide an adequate source for Zn nutrition of humangdei
particularly when cereals are cultivated on Zn-deficient soils. T/ snvestigates the
potential of wild emmer wheaTiticum turgidum L. subsp dicoccoides) for better Zn-
uptake, translocation and mobilization (retranslocation). These trarisbe further
utilized in breeding new genotypes with enriched grain Zn concemtra8olution
culture experiments were conducted with selected wild emmer whd@ddsl(a2, 24-39,
TD 153, TD 531, TD 678, TTD 96, TTD 21, TTD 27, TD 536, TD 510) along with
cultivated modern wheat3riticum turgidum L. subsp durum genotypes, Saricanak 98
and Balcali 2000) for a comparison of findings. Genotypes testedyageawth stage
showed large differences in root Zn uptake and in mobilization (réicati®n) from
older leaves into roots and young parts of shoots. The differences forout imptake
and leaf mobilization of Zn among the genotypes were not relatie tifferences in
seed concentrations of those genotypes used in the experiments. edudiseimdicate
that genotypic variation in seed Zn concentrations among and lithimodern and
wild tetraploid wheat genotypes seem to be not related to tfexedi€es in root Zn
uptake rate or Zn mobilization rate from older leaves during thg geowth stage
under given conditions. It is concluded that for better understanding and
characterization of genotypic variation in differential accunmabdf Zn in seeds, an
increasing attention should be paid to the i) mobilization ii) phlt@msport and iii)

seed deposition of Zn during late (generative) growth stage of plants.

Keywords: Zn, Wild emmer, durum wheat, dicoccoides, Zn-65



OZET

Cinko butin organizmalar icin eser miktarda gerekli olan bir elamenahila
dayali beslenmesekilleri, 6zellikle bu tahillar Zn bakimindan eksik topraklarda
yetistirilmisse, insan s@igl icin gerekli olan yeterli diuzeyde Zn'yi genellikle
sglayamamaktadir. Bu ¢ama yabani makarnalik Bdayin (Triticum turgidum L.
subsp dicoccoides) daha iyi Zn-alinim, tanim ve tekrar t@nim konusundaki
potansiyelini argtirmak icin yapilmgtir. Bu 6zellikler ileride tane Zn konsantrasyonu
bakimindan zengin yeni pday turlerinin olgturulmasinda kullanilabilir. Bu ¢amada
yabani makarnalik @day genotipleri TTD 172, 24-39, TD 153, TD 531, TD 678, TTD
96, TTD 21, TTD 27, TD 536 ve TD 510 kullanigrolup bulgulari kanlastirmak icin
de modern makarnalk pday (Triticum turgidum L. subsp durum) cesitleri olan
Saricanak 98 and Balcali 2000 ile su kilturi denemeleri yagpimiErken biylime
evresinde test edilen genotipler kok Zn alinimi veliygapraklardan koke ve yi
aksamdaki genc¢ dokulara Zgitmmi icin buyidk farkhilhiklar gosterngiir. Zn’nin kokten
alinimi ve yapraktan tekrarstaimi icin genotipler arasinda bulunan farklar deneylerde
kullanilan genotiplerin tohumlarindaki Zn konsantrasyonlari ilgkiiii degildir. Bu
sonugclar gosteriyor ki verilen kollarda ve erken buyime safhasinda tohumdaki Zn
konsantrasyonun modern ve yabani tetraploigday genotipleri arasindaki genotipik
varyasyonu kok Zn alinimi ve Zn’nun ghayapraklardan tekrar ganim oranina bal
g6zukmemektedir. Ozet olarak, tanede Zn birikiminde goriilen genotipilafaridaha
lyi anlasilmasi ve karakterize edilmesi icin gerekli 6nem i) tekegunima, ii) floemde

tasinima ve iii) Zn’nun gec¢ (jeneratif) biyimua safhasinda tanede birkimine vedime

Anahtar Kelimeler: Zn, yabani makarnalikgolay, durum bgdayi, dicoccoides, Zn-65
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1. INTRODUCTION

There are 14 essential minerals for optimum growth and developmptanbé
and 12 of them are utilized by humans (Grusak and DellaPenna, 1999)is ZAnc
essential micronutrient that is required for all known organismss involved in
catalytic processes of more than 300 enzymes and known to plaficaiginrole in
gene expression, cell development and replication (Hambidge, 2000).|Znwarks

with transcriptional regulatory proteins to stabilize them (Fox and Guerinot,.1998)

The UN report in 2004 underlines that micronutrient undernourishmentsaffec
more than half of the population on the world and the risk groups are preschool
children, women at reproductive age and elderly people (Diaz,.,eR@03). Zinc
deficiency is responsible for 800 000 child deaths per year (Micronutnéiative,
2006). Severe Zn deficiency symptoms are generally observed in analalurban
populations with low-income due to high consumption of the plant food basesd die
The most affected regions on the world are Africa, Asia, ankh lLaherica where the
low-income limits the diversification of diet. In addition to dietativersification,
malnutrition due to Zn deficiency can be overcome by fortificatiof foods,
supplementation with pharmaceutical products and biofortification of fomus ovith
Zn. Biofortification is the process of generating micronutriéctt-icrop varieties by
conventional breeding methods, and it is where advances in technology witbets

agricultural research to improve the food security and to enhance the quality of life.



The generation of biofortified crop genotypes requires the identdicatf
efficient genotypes with enhanced micronutrient contents, the optiomzaft this
genotypes for higher yield and for better tolerance to the envirdahfantors, so that

new varieties deployed to farmers would be adopted (Ortiz-Monasterio, et al., 2007)

Although biofortification of crops with Zn requires the reveal of theerlying
mechanisms of Zn uptake and translocation, it is still uncertaitheth®n channels or
divalent cation carrier are the predominant element of Zn uptakeha link between

uptake and metabolic energy transduction has not been shown yet (Kochian, 1993).

The focus on genetic research for increased grain Zn accionueduld yield
valuable outcomes and greatly contribute to conventional breeding efflunigever,
there is still much to be understood about the physiological meamamsolved in Zn
accumulation, remobilization, partitioning and senescence. These mechames often
required to be studied in combination due to the fact that thet#l isosconsensus on
which mechanism is of greater importance for higher grain deposRiutrient solution
culture is a convenient medium to study possible differences in ugtakeport and
mobilization of Zn among different plant species and genotypes diritheum family.
However, solution culture omits the interaction between root and rsifiadings of

hydroponic experiments often need to be confirmed by pot and field experiments.

The aim of this study is to evaluate the potential of wild emasea genetic
source in biofortification of cultivated wheat with by elucidgtithe responses of
selected wild emmer wheats to Zn uptake, translocation and althgcommercial
durum wheat cultivars under low or adequate Zn supply. Zn uptake, tramsiogad
mobilization of 10 wild Triticum diccocoides and 2 modern wheat cultivars were
investigated. Radiolabeled Zn (i.€°ZnCl) was employed to measure nmol
concentrations of Zn in uptake and mobilization experiments by gaocomating.
Additionally, Zn status of plants was determined by total Znyaislby ICP-OES

following acid digestion.



2. OVERVIEW

21 Zinc as an essential transition metal

Zinc is one of the most important micronutrients required for both glzamd
human beings (Marschner, 1995; Alloway, 2001). In contrast to many other
physiologically important metals like iron and copper, Zn is ¢e$srand diamagnetic
transition metal which makes it difficult to detect and tradd wimple spectroscopic
methods. In addition, although Zn is involved in catalytic processes @& than 300
enzymes and more than 200 3D structures of proteins interactingimdthre resolved
(Andreini et al., 2008), the wide distribution of Zn among diverse protgidsenzymes
causes a decline in Zn concentration and the dilute concentrationrmélidas it much
more difficult to study (Maret, 2001).

2.1.1 Physical and chemical propertiesof zinc

In enzymes, Zn is one of the most abundant metal ions after Mg (Aneiral.,
2008). It is a group 1l transition metal and found as a highly stable and redbiemat
+2 oxidation state. With a radius of 0.4 and electrostatic affinity to negatively
charged species, Zn plays role in many active centers adugaenzymes having

negatively charged residues.



Due to its higher electron affinity and strong Lewis acidrabter, it helps to
create hydroxide ions for substrate attack. In addition to its irolgenerating the
nucleophile, Zn polarizes P-O and C-O bonds of substrate and enhaaceadtion by
making substrates more electrophilic (Vallee and Auld, 1990).

The versatile coordination chemistry of Zn enables it to perfeustrate
binding and change in coordination geometry and number. The active centers
containing Zn are generally accompanied by immobile N and O dondrsabile S
donors which work in accordance with Zn's coordination numbers betweed 4 a
(Benini et al., 2004). Filled 3d shell of Zn results in kineticallilea coordination

sphere which increases the turnover rates of Zn containing enzymes.

2.1.2 Biochemical properties of zinc

The steochemistry of Zn enables it to bind many proteins and eazynaethe
three primary Zn-binding sites are structural, catalyic andtabgic (Auld, 2001); the
enzyme examples for these sites are alcohol dehydrogenasesjicanhydrases and
superoxide dismutases, respectively. The binding properties of &r fibim site to
site. For structural functions, Zn generally prefers fournligawhich is generally a
cysteine amino acid. For catalytic sites, a water molemntea histidine are required
and the other sites are occupied by any other S, N or O donors. daddulytic sites
for Zn, except from Cys, both histidine (His) accomponied by a wat#decule and
aspartic acid (Asp) or glutamic acid (Glu) can be found (Maret, 2005).



Catalytic Structural

Fig. 2.1: Zinc binding sites in enzymes (Auld, 2001): catalytic (togrem (Matthews,
1988)), structural (alcohol dehydrogenase (Eklund & Branden, 1987)),abdicat
(Aeromonas proteolytica aminopeptidase (Chevrier et al. 1994)). The @ftBrE and
H refers to the aminoacids, cysteine, aspartic acid, glutacit @and histidine,
respectively.

2.1.3 Proteinsinteracting with zinc

According to nomenclature of International Union of Biochemistnd a
Molecular Biology, the enzyme families are grouped into sassgs: oxidoreductases,
transferases, hydrolases, lyases, isomerases, ligases sincealtyme families have Zn

binding members.

Carbonic anhydrase is discovered in 1940 as a first enzyme witiinding
capability (Keilin et al.,1940) and the discovery of Zn enzymes moat with
carboxypeptidase in 1954 (Vallee & Neurath, 1954). Due to its unique biaaiem
properties, Zn presents in the center of many enzymes’ aite@e One of the largest
group of Zn enzymes are Zn proteases such as endopeptidase ther(hbdysiews,
1988), interstitial collagenase matrixin (Springman et al., 1990) anwtogins from

Clostridium tetani and Clostridium botulinum (Giampietro & Montecud@®5). Zinc



cations are also found in binuclear form at the active centersnafy Zn
aminopeptidases like Methionyl aminopeptidase of E. coli. (Wilcox, 1996).
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Figure 2.2: Zinc at active sites of carbonic anhydrase and arpiiigmea) a)
Amino acid residues and hydrogen bonds at the active center of human CA 1l (Coleman,
1967). b) The binuclear Zn complex at the active center of leucylopeptidase
(Strater et al., 1995).

The binding site for Zn is not limited with enzymes, DNA/RNA binding
proteins, membrane lipids are the preferred binding sites of Zn. fifiger domain
containing proteins which function as the regulatory proteins of tighisa, site-
specific modifications and chromatin structure are the largkess of Zn-binding
proteins (Klug, 1999).

2.2 Zincin human health

Zinc is an essential micronutrient for human health and well b&hme first Zn
related deficiency syndrome was published by Prasad et al. in ©9&ir publication,

adolescent nutritional dwarfism that had been observed in mid®asiantries was



associated with malnutrition in diet and Zn was pronounced as the atgjmgical
factor of that syndrome. After being pronounced as an etiolodgebr, Zn was

recognized as an important micronutrient for human nutrition.

In 1973, Barnes and Moynahan discovered an autosomal recessivelyethherit
disease acrodermatitis enteropathica which is a rare digsatisZIP4 transporter defect
in intestinal cells (Wang et al., 2002) and the patients cannot absdrbra their daily
diets. After the discovery of Zn deficiency syndrome and disorders974, the Food
and Nutrition Board of the US National Academy of Sciencesladed Zn as an
essential nutrient however more than three decades later ofadiecianver 30% of
world population is suffering from zinc deficiency particulartydeveloping countries
whose diets mainly constituted by cereal based food and soiltowithinc availability
such as Turkey (Cakmak et al, 1999a), India, and Australia (Allo2@89). According
to WHO, infants, young children and pregnant women are the predomirkagtoigps
for Zn deficiency (WHO, 2006).

2.2.1 Zinc deficiency

One of the widespread micronutrient deficiencies in soil is Zitidaty. The
soil having insufficient plant available Zn for the optimum growtlplahts is named as
Zn deficient-soil. It is shown that 30% of cultivated soils on world &0&o of
cultivated soils in Turkey and India are Zn-deficient (Sillanp&aa, 1826mak et al.,
1996). The widespread problem with Zn deficiency in soils has beenegsded in
China and Western Australia. Calcareous soils with high pH, samityy ad soils
fertilized with high-phosphorous containing fertilizers are susceptdblzn deficiency
(Marschner, 1995). Although rye and pea species are considered aleveattto Zn
deficiency in soils, wheat, rice, maize are vulnerable to Zicidecy (Chapman, 1966).
The critical level of DTPA extractable Zn for wheat is found Or#§ kg* and
corresponding level separates Zn deficient soils form non-defis@ls (Bansal et al.,
1990).



Micronutrient deficiency is common among 40% of world’s population (@Gnaha
and Welch, 1996). Zinc deficiency, one of the important micronutriemtielecies, is
also widespread in human populations especially in developing coudtree$o the
high consumption of cereal-based products. In addition to low levels of Zereals;
especially for ones cultivated in Zn deficient soils, the amoohfghytic acid is very
high in cereals. Phytic acid is a compound which reduces bioavayabili Zn
(Hambidge, 2000).

