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Abstract 

Wheat grains are a poor source of iron and zinc, and identifying genetic ways to 

improve these through breeding could improve human health. In this thesis, we aimed 

to characterise the ZIP (zinc-regulated, iron-regulated transporter-like protein) family 

in wheat and identify novel variation for Fe content using an EMS population. 

In our first project, we identified and functionally characterised the ZIP genes in wheat, 

identifying 15 TaZIP genes in total. Using publicly available RNA-seq data, we found 

that in both wheat and rice, TaZIP11, TaZIP13, and TaZIP14 showed the highest 

expression in most tissues. We functionally characterised these three ZIPs. We found 

that TaZIP11 could transport Fe and Zn in a yeast complementation assay but did not 

observe consistent effects on micronutrients in any wheat mutant lines. Although 

TaZIP13 did not transport Fe and Zn in yeast complementation assay, our TILLING 

mutants showed altered Fe contents, while these were inconsistent between different 

crosses. TaZIP14 showed no effect in yeast or in planta. 

Secondly, we screened a hundred EMS lines cv. Cadenza using Perls staining and 

selected three high Fe lines to develop the mapping populations. For Fe phenotyping 

in mapping population, we developed a computational method to quantify the Fe levels. 

Additionally, this method also localized the Fe contents in grain tissues. Bulk segregant 

analysis of F2 lines identified significant QTL for Fe content in one population, including 

a highly significant QTL on Chromosome 3B. 

In summary, we identified and characterised three ZIP genes in wheat, found that EMS 

mutagenesis can increase grain iron content and found a novel QTL for Fe content. 
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Chapter 1: General Introduction 
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1.1 Wheat as a staple crop 

Wheat is the most significant cereal crop in the planet as it is consumed in range of 

traditional and modern foods. Collectively, the three major worldwide staple cereals 

(wheat, rice, and maize) cover a key part of the daily human food, account for nearly 

60% of the world’s food calories (Dixon, 2007). Globally, only wheat plays a key role 

in ensuring worldwide nutrition security, supplying 20% of human calories and protein 

(FAO, 2017). More than 170 countries consume more than 50 kg of wheat per person 

each year (FAO, 2020). The final goal of current agriculture is to make healthy food in 

adequate quantities for the growing world. It is forecast that the population will be in 

surplus of 9 billion people by 2050 (Godfray et al., 2010). The existing land for crop 

farming could not increase and more pressures from restricted water resources and 

climate change will only aggravate the challenge of providing food safety for the global 

population (Foley et al., 2011). Though, people whose diets consist primarily of cereals 

like wheat can suffer micronutrient deficiencies due to low amounts of micronutrients 

like Fe and Zn in wheat grain. Because of this, enhancing nutrition quality, such as 

raising the levels of micronutrients in staple crops, is just as important as increasing 

food supply in terms of quantity.  

1.1.1 Origin and evolution of wheat 

The history of wheat from around 10,000 B.C. is a significant part of the history of 

farming (Venske et al., 2019). Wheat is supposed to have first been cultivated in the 

Middle East spreading from Lebanon, Jordan, and Palestine to Syria, Iran, Turkey, and 

Iraq that area called Fertile Crescent (Arzani & Ashraf, 2017). The initial cultivated 

varieties are hulled and contain all polyploidy levels known in Triticum spp., diploid, 

tetraploid, and hexaploid (Arzani & Ashraf, 2017). These species are einkorn (Triticum 
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monococcum L.), emmer (Triticum dicoccum), and spelt (Triticum spelta). The 

corresponding wild relatives are still located in these countries (Harlan & Zohary, 1966; 

Shewry, 2009). However, the domestication caused huge genetic erosion that has 

been strengthened through modern breeding with the undesirable consequence of 

improved susceptibility to climate changes, and diseases (Peng et al., 2011). 

Wheat, the Poaceae family (Hawkesford et al., 2013), which contains the Triticeae 

tribe, the division with the utmost efficiently important cereals. The fourteen genera that 

make up the Triticeae tribe are divided into the Triticinae and Hordeinae subtribes, and 

the development of amphiploids and interspecific hybrids suggests that the different 

genera may be compatible genetically or cytoplasmically. The widely cultivated wheat 

group of this tribe are hexaploid Triticum aestivum L., tetraploid Triticum turgidum L, 

and diploid einkorn Triticum monococcum L. (Peng et al., 2011). A similar 

domestication of wild tetraploid emmer wheat resulted in the sequential appearance of 

domesticated emmer wheat (Triticum dicoccum) and large-seeded, free-threshing 

durum wheat (Triticum durum) (Avni et al., 2017; Dubcovsky & Dvorak, 2007). 

Presently, the most efficiently important species are tetraploid pasta wheat (Triticum 

turgidum subsp.) and hexaploid bread wheat (J. H. Peng et al., 2011). The latter two 

wheat species came into existence as a result of two polyploidization occurrences. The 

first of these occurred about 500,000–150,000 years BP (before present) with the link 

of the genomes of diploid species: one was the wild species Triticum urartu providing 

the A genome and the other species from the Sitopsis providing the B genome (Figure 

1.1). This produced the allotetraploid wild emmer wheat (Triticum dicoccoides; AABB; 

2n = 4x = 28) (IWGSC, 2014, 2018; Petersen et al., 2006). By the genetic resources 

of ancestral diploids, these planted allotetraploid wheat is normally more vigorous, 
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improving productions and adjusting to a broader range of ecological conditions 

compared to its family (Feuillet et al., 2008). The second event happened about 8,000–

9,000 years BP between Triticum turgidum subsp. dicoccum  and Aegilops tauschii, a 

wild diploid species, which generated the Triticum aestivum. (IWGSC et al., 2014; Peng 

et al., 2011).   

 

 

Figure 1.1: Evolution and domestication of bread wheat. The grey, yellow and green 

colours show diploid, tetraploid and hexaploidy in wheat. 

1.1.2 Wheat production and consumption 

The capability of world to compact with the growing population and demands was 

uncontrolled in the 1960s, especially in low income countries however this 

phenomenon activated a dramatic rise in cereal productions in various countries. The 

massive hunger and the related social and economic turmoil were prevented (Evans 
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& Lawson, 2020). Numerous genomic traits were nominated to enhance the 

production, constancy, and compliance of corn, wheat and rice (Khush, 2001). 

Introducing high-yielding varieties of wheat were come with by massive applying 

chemical composts and pesticides. These developments was so massive that it was 

known as the Green Revolution (Hedden, 2003).  

The conventional old wheat varieties were tall with very hard stems and leafy. The 

Green Revolution increased wheat productivity, mainly due to the introducing cereals 

dwarfing genes (Zhang et al., 2014). The dwarfing genes addition from the Japanese 

variety ‘Norin 10’ increased the yield, harvest rate, resistance to environmental 

stresses and had better response to fertilizers (Khush, 2001). In fact, the "Norin 10" 

dwarfing genes are present in the genomes of more than 70% of commercially 

cultivated industrial wheat types. ‘Norin 10’ has Rht1 and Rht2 (dwarfing genes), which 

are semi-dominant alleles on chromosomes 1B and 1D, respectively (Hedden, 2003). 

Each gene has similar effect on plant and its combined effect is improver. This derives 

that these genes act as transcription factors (TF) in gibberellin signalling. Gibberellin 

is a crucial endogenous regulator of plant (Hooley, 1994) and the alleles which control 

dwarf genes that decrease plant height and reduce reaction to gibberellin levels. These 

genes also have disadvantage such as reduce the length of the coleoptile which 

decreases the seedling growth rate and also population density (Allan, 1989). 

Bread wheat, which makes up over 95% of all wheat farmed worldwide, is primarily 

used to produce whole and refined flour for a variety of flat and fermented breads as 

well as a wide range of bakery items. Pasta wheat, which is used to manufacture 

semolina (coarse flour), the main component of a variety of other baking items, makes 

up the majority of the remaining 5% (Dubcovsky & Dvorak, 2007). Numerous strategies 
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have been employed to meet the needs as a result of the widespread consumption of 

wheat and the significant effects of the growing global population. Making frozen dough 

goods is one of the options because they have a much longer shelf life. However, the 

gluten network undergoes structural changes as a result of freezing (Meziani et al., 

2011). According to certain research, these differences mostly influence the 

antiparallel-sheet structures, helices, and turns, whereas the sheet contents are 

unaffected by the length of time that materials are kept frozen (Chen, et al., 2014; Xu, 

et al., 2014). Further research has led to the conclusion that protein structural 

alterations are mostly caused by protein aggregation, which in turn causes gluten 

quality to degrade (Zhao et al., 2017). Dough and bread quality are thus significantly 

influenced by decreased yeast viability, decreased bread volume, increased stiffness 

of the bread crumb, and mass weight loss brought on by freezing and temperature 

variations during storage (Phimolsiripol et al., 2008). To overcome this problem in 

frozen storage different compounds are often added to expand the quality of the frozen 

dough. For instance, the adding NaI in wheat dough leads to regulate the β-turns at 

the expense of intra and intermolecular β-sheets. This helps to reduce protein 

interactions and raise in water protein interactions and consequently improve the 

property of frozen dough (Loveday et al., 2012; Xu, et al., 2014). 