In humans, the deficiency of Zn causes malabsorption syndrome, growth
retardation, loss of appetite, immune dysfunction and infections siensic level
(Prasad, 1993). However in particular skin lesions, decreased wound hehtmgc
liver disease, chronic renal disease and acrodermatitissmeiaed with Zn deficiency
(Barnes & Moynahan, 1973). Acrodermatitis is a severe digkasean be lethal in the
absence of treatment and related symptoms are alopecia, diavehglat loss, reduced

immune function, and neuropsychological instability (Aggett, 1983).

Decreased nerve conduction, neurophysiciatric disorders, mertatggtand
neurosensory disorders are the neurobiological outcomes of Zmedeyic Infertility,
retarded genital development, hypogonadism, thymic athropyharether symptoms

caused by inadequate Zn levels in human body (Prasad, 1993).

As a 2B element on periodic table, the counterparts of Zn amn@dHg. The
toxicity of Cd and Hg are mainly due to their potential for dispiaent of Zn from its
binding sites. Therefore, the deficiency of Zn is highly corrdlatéh vulnerability to
toxicity and carcinogenicity of its counterparts. The study byt&llosand Franklin
(Costello and Franklin, 1998) showed a lower prostate cancer develogatesirt men
with moderate to high intake of Zn than men with low Zn intake. Theatdd risk for
prostate cancer can be caused by the suppressed immunological eg§peiagiante,
1991). Zinc also plays role in activation of p38 and potassium channedh wigiger
cell death (Truong-Tran et al., 2001).



2.2.2 Zinctoxicity

Although Zn is an essential micronutrient for humans, it should be rfeaéad t
is also a heavy metal which can be toxic in higher doses dfeinRecommended
dietary allowance (RDA) for Zn is 11 mg/day for men, 8 mg/daywwomen, 2—-3
mg/day for infants, 5-9 mg/day for children (Trumbo et al., 2001). The LdoS6 of
Zn intake is determined as 27 g Zn/day (ATSDRDTEM, 2005). Howease emetic
dose of Zn is 225-400 mg, intake of 27 g Zn per day is likely impossibbev(Bet al.,
1964).

There is one case that is reported about death due to Zn intak¢haroiethal
dose. The woman who took 28 g of Zn in the form of Zn sulfate devetapkygcardia,
hyperglycemia and died in five days due to hemorrhagic pan@eatid renal failure
(Fox, 1989). A recent study by showed that excess Zn sufficieusggambalance in

Zn/Cu ratios resulting in cardiac abnormalities (Sanstead, 1995).

The symptoms immediately observed after uptake of toxic amouirttaké are
nausea, vomiting, abdominal pain, lethargy, anemia, and dizziness (Pate&@00).
In contrast to studies concluding that Zn behaves as a nheuromodul&add,T2000),
Choi et al. showed that Zn can also behave as a neurotoxin (Chbj &é0&8B).
Naturally, the blood-brain barrier prevents the accumulation of tdkicin brain,
however there is also one report that 12 g of metallic Zn swadldwy a boy caused

lethargy and focal neurological deficits 3 days after intake (Murphy, 1970).

2.2.3 Strategiesto manage human zinc deficiency

Several strategies have been developed and used for improvement of Zn
deficiency in humans. These strategies can be classifietigroups i) dietary-based
and ii) plant-based strategies where the letter one will be covered & dart



In humans, Zn deficiency symptoms start to be observed when the pfasma
levels decrease to the range of 12-16 mg/100 ml. For the treaiswaily an oral (220
mg/day) or intravenous (80 mg/day) Zn administration helps to elientha deficiency
symptoms. However, this type of medical intervention is only limitedacute

symptoms (Jeejeebhoy, 2007).

For dietary interventions, oral Zn supplements and Zn enrichment on ¢aads
be used. Addition of micronutrients in the chemical form can be usedpaadrget
populations at increased risk. However constant supplementation, distritzutebn
delivery of these chemicals are required for successful sedBdsed on a study
conducted by World Bank in 1994, the average cost of Zn supplementation as Zn sulfate
is US$25.7 per kg and additional costs like monitoring and analysis offairs swill
increase the average cost per person (WB, 1994). The physical anitaiherms of
the supplementation should be addressed properly, the dosage should be raadaged
the supplementation frequency, toxicity and interference with otheemntst for every
target group should be investigated (Plum et al., 2010).

23  Zincin plants

Plants require various nutrients for healthy growth and reproduction.isZone
of the essential micronutrients. For adequate growth, typichZleaoncentration of
most crop species is should be more than 15-20 mg ZnDky (Marschner,1995).
Although Zn is required in small amounts, Zn is crucial for biochahractions like
photosynthesis (Randal and Bouma, 1973), sucrose biosynthesis (SinghnanehGa
1974; Shrotri et al., 1980), heat tolerance (Graham and McDonald, 2001). &ilso is
particularly important for structural and functional integritybadlogical membranes,
detoxification of reactive oxygen species and function and stalmfitnumber of
proteins. (Broadley et al., 2007)
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As Zn play essential roles in metabolic processes, the defyctdrién in plants
results in observable symptoms. The characteristics of Zn deficisn plants are
dieback (necrosis on root apex), mottle leaf (spatial heterogermousterveinal
chlorosis), bronzing (reddish-brown shade development), rosetting (auxireiey-
like responses), goblet leaves (inward leaf lamina curling)e likdaf (leaf size
reduction) (Broadley et al., 2007).

In the following sections the routing of Zn from root uptake ta skposition is
explained. The potential of wild emmer wheats for biofortificatbrcultivated wheats

with Zn is also discussed in light of the current literature.

2.3.1 Zincuptake, translocation and remobilization

The transport of Zn from soil to seed starts at the rhizosploae &here roots
interact with the soil components (i.e. air, water, dissolved minerals and orgetec)m
Despite the studies with Arabidopsis showing @i#& family Zn transporters play role
in Zn uptake from rhizosphere (Grotz et al., 1998) and Zn deficiency ulpteg two
transcription factors fobZIP family (Assuncao et al., 2010), the uptake of Zn from
roots are not well understood. The chemical familiarity and comrmansport
mechanims between Zn and Cd (Grant et al., 1998) enabled to show tigathén
competitive inhibitor of Cd uptake [3iP transporters (Pence et al., 2000) and there is a
shared uptake mechanism between Zn, Cu, Mn, Cd (Ramesh et al., 2003jpr&here
ZIP family proteins play role in the transport of not only Zn but atgber

micronutrients as well as Cd.

Following uptake by roots, micronutrients are transferred to slyst#ra which
Is a rate limiting step for micronutrient translocation to s€Bdémgren et al.,2008). It
is shown that there is a physiological difference in root-to-shootonutrient tranfer

mechanisms between high grain Cd and low grain Cd species {Hrt2006). As Cd
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resembles to Zn in transport and protein interactions and Zn anceGuhded onto the
xylem by similar mechanisms, difference between physicébgoot-to-shoot transfer
mechanisms for Zn-efficient and Zn-inefficient species areipated (Uraguchi et al.,
2009).FRD3, FPN1, HMA2, HMA4, HMA5, andMTP3 genes are found to participated
in translocation of metal micronutrients into xylem or acrossréioé-shoot junction
(Durrett et al., 2007; Courbot et al., 2007; Andres-Colas et al., 2006; &apoyl
Kochian, 2004; Arrivault et al., 2006). The functions @ RTPase a transition metal
pump, was elucidated (Williams and Mills, 2005), it is shown thatlyects ofHMA
genes of i ATPase family pump Zn and Cd pericycle to xylem vesseldaoilitate
xylem loading (Wong & Cobbett, 2009). Hanikenne et al. corroboratedititisigs
showing that Zn hyperaccumulator Arabidopsis halleri had multiple sadieiMA4
gene and elevated expression due to the multiple copies of thatefmmrées Zn
translocation from root to shoot (Hanikenne, 2008)P3 were proved to be implicated
in root to shoot loading of Zn in Fe deficiency (Arrivault et al., 2006).

Transpirational tension is the driving force of micronutrient transport to leaves in
shoot xylem. Transpiration in glumes of wheat enables micronuttiefts carried in
seed covering tissues however the unloading of nutrients froemxfgdllowed by leaf
uptake is not well understood. Similar to root uptake of Zn, xylem unloaafing
micronutrients is associated withP gene expressions (Wintz et al., 2003) €3pPT
genes (Pozo et al., 2010). Elevated expressiatnidf andZnt5 genes are observed in
hyperaccumulatoil. caerulescens, compared to nonaccumulatdr arvense (Pence et
al., 2000; Hammond et al., 2006). It is also shown Zntt gene is highly expressed in
Zn accumulating cells (Kupper & Kochian, 2010). Studies Witbaerulescens andA.
halleri showed thaMTP1 genes of cation diffusion facilitato€DF) family which are
responsible for heavy metal tolerance in shoot tissues and Zn &iges vacuoles
(Desbrosses-Fonrouge et al., 2005) are highly expressed in Zn aatngwshoots
(Becher et al., 2004).

A single vascular bundle connects seed to maternal tissue and the lastsiat
the seed covering tissues without direct connection to sedusn@, 1985). The

transfer of micronutrients from seed covering tissues into the ERuires movement
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of micronutrients from xylem to phloem despite the presencapoplastic space
between maternal and filial tissues behaving as a physicalcsbstad absence of
transpirational tension. Both movement of Zn from older leaves to yoleaess or
roots and from glumes into seed has been established and unevbntdstexpression
of HMA, ZIP, MTP, Nramp, NAS and YSL genes are observed in laser capture
microdissection studies on barley grain vascular bundle, aluerone, emdpset
embryo parts (Tauris et al., 2009). The uneven distribution of gene empeessggests
the specific roles of different cell types in micronutrigansport into the seed (Waters
& Sankaran, 2011). Genes those are responsible for zinc uptake, trams|aoat

remobilization are summarized on Fig 2.3 (Waters & Sankaran, 2011).

HMA, YSL, OPT,
FRD, ZIP, VIT,
" MTP, Nramp

5. YSL, OPT, ITP
YSL, OPT, ZIP,

MTP, COPT,
- node transporters?

. HMA, MTP

. FRD, FPN

FRO, IRT, FIT,
- AHA, IREG,
IRO, YS1, ZIP,
COPT

Fig. 2.3: Model of wheat plant showing the genes contributing in Zislbeation to the
seed: 1, uptake from the rhizospere; 2, xylem loading; 3, root-to-stawfdr; 4,
distribution to the leaves or seed-covering tissues; 5, phloem |oadimgolvement to
seed; 6, loading into the seed. (Waters & Sankaran, 2011)

Phytosiderophores (PS) are organic compounds that are reledeethen
rhizosphere and they form complexes with ferric iron*{)F order to facilitate the
uptake of F&. It is shown that PS can serve not only fof'Bet also for ZAand CG*
(Treeby et al., 1989) and uptake of’Zis also facilitated by PS (Wirén et al., 1996).

PSs are not directly chelates Zn but the deficiency of Zn insthletriggers iron
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deficiency-induced phytosiderophore strategy to obtain Zn. Zinamsgiorted by this
complex across root plasma membrane (Wiren et al., 1996).

Nicotianamine (NA) is a potential phloem chelator and binds Cu, C@l)FEe
(1IN, Mn, Ni and Zn (Higuchi et al., 1999). Nicotianamine is thoughplay role in
trafficing of metals these metals within the plant (HelStephan et al., 1996). The
overexpression of NA results in high Zn and Fe concentrations in develspats
(Masuda et al., 2009). The study performed by Klatte et al. (20@@pnstrated that
NA synthase mutants of Arabidopsis resulted in low concentratioke af seeds and
high concentration in leaves therefore NA is a critical micnoenit chelator playing
role in micronutrient homeostasis by translocating micronutrigvitisin vegetative

fractions and by transporting them into seeds (Klatte et al., 2009).

The transport of micronutrient-NA complex by yellow-stripe I{&L) proteins
is revealed in maize and barley (Uena et al., 2009) and double mutaetefproteins
are characterized to have decline in viability followed by elesed Fe, Zn and Cu
concentration in seed showing tiY&lL proteins play role in micronutrient translocation
between plant organs (Waters et al., 2006). In additioiSo proteins, upregulated
OPT3 expression in Fe-deficiency studies on Arabidopsis suggests amddresrgan
transport mechanism but the chelators and their ligands areveaiad yet (Wintz et
al., 2003).

An existence of co-transport mechanism involving nitrogen and micrentgri
are suspected after the observation that elevated N availalmidgieased Zn
translocation to wheat grain and thus seed Zn concentration whilavatability
remained unaffected (Kutman et al., 2010, Egamet al., 2011). Prior to this finding,
Haydon and Cobbet (2007) have revealed that unspesific oligopeptides taid cer
amino acids play role in Zn transport as phloem chelators.

Nutrient remobilization is an important physiological process mesesnce and
grain filling. During senescence, which is the last statkeaif development, different

types of nutrients (sugars, amino acids etc.) are transportee grdin. In wheat, 70-
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80% of N and P and 40-50% of S in grain comes from senescing legves b
remobilization (Zhao et al., 1999). Rubisco (ribulose-1,5-biphosphate
carboxylase/oxygenase) presents the major fraction of nitrogen irchibeoplasts
where most of the organic nitrogen exists. Hence, at the begiohisgnescence a
decline in chloroplast stromal proteins takes place (Krupinska and Hikmb@04).
Several hydrolytic enzymes are up regulated in senescing leaves to degfguieteins

to peptides and amino acids (Gepstein, 2004). It has been staterlpitesis®on levels

of several classes of proteases (such as aspartic, sest@neyand metalloproteases)
increased in senescing leaves (Fischer, 2010; Guo et al, 2004; &ilkdnf008)NAC

is shown to be one of the important genes in senescencélAghttanscription factor
accelerates senescence, enhances nutrient remobilization faves leo developing

grains and improves seed protein, Zn, Fe content in wheat (Uauy et al.,2006).

2.3.2 Biofortification strategiesto increase zinc content of cereal grains

Approximately, a third of world’s population suffers from Fe demay, in
addition to 2 billion people suffering from Zn deficiency (Xiaé&iWu, 2007) and 1
billion people suffering from Se deficiency (Combs, 2001). The deficienare
generally originated by consuming diets rich in staple foods pmatr in fruits,
vegatables, fish and animal products. However, increasing the cpisaraf nutrient
rich products in daily diets, supplementation with nutrients and foodidattdn are not
practical solutions to ameliorate the current deficiency stafusvorld’s whole
population (Bouis, 2003; Timmer; 2003). In last decade, another solution for
malnutrition is proposed (Graham & McDonald, 2001). The process of imyethe
bioavailable content of essential nutrients in edible portions ofvatétl crop species
via agronomic interventions or genetic selection is called bibéation (White and
Broadley, 2005). Biofortification is more amenable than traditiamakventions due to
the needless of uninterrupted investments, safe delivery systemser psocial

infrastructure (White and Broadley, 2005). Fertilization, classexadl molecular
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breeding are the basic agricultural strategies to inct@asgailable nutrient content of
crop species.

2.3.2.1 Zinc Fertilization

The availability of Zn in the soil for root uptake varies with sodisture, soil
pH, organic matter and CaG@ontent of soil (Cakmak et al., 2010). Therefore, the
bioavailability of Zn in soil affects directly root uptake and iedity grain Zn
concentration. Fertilization with Zn is a common and practical isolud correct soil-
born Zn deficiency. There are a number of reports showing drameteases in yield
as well as Zn concentration in the edible parts of crops by Zihzégion (Peck et al.,
2008; Rengel et al., 1999). Zinc fertilizers can be applied as fmliapil application
and it is shown that ZnSQs a suitable form of Zn for fertiization and it effective

helps to increase grain Zn concentration in wheat (Yilmaz et al., 1997).

It is shown that foliar Zn applications are more powerful thanagglications in
increasing grain Zn concentration. The combination of soil N or late Zn appificvith
foliar Zn application was resulted in grain Zn concentration iserdéam 23 to 55 mg
kg, from12 to 29mg kg, respectively (Cakmak et al., 2010). In addition to increased
grain Zn concentration, reduced grain P and phytic acid concentratisnalsa
observed (Yilmaz et al., 1997). The reduction in antinutrients has aldiveddiect on

bioavailability of Zn for humans.

As it is proposed that minimum 10 mg@n concentration increase in grain
should be offered in order to have measurable biological impactfféiPfeind
McClafferty, 2007), the effect of soil Zn applications combined watte Ifoliar Zn
fertilization could be a promising method for biofortification of grains witH@akmak

et al., 2010). In genetic biofortification (plant breeding) attentigraid to Zn-rich wild
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wheats to be exploited in breeding prograiirsticum dicoccoides is shown to be one
of the highly promising wild wheat for improvements in grain Zn comeéonh
(Cakmak et al., 2000).

2.3.2.2 Classical and molecular plant breeding

Classical and molecular plant breeding are powerful tools for dsirg the
grain Zn content of wheat. Screening of large germplasms for biggh znc content
constitutes the primary step of classical breeding studiesct&glgenotypes are then
crossed with high yielding, disease resistant and stress totgaotypes to ensure an

optimum grain yield under contrasting regimes.

Phosphorus in seeds are stored as phytic amja-ifositol-1,2,3,4,5,6-hexkis-
phosphate) and it constitutes 1-2% of seed dry weight. Phytic akibvgn to having
role in limiting bioavailabilty of Zn due to the its binding cappdio nutritionally
important micronutrients such as calcium, iron and zinc (Sandstr@ang&lberg, 1992;
Raboy, 2002). The study with volunteers having only low phytic acid congamaize
in their diets showed enhanced Zn absorption (Adams, et al., 2002)gefbration of
new varities with grains containing “low phytate” may be usefuhieliorate human
malnutrition (Raboy,2001). However recent studies pointed out that phigate
associated with enhanced seedling vigor and decreased aflotaxity &ctd plays role
in lower colon cancer rates (Grases et al., 2000; Morris, 1986). Tlaneasing grain
Zn concentration rather than decreasing phytate activity seemde more
advantageous. In a bioavailability study using rats fed with wioeataining
radioactivelly labeled Zn, it was shown that the negative effééhcreased phytate
content is not great enough to diminish the positive effects of increasedgraontent
(Welch, et al. 2005). Additionally, genotypes rich in Zn were suppliedemor
bioavailable Zn to rats which again underlines that the biofortifestbtypes may be

the solution to overcome Zn deficiency (Welch, et al. 2005).
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Another plant breeding approach to increase grain Zn would be tosediea
grain protein content, because grain protein is suggested teible far Zn (Persson et
al., 2009). The increase in grain Zn and Fe concentrations with thefhilgupply and
synergetic effect of Zn and N supply on grain Zn concentratiandeanonstrated (Shi
et al., 2010, Kutman et al., 2010). By N fertilization, enhancement im gratein
content can alleviate Zn status of grain by increasing the arnbawmgilable proteins in

grains behaving as a sink for Zn deposition (Kutman et al., 2011).

According to Kutman et al. (2010), foliar applications of Zn and ureaglur
grain-filling did not overcome N and Zn deficiency dependent yieldslosewever,
early publications demonstrated that foliar Zn and urea applicatiessltrin
enhancement in grain Fe and Zn concentration (Varga and Svecnjak 2008&z ¥il al
1997). Soil or foliar Zn application accompanied by soil N fertilcawas found to be
very effective in increasing grain Zn concentration (Kutmanl.et2@10). Therefore,
wheat genotypes with higher grain protein content or genotypes respdhdiugition
effectively should be adressed in breeding programs.

Breeding approaches are long term solutions for generatingcEngrains.
However, the search for appropriate parents as a genetic satnassing and back-
crossing efforts, the persistence of new traits and the preéecdnwew varieties over
older ones are the restrictions for breeding approaches (Cakmak, oG8)ular plant
breeding strategies are engaged with selecting desiraliteressponsible for high grain
Zn concentration using molecular biology tools and with various geneiiifications
on present varieties by inserting those traits to increask Zeeconcentration. The
genes that were described in section 2.3.1 and visualized on Figure @ aotential

candidates for selection.
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24  Wild emmer wheat (Triticum diccocoides) as a potential germplasm for high
grain zinc

The most widely grown crops in the world are maize, wheat,amzk barley.
Triticum (wheat) and Hordeum (barley) are the membefgiticeae tribe, the Poaceae
subfamily of grass family. Among four crops, wheat cultivation rasésond after
maize.Triticum diccocoides, the wild progenitor of wheat was the most important staple
crop in Fertile crescent since early Neolithic sites urdillye Bronze Age and its
importance remained till our age as a most important stapfeic Europe and West

Asia.

The wheat is descended from small-grained grasses thatcave gn Fertile
Crescent in the Middle Asia. The first natural hybridization aezlibetween 10000
and 40000 years ago and the first ancestors of wheat are acceptreticam urartu
which is wild einkorn wheat and a grass relatedégilops speltoides which is a wild
goat grass. However second ancestor became extinct. The hyhodizdt first
ancestors createltiticum diccocoides which is known as wild emmer or emmer wheat.
The wild emmer is the first cultivated wheat, however, anothdridization of
Triticum diccocoides resulted inTriticum durum which is the modern durum wheat used
in pasta making. The second hybridization Tofticum diccocoides occured with
Aegilops tauschii createdTriticum aestivum which later descended to the modern

species of wheat used in bread making.

It has been reported that there exists genotypic differencescronutrient use
efficiency of crops which results from differences in uptake, transpdrutlizations of
nutrients (Rengel, 2001). Recently, the search for genetic tfitsicronutrient-rich
crops had yielded a potential gene. On chromosome 6Brititum turgidum ssp.
dicoccoides was proven to be associated with grain protein (Joppa and Cantrell, 1990)
and Zn and Fe concentrations (Cakmak et al.,2004). TheQ@mBi on 6BS is shown
to regulate senescence and thus affect the concentration odl Za @& the grain (Uauy
et al., 2006).
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Zn deficiency is one of the major problems threatening human pigoulat
causing growth retardation, mental lathergy, immune dysfunction iafsdtility
(Prasad, 1993). Although a diversified diet contains adequate levels for Ziuman
health, the use of inherently low Zn containing cereals as ar fioad source especially
in non-developed and developing countries causes the continuity of thatomodglam.
Dietary-based and plant-based strategies are two solutionsaf@gng Zn deficiency.

The high cost and necessity for continuing effort in dietary-basedvaritions makes
plant-based strategies more promising and more affordableizZagidih, classical and
modern breeding are the plant-based methods to solve Zn deficiency problem. However
as a short-term solution, fertilization is rapid but expensive duditaus. For long-term
solutions, new varieties with enhanced nutrient content should be generated vialclassic
or modern breeding methods. With the aim of generating new varigiie enhanced

Zn bioavailability, genotypes having enough variation in seed Zn adation should

be investigated. Although modern durum wheat genotypes were improvediter be
yield, they are poor genetic resources for breeding programs. Chatdg2@10) found

that seed Zn, Fe and protein concentrations in wild emmer genatygpesabout two-

fold greater than in the modern wheat genotypes. Study with 82Ssamte of wild
emmer wheatT{riticum turgidum L. subsp.diccocoides) showed variation from 14 to

190 mg Zn kg in grain Zn concentration (Cakmak, et al. 2004). Wild emmer whea
genotypes having great potential for generating new enhancedces/aitd having

enough variation in seed Zn content were selected to be used in this study.

The aim of this research is to characterize Zn uptake, pinansand
remobilization among hydroponically growfiriticum turgidum L. subsp. durum
cultivars and wild emmerT¢iticum turgidum L. subsp.diccocoides) genotypes and to
elucidate the potential of wild emmeifr{ticum turgidum L. subsp. diccocoides)
genotypes oveilriticum turgidum L. subsp.durum genotypes for biofortification by
increase in grain Zn concentration. In order to understand the diféebsteween wild
emmer and modern durum wheat in Zn uptake from the growth mediunsiotration
to shoot, re-mobilization from old leaves and deposition of Zn into grams,
genotypes ofTriticum turgidum L. subsp.durum and 10 genotypes of wild emmer
(Triticum turgidum L. subsp.diccocoides) were used®zn was used for the monitor of

Zn movements through solution to plant or through foliar application and the
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mobilization and partitioning of Zn is investigated both chemicaly IGP and

radioactively by gamma counter.
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3. MATERIALSAND METHODS

3.1MATERIALS

3.1.1 Seed Material

Seed of 10Triticum turgidum L. subsp.dicoccoides (i.e. TTD 172, 24-39, TD
153, TD 531, TD 678, TTD 96, TTD 21, TTD 27, TD 536, TD 510) and Twwcum
turgidum L. subsp.durum (i.e. Saricanak 98, and Balcali 2000) were initially obtained
from Cukurova University Field Crops Department (Dr. Hakan Oz&ad)then grown

over 2 years under same conditions in field by Sabanci University to use in this study

3.1.2 Chemicals

All chemicals were obtained from Riedel de Haen (Germamgrck

(Germany), Sigma (US) and Fluka (Switzerland). Radioactive6¥rsource was
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purchased from Polatom, Czech Republic in the forfiAfCl, with a specific activity
of 20 MBq mg" Zn.

3.1.3 Nutrient Solutions

The compositions of nutrient solutions are explained in the following method

sections.

3.1.4 Equipment

All equipment used in this research is listed in Appendix A.

3.2METHODS

3.2.1 Zn-65 uptake and translocation experiment

Initially all seeds Triticum turgidum L. subspdicoccoides genotypes TTD172,
24-39, TD 153, TD 531, TD 678, TTD 96, TTD 21, TTD 27, TD 536, TD 510 and
Triticum turgidum L. subsp.durum genotypes Saricanak 98, and Balcali 2000) were

sterilized in 80% ethanol for 2 min, rinsed with d@Hand placed on moistened filter
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paper in a Petri dish. Following keeping for five days at 4°C, seeds weretradsnto
the perlite and germinated for five days. The germinated seedliegs selected for
homogeneity and then transferred into pots containing 2.7 L of continuaesiyed
nutrient solution with the following composition. 2000 Ca(NG;),, 1000uM MgSO;,
100uM KCI, 200 uM KH,POy, 700uM K,SO;, 10uM H3BOs, 0.5uM MnSO;, 0.2uM
CuSQ, 0.01uM (NH4)sM07024, 100uM FeEDTA. Low and adequate treatments of Zn
received 0.05 and M ZnSQ, respectively.

Plants were grown in a computer controlled growth chamber for 9 (igit
intensity: 700 pmol fAs?, light/dark cycle: 16/8 hrs, temperature: 22@0humidity:
65-75%) and the nutrient solutions were refreshed every 3 days. (n day of the
plants grown under low or adequate Zn were supplied witll ZnSQ, labeled with 77
KBqg Zn-65. The other half of the plants was reserved for tissue dlysis by ICP-
OES.

Following Zn-65 treatments, nutrient solutions were sampled at 15ntenvals
to determine the decrease in activity of Zn-65 using a gacouater (Perkin Emler
2480 WIZARD’ Automatic Gamma Counter). On the third sampling (i.e. at 45 min) Zn-
65 activity was estimated to be reduced by half and all soluivens quickly renewed
with the non-radioactive version. All plants were harvested as shoaobandamples

following 24 h after the initial Zn-65 treatment.

Fig. 3.1 Plants used for uptake experiment before Zn-65 treatment
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The activity of Zn-65 in the root and shoot tissues were measyradgamma
counter. The data collected as counts per minute (CPM) were cahviert Zn

concentration using standards of known activity and concentration.

For the determination of Zn in shoots and roots, samples that anedvasdth
distilled water just after harvest were dry ashed (550°C fay8s) and diluted in 5 %
HNO; following by filtration through blue ribbon filters prior to measusnt of Zn
concentration by ICP-OES.

The dry mass of all harvested plant samples (i.e. shoots and roets)

determined after drying the samples in a forced oven at 65 °C until complete dryness.

In order to calculate the absorption and translocation rates oftaencata of
absorbed zinc per root, shoot and total biomass (shoot+root) was usegatients
had five replicates and the statistical analyses were donedatgto Student’s t-test by
JMP 5.0.1a statistical software. The average of all repficatel the interactions of
genotype(G), treatment(T), genotype X treatment (GxT) and obSMevels are

evaluated.