1.1.3 Nutritional value 

Wheat can provide a range of protein content depending on wheat genetic and fertilizer 

inputs. However, Pasta wheats have a higher protein content than the majority of other 

cereals, and they have an equally good or better distribution of the essential amino 

acids (Cauvain, 2012). In general, the protein contents of wheat can be vary between 

9-18% of the grain weight (Shewry, 2009). For instance, wheat used to make high 
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volume loaf bread normally needs a 12% protein or higher level, wheat used to make 

cakes and biscuits should ideally have a protein concentration of 7% to 11%. Given 

that modern wheat grains are larger and heavier than traditional wheat grains, which 

results in a greater starchy endosperm and, in turn, lower protein levels, modern wheat 

may have lower protein contents. In fact the protein contents in einkorn are 15.5–22.8% 

and the amylose is 23.8%, however, the protein contents and amylose in bread wheat 

are 12.9–19.9% and 28.4%, respectively (Arzani & Ashraf, 2017). Wheat is an 

important source of vitamins, antioxidants, macro and micronutrients, phytochemicals, 

and other elements that are crucial for human health in addition to its primary 

components, proteins, carbs, and lipids. 

1.2 Micronutrients malnutrition 

In general, the world population relies on the cultivation of the edible grains wheat 

(Triticum aestivum), barley (Hordeum vulgare), maize (Zea mays), and rice (Oryza 

sativa) as staple foods. Whereas cereals provide a valuable source of energy, but they 

are found deficiency of nutrients. Zinc, iron, and manganese tend to be 

underrepresented in cereal grains (Cakmak, 2008b). These elements are known as 

micronutrients because they are needed in relatively less concentrations (5 to 100 mg 

/ kg) in plant tissues (Alloway, 2008). Humans need more than twenty-two mineral 

elements which are provided in adequate quantities when taking a diverse and 

nutritionally balanced diet (White & Broadley, 2005) A main problem comes when 

people rely on food sources with inadequate micronutrient contents like cereal grains 

for their everyday diet intake. The FAO (Food and Agricultural Organization of the 

United Nations) has calculated that 35% of world populations obtain  their daily diet 

from wheat (Alloway, 2008). The percentage of this population is likely to be higher in 
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low income countries especially in rural areas (Cakmak, 2008b). Micronutrient 

malnutrition is widely spread in areas where populations have less dietary diversity. 

The WHO (World Health Organization) initially created the term ‘hidden-hunger’ to 

explain the effects of micronutrient deficiencies have on humans that are not clear to 

the naked eye immediately (Parr & Fjeld, 1994). Millions of people worldwide lack 

access to the necessary micronutrients that they need from their daily diet and the 

most affected populations are in the developing countries. Micronutrient shortcomings 

lead to increase vulnerability to various diseases, and some are mentioned in the Table 

1.1. Eventually these diseases can cause severe issues, but the origin of the issue is 

frequently the deficiency of micronutrients in the daily diets. Zn, Fe and vitamin A 

deficiencies have been ranked as the 5th, 6th and 7th respectively the most important 

contributors to diseases in the developing countries (WHO, 2018). Micronutrient 

deficiency affects two billion people worldwide with insufficient use of Fe and Zn in 

daily diet (Beal et al., 2017). The WHO estimated that one out of three women in 

reproductive time are anaemic, that is commonly affected by Fe deficiency (WHO, 

2018). A lack of zinc intake affects about 17% of the world's population, stunting growth 

and raising the risk of infant mortality (Wessells & Brown, 2012). These micronutrient 

shortages are commonly found in the developing countries (Middle East, South Asia 

and North Africa). 
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Table 1.1: Micronutrients essential for human, their function and effect of deficiency. 

Micronutrients  Recommended 
nutrient intakes 
per day 

Role in 
humans 

Deficiency 
effects in 
humans 

References 

Zinc  7-9.5 mg Essential 
component for 
enzymes, 
alleviates 
molecular 
structure and 
membrane 
transporters 

Increased 
susceptibility to 
malaria 
pneumonia and 
diarrhoea, 
reduced 
immune system, 
stunting, 
delayed sexual 
and bone 
maturation, 
impaired 
neonatal 
development.  

(Caulfield et 
al., 2004; 
Liping 
Huang, 
2015) 

Iron  8.7-15 mg Oxygen carrier 
in blood cells, 
electron 
acceptor in 
many 
metabolic 
enzymes 

Anaemia, 
impaired 
immune 
functions, 
reduced work 
capacity  

(Joann M. 
McDermid, 
2012) 

Iodine 90-120 μg Maintain 
thyroid 
hormone 
production and 
weight losses 

Goiter, 
Intensified 
susceptibility of 
the thyroid 
gland  

(Trumbo, 
2013) 

Selenium  60-75 µg Thyroid 
hormone  
and 
production, 
component  
in 
selenoproteins 
with roles 
including 
stress, and 
defence 
against 
oxidative  

Cardiomyopathy 
and Kashin-
Beck (arthritis)  

(Rayman, 
2000) 

Sodium ≤2000 mg Maintain 
normal cellular 
homeostasis, 
regulation of 

Diarrhea, 
vomiting, 
diabetic 
ketoacidosis, 

(Pasquale 
Strazzullo, 
2014; WHO, 
2012) 
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fluid and blood 
pressure, 
involve in the 
transport of 
nutrients 

continuous 
gastric suction, 
lose electrolytes 

Boron 1–13 mg Bone 
formation,  
maintenance, 
cardiovascular 
health (CVH), 
and 
neurological 
role 

Oxidative and 
inflammatory 
stress, 
osteoporosis, 

(Forrest H 
Nielsen, 
2020; 
Nielsen & 
Meacham, 
2011) 

Manganese 
 

>1.4  
mg 
 

Component of 
several 
enzymes 
required in 
metabolism, 
lipid, amino 
acid, protein 
and 
carbohydrate 
 

Skeletal 
abnormalities, 
and impaired  
growth, 
Reproductive 
function,  
Interference of 
lipid and  
carbs  
metabolism 

(Aschner & 
Aschner, 
2005) 

Copper 
 

1.2  
mg 

Required for 
normal 
consumption 
of  
dietary iron 
Importance in 
bone,  
brain and 
blood cells  
development 

Myelodysplastic 
syndrome, and  
bone 
abnormalities, 
 
anaemia,   

(Collins & 
Klevay, 
2011) 

Fluoride 3-4 mg Stimulate bone 
cell, prevent 
tooth decay 
and bones 

Dental caries, 
osteoporosis 

(Palmer & 
Gilbert, 
2012) 

 

1.3 Plant iron and zinc nutrition 

1.3.1 Iron 

Iron (Fe) is the most versatile elements in the Planet's crust. It is abundant and widely 

distributed, making up a significant portion of the Earth's outer layer. One of its key 

roles is in photosynthesis, where Fe-containing enzymes facilitate the synthesis of 
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chlorophyll, enabling plants to harness light energy and produce their food. 

Additionally, Fe plays a crucial part in the electron transport chain during respiration, 

generating the necessary energy for metabolic activities. In its uptake, transport, and 

chemical reaction inside plant cells, it mixes with other transition metals including zinc 

and copper (Rout & Sahoo, 2015). Iron deficiency is a frequent nutritional condition 

that affects numerous crop plants, reducing yields and the quality of the feed (McLean 

et al., 2009). Fe is exhibit in unsolvable forms as Fe (III) hydroxides, oxides and 

phosphates, and free iron levels are abundant. Therefore, mostly plants face Fe 

deficiency. Fe contents in cells usually vary between 50-250 µg / g of dry mass (Welch 

& Shuman, 1995). Since plants are main sources of iron for humans, Fe deficiency 

anaemia in humans is frequently linked to plants low bioavailability of Fe. (McLean et 

al., 2009). Bioavailability of Fe refers to the proportion of Fe from ingested 

food/supplements that the body can absorb and utilize effectively. As a result, boosting 

the Fe content of staple foods is seen to be a useful strategy for reducing human Fe 

shortage. Notably, effective soil fortification approaches require a thorough 

comprehension of Fe uptake in plants. The oxidation state of the minerals in the shared 

rhizosphere and the relative concentration of other metals affect the acquisition of Fe. 
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Figure 1.2: Basic pathway for iron and zinc distribution in wheat. Free Zn
2+

 and (PS) phytosiderophore-bound iron and zinc are absorbed from the soil into roots. 
Iron and zinc may be contained in vacuoles when travelling via the apoplast and symplast to the pericycle. The xylem carries iron and zinc before transferring it 
to the phloem. In order to transfer iron and zinc to the ear, they are remobilized from leaf cell plastids (P) and vacuoles (V). From the maternal tissue, iron and 
zinc are exported into the endosperm cavity. Most iron and zinc are stored in protein storage vacuoles bonded to phytic acid after uptake into the aleurone layer. 
Iron and zinc may enter the endosperm in trace amounts and are then stored as ferritin-bound amyloplasts. ZIP,ZRT-, IRT-like protein, YSL, HMA, major heavy 
metal-associated family, YSL, yellow stripe 1-like; MTP, metal tolerance protein, FRDL, ferric reductase defective like 1; NRAMP, natural resistance-associated 
macrophage protein, VIT, vacuolar iron transporter; NA, nicotianamine; SP, small proteins. Some of this information was taken from other grass species i.e., 
rice.  
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1.3.2 Zinc 

Zinc (Zn) is important to the regular functioning, plant physiological paths and is 

essential for maintaining the structural and functional integrity of plant cellular 

membranes (Cakmak & Marschner, 1988). Zn functions in a variety of enzymes and 

regulatory proteins as a structural or catalytic cofactor. Numerous enzymes required 

in protein, DNA transcription, nucleic acid, carbs, and lipid metabolism benefit from 

zinc as a cofactor (Coleman, 1998; Hajiboland, 2012). Alcohol dehydrogenase, 

carbonic anhydrase, phospholipase, alkaline phosphatase, and RNA polymerase are 

just a few examples of the key Zn components found in plant enzymes. Zn is also 

involved in the reaction of other enzymes where it is not the main component 

(Hajiboland, 2012). Zn, unlike iron, is safe around sensitive biomolecules like DNA 

because it maintains a stable-redox state in cells once it has been absorbed. Zn is 

recognised as a key component of proteins involved in DNA and RNA synthesis, 

including transcription factors, reverse transcriptase, and phytohormone activity, 

because of its great propensity to form tetrahedral complexes (Cakmak & Marschner, 

1986), fertility and seed production, photosynthesis (Sharma et al., 1990), as well as 

defence against disease. If Zn is not available in enough quantities to a plant, a 

decrease in development, yield and quality can occur (Randall & Bouma, 1973).  