3.2.2 Zn-65 retransocation experiment

The remobilization (retranslocation) of zinc from old leaves to ldeigg
tissues was investigated by a nutrient solution experiment. Alhtpl [riticum
turgidum L. subspdicoccoides genotypes TTD172, 24-39, TD 153, TD 531, TD 678,
TTD 96, TTD 21, TTD 27, TD 536, TD 510 adAditicum turgidum L. subsp.durum
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genotypes Saricanak 98, and Balcali 2000) were germinated and gramdicated in
section 3.2.1 with some modifications.

Different from the uptake experiment, seeds were vernalize2lfdiays and the
plants were harvested at 24 days after transfer to nutrieniosolftor tracing the
retranslocated portion of Zn from the oldest leaf to other plant,pi@a$ tip of
(approximately 4 cm) of the oldest leaf was treated with 0.2v8)(ZnSQ, solution
containing 0.02 % Twe&20 labeled with 1480 KBq of Zn-65.

Each plant's oldest leaf tip was applied for 5 seconds for 3 tirheaf
application was repeated for 3 times in 8 h intervals. All plaet® harvested 5 days
after the first leaf application. At harvest plants were separated insecéens i) Zn-65
applied leaf tip, ii) reminder of shoot and iii) root, and all sectgampled were placed
in to scintillation vials for Zn-65 activity measurements. Ptooactivity measurements
all leaf tips with Zn-65 applications were rinsed with gdHLO mM CaCl and finally 2
% ZnSQ for 5 min to remove excess Zn adhered on the leaf surfacexestidgin leaf

apoplast that is not taken up into the leaf tissue.

Fig. 3.2 Plants before Zn-65 foliar application (left) and Zn-65 foliar apmicdtight).
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Similar to the root Zn-65 uptake experiment, half of the plants veserved for

determination of Zn concentration and dry matter production in shoots and roots.

All treatments were performed in four replicates. The CPdirft per minute)
data was used for statistical analysis performed by studet#st of JMP 5.0.1a
software. The Zn-65 activity in all samples were calculatedi expressed in percent for
all sections of application leaf, remainder of shoot and root padsgenotype (G),

treatment (T) and genotype x treatment (GxT) b&Evels were evaluated.
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4. RESULTS

4.2.1 Zn-65 uptake and translocation experiment

As shown on Fig. 4.1, low (-Zn) and adequate (+Zn) Zn treated plantsdlooke
similar and healthy on the day of Zn-65 treatment (i.e. 9 dagstadinsplant to nutrient
solution). The low Zn plants had no apparent shoot Zn deficiency sgmpsuch as
stunting, chlorosis or necrosis (Fig 4.1), but low Zn plants had lessetiZn

concentrations than the adequate Zn plants (see below).

Fig. 4.1 Growth of low and adequate Zn plants on 9 days after trah$plautrient
solution.
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Table 4.1 shows the effect of low (-Zn: 0.081 ZnSQ,) and adequate (+Zn: 1
uM ZnSQy) Zn treatments on shoot and root dry matter production of theriexgntal
plants at harvest. Compared to +Zn conditions (i.e. control treatnted) dry matter
production was slightly reduced when plants were supplied with —Zn. 8hpootatter
in —Zn treatment ranged between 133 mg plafalcali 2000) and 344 mg plaht
(TTD 27) with a mean value of 210 mg planivhereas shoot dry matter in +Zn
treatment ranged between 132 mg plafBalcali 2000) and 352 mg plah{TTD 27)
with a mean value of 227 mg pldnfTable 4.1). At harvest dll. dicoccoides genotypes
produced a remarkably higher shoot biomass compared to the culfivaladim Desf
wheats. The Zn efficiency values calculated by the —Zn:+Zn l@smmeeight ratio
ranged between 79 % (TD 510) and 109 % (TTD 96) with a mean value of( balée
4.1). In other words, plants treated with —Zn could produce, in average, @3té
shoot dry matter of plants treated with +Zn. In contrast to shoatdtier production,
root biomass was either not affected or slightly increased upotreZiment. Average
root dry weight was 170 mg plahtfor —Zn and 162 mg plantfor +Zn plants.
Consequently, the calculated Zn efficiency value for roots was li7aerage (Table
4.1). In summaryT. dicoccoides andT. durum Desf genotypes generally responded to
mild Zn deficiency stress by significantly reducing shoot amdeiasing root dry matter
production. There was no evidence for a superior Zn efficiendy difcoccoides over
T. durum genotypes with the exception of TTD 96. There was also no sigmific
difference among the genotypes concerning the response to varseghly, revealing
that GxZn interaction was not significant and that all genotypgsonded more or less

similar upon Zn deprivation (Table 4.1).
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Table 4.1 Effect of low (-Zn: 0.0pM ZnSQy) and adequate (+Zn: @M ZnSQ,) Zn
supply on shoot and root dry matter production of experimental pldniscdm
turgidum L. subsp.durum genotypes Saricanak 98, and Balcali 2000 anticum
turgidum L. subspdicoccoides genotypes TTD172, 24-39, TD 153, TD 531, TD 678,
TTD 96, TTD 21, TTD 27, TD 536, TD 510) at harvest on 10 days after tramgpla
nutrient solution. Zinc efficiency values were calculated gy tatio of dry matter
production at —Zn to that of +Zn and expressed as percentage.

Shoot Root

Genotype . -

-Zn +Zn  Zn efficiency -Zn +Zn  Zn efficiency

(mg plant’) (%) (mg plant) (%)
Saricanak 98 160 175 91 106 101 104
Balcali 2000 133 132 101 96 71 134
TTD 172 175 189 93 120 113 106
24-39 190 200 95 138 147 94
TD 153 225 234 96 210 169 124
TD 531 208 257 81 223 208 108
TD 678 235 240 98 155 145 107
TTD 96 227 208 109 200 183 109
TTD 21 171 198 86 176 155 114
TTD 27 344 352 98 246 258 96
TD 536 194 217 90 166 161 103
TD 510 259 327 79 210 236 89
Mean 210 227 93 170 162 107
LSDy. (G, Zn, GxZn) (30, 12, NS) (19, 8, NS)

Shoot Zn concentration in —Zn treatment ranged between 11.7 mg kg
(Saricanak 98) and 24.8 mgk¢TTD 21) with a mean value of 16.7 mgkwhereas
shoot Zn concentration in +Zn treatment ranged between 74.1 t¢Skgicanak 98)
and 99.9 mg K3 (TTD 27) with a mean value of 82.4 mgk(rable 4.2). Among the
wheat genotypesl. durum Desf. Saricanak 98 had the lowest and &ndicoccoides
TTD 27 and TTD 21 had the highest shoot Zn concentrations irrespettibe Zn
supply during plant growth. Concentration of Zn in roots ranged betd@&mmg kg
(TD 510) and 27.3 mg Kg(TTD 172) in —Zn and 52.7 mg RqTD 678) and 145.6 mg
kg' (Saricanak 98) in +Zn treatments mg'k@he average root Zn concentration was
19.9 mg k@ and 76.2 mg k§in —Zn and +Zn treatments respectively. The low and
adequate treatments of Zn had resulted in about 4-fold differencessime tZn
concentrations (Table 4.2) although the shoot Zn concentrations remasredrad the
marginal Zn deficiency level of 15-20 mg kgsee Table 4.2) suggesting that the

experimental plants had mild Zn deficiency at the time of harvest.
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Zinc status of plants can be affected by the seed Zn resdrigepiienomenon is
pronounced particularly in plants grown under limited Zn conditions. Tluaeathe
“seed reserve” phenomenon, seeds of all wheat genotypes used udiheaste tested
for total Zn concentration and the results are provided along witbhibat and root Zn
concentrations (Table 4.2). Thus, seed Zn concentrations had gemeradfyect on
shoot or root Zn concentrations (Table 4.2). As an example, genotypesinvitar
shoot and root Zn values had significantly different Zn concentratioriseir seeds
(e.g. TD 531 and TD 678) (Table 4.2). Finally, analysis of data rede¢hat genotype,
treatment and the genotype by treatment interaction weististdly significant for
both shoot and root data (Table 4.2). The variation in seed Zn was dlsticatly
significant, although this was not translated to either shoot oiZroog¢sults despite of
the exceptionally high Zn in the seed of thalicoccoides cv. 24-39. In average, seeds
of T. dicoccoides genotypes had about 1.8 fold higher Zn concentration in seeds
compared tdl. durum Desf. genotypes. Seed Zn also exhibited a broad variatidn in
dicoccoides genotypes ranging between 131.3 mg k84-39) and 45.4 mg Kg(TD
153) (Table 4.2).
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Table 4.2 Effect of low (-Zn: 0.0pbM ZnSQ,) and adequate (+Zn: @M ZnSQy) Zn
supply on shoot and root Zn concentration of experimental plantscgm turgidum L.
subspdurum genotypes Saricanak 98, and Balcali 2000Taiitctumn turgidum L. subsp
dicoccoides genotypes TTD172, 24-39, TD 153, TD 531, TD 678, TTD 96, TTD 21,
TTD 27, TD 536, TD 510) at harvest on 10 days after transplant to musodution.
The initial seed Zn concentrations are also provided to evalwatpassible effect of
seed Zn to that of shoot and root Zn concentrations.

Genotype Shoot Root Seed
-Zn +Zn -Zn +Zn
(mg kg* DW)

Saricanak 98 11.7 74.1 16.4 145.6 39.7
Balcali 2000 13.6 90.4 22.2 114.6 35.2
TTD 172 14.2 85.1 27.3 67.5 59.4
24-39 19.5 91.0 21.4 64.6 131.3
TD 153 13.6 82.7 16.0 74.6 445
TD 531 14.7 74.6 23.2 62.7 47.2
TD 678 15.0 82.6 20.3 52.7 72.9
TTD 96 18.1 75.5 18.1 60.5 71.0
TTD 21 24.8 80.1 25.2 53.4 69.1
TTD 27 24.2 99.9 19.4 73.2 63.4
TD 536 16.0 74.9 15.5 74.6 49.0
TD 510 15.0 78.0 13.8 70.0 51.3
Mean 16.7 82.4 19.9 76.2 61.2
LSDy. (G, Zn, GxZn) (7.0, 2.7, 10) (7.5, 2.8,10.5) (1.4,-,-)

Root uptake, shoot transport and distribution within plants®g@h were
determined by short time application of Zn-65 to the growth medium.tddteique
enables measurement of nmol quantities of Zn in the harvested pibpayamma
counting. The results were expressed both as per plant (Tabland.8hiaroot dry wt.
(Table 4.4) for a complete evaluation of possible differences in Zn-Gkeugtf the

wheat genotypes tested.

Both T. durum Desf. andT. dicoccoides genotypes responded to —Zn treatment
with induction of Zn uptake per plant (Table 4.3). There was an g&esf6.5 fold
increase in shoot Zn uptake and 2.2 fold increase in root Zn uptake peagpkanésult

of —Zn treatment. Consequently, genotypes expressed a large vamastoot Zn
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uptake per plant, particularly in —Zn treatment (Table 4.3). Amond .tdarum Desf.

genotypes, particularly Saricanak 98 expressed an induced Zn tgp&keot, root and

whole biomass in the —Zn treatment, although this induction remainel balow the

average ofT. dicoccoides genotypes. Among the. dicoccoides genotypes, an extreme

case was of TD 531 in which Zn accumulation in shoot was induced 1G8t6 nmol

plant® 24 H' in the low Zn treatment compared to 5.8 nmol pta2# H* of the control
(Table 4.3). Similarly, TTD 27 and TTD 21 also induced Zn uptake pant pl
significantly higher than the other genotypes tested in the study (Table 4.3).

Table 4.3. Effect of low (-Zn: 0.0pM ZnSQ,) and adequate (+Zn: @M ZnSQy) Zn
supply on Zn uptake by shoot, root and whole biomass (i.e. shoot+root) of individual
plants {riticum turgidum L. subsp.durum genotypes Saricanak 98, and Balcali 2000
and Triticum turgidum L. subspdicoccoides genotypes TTD172, 24-39, TD 153, TD
531, TD 678, TTD 96, TTD 21, TTD 27, TD 536, TD 510). All plants were grown in
Zn-65 labeled uptake solution for 45 min. Individual plants were harvastsetdoot and

root separately 24 h after the uptake period (i.e. 45 min) to aclseffeient
translocation rates for activity measurements in shoots.