Zn is involved in three processes that are necessary to the making of photo-

assimilates; (Ohki, 1976), carbonic anhydrase activity, chloroplast structure (Chen et 

al., 2008) and chlorophyll content (Hu & Sparks, 1991). Wheat has demonstrated the 

significance of Zn in photo-assimilate synthesis, with higher Zn levels leading to an 

increased final yield (Yilmaz et al., 1998). Zn has been demonstrated through 

experiments to be important for maintaining production when plants are under drought 
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stress (Bagci et al., 2007). Due to the widespread irregularity in rainfall across a large 

portion of the world's crop-growing regions, the drought resistance provided by 

elevated Zn levels in the plant is very significant for yield protection (Sadeghzadeh & 

Rengel, 2011). It is believed that Zn plays a role in preventing photoxidative loss 

caused by ROS (reactive oxygen species), which form inside the plant when there is 

dryness (Wenzel & Mehlhorn, 1995). Zn is a fundamental component of anti-oxidant 

enzymes like Zn superoxide dismutase that detoxify these ROS. Additionally, Zn is 

required for the synthesis of Zn-finger proteins, which act as transcription factors and 

activate a number of genes involved in the response to stress and drought (Davletova 

et al., 2005).  

1.4 An outlook of iron and zinc uptake from soil to grains 

Numerous studies have been published in order to comprehend the absorption and 

transfer of both zinc and iron from roots to grain in diploid plants including maize, 

barley, and rice. These pathways in wheat crops are not fully understood, however 

diploid crops can help anticipate the presence of Fe/Zn in wheat (Borrill et al., 2014). 

In this section, we will go over the main genes involved in iron and zinc transport as 

well as important steps wheat crops take to accumulate the elements from the roots to 

the grains. 

1.4.1 Uptake and distribution 

Iron and zinc are nutrients that are crucial for growth and development and delivered 

over a considerable distance in plants from roots to grains by xylem and phloem. The 

method referred to as the reduction strategy I, is used by the majority of non-grass 

plants and is classed in the model plant Arabidopsis. The H+ ATPase AHA2 in the 

rhizosphere releases protons in low iron conditions. The soil pH is lowered by the 
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released protons, which also increase Fe3+ solubility. Then, ABCG37 transporter-

exported coumarin-family phenolics chelate soluble Fe3+ when it enters the apoplast 

(Mladěnka et al., 2010). With the help of high-affinity, IRT1 (Iron-Regulated 

Transporter1) iron is transported into the root epidermal cells (Marschner, 1995). 

Strategy II occurs in grasses similarly used by different microbes like bacteria and also 

characterised as a chelation (Morrissey & Guerinot, 2009). This technique might have 

developed as a coping mechanism for alkaline soils where rhizosphere acidification is 

challenging to achieve. Its foundation is the manufacture and secretion of 

phytosiderophores (PS), which chelate Fe3+ and form the PS-Fe (III) complex in the 

rhizosphere (Figure 1.2). Then, YSL (Yellow Strip Like) gene family helps to transport 

into the root. The mass of PS produced and resistance to Fe deficient soils that are 

strongly correlated (Morrissey & Guerinot, 2009). Interestingly, graminaceous species 

for example rice has both strategies to optimize iron levels. 

Metal-chelated forms of iron and zinc move in plants; nicotianamine (NA) and its 

derivative are carried in the phloem and are accelerated by YSL2 (Deinlein et al., 2012; 

Ishimaru et al., 2010; Rellán-Álvarez et al., 2010). The transport of divalent metals is 

particularly important to biofortification, and the generation of NA requires enzymes 

that are mediated by NAS, which is employed as a substrate (Clemens et al., 2013; 

Connorton & Balk, 2019). In grasses, NAAT converts NA into DMA, and DMA makes 

it easier for roots and leaves to absorb iron (Banakar et al., 2017; Bashir et al., 2006). 

YSLs, ZIPs and MTPs are played their role for the transfer of Fe/Zn from xylem to 

fhloem that happens in the roots, shoots, and throughout grain-fillings from leaves to 

grains (Borg et al., 2009; Borrill et al., 2014). Xylem is intermittent therefore all 

elements uptakes into grains via phloem in wheat plants (Zee and O’Brien, 1970). 
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Wheat grains aleurone layer that are displaced during milling has the highest 

concentrations of iron and zinc. Iron is stored in protein storage vacuoles in these 

organs and binds to phytate, which reduces its availability to people (Borg et al., 2009).  

Before entering at the stele for loading into the vascular, iron and zinc have to be 

outward transferred across various layers of root tissues such as epidermis, cortex and 

endodermis. Iron and zinc are combined in the symplast with chelators, to make Fe 

(II)–NA, Fe (II)–DMA, and Zn–NA complexes to improve transport efficiency. YSL9 in 

rice and MTP2 in Arabidopsis are heavily involved in this process (Senoura et al., 2017; 

Sinclair et al., 2018). Fe (III)-citrate is the predominant form of iron in the apoplast gap 

of the xylem, and the citrate transporters FRD3 in Arabidopsis and FRDL1 in rice plants 

are assumed to be crucial for iron loading into the pericycle cells (Durrett et al., 2007; 

Sinclair et al., 2018). FPN1 in Arabidopsis also contributes to loading iron into the 

xylem (Morrissey et al., 2009). Members of the HMA family P1B-type ATPases, notably 

HMA2 and HMA9 in rice, mediate zinc loading into the xylem (Lee et al., 2007; Yamaji 

et al., 2013). In Arabidopsis, MTP2 aids in the inward transport of zinc from the 

epidermis to the xylem across the root, and HMA2 then supplies zinc to the apoplastic 

xylem (Sinclair et al., 2018). Moreover, OsZIP4 is probably involved in phloem zinc 

load in rice (Ishimaru et al., 2005). 

Iron and zinc can then be transported from the xylem to the phloem to undergo 

additional transport and remobilization to the sink tissues. Zinc is carried in both the 

form of free ions and metal chelates in the xylem, which has a pH range of between 

5.0-6.5 (Yoneyama et al., 2015). Although the precise mechanisms governing the long-

distance transportation of Fe/Zn from the xylem to the phloem are not fully understood, 

their remobilization at the source tissues via the phloem has been generally uncovered. 



                                                  CHAPTER 1: GENERAL INTRODUCTION 17 

 

OPT3 (oligo peptide transporter) helps Arabidopsis regulate the movement of iron 

signals from shoots to roots and the redistribution of iron to growing organs through 

the phloem (Mendoza-Cózatl et al., 2014; Zhai et al., 2014). The predominant iron in 

rice chelates in the phloem are Fe(II)–NA and Fe(II)–DMA (Kyriacou et al., 2014). YSL2 

may be related to Fe(II)–NA translocation, through the phloem in rice (Ishimaru et al., 

2010). YSL18 and YSL16 in rice plant are responsible for Fe (II)–DMA translocation 

through the phloem. YSL9 transports both Fe(II)–NA and Fe(II)–DMA in the phloem of 

rice (Senoura et al., 2017). In graminaceous family, stem nodes are of significance as 

a hub for the distribution of zinc and also iron from xylem to phloem to different stem 

tissues. OsZIP3, OsHMA2, OsHMA9, and YSL are important for zinc from xylem to 

phloem and phloem to tissues and remobilization in rice (Lee et al., 2007; Sasaki et 

al., 2015; Yamaji et al., 2013). 

1.4.2. Storage 

Plants have two major methods for iron storage, one is confiscation into vacuoles and 

second into ferritin mostly in the shape of ferrous iron complexes (Connorton, Balk, et 

al., 2017). The total iron stored into vacuoles and ferritin varies among plant species 

(Zielińska-Dawidziak, 2015). In Arabidopsis, about 50% of the total iron is present into 

endodermal cells, however ferritin is deposited in seeds fewer than 5% (Ravet et al., 

2009). On the other hand, seeds of legume species such as lentils, soybean and 

chickpea are full in ferritin. In the cereal crops such as wheat and rice, iron is mostly 

present in the seed-coat and also in vacuoles of alurone-layer. YSL1 and YSL3 helped 

to transport Fe–NA complexes into Arabidopsis seeds (Chu et al., 2010; Waters et al., 

2007). The storage of iron in vacuoles is facilitated by vacuolar iron transporter (VIT1) 

transporter (Kim et al., 2006). NRAMP3 and 4 help to transfer of iron from the vacuole 
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to the cytosol that is essential for germination (Segond et al., 2009; Thomine et al., 

2003). Similarly, VIT gene family including VIT1 and VIT2 in rice grains play a vital role 

in iron appropriation into vacuoles (Zhang, Xu, et al., 2012) and Fe uptake from the 

vacuoles is facilitated by NRAMPs (Nevo & Nelson, 2006). In the alourone and sub-

alourone layer of wheat grains, iron and zinc are assembled where they localize with 

P (phosphorus) in the shape of phytic acid. Some iron and zinc are also localized in 

starchy endosperm (Moore et al., 2012a). So, a possible way for wheat biofortification 

is to instantaneously (Raboy, 2001) increase iron and zinc levels and their 

bioavailability (Beasley, Bonneau, Sánchez-Palacios, et al., 2019). 

1.5 Biofortification; A solution to fulfil the gap of micronutrient 

In past years, scientists were worked on rising agricultural production. This was the 

reason behind malnourishment, and nutrient deficiencies. Now researchers are 

focussing towards nutrition rich and increase crop production by applying various 

approaches and managements including biofortification (Garg et al., 2018). 

Biofortification is applied to improve the nutrient value of cultivated crops. It is a 

technique to enhance the nutrition of cereal grains by agronomical and 

biotechnological methods. Biofortification is one of the possible approaches to 

overcome the malnutrition in the world.  

1.5.1 Supplementation 

In order to address micronutrient deficiencies, more direct methods like dietary 

supplementation, food fortification, and dietary diversity have been adopted (White & 

Broadley, 2005). Dietary supplementation entails giving a person a needed 

micronutrient in a pill form that is easily absorbed. Despite the fact that numerous 

clinical trials have demonstrated the effectiveness of direct nutrient supplementation, 
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many human factors still play a role in this strategy. Unfortunately, many of the major 

places where malnutrition is prevalent lack these. Many impacted locations lack the 

infrastructure to administer supplements in pharmaceutical form, and it's possible that 

there won't be enough ongoing funding to create and maintain such a plan (Timmer, 

2003). Governments that are unstable are unlikely to allow for adequate distribution in 

their respective regions. 

1.5.2 Food fortification 

Food fortification is another strategy to address the vitamin shortages. It entails directly 

incorporating healthy elements into commonly consumed meals during processing to 

raise the concentration of a specific element. In the past, food augmentation initiatives 

for several micronutrients, particularly iron, have had considerable effectiveness 

(Hurrell, 1997). Since the 1970s, iron deficiency has steadily decreased in Sweden and 

America because to effective food fortification schemes implemented at the time (Cook 

et al., 1986). White bread, pasta, breakfast cereals, and newborn formula milk are all 

fortified with iron in several nations. Several bulk flour fortification initiatives with the 

inclusion of zinc are now in place (Brown et al., 2010). There is little information on 

these fortification projects' efficacy, however preliminary results from a Chinese 

programme to fortify cereals indicate that it is not very effective. when compared to 

similar women who weren't given the fortified flour, exposed women of reproductive 

age to the zinc-enriched flour saw statistically significant increases in zinc serum levels 

(Brown et al., 2010). While this achievement seems promising and food fortification 

are not as much effective in the low income countries especially in countryside. This 

can be due to poor infrastructure, such as roads and transportation, or a lack of 

availability of fortified foods in local markets. Fortified foods can be more expensive 
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than non-fortified foods, which can be a barrier for people in rural areas who may have 

limited financial resources (Tontisirin et al., 2002). 

The ultimate solution is dietary diversification to overcome the micronutrient 

malnutrition. In the developed world, the diversification of nutritional intake to contain 

a diverse range of food groups to offer all required micronutrients is an effective 

strategy. However, this has very small chance of application to rural areas of 

developing countries where dependence on a few staple crops is high and therefore 

micronutrient deficiency rates are high. If pharmaceutical supplements or fortified flour 

cannot get the access in these areas then there is no hope of providing balanced foods 

with full of micronutrients such as dairy, meat and fish. In the existing state of world’s 

development, not any of the above-mentioned approaches to improve worldwide 

nutrition. Researchers must discover other solutions such as agronomic and genomic 

biofortification. 

1.5.3 Biofortification through agronomic approaches 

The agronomical approach of biofortification is a technique used by researchers for 

several decades to address the micronutrient deficiencies. In that approach, the uses 

of Fe/Zn containing fertilizers have been applied. Agronomic biofortification is an easy 

method of increasing minerals availability in crops and soil microbes (Cakmak, 2008a). 

This method affects plant functions and improves productions. Agronomical 

approaches are being employed for different crops to increase the certain 

micronutrients (De-Valença et al., 2017). In 2008 worldwide programs known as 

Harvest Plus were conducted to improve the zinc levels in major Poaceous family such 

as wheat, rice and maize. There were various countries participating in this program, 

including China, Pakistan, Brazil, India and Thailand (Zhang, Sun, et al., 2012). 
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HarvestPlus had successfully bred and disseminated biofortified crop varieties with 

enhanced levels of zinc, iron, and other micronutrients. These improved crop varieties 

had been released to farmers, and their cultivation had spread to various countries. 

They introduced iron and zinc enhanced wheat in India, Pakistan, and Bangladesh. 

Similar to this, iron was applied topically to wheat and rice to increase their iron levels 

(De-Valença et al., 2017; Shahzad et al., 2014). Thus, applying agronomic 

biofortification, food crops can be improved with essential micronutrients such as iron 

and zinc, which improves nutrients in everyday diet to cope malnutrition. 

Fertilisers are frequently used in agriculture to increase the crop's access to 

macronutrients including nitrogen, phosphorus, and potassium. Utilising these 

minerals promotes total plant growth in both the root and shoot, which improves the 

uptake of soil-available elements, including Zn (Sadeghzadeh & Rengel, 2011). 

Additionally, microelement fertilisers can be utilised as a handy method of supplying 

extra micronutrients that might not be easily accessible in the soil. Fertiliser 

applications could remedy a Zn shortage in the soil, assuring optimal yields and raising 

the zinc content of the edible grains. Fertilisers can be sprayed on a crop's soil or 

foliage. Zinc sources are utilised in ZnSO4, ZnCO3, ZnCl2 , ZnO, and Zn (NO3)2 

fertilisers (Shuman, 1998). Zinc can be improved by adding fertilisers by coating it on 

granular compound fertiliser during manufacture, embedding it into granules during 

granule formation, or simply bulk combining zinc fertilisers in granular form. Depending 

on the stage of crop development (Ozturk et al., 2006), zinc application efficiency 

varies, site of the plants and the form in which zinc is integrated into fertiliser (Martens 

& Westermann, 1991). The cost-benefit assessments have demonstrated the potential 

macroeconomic advantage of applying zinc fertiliser; the costs of application are offset 
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by savings from decreased healthcare expenses and increased productivity (Kumssa 

et al., 2015).  

Agronomic biofortification is necessary for temporary solutions, however for long term 

iron and zinc improved grains to the globe is questionable (Cakmak, 2008a). Every two 

to three years, the soil must be fertilised with zinc. Farmers in low income countries do 

not have the access to iron and zinc-enriched fertilisers because of financial/logistical 

limitations, which is an issue. If enhanced fertilisers are used year after year, there is 

even a chance that zinc toxicity will develop in the soil. The examination of long-term 

studies may offer the most convincing arguments against agronomic fortification as the 

best single strategy. Over the past 160 years the grain zinc levels have reduced, with 

the initiation of semi-dwarf elite varieties (Fan et al., 2008). Conversely, because of the 

zinc included in the higher rates of fertilisers being sprayed, the soil micronutrients 

have stayed stable. This decrease in grain zinc content is partly brought on by what is 

known as the "dilution effect" (Oury et al., 2006). Dilution effect is the decrease in 

micronutrient content of grain as a result of the larger grain size brought on by the use 

of cultivars with higher yields. Diluting impact of a rising grain yield does not entirely 

account for the declining grain zinc content seen in wheat. Plotting iron and zinc 

content trends against the year of cultivar registration revealed negative trends (Zhao 

et al., 2009). These micronutrient losses become more apparent after the introduction 

of semi-dwarf wheat cultivars. Researchers have hypothesised that the semi-dwarf 

phenotype probably directly affects the mineral status through either a diminished root 

system or a decreased ability to accumulate elements in the tissues before 

redistribution to the grain (Shewry et al., 2016). These findings demonstrate that the 

essential breeding techniques employed in the past to boost yield were done so at the 
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price of the concentration of micronutrients in the grain. It is obvious that agronomic 

methods of preserving soil zinc concentration will be required, but it is unlikely that they 

will result in the dramatic increase required to sustain the required improvement in 

grains. A more sophisticated and genetic approach is expected to be supplemented by 

agronomic biofortification techniques. 

1.5.4 Biofortification through genetic approach 

Genetic biofortification involves using genetic engineering techniques to enhance the 

nutrients of crops. This approach can be used to develop crops that are enriched in 

specific micronutrients, such as iron and zinc. Wheat germplasm varies genetically in 

terms of the amounts of iron and zinc in the grain. For instance, the range of grain zinc 

concentrations measured in bread wheats was 25.2 to 53.3 mg / kg in 132 samples 

(Graham et al., 1999). Wild wheat accessions gathered from the Fertile Crescent have 

also revealed a notable diversity. These were found to have grains with zinc contents 

ranging from 14 to 190 mg per kg (Cakmak et al., 2004). This cross-line adaptation 

demonstrates the ability to increase the zinc content of wheat grains through genetics 

rather than agronomic techniques.  

A worldwide initiative HarvestPlus is established to increase iron and zinc content in 

various cereal crops. By 2006-7 the zinc with different genotypes have been applied 

to develop wheat cultivars with an 8 to 12 mg per kg increase in grain zinc contents 

through conventional approaches. Seven wheat varieties with grain zinc (33 mg/kg) 

concentrations above the baseline have been developed as a result of multi-location 

testing in target locations (Velu et al., 2016). One of these varieties, called 

"ZincShakthi," underwent extensive testing across multiple locations in India through 

the distribution of 1,000 mini-kit seed packets to farmers, and is now sold and made 



                                                  CHAPTER 1: GENERAL INTRODUCTION 24 

 

available across the entire nation. (Tiwari et al., 2016). This will make it possible to 

evaluate how well these biofortified cultivars will work in practise to treat the 

micronutrient deficits that affect the entire population.  