Genotype

Shoot

Root

Whole biomass

-Zn

+Zn

-Zn

+Zn

-Zn

+Zn

(nmol plant* 24 K"

(nmol plant* 45 min')

(nmol plant* 45 min')

Saricanak 98 33.7 8.7 17.6 11.9 51.3 20.7
Balcali 2000 14.8 5.9 135 10.4 28.3 16.3
TTD 172 15.5 6.3 13.2 5.7 28.7 12.0
24-39 14.7 5.3 11.8 6.2 26.6 115
TD 153 58.5 7.7 27.1 12.6 85.6 20.3
TD 531 103.5 5.8 24.7 10.3 128.2 16.1
TD 678 28.1 11.2 14.2 10.1 42.4 21.3
TTD 96 19.9 6.8 18.0 11.6 37.9 18.5
TTD 21 70.9 5.4 35.9 7.8 106.8 13.2
TTD 27 110.4 11.9 29.7 13.0 140.0 24.9
TD 536 40.0 3.1 26.4 6.0 66.3 9.1
TD 510 51.3 7.9 31.4 11.3 82.7 19.2
Mean 46.8 7.2 21.9 9.8 68.7 16.9
LSDq.o:(G, Zn, GxZn) (5.5,2.2,7.7) (2.6,1.1, 3.6) (7.2,3.0, 10.2)

Root uptake and shoot translocation rates are other important pasaroete

evaluation of the Zn uptake performance of wheat genotypes. Bothuptake and

shoot translocation rate of Zn are calculated over one gram obalrynass for a given



period of time (i.e. 45 min). Translocation efficiency is caladaby the shoot
translocation to root uptake ratio and indicates the ability of a gemdb allocate Zn
preferentially in the shoot rather than the root. The root uptake, shastocation and
translocation efficiency values for all wheat genotypes are ¢ghedvin Table 4.4. Root
Zn uptake and shoot translocation rates were induced significaritlg —Zn treatment.
Root Zn uptake rate varied between 184.1 nrifalapt DW 45 mift (24-39) and 605.9
nmol g root DW 45 mift (TTD 21) with a mean value of 386.1 nmot got DW 45
min in —Zn and 56.1 nmolgroot DW 45 mift (TD 536) and 228.5 nmol’groot DW
45 min* (Balcali 2000) with a mean value of 115.1 nmdlrgot DW 45 mift in the
+Zn treatment (Table 4.4). Shoot Zn translocation rate variadeka 100.3 nmol §
root DW 45 mift (24-39) and 464.2 nmol'groot DW 45 mift (TD 531) with a mean
value of 256.0 nmol §root DW 45 mift in —Zn and 19.0 nmolfyroot DW 45 mift
(TD 536) and 86.7 nmolgroot DW 45 mif' (Saricanak 98) with a mean value of 48.4
nmol g* root DW 45 mif' in +Zn treatment (Table 4.4). Results indicate a substantial
variation in root uptake and shoot translocatioi.adicoccoides genotypes. There were
also significant differences in root uptake and shoot translocedites of T. durum
Desf. genotypes and Saricanak 98 performed above the averaggesfadiipes (Table
4.4). Among the genotypes tested, cultivated wheats interestinglyhighdr root
uptake and shoot translocation rates than their wild predeceskers supplied with
sufficient Zn, whereas in —Zn conditions cultivated wheats ranKe¢Saricanak 98)
and & (Balcali 2000) out of 12 genotypes. Under low Zn supplydicoccoides
genotypes TTD 21, TD 531 and TTD 27 performed with the highest ppake as well
as highest shoot translocation rates. Thiesdicoccoides genotypes also exhibited the
highest translocation efficiencies compared to other genotypesnslidcation
efficiencies of Saricanak 98 and Balcali 2000 rankBdiid 13' respectively (Table
4.4).
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Table 4.4. Effect of low (-Zn: 0.0pM ZnSQ,) and adequate (+Zn: @M ZnSQy) Zn
supply on Zn-65 root uptake, shoot translocation rate and root-to-shoot tediesioc
efficiency of individual plantsT(riticum turgidum L. subspdurum genotypes Saricanak
98, and Balcali 2000 anfriticum turgidum L. subspdicoccoides genotypes TTD172,
24-39, TD 153, TD 531, TD 678, TTD 96, TTD 21, TTD 27, TD 536, TD 510).

Root uptake rate Shoot translocation rafganslocation efficiency

Genotype
-Zn +Zn -Zn +Zn -Zn +Zn
(nmol g* root DW 45 miit)  (nmol g* root DW 24 ) (%)

Saricanak 98 496 205 328 87 66 42
Balcali 2000 295 229 154 82 52 36
TTD 172 240 105 129 55 54 52
24-39 184 79 100 36 53 46
TD 153 408 120 279 46 68 37
TD 531 575 78 464 28 81 36
TD 678 274 147 181 78 65 53
TTD 96 192 101 101 37 53 37
TTD 21 606 86 402 35 66 41
TTD 27 569 96 449 46 79 48
TD 536 398 56 239 19 60 34
TD 510 398 81 247 33 62 41
Mean 386 115 256 48 63 42
LSDoodG, Zn,
GxZn) ( 35,14, 49) (29,12, 41) (3.2,1.3, 4.5)

There was no significant relationship between the tissue (slobvthr seed) Zn
concentrations and Zn uptake or translocation values (see Tables 4.2, 43)and
However, significant and positive correlations were found for Zn uptakd
translocation results, particularly in the —Zn treatment (Fig. Ai24a3). For example,
the root Zn absorption rate consistently and very highly correlatbdshoot Zn uptake
(Fig. 4.1, R= 0.736,P<0.001) and root-to-shoot translocation rates (Fig. 42, R
0.956, P<0.001). These results confirm that wheat genotypes with induced root Zn
uptake rates have the ability to translocate more Zn into the ahtiw early vegetative
stage (Table 4.3. and 4.4 and Fig 4.1 and 4.2).
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Fig. 4.2. Correlations among shoot Zn uptake, root Zn uptake and root absorption rate.
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4.2 Zn-65 retranslocation experiment

Dry matter production of experimental plants following 20 days growth with low
and adequate Zn supply in nutrient solution is presented in Table 4.5.d8hooatter
production was slightly reduced with low Zn supply (-Zn) and rangéeddam 518 mg
plant* (TTD 21) and 1217 mg plaht(TTD 27) with a mean value of 679 mg plant
whereas shoot dry matter of control plants (+Zn) ranged bet8@emg plarit (TTD
21) and 1359 mg plant(TTD 27) with a mean value of 774 mg plar{Table 4.5). It
was noteworthy that tw@. dicoccoides genotypes had produced the lowest (TTD 21)
and highest (TTD 27) shoot dry matter production irrespective oZthsupply. The
average Zn efficiency for shoots was calculated as 89 %argkd between 103 %
(24-39) and 72 % (TD 531) (Table 4.5). For some ofTthdcoccoides genotypes (TTD
96, TTD 21, TTD 172, TD 678 and 24-39) low Zn supply had no significant impact on
shoot yield, whereas the remainifig dicoccoides genotypes and. durum Desf.
genotypes responded to —Zn treatment with a reduction of 10-28% in shouatiey
production within 20 days of growth in nutrient solution. Statisticalysmalconfirmed
existence of significant differences in shoot dry matter regpohsgenotypes upon

different Zn treatments and their interaction.

In contrast to shoot dry matter production, Zn supply had no signifidaat eh
root dry matter production, suggesting that root yield was typicaihffected if not
induced with low Zn supply in 20 days. Consequently, average Zn effjcenoots
was calculated as 105%, mainly because some genotypes (e.gn&8ariciD 21, TTD
172) had actually produced slightly higher root dry matter in thetr@atment. Under
the given conditionsT. dicoccoides andT. durum Desf. genotypes generally responded
to the imposed mild Zn deficiency stress (-Zn: 0.8 ZnSQy) with a reduction in
shoot dry matter production, whereas root dry matter production resnain@ost
unaffected. The changes in dry matter production indicate that aediesitd Zn
deficiency was achieved in plants which were further subjectédet Zn mobilization
tests. Finally, as mentioned above, Thelicoccoides genotypes TTD 96, TTD 21, TTD
172, TD 678 and 24-39 performed better in terms of dry matter productiongashe
cultivated wheats expressed an average Zn efficiency.
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Table 4.5 Effect of low (-Zn: 0.0pM ZnSQy) and adequate (+Zn: @M ZnSQ,) Zn
supply on shoot and root dry matter production of experimental pldniscdm
turgidum L. subsp.durum genotypes Saricanak 98, and Balcali 2000 anticum
turgidum L. subspdicoccoides genotypes TTD172, 24-39, TD 153, TD 531, TD 678,
TTD 96, TTD 21, TTD 27, TD 536, TD 510) at harvest on 20 days after tramgpla
nutrient solution. Zinc efficiency values were calculated gy tatio of dry matter
production at —Zn to that of +Zn and expressed as percentage.

Genotype Shoot _ Root _

-Zn +Zn  Zn efficiency -Zn +Zn Zn efficiency

(mg plant’) (%) (mg plant) (%)
Saricanak 98 786 872 90 394 312 126
Balcali 2000 590 647 91 309 294 105
TTD 172 561 565 99 289 253 114
24-39 638 617 103 414 404 102
TD 153 583 750 78 438 426 103
TD 531 633 881 72 468 459 102
TD 678 605 596 101 302 272 111
TTD 96 589 603 98 359 371 97
TTD 21 518 524 99 349 277 126
TTD 27 1217 1359 90 500 531 94
TD 536 587 789 74 405 404 100
TD 510 842 1086 77 432 543 80
Mean 679 774 89 388 379 105
LSDoo:(G, Zn, GxZn) (69, 28, 98) (41, NS, 58)

Changes in tissue Zn concentrations were provided in Table 4.6 &ltnthe
seed Zn values to assess the “seed reserve” phenomenon. Shoot Zn conceriation
treatment ranged between 12.3 md' k§aricanak 98) and 21.4 mgk4-39) with a
mean value of 15.5 mg Kgwhereas shoot Zn concentration in +Zn treatment ranged
between 71.8 mg Kg(TTD 96) and 112.2 mg Kg(TD 678) with a mean value of 86.7
mg kg' (Table 4.6). As expected, shoot Zn concentrations significantly recdimen
to a marginal deficiency level (i.e. 15 mg Zn'kdn plants treated with low Zn supply.
Although the existence of significant differences in shoot and noaozicentrations of
control plants, no variation was found in the case of low Zn treatraeggesting that
wheat genotypes were experiencing a similar Zn deficienegsstat the time when
mobilization test was performed. It was also evident that theanhegariation in seed

Zn had no or very little influence on shoot Zn concentrations (sd#eT4.6). In
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summary, shoot Zn concentration results reflect that the loweatntent applied to
plants was successful in developing a marginal and evenly distriBatddficiency in

experimental plants used in the mobilization tests.

Table 4.6 Effect of low (-Zn: 0.0pM ZnSQy) and adequate (+Zn: @M ZnSQ,) Zn
supply on shoot and root Zn concentration of experimental plantscgm turgidum L.
subspdurum genotypes Saricanak 98, and Balcali 2000Taiitctum turgidum L. subsp
dicoccoides genotypes TTD172, 24-39, TD 153, TD 531, TD 678, TTD 96, TTD 21,
TTD 27, TD 536, TD 510) at harvest on 20 days after transplant to musodution.
The initial seed Zn concentrations are also provided to evalwatpassible effect of
seed Zn to that of shoot and root Zn concentrations..4.6 Shoot and root Zn ctincentra
comparing two different Zn treatments.

Genotype Shoot Root Seed

-Zn +Zn -Zn +Zn

(mg kg* DW)

Saricanak 98 12.3 74.9 17.9 153.3 39.7
Balcali 2000 14.8 95.1 24.4 118.1 35.2
TTD 172 15.0 87.2 32.7 71.7 58.6
24-39 21.4 96.8 25.1 67.1 131.3
TD 153 14.8 94.0 21.2 100.9 45.4
TD 531 16.6 82.6 22.5 83.2 46.6
TD 678 17.2 112.2 28.4 75.7 72.3
TTD 96 15.6 71.8 20.5 78.5 71.8
TTD 21 14.0 87.7 22.8 99.8 68.5
TTD 27 15.4 83.0 20.8 51.2 64.2
TD 536 14.6 74.7 18.1 89.5 50.2
TD 510 14.1 87.0 25.6 56.5 49.7
Mean 15.5 87.3 23.3 87.1 61.1
LSDy. (G, Zn, GxZn) (6.7, 2.7, 9.4) (5.4, 2.4, 7.6) (1.4,-,-)
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In leaf retranslocation (mobilization) tests, a large portiothefZn applied on
the leaf tips was retained on the application leaf without beehefumobilized. For
instance, as much of 82.5 % of the total Zn was retained on the &pplitzaf of
control plants (Table 4.7). However, the retained portion of Zn in plaowngwith —
Zn treatment was substantially lower (i.e. 68.4 %) indicating Zicidecy enhanced
Zn mobilization towards remainder of shoot and/or roots (Table 4.7). Althtug
significant differences in relative Zn content (portion of Ztaireed in the application
leaf) of —Zn and +Zn plants, there was no statistically sigmfidifferences among
genotypes within —Zn or + Zn treatments (Table 4.7). In control plantgaverage of
9.9 % of the Zn taken up by the application leaf was mobilized hots and 7.5 %
was mobilized into roots. Interestingly, low Zn treatment sigaiftly enhanced Zn
mobilization towards the roots but not to the shoots. In average 25.3R¢ tdtal Zn
taken up from the application leaf was mobilized into roots in —Zitnvent. Thus, Zn
mobilization into roots was found to be 3.4 fold higher under low Zn sugphpared
to control treatment. Even with substantially higher mobilizatioasrat -Zn, wheat
genotypes expressed no significant differences in Zn mobdizatto roots under —Zn
or +Zn conditions (Table 4.7). By contrast, statistically sigaiftadifferences existed in
shoot Zn mobilization at a level of genotype, Zn treatment and gsndty Zn
interaction (Table 4.7). In other words, genotypes performed signlficdiffierent in
shoot Zn mobilization ratios. Consequenily,dicoccoides genotypes TTD 27 and 24-
39 expressed the highest shoot mobilization ratios whereas TTD 9@ab8icThad the
lowest. TheT. durum Desf. genotypes Balcall 2000 and Saricanak 98 ranRezhé

10" in shoot Zn mobilization ratio among a total of 12 wheat genotypes tested.
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Table 4.7 Effect of low (-Zn: 0.0pM ZnSQy) and adequate (+Zn: @M ZnSQ,) Zn
supply on relative Zn mobilization ratio in shoot, root and applicateaf lof
experimental plantsT¢iticum turgidum L. subsp.durum genotypes Saricanak 98, and
Balcali 2000 andfriticum turgidum L. subspdicoccoides genotypes TTD172, 24-39,
TD 153, TD 531, TD 678, TTD 96, TTD 21, TTD 27, TD 536, TD 510) at harvest on
20 days after transplant to nutrient solution.