Multiple quantitative trait loci (QTLs) experiments have been shown the chromosomal 

region of genes that are involved to enhance grain Fe and Zn contents. The goal of an 

initial QTL analysis using wild emmer wheat (Triticum diccocoides) was to identify a 

locus controlling grain protein content. On chromosome 6B, a region known as Gpc-

B1 (Grain Protein Content B1) was shown to be a potential candidate (Distelfeld et al., 

2007). This locus in ancestral wheat, which speeds up senescence and enhances 

nutrient remobilization from leaves to the early grains, encodes a NAC transcription 

factor that also raises iron and zinc levels (Distelfeld et al., 2007; Uauy et al., 2006). 

Using a DH (double haploid) population resulting from a hybrid between RAC875-2 

and Cascades, another QTL analysis analysing grain zinc concentration found QTLs 

on 3D, 4B, 6B, and 7A and mapped well for grain Zn levels. (Genc et al., 2009). It may 

be possible to boost the micronutrient content of the grain by incorporating the genes 

underlying these loci into commercial wheat cultivars. It is evident that there are 

significant differences in grain iron and zinc levels both across and within ancient and 

contemporary wheat cultivars. There is less genetic variation in iron compared to zinc. 

This could be a potential limitation for iron, as it may be more difficult to breed for higher 

iron content in crops due to the limited genetic variation. On the other hand, there 

appears to be more genetic variation in zinc, which could make it easier to breed for 

higher zinc content in crops (Gorafi et al., 2018). The reasons why some cultivars 

partition more nutrients to the grain and are more effective at absorbing micronutrients 

than others are not well understood at the molecular level, though. Future cultivars with 
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higher grain nutrient contents may be bred using a more focused, genetic approach if 

the molecular mechanisms underlying these changes in grain Fe or Zn content were 

better understood. By filling in the knowledge gap about the controlling mechanisms 

that regulate grain nutrient contents, a complementing genetic solution for the 

production of crop types that are biofortified may be explored. 

1.6 New genomic resources for biofortification  

Biofortification have been considered since years and demonstrated challenging for 

biofortify cereals using traditional breeding programmes apart due to higher costs of 

calculating micronutrient concentration that required for a conventional phenotype 

approach. MAS (Marker-assisted selection) approach could be a lower-cost way to 

improve micronutrient concentration however, this method has been obstructed by the 

lack of wheat genome sequence, that was hard to assemble, because of the large size 

(16 Gb) of the wheat genome, and its extension repetitions (>85%) and polyploid in 

nature. It has been difficult without a genome sequence to plan genetic markers, to 

map locus regulating Fe/Zn contents or apply gene-targeted methods based on data 

from model plants. Current developments offer an opportunity in genomic resources to 

get control of these obstacles and increase the chances to develop biofortified wheat 

varieties (Figure 1.3). These resources include genome sequences, gene models, 

mutant resources, and gene expression atlases. These resources can be applied to 

biofortification, which involves developing crops with higher nutrient content. For 

example, genomic resources can be used to identify QTL and GWAS to accelerate 

genetic marker development. Additionally, having access to genome sequences and 

gene models facilitates biofortification techniques like transgenics, gene editing, or the 

usage of sequenced mutants.   
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Figure 1.3: A visual depiction of iron and zinc biofortification using modern genomic 
resources. There are two ways to find potential biofortification candidate genes. It is 
possible to check germplasm collections for lines that have high iron and zinc. By 
utilising GWAS/QTL mapping to identify the genetic loci controlling iron and zinc 
content, new genome sequences will make it easier to find candidate genes within 
these loci. A second method finds orthologous candidate genes in the wheat genome 
using knowledge about gene function from model species. Candidate genes can be 
improved with the use of gene expression, sequencing, or presence/absence variation 
from pangenomes. Before being incorporated into breeding programmes, candidate 
genes can be confirmed using transgenic, CRISPR-Cas, or TILLING methods.  This 
figure is from our published review article (Ali & Borrill, 2020). 

 

1.5.1 Transgenic approaches 

Many genes have been identified in rice and Arabidopsis that are involved in iron and 

zinc uptake, storage, and regulation. Ferric reductases, proton ATPases, and NA/DMA 
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synthases are crucial in the process of iron and zinc uptake, and the related candidate 

genes need to be validated and employed to increase plant iron and zinc contents. 

Numerous important transporters, including FRD3, FPN1, ZIP gene family, and the 

YSL, are primarily in charge of maintaining homeostasis for the translocation of iron 

and zinc.  

White flour already contains more iron and zinc than whole-grain flour, but endosperm-

expressed ferritin, VIT, and the NRAMP family genes could also be used to enhance 

iron and zinc content in white wheat (Connorton et al., 2017). Alternately, certain 

transcription factors (TFs) and other regulators of iron and zinc can also be thought of 

as potential candidate genes for biofortification, provided that they impose no yield 

penalty. Using a promoter unique to the endosperm, two ferritin genes (Fer1/Fer2), 

which encode Fe-binding proteins, were expressed in the transgenic method to 

improve iron concentration in wheat. This led to an elevated level grain iron, which was 

50 to 85% greater than in WT plants in both crops (Borg et al., 2012). In a more recent 

study, when TaVIT2 was produced via an endosperm-specific promoter, wheat flour's 

iron content doubled compared to control lines (Connorton et al., 2017). Due to a lack 

of genomic data for wheat, transgenic studies have been impeded. Though it is 

anticipated that transgenic research will play a big role in figuring out the activities of 

the genes that are involved in Fe/Zn transport in wheat given the accessibility of high-

quality sequences and rising transformation efficiency. 

1.5.2 Gene editing approach 

Gene editing may be a more effective method than the transgenic strategy for 

predicting modifications to be made in targeted genes by switching off, producing 

functional alleles, substituting mutant alleles, and developing site-specific transgene 
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integration (Petolino et al., 2016). There are no reports of editing in iron- and zinc-

related genes regardless of a range of efforts, including yield attributes and pre-

harvesting sprouting resistance (Hao et al., 2020; Lin et al., 2020). Tools for gene 

editing, particularly the newly developed plant prime editing, allow for precise gene 

alteration, such as base substitution and base insertion/deletion. Thus, it offers 

potential for wheat iron and zinc biofortification (Li et al., 2020). Since Gpc-B1 can be 

used as a starting view for candidate genes editing and because larger levels of iron 

and zinc have been found in grains, it may be possible to restore NAC predicted 

function by removing 1-bp from its exon in some wheat genotypes. 

1.5.3 Genome selection approach 

Transgenic and genes editing methods can be effectively and indeed increase 

essential grain iron and zinc contents but their applications are very limited due to 

public acceptance and government laws (Callaway, 2018). Genome selection could 

aid as a potential technique for iron and zinc biofortification except one significant factor 

affecting genomic selection accurateness is whether markers of candidate genes are 

incorporated in the model plants (Heffner et al., 2010). Genome selection, which has 

been employed extensively in wheat breeding schemes, is reliant on the legacy of a 

high Fe/Zn phenotype along with a specific genetic marker. It is possible to further 

corroborate the nearby relationship of markers for the genetic loci, regardless of 

whether marker trait associations result from large natural populations or from 

biparental hybrid populations. The confirmed molecular markers and, preferably, 

functional gene markers can then be utilised in MAB (marker-assisted breeding) for 

grains with high levels of iron and zinc. For example, Gpc-B1 has been exploited for 

wheat grain iron and zinc enrichment following MAB. Remarkably the Gpc-B1 showed 
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drastically higher iron and zinc contents (Tabbita et al., 2017). The genomic selection 

uses genomically calculated breeding values created by all markers rather than 

including only relevant markers into a selection model in breeding. This can be done 

everywhere, even in non-target conditions, and it can speed up the breeding 

programme effectively and cheaply (Xu et al., 2017). Thus, a systematic effort in iron 

and zinc genes and marker development would not only accelerate the breeding for 

iron and zinc contents but also enhance accuracy of molecular techniques for future 

wheat development. In this thesis, we tried to understand the molecular mechanisms 

controlling iron and zinc contents in wheat grains using reverse and forward genetics 

approaches.  

1.7 Thesis aims 

The main objective of this research is to explore molecular mechanism of iron and 

zinc transportation into wheat grains. The specific objectives are:  

1. To identify the ZIP gene family, present in wheat and its expressions 

2. To determine the role of TaZIP in Fe and Zn transportation 

3. To identify the genomic regions associated with Fe contents using bulk 

segregant analysis 

4. To establish a computational method to quantify the Fe contents in wheat 

grains 
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Chapter 2: Identification of ZIP Genes and Their Functional Characterization in 

Wheat
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2.1 Introduction 

2.1.1 The ZIP gene family 

Plants exhibit remarkable adaptability and resilience, enabling them to thrive in diverse 

environmental conditions. This ability is intricately linked to the complex molecular 

mechanisms operating within their cells. One group of genes that plays a crucial role 

in regulating various aspects of plant growth, development, and stress responses is 

the ZIP gene family. The ZIP (Zinc-regulated Transporter/Iron-Regulated Transporter-

like Protein) gene family encodes a class of metal ion transporters that facilitate the 

uptake and distribution of essential metals, such as zinc, iron, and manganese, in 

plants (Bashir et al., 2012). Metal ions are vital for numerous physiological processes 

in plants, including photosynthesis, respiration, DNA replication, and enzyme catalysis. 

However, the availability of these essential metals can be limited in the soil, posing a 

challenge to plant’s ability to acquire and utilize them efficiently (Ramesh et al., 2003). 

This is where the ZIP gene family steps in, acting as key players in metal homeostasis 

by facilitating the transport of metals across cellular membranes. 

The ZIP gene family is characterized by a conserved domain called the ZIP domain, 

which forms a transmembrane structure responsible for metal ion transport. Members 

of this gene family have been identified in various plant species, including Arabidopsis 

thaliana, rice, maize, and soybean, indicating their evolutionary significance and 

widespread distribution across the plant kingdom (Guerinot, 2000). The ZIP 

transporters exhibit diverse expression patterns and are found in different plant tissues 

and organs, suggesting their involvement in distinct physiological processes. For 

instance, certain ZIP genes are predominantly expressed in the roots, where they play 

a crucial role in metal uptake from the soil. Others are expressed in aerial parts of the 
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plant, participating in metal transport within the plant and regulating metal distribution 

to different organs (Bouis & Saltzman, 2017; Li et al., 2013). 

In addition to their role in metal transport, ZIP genes have been implicated in responses 

to abiotic and biotic stresses. Environmental challenges such as nutrient deficiencies, 

heavy metal toxicity, and pathogen attacks can disrupt metal homeostasis in plants 

(Quarshie et al., 2021). ZIP transporters contribute to the plant's defence mechanisms 

by modulating metal ion concentrations, thereby influencing stress tolerance and 

overall plant health (Moore et al., 2012b). Understanding the functions and regulatory 

mechanisms of the ZIP gene family is of great importance for unravelling the intricate 

interplay between metal homeostasis, plant growth, and stress responses (Guerinot, 

2000). Studying ZIP genes provides valuable insights into plant adaptation strategies 

and offers potential avenues for enhancing crop productivity, nutrient biofortification, 

and stress resistance in agricultural systems. 

2.1.2 Role of ZIP genes in model plants 

The ZIP family plays a vital role in model species like Arabidopsis thaliana and rice. A 

total of 15 ZIP genes had been identified and characterized in Arabidopsis. These 

genes are part of the ZIP family and are involved in metal ion transport and 

homeostasis (Lee et al., 2021). IRT1 is a ZIP family gene involved in iron uptake from 

the soil. It is highly expressed in roots under iron-deficient conditions and plays a 

crucial role in iron acquisition (Eng et al., 1998). ZIP1 and ZIP2 are zinc transporters 

in Arabidopsis. They are responsible for zinc uptake from the soil and are expressed 

in the roots. These genes are essential for maintaining zinc homeostasis in the plant 

(Lee et al., 2021). ZIP3 and ZIP4 are additional members of the ZIP family involved in 

zinc transport. They are expressed in different tissues, including roots, shoots, 
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reproductive organs, and play the role in zinc translocation within the plant (Assunção 

et al., 2010). ZIP5 and ZIP6 are copper transporters in Arabidopsis. They are involved 

in copper uptake from the soil and are expressed in the roots. These genes are critical 

for copper homeostasis in the plant (Wu et al., 2009). Similarly, several ZIP genes have 

been studied in rice for their roles in metal ion transport. ZIP1 is a zinc transporter in 

rice that is involved in zinc uptake and translocation. It plays a crucial role in 

maintaining zinc homeostasis in the plant. ZIP3 is a manganese transporter in rice. It 

is responsible for manganese uptake from the soil and its subsequent translocation 

within the plant (Ramesh et al., 2003). ZIP4 is a zinc transporter that facilitates zinc 

uptake in rice. It is expressed in both roots and shoots and contributes to zinc 

homeostasis (Ishimaru et al., 2007). ZIP5 is a member of the ZIP family involved in iron 

and zinc transport in rice. It participates in iron uptake from the soil and is expressed 

in roots (Lee et al., 2010). ZIP8 is a manganese transporter in rice like Arabidopsis that 

plays a role in manganese uptake and translocation. It is expressed in both roots and 

shoots (Lee et al., 2010). Understanding the functions of the ZIP gene family in both 

Arabidopsis and rice provides valuable insights into the mechanisms underlying metal 

ion transport, homeostasis, and nutrient balance in these plants. The continued study 

of these genes enhances our understanding of plant nutrition, growth, and responses 

to environmental stresses. 

2.1.3 Role of ZIP genes in wheat 

Wheat (Triticum aestivum) is one of the most important cereal crops worldwide, serving 

as a staple food for a significant portion of the global population. As a critical source of 

calories, protein, and essential nutrients, ensuring the productivity and nutritional 

quality of wheat is of utmost importance (Peng et al., 2011). The efficient uptake, 
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distribution, and utilization of essential metals by wheat plants play a fundamental role 

in their growth, development, and stress responses (Li et al., 2019). In this context, the 

ZIP gene family has emerged as a key regulator of metal homeostasis in wheat, 

influencing its overall performance and adaptability. 

The ZIP gene family in wheat consists of multiple members, each with specific 

functions and expression patterns. Several ZIP genes have been identified and 

characterized in wheat, including TaZIP1, TaZIP3, TaZIP5, TaZIP7, TaZIP8, and 

TaZIP9. These genes exhibit distinct tissue-specific expression patterns and respond 

to various developmental and environmental cues (Evens et al., 2017). In wheat, the 

ZIP genes are involved in the uptake of metals from the soil. For example, Yeast 

complementation of TaIRT2, TaZIP13, and TaZIP14 showed that they have the ability 

to transport iron and zinc (Song 2021). It is hypothesized that they can facilitate the 

transport of these metals across the plasma membrane of root cells, allowing their 

entry into the plant's vascular system. Once absorbed by the roots, metals need to be 

translocated to different plant tissues for proper distribution. TaZIP5 and TaZIP7 are 

expressed in the vascular tissues and the authors hypothesised, these genes may 

involve in the long-distance transport of zinc and manganese, respectively (Evens et 

al., 2017). These transporters play a crucial role in ensuring the delivery of these 

metals to various aerial parts of the plant, including leaves, stems, and grains. 

2.1.3 The importance of TILLING population 

The creation and utilization of Targeting Induced Local Lesions IN Genomes (TILLING) 

populations have significantly contributed to advancing wheat research and breeding 

efforts (Irshad et al., 2020). TILLING populations are invaluable resources that enable 

the identification and characterization of novel genetic variations, providing a platform 
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for functional genomics studies and targeted crop improvement strategies (Rawat et 

al., 2012). 

Wheat is a complex crop with a large genome, making traditional breeding methods 

time-consuming and challenging. TILLING populations offer a targeted and efficient 

approach to screen and identify specific mutations in the wheat genome. This 

technique involves the chemical induction of random mutations in a population of 

wheat plants, followed by screening for desired traits or genes of interest (Chen et al., 

2012). By harnessing the power of mutagenesis and high-throughput DNA sequencing 

technologies, TILLING populations allow researchers to systematically explore the 

wheat genome for beneficial genetic variations. The importance of TILLING 

populations in wheat research lies in their ability to provide a comprehensive catalog 

of genetic diversity. This diversity serves as a valuable resource for studying gene 

function, deciphering molecular pathways, and identifying novel alleles associated with 

desirable traits (Rawat et al., 2012). Researchers can exploit TILLING populations to 

identify and characterize mutations in specific genes or genomic regions, revealing 

insights into gene structure, regulation, and functional significance. 

Moreover, TILLING populations facilitate the discovery of non-GM variants and the 

development of novel genetic resources for wheat breeding programs. By screening 

TILLING populations for desired traits, such as disease resistance, abiotic stress 

tolerance, yield-related traits, or nutritional quality, researchers can identify rare 

mutations that confer advantageous phenotypes (Uauy et al., 2015). These mutations 

can then be utilized in breeding programs through traditional breeding approaches or 

by utilizing advanced genome editing techniques for precise genetic modifications. 

TILLING populations also contribute to accelerating the development of improved 
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wheat varieties with enhanced traits. The identified mutations can be combined 

through traditional breeding methods or gene stacking approaches to create elite 

wheat lines with multiple desirable traits (Sestili et al., 2019). This enables the 

production of new wheat varieties that exhibit improved productivity, quality, nutritional 

value, and resilience to biotic and abiotic stresses. 

Additionally, TILLING populations provide a valuable tool for validating gene function 

and establishing gene-trait associations in wheat. By generating specific mutations in 

candidate genes and studying the resulting phenotypic changes, researchers can 

confirm the functional role of these genes and understand their contribution to specific 

traits or biological processes. This knowledge aids in elucidating the underlying 

molecular mechanisms governing important agronomic traits in wheat. The 

establishment and utilization of TILLING populations in wheat research have 

revolutionized our understanding of the wheat genome and its functional elements 

(Krasileva et al., 2017). These populations serve as invaluable resources for studying 

gene function, discovering novel alleles, accelerating breeding efforts, and improving 

wheat varieties. By leveraging the genetic diversity within TILLING populations, 

researchers and breeders can make significant strides towards developing more 

productive, sustainable, and resilient wheat cultivars to meet the growing global 

demand for this essential crop.  

There is the lack of knowledge on the ZIP gene family of the worldwide important cereal 

crops like wheat. In this chapter, we selected TILLING mutant lines to characterise the 

ZIP11, 13, and 14 genes in tetraploid wheat.  
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2.2 Aims 

• Identify ZIP (zinc-regulated, iron-regulated transporter protein) family from the 

literature (from rice). 