Shoot Root Application Leaf
Genotype
-Zn +Zn -Zn +Zn -Zn +Zn
(% plant' 5 days)

Saricanak 98 4.0 8.3 28.7 10.9 67.3 80.9
Balcali 2000 7.5 9.7 27.6 4.2 65.0 86.2
TTD 172 7.9 8.2 21.6 5.8 70.6 86.1
24-39 8.3 15.6 27.8 7.8 63.9 76.6
TD 153 7.6 8.1 22.4 6.4 70.0 85.6
TD 531 4.6 7.1 27.7 4.8 67.7 88.2
TD 678 7.9 8.3 27.4 55 64.6 86.2
TTD 96 3.9 8.4 22.1 10.6 74.0 81.0
TTD 21 5.4 11.8 22.3 11.0 72.4 77.2
TTD 27 9.6 10.1 26.7 6.6 63.8 83.4
TD 536 3.8 14.0 195 104 76.7 75.5
TD 510 5.9 9.9 29.6 6.3 64.5 83.9
Mean 6.4 9.9 25.3 7.51 68.4 82.6
LSDy.0:(G, Zn, GxZn) (3.0,1.2,4.3) (NS ,2.6, NS) (NS, 3.2, NS)

The relationships among mobilization rates of wheat genotypdéswatand
adequate Zn supply are shown in Fig. 4.4. Among the wheat genotypes testedas
a negative and significant correlation between the retained poofiodn in the
application leaf and the mobilized portion of Zn into shoots and roots 44).
Interestingly, the mentioned correlations existed irrespectithe Zn treatments (Fig.
4.4). In contrast, there was no significant relation between shoobanhdobilization
ratios (Fig. 4.4) suggesting that these traits are controfedifferent physiological
mechanisms. The results confirm that the tested wheat genotffeessiginificantly in
Zn mobilization from application leaf into shoots or roots @rdicoccoides genotypes

in general have a higher and exploitable Zn mobilization capacity.
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5. DISCUSSION

Our knowledge on the molecular and physiological mechanisms involved in Zn
accumulation in cereal grains is limited (Cakmak, 2008 and referdheeein). The
large number of studies published during the past few decades ymeldsmhsensus of
a single major mechanism that is responsible from grain Zanadation. Recently,
chromosome 6B was reported as the relevant carrier of detersnining high grain Zn
in wild emmer substitution linesT(iticum turgidum L. subsp dicoccoides). Wild
emmer wheat was proposed as a valuable genetic resourceathéie exploited to
increase the protein and micronutrient concentration of cultivated wdee&tularly for
target micronutrients Fe and Zn (Cakmak et al. 2004). Following studtbswild
emmer wheat pinpointed thaBpc-Bl locus can affect Zn and grain protein
concentrations simultaneously (Fahima et al. 2006; Distelfeltl @07). This thesis
study focused on understanding the potential of wild emmer wheatahyaéng major
physiological mechanisms of Zn uptake, translocation and mololizasing 10 wild
emmer wheats along with two cultivated modern whehtdi¢um turgidum L. subsp
durum Desf.) during the early growth stage of the genotypes GraiacZamulation is
under influence of various physiological steps starting from rooseeds (Waters and
Sankaran, 2011). At early growth stage, uptake and transport of Zn franthgr
medium could be very important in Zn accumulation in plant tissue lagl te-
translocation of Zn from vegetative tissue into growing partsaftplsuch as shoot tips
and seeds (Waters and Sankaran, 2011). In this study, attention hamibletnthe
uptake and transport process of Zn during the early growth stage of plants.
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In the uptake and translocation experiment conducted in this current ttety
was no evidence for a superior Zn efficiency of wild emmeratgm/er durum wheat
cultivars with the exception of TTD 96. Despite of large differences ind sée
concentrations, there was also no significant GxZn interaction suggdsiat all
genotypes responded to low Zn supply similarly in dry matter progtu¢table 4.1).
This result seems to be contradictive to previous findings in whictler field
conditions higher seed Zn content significantly affected plant groilim#z et al.
1998, Rengel and Graham, 1995a, 1995b). Obviously, seed Zn can determine plant
survival and thus growth under field conditions where existence of neulsijpess
factors are not uncommon (Graham and Rengel, 1993; Cakmak, 2000). Hqviewvisr
were grown under a controlled environment in in the present study. lioaddita non-
stressful environment, the lack of rhizosphere in nutrient solution also may edfteate
of seed Zn reserve on plant growth. Other explanation for the labiglfseed Zn
effect on growth under low Zn supply could be related to the facthtbaxperimental
plants under given conditions were not subjected to severe Zn defickncan be
seen from the Table 4.1, plants had a slight stress with Znemefic(average Zn
efficiency was 91 %).

Under low Zn supply, shoot Zn concentrations were in the range of 15 tg 20 m
kg' (Table 4.2) confirming that a targeted mild Zn deficien@svachieved in plants
used in the Zn-65 uptake experiments. It was also evident that thdicaigf
differences in initial seed Zn concentrations had no effect on stloobot Zn
concentration of the experimental plants (Table 4.2). Average se@&wbritentration
was 1.8 fold higher ifT. dicoccoides genotypes with an extreme of 131.3 mg' Kg4-

39) (Table 4.2).

As expected, low Zn treatment enhanced Zn uptake of durum and wild emmer
genotypes (Table 4.3) with an average increase of 6.5 fold in shagitZke and 2.2
fold in root Zn uptake per plant. Thus, significant differences in shooupiake
occurred in plans grown with low Zn supply (Table 4.3). Saricanak 9&ssqu an
induced Zn uptake to shoot, root and whole biomass in the —Zn treatment, althisugh

induction remained much below the average of wild emmer wheats. Amvddg
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emmer wheats, TD 531, TTD 27 and TTD 21 expressed an impressivptaie per
plant (Table 4.3).

Similar to Zn uptake per plant, Zn uptake and translocation rate pedmpo
mass were also significantly enhanced by low Zn treatment. rUtide control
conditions (i.e. sufficient Zn supply) cultivated modern wheats irtteghg had higher
root uptake and shoot translocation rates than their wild predeceskersas in low
Zn supply cultivated wheats rankell @Saricanak 98) and"Balcali 2000) out of 12
genotypes. However, under low Zn supplydicoccoides genotypes TTD 21, TD 531
and TTD 27 had highest root uptake as well as highest shoot trarstoegs. These
T. dicoccoides genotypes also exhibited the highest translocation efficiencrapared
to other genotypes. Translocation efficiencies of Saricanak 98 dcaliB2#00 ranked
5" and 12 respectively (Table 4.4). These results indicate that thedtesiid and
modern genotypes were not distinctly different in their Zn uptake @@amglocation

capacities.

There was also no significant relationship between shoot, root dr ZAee
concentrations and Zn uptake or translocation values (see Tables 4.2, 4.8)aitlis
is actually a desired result, because any relationship wstheti&n concentration values
can be attributed to a residual artifact such as of seeah.olmgcontrast, significant and
positive correlations were found for Zn uptake and translocation resaitssularly in
the —Zn treatment (Fig. 4.1 and 4.2). Results indicate that an induced root Zn ugtake rat
is required for a better translocation to shoot during early viagetstage in wheat

which in turn would determine the extent of grain Zn deposition during grain filling.

In the Zn mobilization (retranslocation) experiment a mild Zficimcy was
exerted by growing the plants with limited Zn supply. Thers na variation in shoot
Zn concentration of low Zn plants suggesting that the “seed regéreomenon”
(Rengel, 2001) had no or negligible effect on the results (see Z&)IeA large portion
of Zn applied on the oldest leaf tip was retained without been mabillrecontrol
plants only 17.5 % of the applied Zn was mobilized form the applicatadrntdeother
parts of the plant compared to a mobilization rate of 31.6 % in loweatment (Table
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4.7)., indicating that Zn can be transported through phloem channel, égpeuizr
low Zn supply with high demand to Zn. An enhanced leaf Zn mobilizatienuwader
limited Zn supply was also reported in rice (Hajiboland et al., 2@G01) wheat
(Erenoglu et al., 2002) cultivars differing in Zn efficiencyrice, leaf Zn mobilization
was also proposed as an important contributing factor to Zn efficigtajiboland et
al., 2001). However, in bread and durum wheat cultivars, Zn mobilizatiea veere
similar and did not correlate to Zn efficiency (Erenoglu et al., 2002). In trestbieidy,
wild emmer and durum wheat genotypes did not statisticallyrdiff@n mobilization
from the application leaf (Table 4.7). By contrast, statisticailiynificant differences
existed in shoot Zn mobilization at a level of genotype, Zn treatarahigenotype by
Zn interaction (Table 4.7). In other words, genotypes performed seymifjcdifferent
in shoot Zn mobilization ratios. Consequently,dicoccoides genotypes TTD 27 and
24-39 expressed the highest shoot mobilization ratios whereas TTid 9a536 had
the lowest. Thd. durum Desf. cultivars Balcall 2000 and Saricanak 98 ranKedri
10" in shoot Zn mobilization ratio among a total of 12 wheat genotypssdte
According to literature survey, this is the first report to slsaymificant and exploitable
variation in shoot Zn mobilization of wild emmer wheat genotypes. ysmalbf data
revealed a negative and significant correlation between retpiodn of Zn in the
application leaf and mobilized Zn into shoots and roots irrespectivan dfeatments
(Fig. 4.4). By contrast, no significant relation was detected betwbeot and root
mobilization rates (Fig. 4.4), suggesting that these traitscanérolled by different
physiological and genetic factors. Such high translocation cgdacifoliar applied Zn
through phloem also indicates that plants can respond to foliar Zn aiopliday
increasing grain Zn concentration. Accordingly, recently, it has lsbown that wheat
plants growing under field conditions responded to foliar Zn applicatiosigmyficant

increases in grain Zn concentration (Cakmak et al., 2010)

In summary, this thesis study reports a higher and exploitablapfake and
mobilization capacity of wild emmer wheats. Under low Zn suppé wild emmer
wheats TTD 21, TD 531 and TTD 27 showed highest root Zn uptake and ‘slutdb
Zn translocation rates whereas TTD 27 and 24-39 expressed the hsljoedt
mobilization ratios. Exploitation of Zn uptake, transport and mobilizdtaits of these

genotypes in further breeding studies can greatly contribute teasing grain Zn
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content of cultivated wheats. The wild wheats used in this stedg different in their
grain Zn concentrations (see Table 4.1); but, as presented inuthys the differences
in grain Zn concentration were not related to the differencesainZn uptake and Zn
mobilization (retranslocation) rates of the genotypes during the eadgtgstage. It is,
therefore, important to conduct similar tests on those genotypes doeingte growth

stage (e.g., after flowering stage).

48



7. REFERENCES

Adams, C. L., Hambidge, M., Raboy, V., Dorsch, J. A., Sian, L., Westcadit, J.
Krebs, N.F., 2002. Zinc absorption from low-phtic acid maize. Am & Qlitr
76,556-9.

Aggett, P.J., 1983. Acrodermatitis enteropathica. J. Inherit. Metab. Dis. 6, 39-43.

Alloway, B. J., 2001. Zinc — The Vital Micronutrient for HealthyjghtValue
Crops. IZA 2001.

Alloway, B.J., 2009. Soil factors associated with zinc deficientycrops and
humans. Env. Geochem. Health 31,537-548.

Andreini, C., Bertini, I., Cavallaro, G., Holliday, G. L., Thornton, J. M., 2008aMe
ions in biological catalysis: from enzyme databases to gepdraliples. J. Biol.
Inorg. Chem. 13, 1205-1218.

Andres-Colas, N., Sancenon, V., Rodriguez-Navarro, S., Mayo, S., Thiele, D.J.,
Ecker, J.R., Puig, S., Penarrubia, L., 2006. The Arabidopsis heavy megja¢ P-t
ATPase HMAS interacts with metallochaperones and functions in copper
detoxification of roots, Plant J. 45, 225-236.

Arrivault, S., Senger, T., Kramer, U., 2006. The Arabidopsis metal toke@atein
AtMTP3 maintains metal homeostasis by mediating Zn exclusmm the shoot
under Fe deficiency and Zn oversupply. Plant J. 46, 861-879.

Assuncao, A. G. L., Herrero, E., Lin, Y. F., Huettel, B., Talukdar, S., Smaczniak, C.,
Immink, R. G. H., Eldik, M. van, Fiers, M., Schat, H., Aarts, M. G. M., 2010.
Arabidopsis thaliana transcription factors bZIP19 and bZIP23 regulhe
adaptation to zinc deficiency. Proc. Natl. Acad. Sci. U.S.A. 107, 10296-10301.

ATSDRDTEM,2005. Toxicological Profile for Zinc. Agency for Tox8ubstances

and Disease Registry Division of Toxicology and Environmental Meetié\tlanta,
GA, USA, 2005.

49



Auld, D. S., 2001. Zinc coordination sphere in biochemical zinc sites. Badsrid,
271-313.

Bansal, R.L., Takkar, P.N., Bhandari, A.L., Rana, D.S., 1990. Critical level of
DTPA extractable Zn for wheat in alkaline soils of semiagigion of Punjab, India.
Nutrient Cyc. Agroecosystems 21, 163-166.

Barnes, P.M., Moynahan, E.J., 1973. Zinc deficiency in acrodermatitis
enteropathica: multiple dietary intolerance treated with syietaanc. Proc. R. Soc.
Med. 66, 327-329.

Becher, M., Talke, I.LN., Krall, L., Kramer, U., 2004. Cross-speciesraairay
transcript profiling reveals high constitutive expression of hteieneostasis genes
in shoots of the zinc hyperaccumulator Arabidopsis halleri, Plant J. 37, 251-268.

Benini, S., Rypniewski, W. R., Wilson, K. S., Mangani, S., Ciurli, S., 2004.
Molecular Details of Urease Inhibition by Boric Acid: Insigimso the Catalytic
Mechanism. J. Am. Chem. Soc. 126, 3714-3715.

Bouis, H.E., 2003. Micronutirient fortification of plants through plant bregdtan
it improve nutrition in man at low cost? Proc. Nutr. Soc. 2003 May;62(2):403-11.

Broadley, M.R., Philip J. W., Hammond, J.P., Zelko, I., Lux, A., 2007. Zinc in
plants. New Phytologist 173:677-702.

Brown, M.A., Thom, J.V., Orth, G.L., Cova, P., Juarez, J., 1964. Food poisoning
involving zinc contamination. Arch. Environ. Health 8, 657-660.

Cakmak, I., 2000. Possible roles of zinc in protecting plant cells framade by
reactive oxygen species (Tansley review No. 111); New Phyt 146, 185-205.

Cakmak, I., 2008. Enrichment of cereal grains with zinc: agronomicenetig
biofortification? Plant Soil 302, 1-17.

Cakmak, I. , Gualut, K.Y., Marschner, H., Graham, R.D., 1994. Effect of zinc and
iron deficiency on phytosiderophore release in wheat genotypesirdjffm zinc
efficiency. J. Plant Nutr. 17 , 1-17.

Cakmak, I., Kalayci, M., Ekiz, H., Braun, H. J., Yilmaz, A., 1999a. Zinc aafry
as a practical problem in plant and human nutrition in Turkey: A @/Skience for
Stability Project. Field Crops Res. 60, 175-188.

Cakmak, I., Kalayci, M., Kaya, Y., Torun, A.A., Aydin, N., Wang, Y.jsty, Z.,

Erdem, H., Yazici, A., Gokmen, O., Ozturk, L., Horst, W.J., 2010. Bioforti@inati
and Localization of Zinc in Wheat Grain. J. Agric. Food Chem. 5, 9092-9102.

50



Cakmak, I., Ozkan, H., Braun, H.J., Welch, R.M., Romheld, V., 2000. Zinc and iron
concentrations in seed of wild, primitive and modern wheats. Food Bluit. 21,
401-403.

Cakmak, I., Sari, N., Marschner, H., Kalayci, M., Yilmaz, A., Eker, SIIGK.Y.,
1996. Dry matter production and distribution of zinc in bread and durum wheat
genotypes differing in zinc efficiency. Plant Soil 180, 173—-181.

Cakmak, I., Tolay, ., Ozdemir, A., Ozkan, H., Ozturk, L., Kling, C.l., 1999b.
Differences in zinc efficiency among and within diploid, tetragppland hexaploid
wheats. Ann. Bot. 84 , 163-171.

Cakmak, I., Torun, A., Millet, E., Feldman, M., Fahima, T., Korol, A., Nevo, E.,
Braun, H.J., Ozkan, H., 2004. Triticum dicoccoides: An important genetic oesour
for increasing zinc and iron concentration in modern cultivated whedt.S8oi
Plant Nutr. 50:1047-1054.

Cakmak, 1., Yilmaz, A., Kalayci M., Ekiz, H., Torun, B., Erenoglu B., Braua.,
1996. Zinc deficiency as a critical problem in wheat production mtr@eAnatolia.
Plant and Soil 180: 165-172

Chapman, H.D.,1996. Zinc. In: Chapman HD, ed. Diagnostic criteria for plants and
soils. California, CA, USA: pp 484-499.

Chatzav, M., Peleg, Z., Ozturk, L., Yazicli, A., Fahima, T., Cakmak, .n§ar¥ .,
2010. Genetic diversity in grain nutrients in wild emmer wheat: pateior wheat
improvement. Annals of Botany105, 1211-1220.

Chevrier, B., Schalk, C., D’Orchymont, H., Rondeau, J. M., Moras, D., Tarnus, C
1994. Crystal structure of Aeromonas proteolytica aminopeptidase: @typioal
member of the co-catalytic zinc enzyme family. Structure 2, 283-291.

Choi, D.W., Yokoyama, M., Koh, J., 1988. Zinc neurotoxicity in cortical cell
culture. Neuroscience 24, 67-79.

Coleman, J. E., 1967. Mechanism of action of carbonic anhydrase. Sajbstrat
sulfonamide and anion binding. J. Biol. Chem. 242, 5212-5219.

Combs, G.F. Jr., 2001. Impact of selenium and cancer-prevention finding of
nutrition-health paradigm. Nutr Canc26001;40(1):6-11.

Costello, L.C., Franklin, R.B., 1998. Novel role of zinc in the regulation adtpte
citrate metabolism and its implications in prostate cancer. Prostate 35, 285-296.

Courbot, M., Willems, G., Motte, P., Arvidsson, S., Roosens, N., Saumitou-

51



Laprade, P., Verbruggen, N., 2007. A major quantitative trait locusaddmium
tolerance in Arabidopsis halleri colocalizes with HMA4, a gemeoding a heavy
metal ATPase, Plant Physiol. 144, 1052—-1065.

Delafuente, J.C., 1991. Nutrients and immune responses. Rheum. Dis. Clm. Nort
Am. 17, 203-212.

Desbrosses-Fonrouge, A.G., Voigt, K., Schroder, A., Arrivault, S., Thomine, S.,
Kramer, U., 2005. Arabidopsis thaliana MTP1 is a Zn transpartére vacuolar
membrane which mediates Zn detoxification and drives leaf Zn accumulatiB®, FE
Lett. 579, 4165-4174.

Diaz, J.R., Cagigas,A de las, Rodriguez, R. 2003. Micronutrient defie® in
developing and affluent countries. European Journal of Clinical Nutried3) 57,
Suppl 1, S70-S72.

Distelfeld, A., Cakmak, I., Peleg, Z., Ozturk, L., Yazici, M. A., Budak, tra8ga,
Y., and Fahima, T. 2007. Multiple QTL-effects of wheat Gpc-B1 loousgrain
protein and micronutrient concentrations. Physiol. Plantarim 129, 635-643.

Dong, B., Rengel, Z., Graham, R.D., 1995. Characters of root geometry of wheat
genotypes differing in Zn efficiency. J. Plant Nutr. 18 , 2761-2773.

Durrett, T.P., Gassmann, W., Rogers, E.E., 2007. The FRD3-mediated @fflux
citrate into the root vasculature is necessary for efficient iron tratglac Plant
Physiol. 144, 197-205.

Eklund, H., Branden, C. I, 1987. Alcohol Dehydrogenase. In: Jurnak FA,
McPherson A. eds. Biological Macromolecules and Assemblies: Vol. 3, ARities
of Enzumes. New York: John Wiley & Sons, Inc; 73-143.

Erenoglu, B., Nikolic, M., Romheld, V., Cakmak, I., 2002. Uptake and transport of
foliar applied zinc (65Zn) in bread and durum wheat cultivars differn zinc
efficiency. Plant and Soil 241, 251-257.

Fahima, T., Distelfeld, A., Peleg, Z., Ozturk, L., Yazici, M. A., 8g& Y., and
Cakmak, 1., 2006. Multiple QTL-effects on grain zinc, iron and protein
concentrations localized within a 250-kb interval on chromosome 6BS aitwhe
30 in: 8th Int. Congress of Plant Molecular Biology. Springer: Netherlands.

Fischer, J., Becker, C., Hillmer, S., Horstmann, C., Neubohn, B., Sthldset
Senyuk, V., Shutov, A., Mlntz, K., 2000. The families of papain- and legumain-like
cysteine proteinases from embryonic axes and cotyledons of \geals:
developmental patterns, intracellular localization and functions lobubn
proteolysis. Plant Mol Biol 43: 83—-101.

52



Fox, M.R.S., 1989. Zinc excess. In Zinc in Human Biology; Mills, C.F., Ed.;
Springer Verlag: New York, NY, USA, pp. 366-368.

Fox, T. C., Guerinot, M. L. 1998. Molecular biology of cation transport intpla
Annu. Rev. Plant Physiol. Plant Mol. Biol. 1998. 49:669-96.

Gepstein,S., 2004. Leaf senescence - not just a "wear and tear" phenomenon.
Genome Biology 5:212

Giampietro, S., Montecucco, C., 1995. Clostridial Neurotoxins. Methods Enzymol.
248, 643-652.

Graham, R.D., 1984. Breeding for nutritional characteristics ieat®r Adv. Plant
Nutr. 1, 57-102.

Graham, A.W., McDonald, G.K., 2001. Effect of zinc on photosynthesis and yield
of wheat under heat stress. Proceedings of the 10th Australian Agronomy
Conference 2001, Australian Society of Agronomy. Hobart, Tasmania, Australia.

Graham, R.D., Rengel, Z., 1993. Genotypic variation in zinc uptake and igiizat
In Zinc in Soils and Plants. Ed. A. D. Robson. pp. 107-118. Kluwer Academic
Publishers, Dordrecht, The Netherlands.

Graham, R.D., Welch, R.M, 199@reeding for staple food crops with high
micronutrient density. Agricultural strategies for Micronutridsrking paper No.
3. IFPRI, Washington DC.

Grant, C.A., Buckley, W. T., Bailey, L. D., Selles, F., 1998. Cadmiumraatation
in crops. Can. J. Plant Sci. 78, 1-17.

Grotz, N., Fox, T., Connolly, E., Park, W., Guerinot, M. L., Eide, D., 1998.
Identification of a family of zinc transporter genes fromAdapsis that respond to
zinc deficiency. Proc. Natl. Acad. Sci. U.S.A. 95, 7220-7224.

Grases, F., Garcia-Gonzalez, R., Torres, J., Llobera, A., 2000at@hytevents
tissue calcification in female rats. BioFactors 11, 171-177.

Grusak, M., DellaPenna, D., 1999. Improving the nutrient composition pfspia
enhance human nutrition and health. Annu. Rev. Plant. Physiol. Plant Mol5@&iol.
133-161.

Guo, Y., Cia, Z., Gan, S., 2004. Transcriptome of Arabidopsis leaf senescence.
Plant, Cell & Env., 27/5: 521-549.

53



Hacisalihoglu, G., Hart, J.J., Kochian, L.V., 2001. High- and low-affizityc
transport systems and their possible role in zinc efficiencgread wheat. Plant
Physiol. 125:456-463.

Hajiboland, R., Singh, B., ROmheld, V., 2001. Retranslocation of Zn from leaves a
important contributing factor for zinc efficiency of rice genotype$lant Nutrition

— Food Security and Sustainability of Agro-Ecosystems. Eds.Nurst et al. pp.
226-227.

Kluwer Academic Publishers, Dordrecht, The Netherlands. Hambid&, ROO0O.
Human zinc deficiency. Journal of Nutrition 130 : 1344-S1349.

Hammond, J.P., Bowen, C., White, P.J., Mills, V., Pyke, K.A., Baker, A.J.M.,
Whiting, S.N., May, S.T., Broadley, M.R., 2006. A comparison of the Thlaspi
caerulescens and Thlaspi arvense shoot transcriptomes, New Phytol. 170, 239-260.

Hanikenne, M., Talke, I. N., Haydon, M. J., Lanz, C., Nolte, A., Motte, P.,
Kroymann, J., Weigel, D., Kramer, U., 2008. Evolution of metal hyperaglation
required cisregulatory changes and triplication of HMA4. Nature 453, 391-U344.

Hart, J.J., Welch, R.M., Norvell, W.A., Kochian, L.V., 2006. Characteanatif
cadmium uptake, translocation and storage in near-isogenic lingdsrih wheat
that differ in grain cadmium concentration, New Phytol. 172, 261-271.

Haslett, B.S.,Reid, R.J., Rengel, Z., 2001. Zinc mobility in wheat: upiake
distribution of zinc applied to leaves or root. Annals of Bot. 87:379-386.

Haydon, M.J., Cobbett, C.S., 2007. A novel major facilitator superfamily pratei
the tonoplast influences zinc tolerance and accumulation in Arabidopaist. P
Physiol. 143, 1705-17109.

Hell, R., Stephan, UW, 2003. Iron uptake, trafficking, and homeostatis in plants.
Planta. 216(4):541-51.

Higuchi, K., Suzuki, K., Nakanishi, H., Yamaguchi, H., Nishizawa, N.K., Matri, S
1999. Cloning of nicotianamine synthase genes, novel genes involved in the
biosynthesis of phytosiderophores, Plant Physiol. 119, 471-479.

Jeejeebhoy, K., N., 2007. Human zinc deficiency. Nutr. Clin. Pract. 22, 65.

Joppa, L.R., R.G. Cantrell, 1990. Chromosomal location of genes for graimprotei
content of wild emmer. Crop Sci. 30:1059-1064.

Jukanti, A.K., Heidlebaugh, N.M., Parrott, D.L., Fischer, I.LA., Mcinnerney, K
Fischer, A.M., 2008. Comparative transcriptome profiling of near-isogeailey
(Hordeum vulgare) lines differing in the allelic state of @angrain protein content
locus identifies genes with possible roles in leaf senescende nirogen
reallocation. New Phytologist 177, 333—349.

54



Keilin, D., Mann, T., 1940. Carbonic anhydrase. Purification and naturéeof t
enzyme. Biochem J. 34, 1163-1176.

Klatte, M., Schuler, M., Wirtz, M., Fink-Straube, C., Hell, R., Bater,2009. The
analysis of Arabidopsis nicotianamine synthase mutants revealsiohsxdor
nicotianamine in seed iron loading and iron deficiency responses, RigsitlP150
, 257-271.

Klug, A., 1999. Zinc finger peptides for the regulation of gene aspya. J. Mol.
Bio. 293, 215-218.

Kochian LV. 1993. Zinc absorption from hydroponic solutions by plant roots. In
Zinc in Soils and Plants, ed. AD Robson, pp. 45-57. Boston/Dordrecht: Kluwer

Krupinska, K., Humbeck, K., 2004. Photosynthesis and chloro- plast breakdown. In:
Noodén LD (ed) Plant Cell Death. Processes. Elsevier, pp 169-187.

Kutman, U.B., Yildiz, B., Cakmak, I|., 2011.Effect of nitrogen on uptake,
remobilization and partitioning of zinc and iron throughout the development
durum wheat. Plant Soil 342, 149-164

Kutman, U.B., Yildiz, B., Ozturk, L., Cakmak, I., 2010. Biofortification of durum
wheat with zinc through soil and foliar applications of nitrogen. &etédem. 87,
1-9.

Kipper, H., Kochian, L.V., 2010. Transcriptional regulation of metal trabspor
genes and mineral nutrition during acclimatization to cadmium amd ini the
Cd/Zn hyperaccumulator, Thlaspi caerulescens (Ganges population), New
Phytol.185, 114-129.

Magsood, M. A., Rahmatullah, S. Kanwal, Aziz, T., Ashraf, M., 2009. Evaluation of
Zn distribution among grain and straw of twelve indigenous wheatiogim
aestivum) genotypes. Pak. J. Bot. 41:225-231.

Marschner, H,. 1995Mineral nutrition of higher plants, 2nd edn. London, UK:
Academic Press.

Maret, W., 2001. Zinc biochemistry, physiology, and homeostasis atresights
and current trends. BioMetals 14, 187-190.