• Select TILLING mutants for ZIP family, and cross to generate double mutants 

in Kronos background. 

• Characterise TILLING mutant lines (agronomic traits and micronutrients 

quantification). 

• Determine the ability of TaZIPs to transport iron and zinc through heterologous 

expression of the TaZIPs in the mutant yeast strains. 

 

2.3 Material and Methods 

2.3.1 Nomenclature and expression of ZIP genes  

In Evens and collaborators (2017) used TGAC gene IDs for nomenclature of ZIP gene 

family in wheat. By taking this article as a reference source for ZIP genes, we converted 

TGAC IDs into RefSeq v1.1 gene IDs to get the expression through wheat-expression 

(http://www.wheat-expression.com) and eFP browsers. We explored ZIPs in rice as a 

correct source for getting phylogenetic tree on Ensembl Plants 

(https://plants.ensembl.org/index.html) Figure 2.1. We named the wheat ZIP genes 

according to the most closely related rice ZIP genes on phylogenetic tree. We found 

14 ZIP genes in wheat according to Evens and collaborators (2017) but found a few 

differences in the nomenclature of ZIP5, 8, 9 13 and 16. We renamed these genes 

according to rice ZIPs and phylogenetic tree. We downloaded the expression in various 

plant tissues (different stages of roots, shoots and leaves) of all ZIPs in rice and wheat 

http://www.wheat-expression.com/
https://plants.ensembl.org/index.html
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browser (http://bar.utoronto.ca/) (Ramírez-González et al., 2018; Wang et al., 2014; 

Winter et al., 2007) . 

 

Figure 2.1: A phylogenetic tree of ZIP1 in rice and wheat. The TaZIP1 has three 
homoeologs A, B and D. This figure is generated on plant ensemble using rice genes 
for ZIP1. The red text shows the main gene ID for rice and green highlights show the 
homoeologs of wheat. 

 

2.3.2 TILLING mutant selection 

We selected TILLING mutants using Ensembl Plants with RefSeqv1.1 gene IDs 

(Figure 2.2-2.4). We downloaded variants using the "variant table" tab. The variant 

http://bar.utoronto.ca/


CHAPTER 2: IDENTIFICATION OF ZIP GENES AND THEIR FUNCTIONAL CHARACTERIZATION IN WHEAT 39 

 

table contains the same information as variant image (Figure 2.3) but in table format. 

By default, the variant table includes details about variation in the gene of interest from 

multiple different sources, but we can display TILLING mutations only by selecting 

“EMS-induced mutation” in the source filter at the top of the table (Figure 2.4a). 

 

Figure 2.2: Plant Ensembl gene tab. To view the gene, click on Gene tab view (a), and 
TILLING mutants can be accessed using either the Variant table (b) or Variant image 
(c).  

 

Figure 2.3: Plants Ensembl variant image. 

a 

b 

c 
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Figure 2.4: Plants Ensembl variant table. The variant table will display information on 
variation by default in your gene of interest from a different source, but TILLING 
mutations can choose by selecting "EMS-induced mutation" in the source filter at the 
top of the table (a). 

2.3.3 Primers design 

The list of KASP (Kompetitive Allele Specific PCR) primers used for each of the 

TILLING lines used in this study is presented in Table 2.1. Where possible, KASP 

primers were designed using the PolyMarker tool (Ramirez-Gonzalez et al., 2015). In 

cases where suitable KASP markers could not be created automatically, we manually 

chose primer sets that guaranteed homoeolog and allele specificity. The HEX tail 

("GAAGGTCGGAGTCAACGGATT") is present on all WT primers, whereas the FAM 

tail ("GAAGGTGACCAAGTTCATGCT") is present on all mutant (Mut) primers.

a 
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Table 2.1: KASP primers for TaZIP TILLING mutants. 

Primer name Sequence (5′ - 3′) Comments 

MA01_A GAAGGTGACCAAGTTCATGCTggaagaacctctgcaataacaatC TraesCS1A02G133400 

MA01_B GAAGGTCGGAGTCAACGGATTggaagaacctctgcaataacaatT TraesCS1A02G133400 

MA01_C Tactggttttgctgcagggt TraesCS1A02G133400 

MA02_A GAAGGTGACCAAGTTCATGCTctttgtgccgatgcatttC TraesCS1A02G133400 

MA02_B GAAGGTCGGAGTCAACGGATTctttgtgccgatgcatttT TraesCS1A02G133400 

MA02_C Cagaggctacttgagatggagtc TraesCS1A02G133400 

MA03_A GAAGGTGACCAAGTTCATGCTggaagaacctctgcaataacaatcC TraesCS1B02G150000 

MA03_B GAAGGTCGGAGTCAACGGATTggaagaacctctgcaataacaatcT TraesCS1B02G150000 

MA03_C Tactggttttgctgcagggt TraesCS1B02G150000 

MA04_A GAAGGTGACCAAGTTCATGCTcttctccatgttgctcaagaatC TraesCS1B02G150001 

MA04_B GAAGGTCGGAGTCAACGGATTcttctccatgttgctcaagaatT TraesCS1B02G150001 

MA04_C Gctcaggatgctagctgtgt TraesCS1B02G150001 

MA05_A GAAGGTGACCAAGTTCATGCTctttgtacttattctgagctgcaG TraesCS6A02G158700 

MA05_B GAAGGTCGGAGTCAACGGATTctttgtacttattctgagctgcaA TraesCS6A02G158701 

MA05_C Cttcacggatccaagaaatacc TraesCS6A02G158702 

MA06_A GAAGGTGACCAAGTTCATGCTgcacacaaCgcactcaactC TraesCS6A02G158700 

MA06_B GAAGGTCGGAGTCAACGGATTgcacacaaCgcactcaactT TraesCS6A02G158700 
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MA06_C ctGcaagaaagatccaaccG TraesCS6A02G158700 

MA07_A GAAGGTGACCAAGTTCATGCTGcaagaaagatccaaccCacG TraesCS6B02G192600 

MA07_B GAAGGTCGGAGTCAACGGATTGcaagaaagatccaaccCacA TraesCS6B02G192600 

MA07_C tccattggcttcttgaaggcT TraesCS6B02G192600 

MA08_A GAAGGTGACCAAGTTCATGCTtcggttataacgaaaatgcaG TraesCS6B02G192600 

MA08_B GAAGGTCGGAGTCAACGGATTtcggttataacgaaaatgcaA TraesCS6B02G192601 

MA08_C tggtgcaatacatagctgcat TraesCS6B02G192602 

MA09_A GAAGGTGACCAAGTTCATGCTcaccccatcgctctcaGG TraesCS3A02G120900 

MA09_B GAAGGTCGGAGTCAACGGATTcaccccatcgctctcaGA TraesCS3A02G120900 

MA09_C gtgctAcgccacgAcacC TraesCS3A02G120900 

MA10_A GAAGGTGACCAAGTTCATGCTtcagttgattttcctgacaatgC TraesCS3A02G120901 

MA10_B GAAGGTCGGAGTCAACGGATTtcagttgattttcctgacaatgT TraesCS3A02G120901 

MA10_C ggctgtagttgaaaatttcaccA TraesCS3A02G120901 

MA11_A GAAGGTGACCAAGTTCATGCTacgctaagcaactcAatgtgtG TraesCS3B02G140400 

MA11_B GAAGGTCGGAGTCAACGGATTacgctaagcaactcAatgtgtA TraesCS3B02G140400 

MA11_C acgctaagcaactcAatgtgtA TraesCS3B02G140400 

MA12_A GAAGGTGACCAAGTTCATGCTtgtgatcctaaaacggcttcC TraesCS3B02G140400 

MA12_B GAAGGTCGGAGTCAACGGATTtgtgatcctaaaacggcttcT TraesCS3B02G140401 

MA12_C caatctacatactgactgccacata TraesCS3B02G140402 
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2.3.4 Genotyping 

In order to confirm the existence or absence of the anticipated ZIP mutations in the 

mutant and WT TILLING lines, respectively, KASP genotyping was used at all stages 

of the experiment. According to the instructions in (Pallotta et al., 2003), wheat leaf 

tissue was used to extract DNA for genotyping. In a 96-well plate (Fisher Scientific cat. 

no. AB0564), tissue samples (about 3 cm in length) were crushed in 500 mL of 

extraction buffer (0.1M Tris-HCl pH 7.5, 0.05 M EDTA pH 8.0, 1.25% SDS). Each 

sample received 250 μL of 6 M ammonium acetate after the plates were cooled to 

room temperature following an hour at 65°C of incubation. The Eppendorf® 5810R, 

catalogue number 5810000017, was used to centrifuge the plates for 15 minutes at 

4°C after cooling them for 15 minutes at 4°C. 250 μL of ice-cold isopropanol was placed 

in each well of a fresh plate on which 600 μL of the supernatant had been transferred. 

DNA precipitation was allowed to occur after the supernatant and isopropanol were 

combined and precipitated for five minutes. The DNA was then pelleted by centrifuging 

the plate for 15 minutes at 4000 rpm. The pellet was washed in 500 μL of ethanol after 

the supernatant was removed, and it was then pelleted again (15 minutes, 4000 rpm). 