Maret, W., 2005. Zinc coordination environments in proteins determine zinc
function. J. Trace Elements in Med. and Bio. 19, 7-12.

Masuda, H., Usuda, K., Kobayashi, T., Ishimaru, Y., Kakei,Y., Takahashi, M.,
Higuchi, K., Nakanishi, H., Mori, S.,Nishizawa, N.K., 2009. Overexpression of the
Barley Nicotianamine Synthase Gene HvVNAS1 Increases Iron Zimd
Concentrations in Rice Grains. Rice 2, 155-166.

55



Matthews, B. W., 1988. Structural basis of the action of thermolysinrelated
zinc peptidases. Acc. Chem. Res. 21, 333-340.

Micronutrient Initiative, Annual Report 2006-7.

Morris, E. R., 1986. Phytate and dietary mineral bioavailability. iPh4cid
Chemistry and Application.:55-76

Ortiz-Monasterio, J.I. , Palacios-Rojas, N., Meng, E., Pixtey, Trethowan, R.,
Pena, R. J. 2007. Enhancing the mineral and vitamin content of wheat are mai
through plant breeding. Journal of Cereal Science 46 : 293-307

Palmgren, M. G., Clemens, S., Williams, L. E., Kraemer, U., Borgg&jorring, J.
K., Sanders, D., 2008. Zinc biofortification of cereals: problems angticos.
Trends Plant Sci. 13, 464-473.

Papoyan, A., Kochian, L.V.,2004. Identification of Thlaspi caerulescerssgbat
may be involved in heavy metal hyperaccumulation and tolerance. @heration
of a novel heavy metal transporting ATPase, Plant Physiol. 136, 3814—-3823.

Peck, AW., McDonald, G.K., Graham, R.D., 2008. Zinc nutrition influences th
protein composition of flour in bread wheat (Triticum aestivum L.Cekeal Sci.
47, 266-274.

Pence, N. S., Larsen, P. B., Ebbs, S. D., Letham, D. L., Lasat, M. M. nGank.,
Eide, D., Kochian, L. V., 2000. The molecular physiology of heavy nietasport
in the Zn/Cd hyperaccumulator Thlaspi caerulescens, Proc. Natl. Sci. U.S.A.
97, 4956-4960.

Persson, D.P., Hansen, T.H., Laursen, K.H., Schjoerring, J.K., Husted, S., 2009.
Simultaneous iron, zinc, sulfur and phosphorus speciation analysis of ealay
tissues using SEC-ICPMS and IP- ICP-MS. Metallomics 1, 418-426.

Pfeiffer, W.H., McClafferty, B., 2007. HarvestPlus: Breeding crops letter
nutrition. Crop Sci. 47, 88-105.

Plum, L.M., Rink, L., Haase, H., 2010. The Impact of Zinc on Human HekEtid:
Essential Toxin. Int. J. Environ. Res. Public Health 2010, 7, 1342-1365.

Porea, T.J., Belmont, J.W., Mahoney, D.H. Jr., 2000. Zinc-induced anemia and
neutropenia in an adolescent. J. Pediatr. 136, 688-690.

Pozo, T. del, Cambiazo, V., Gonzalez, M., 2010. Gene expression profilingianaly

of copper homeostasis in Arabidopsis thaliana. Biochem. Biophys. Resn@om
393, 248-252.

56



Prasad, A.S., 1993. Clinical spectrum of zinc deficiency. Biochemistry of Kew
York, 219-258.

Prasad, A.S., Halsted, J.A., Nadimi, M., 1961. Syndrome of iron deficemayia
hepatosplenomegaly, hypogonadism, dwarfism and geophagia. Am. J. Med. 31,
532-546.

Raboy, V., 2001. Seeds for a better future: ‘low phytate’ grainstbetivercome
malnutrition and reduce pollution. Trend in Plant Sci 6, 458-462.

Raboy, V., 2002. Progress in Breeding Low Phytate Crops. Sympos$ilant
Breeding: A New Tool for Fighting Micronutrient Malnutrition. A8 for Nut Sci,
503S.

Ramesh, S. A., Shin, R., Eide, D. J., Schachtman, D. P., 2003. Differentaél me
selectivity and gene expression of two zinc transporters froea RBant Physiol.
133, 126-134.

Randall, P.J., Bouma, D., 1973. Zinc deficiency, carbonic anhydrase and
photosynthesis in leaves of spinach. Plant Physiol. 52, 229-232.

Rengel, Z., 2001. Genotypic differences in micronutrients useiexfly in crops.
Communications in Soil Science and Plant Analysis, 32:7, 1163 — 1186.

Rengel, Z., Batten, G.D., Crowley, D.E., 1999. Agronomic approaches for
improving the micronutrient density in edible portions of field cropsld~Crops
Res. 60, 27-40.

Rengel, Z., Graham, R.D., 1995a. Importance of seed Zn content for whedt growt
on Zn-deficient soil. I. Vegetative growth. Plant Soil 173:259-266.

Rengel, Z., Graham, R.D,. 1995b. Importance of seed Zn content for whe#t grow
on Zn-deficient soil. Il. Grain yield. Plant Soil 173:267-274.

Rengel, Z., Ibmheld, V., Marschner, H., 1998. Uptake of zinc and iron by wheat
genotypes differing in tolerance to zinc deficiency. J. Plant Physiol. 152 , 433-438.

Rengel, Z., Wheal, M.S., 1997. Kinetic parameters of Zn uptake by wheat ar
affected by the herbicide chlorsulfuron. J. Exp. Bot. 48, 935-941.

Sandstead, H.H., 1995. Requirements and toxicity of essential travenéte
illustrated by zinc and copper. Am. J. Clin. Nutr. 61, 621S-624S.

Sandstrom, B., Sandberg, A. S., 1992. Inhibitory effects of isolated inositol
phosphates on zinc absorption in humans. J Trace Elem Electrolyaéth Bes 6,
99-103.

57



Shi, R., Zhang, Y., Chen, X., Sun, Q., Zhang, F., Romheld, V., Zou, C., 2010.
Influence of long-term nitrogen fertilization on micronutrient dengit grain of
winter wheat (Triticum aestivum L.). J Cereal Sci 51, 165-170.

Shrotri, C.K., Tewari, M.N., Rathore, V.S., 1980. Effects of zinc nutritton
sucrose biosynthesis in maize. Phytochemistry 19,139-140

Sillanpaa, M., 1990. Micronutrients assessment at the country level: An
international study. FAO Soils Bulletin 63. Food and Agriculturea@ization of
the United Nations, Rome.

Singh, R.R., Gangwar, M.S., 1974. Indian J. Agr. Sci. 43, 567.

Springman, E. B., Angleton, E. L., Birkedal-Hansen, H. , Van Wart, H1#90.
Multiple modes of activation of latent human fibroblast collagenasiglence for
the role of Cys 73 active-site zinc complex in latency and aeicygstswitch
mechanism for activation. Proc. Natl. Acad. Sci. USA 87, 364-368.

Strater, N., Lipscomb, W. N., 1995. Two-metal ion mechanism of bovine lens
leucine aminopeptidase: active site solvent structure and binding mode of
leucinal, a gem-diolate transition state analogue, by X-reystallography.
Biochemistry 34, 14792-14800.

Takeda, A., 2000. Movement of zinc and its functional significance irbthie.
Brain. Res. Rev. 34, 137-148.

Tauris, B., Borg, S., Gregersen, P.L., Holm, P.B., 2009. A roadmap for zinc
trafficking in the developing barley grain based on laser captisedissection and
gene expression profiling. J. Exp. Bot. 60, 1333-1347.

Thorne, J., 1985. Phloem unloading of C and N assimilates in developing seeds,
Ann. Rev. Plant Physiol. 36, 317-343.

Timmer, C.P., 2003. Biotechnology and food systems in developing countries. J
Nutr. 2003 Nov;133(11):3319-22.

Torun, B., Bozbay, G., Giultekin, I., Braun, H.J., Ekiz, H., Cakmak, I., 2000.
Differences in shoot growth and zinc concentration of 164 bread \gheatypes in
a zinc-deficient calcareous soil. J. Plant Nutr. 23, 1251-1265.

Treeby, M., Marschner, H., Romheld, V.,1989. Mobilization of iron and other
micronutrient cations from a calcareous soil by plant-borne, microbial, and aynthe
metal chelators. Plant Soil 114, 217-226.

Trumbo, P., Yates, A.A., Schlicker, S., Poos, M., 2001. Dietary refereteles:
vitamin A, vitamin K, arsenic, boron, chromium, copper, iodine, iron, manganese,
molybdenum, nickel, silicon, vanadium, and zinc. J. Am. Diet. Assoc. 101, 294-301.

58



Truong-Tran, A.Q., Carter, J., Ruffin, R.E., Zalewski, P.D., 2001. The rol@of z
in caspase activation and apoptotic cell death. Biometals 14, 314-330.

Ueno, D., Yamaji, N., Ma, J.F., 2009. Further characterization of
ferricphytosiderophore transporters ZmYS1 and HvYS1 in maize ang barExp.
Bot. 60, 3513-3520.

Uauy C., Distelfeld A., Fahima T., Blechl A., Dubcovsky J., 2006. A NB€&he
regulating senescence improves grain protein, zinc, and iron contemheat.
Science 314, 1298 - 1301.

Uraguchi, S., Mori, S., Kuramata, M., Kawasaki, A., Arao, T., Ishikawa2(@®9.
Root-toshoot Cd translocation via the xylem is the major proegssnaining shoot
and grain cadmium accumulation in rice. J. Exp. Bot. 60, 2677—2688.

Vallee, B. L., Auld, D. S., 1990. Active-site zinc ligands and actd/&20 of zinc
enzymes. Proc. Natl. Acad. Sci. USA 87, 220-224.

Vallee, B.L., Neurath, H., 1954. Carboxypeptidase, a zinc metalloprateiAm.
Chem. Soc. 76, 5006.

Varga, B., Svecnjak, Z., 2006. The effect of late-season urea spoaygrgin yield
and quality of winter wheat genotypee under low and high basal entrog
fertilization. Field Crops Res. 96, 125-132.

Wang, K., Zhou, B., Kuo, Y.M., Zemansky, J., Gitschier, J., 2002. A novel member
of a zinc transporter family is defective in acrodermatinteropathica. Am. J.
Hum. Genet. 71, 66-73.

Waters, B.M., Chu, H.H., DiDonato, R.J., Roberts, L.A., Eisley, R.B., Lalier,
Salt, D.E., Walker, E.L., 2006. Mutations in Arabidopsis Yellow StrigeeLiand
Yellow Stripe-Like3 reveal their roles in metal ion homeostasis andigadimetal
ions in seeds, Plant Physiol. 141, 1446-1458.

Waters, B.M., Sankaran R.P., 2011. Moving micronutrients from the solieto t
seeds: Genes and physiological processes from a biofortificaérspective Plant
Science 180, 562-574.

Welch R.M., 2005. Biotechnology, biofortification and global health. Food. Nutr
Bull. 26(4):419-21.

Welch, R.M., Norvell, W.A., 1993. Growth and nutrient uptake by barley (Hordeum
vulgare L. cv. Herta): Studies wusing an N-(2- hydroxyethyl)
ethylenedinitrilotriaacetic acid-buffered nutrient solution technidglant Physiol.
101:627-631.

White P.J., Broadley M.R., 2005. Biofortifying crops with essential raine
elements. Trends Plant Sci. 12: 586-593.

59



Wilcox, D. E., 1996. Binuclear metallohydrolases. Chem. Rev. 96, 2435-2458.

Williams, L. E., Mills, R. F., 2005. P-1B-ATPases: an ancient famil transition
metal pumps with diverse functions in plants, Trends Plant Sci. 10, 491-502.

Wintz, H., Fox, T., Wu, Y.Y., Feng, V., Chen, W.Q., Chang, H.S., Zhu, T., Vulpe,
C., 2003. Expression profiles of Arabidopsis thaliana in mineral dedies reveal
novel transporters involved in metal homeostasis. J. Biol. Chem. 278, 47644—-47653.

Wirén von, N., Marschner, H., Romheld, V., 1996 Roots of iron-efficient maize also
absorb phytosiderophore-chelated zinc. Plant Physiol 111, 1119-1125.

Wong, C. K. E., Cobbett, C. S., 2009. HMA P-type ATPases are the major
mechanism for root-to-shoot Cd translocation in Arabidopsis thaliana, htol.
181, 71-78.

World Bank. Enriching lives: overcoming vitamin and mineral malnutrition
developing countries. Washington, DC: World Bank, 1994.

World Health Organization, 2006. Infant and young child nutrition: quadrennial
report. Geneva: World Health Organization. A59/13, 7.

Xiaoxi, Z., Wu, T., 2007. Iron supplementation for iron deficiency anemia in
children (Protocol). The Cochrane Database of Systemic Reviews 2007, Issue 2.

Yilmaz, A., Ekiz, H., Gultekin, I., Torun, B., Barut, H., Karanlik, S. and Gakn,
1998. Effect of seed zinc content on grain yield and zinc concentratio/mext
grown in zinc-deficient calcareous soils. J. Plant Nutr. 21: 2257-2264.

Yilmaz, A., Ekiz, H., Torun, B., Gultekin, I., Karanlik, S., Bagci, S.A., Cakniak,
1997. Effect of different zinc application methods on grain yield and zinc
concentration in wheat grown on zinc-deficient calcareous soils imaCémtatolia.

J. Plant Nutr. 20, 461-471.

Zhao, F.J., Hawkesford, M., McGrath, S., 1999. Responses of two wheat sdadetie
sulphur addition and diagnosis of sulphur deficiency. Plant and Soil 181:317-327.

60



APPENDIX A

Heating Block: Ceran 500
Gamma Counter: Perkin Emler 2480 WIZARButomatic Gamma Counter
Growth Chamber: DigiTech Hi-tech systems LTD.

ICP (inductively coupled plasma atomic emission spectrometer): VaritaPvios
Axial)

Microwave Oven: CEM MarsXpress

Regular Oven: Memmert beschickung-Loading model 100-800
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