The DNA pellet was taken out of the supernatant, allowed to dry overnight, and then 

resuspended in 100 μL of dH2O. The primer assay mixtures for KASP genotyping 

contained 46 μL of dH2O, 30 μL of the common primer (100 μM), and 12 μL of each 

tailed primer (100 μM). Genotyping were performed using 384-well format with 2.5 μL 

KASP-reaction volume consisting of 15 to 25 ng DNA, and 1.25 μl PACE 2× Mastermix, 

1.25 μL dH2O and 0.047 μL primer assay mix. Using a thermocycler, KASP 

experiments were carried out. The cycling parameters were as follows: 15 min at 94°C, 

10 cycles of 20 s at 94°C, 60 s at 65–57°C (decreasing by 0.8°C every cycle), followed 
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by 30-45 cycles of 20 s at 94°C, 60 s at 57°C. For several markers, the PCR cycle 

conditions needed to be optimised. A Pherastar plate reader was used to measure the 

fluorescence, and KlusterCaller software (version 4.1; LGC Genomics, UK) was used 

to evaluate the data. 

2.3.5 Plant growth and phenotyping 

2.3.5.1 Germplasm development 

Kronos TILLING mutant lines which contained mutations in the ZIP genes were 

selected initially. The chosen TILLING lines seeds underwent pre-germination on wet 

filter paper for 48 hours at 4°C. Then, seeds were planted in P96 trays using a mixture 

of 85% fine peat and 15% horticultural grit. Individual seedlings were transplanted into 

1 L round pots containing Petersfield Cereal Mix (Petersfield, Leicester, UK) when they 

had two to three leaves. These plants then backcrossed with Kronos WT to minimise 

the mutation in the glasshouse. After single backcross (BC1F2), we developed double 

mutants by crossing genome A mutant with genome B mutant and then selfing the 

progeny to obtain homozygous plants.    

2.3.5.2 Phenotypic characterisation 

After developing germplasm, these mutants were grown in standard control 

environment rooms, with 16:8 hours of light:dark cycles. At the seedling stage, they 

were genotyped to identify homozygous single and double mutants and WT lines. 

Before harvesting, we measured plant height and total number of tillers for each plant. 

We used Marvin to calculate the number of seeds, total weight and thousand grain 

weight (TGW) 
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2.3.6 ICP-OES analysis 

After being dried at 60°C for 3 hours, the wheat grains were all coarsely pulverised in 

a coffee grinder before being processed into flour in a pestle and mortar. Three 

biological replicates and three technical replicates are included for each sample. Flour 

samples were first dried overnight at 55°C before being digested for one hour at 95°C 

in ultrapure nitric acid (55%, v/v) and hydrogen peroxide (6%, v/v). ICP-OES (Vista-

PRO CCD Simultaneous ICP-OES; Agilent) was used to analyse the samples after 

diluting them 1:10 in ultrapure water and calibrating it with standards for Zn, Fe, Mn, 

P, Mg, and Ca. The reference material, soft winter wheat flour (RM 8438; U.S. National 

Institute of Standards and Technology), was examined concurrently with all 

experimental samples.   

2.3.7 Transformation and expression of TaZIPs in yeast mutants 

Coding DNA sequencing for TaZIP11, TaZIP13 and TaZIP14 were synthesised by 

Twist Bioscience and inserted into EcoR1 site of expression vector pYES2 

(https://www.thermofisher.com/order/catalog/product/V82520) for ZIP11 and 14 and 

Nco1 for ZIP13. The constructs were confirmed by sanger sequencing. The yeast 

Saccharomyces cerevisiae were provided by Rothamsted Research, West Common, 

Harpenden, Hertfordshire, UK. The following three strains were used in this study: wild-

type DY1457 (MATa, ade1/+ can1, his3, leu2, trp1, ura3), zrt1/zrt2 (DY1457 + 

zrt1::LEU2, zrt2::HIS3) and fet3/fet4 (DY1457 +  fet3-2::HIS3, fet3-1::LEU2). The 

constructs (pYES2TaZIP) were transformed into yeast cells (zrt1/zrt2 and fet3/fet4) 

prepared with the instructions of Gietz and Schiestl 1995. Two wheat ZIP genes ZIP6 

and ZIP7 already studied (Evens et al., 2017) were also transformed into yeast strains 

https://www.thermofisher.com/order/catalog/product/V82520
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as a positive control. The wild-type strain DY1457 was used as another positive control. 

The empty vector pYES2 was used as a negative control. 

Following transformation, we confirmed pYES2TaZIP containing zrt1/zrt2 colonies by 

PCR and inoculated in 10 ml of complete synthetic media -URA overnight at 30°C. 

Inoculums were centrifuged for 3 min and pellet suspended in complete synthetic 

media -URA. Then incubated for 4 h at 30°C to allow gene induction. Inoculums were 

pelleted and washed to remove excess Zn from the pellet. Inoculums were diluted to 

OD600 = 0.4 using complete synthetic media -URA minus Zn and serial dilutions (0.5, 

0.1, 0.01 and 0.001) made. Seven microlitres of the dilutions plated onto complete 

synthetic media -URA plates containing either 200 μM ZnSO4 (+Zn), 0 Zn + 0 mM, 2 

mM, 5 mM and 7.5 mM EGTA, incubated at 30°C and photographed after 8 days. 

Following transformation, colonies were confirmed using PCR and then inoculated in 

10 mL complete synthetic media -URA + 10 μM FeCl3 overnight at 30°C. Then 

inoculums pellet suspended in complete synthetic media -URA + 10 μM FeCl3 and 

incubated for 4 h at 30°C to allow gene induction. Inoculums diluted to OD600 = 0.4 

using complete synthetic media -URA + 10 μm FeCl3 and serial dilutions (0.5, 0.1, 0.01 

and 0.001) made. Seven microlitres of the dilutions plated onto complete synthetic 

media -URA with Fe supplemented with 0 μM, 0.74 μM or 10 μM FeCl3, incubated at 

30°C and photographed after 3 days. 

2.3.8 Data visualization and statistic analysis 

The heatmaps were made using R, principally with the ggplot2 (v 3.3.6) packages as 

well as pheatmap package. ANOVA was used for analysis of all data throughout this 

chapter. Following ANOVA, significant effects and interactions were investigated post-
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hoc with Tukey HSD test at 5%. Microsoft Excel's (v 2019) built-in functions, including 

AVERAGE, MEDIAN, and STDEV were employed to calculate measures such as the 

mean, median, standard deviation, and frequency counts for agronomic traits and 

micronutrients.  

2.4 Results 

2.4.1 The nomenclature of ZIP family in wheat 

The ZIP family proteins are essential membrane proteins that span numerous times 

through cellular membranes to produce channels or transporters that allow zinc and 

iron ions to pass more easily between membranes. We hypothesised that ZIP genes 

are essential for the transportation of zinc and iron in wheat. To investigate this 

hypothesis, we identified 14 ZIP genes in wheat based on orthologs of ZIP family 

known in rice.  

Evens and collaborators (2017) used TGAC gene IDs for nomenclature of ZIP gene 

family in wheat. By taking this article as a reference source for ZIP genes, we converted 

TGAC IDs into RefSeq v1.1 gene IDs. Table 2.2 indicates the nomenclature used in 

this study as well as studied in Evens and collaborators (2017) and Tiong and 

collaboratore (2014) We explored ZIPs in rice as a correct source for getting 

phylogenetic tree on Ensembl Plants  (https://plants.ensembl.org/index.html). We 

named the wheat ZIP genes according to the most closely related to rice ZIP genes on 

phylogenetic tree. Full homeolog complements were found for all these genes in each 

of the A, B and D genomes. Only one homeolog of each of the 11 wheat ZIP discovered 

by Tiong and collaboratore (2015) was described. We found 14 ZIP genes in wheat, 

consistent with Evens and collaborators (2017) but found a few differences in the 

nomenclature of TaIRT5, TaZIP8, TaZIP9, TaZIP13 and TaZIP16. We renamed these 

https://plants.ensembl.org/index.html
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genes according to rice ZIPs and phylogenetic tree. We identified some extra genes in 

TaIRT1, TaZIP2, TaZIP8, TaZIP9 and TaZIP10 that were also closely related with rice 

orthologs. The wheat ZIP genes found and examined in this thesis (table 2.2) have the 

names of the wheat genes reported by Tiong and collaboratore (2015).  
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Table 2.2: Details of ZIP genes identification in wheat. Gene name shows nomenclature used throughout this thesis. RAP: Rice 
Annotation Project gene IDs.  

Gene 
name 

Gene IDs Extra genes found in 
gene tree 

 TGAC gene ID Accession no Amino 
acid 
residues 

Ref Rice gene IDs 
(Tiong et al., 2014) 

RAP ID 

TaIRT1 TraesCS4A02G294300 
TraesCS4B02G019300 
TraesCS4D02G017600 

TraesCS4A02G294200 
TraesCS7D02G098100 
TraesCS4A02G403300 

4AL_TGACv1_290140_AA0982100 
4BS_TGACv1_328611_AA1090980 
4DS_TGACv1_361462_AA1168460 

 373 (Evens et al., 
2017) 

LOC_Os03g46470 Os03g0667500 

TaZIP1 TraesCS3A02G527000 
TraesCS3B02G595100 
TraesCS3D02G532400 

 3AL_TGACv1_195235_AA0646850 
3B_TGACv1_221732_AA0748740 
3DL_TGACv1_250330_AA0866240 

ABF55691.1 355 (Tiong et al., 2015) LOC_Os01g74110 Os01g0972200 
 
Os08g0533900 
(orthlog) 

TaZIP2 TraesCS6A02G099800 
TraesCS6B02G128000 
TraesCS6D02G082600 

TraesCS5A02G256100 6AS_TGACv1_487184_AA1568790 
6BS_TGACv1_513631_AA1646150 
6DS_TGACv1_544682_AA1749140 

CAJ19368.1 363  LOC_Os03g29850 Os03g0411800 

TaZIP3 TraesCS2A02G424200 
TraesCS2B02G443800 
TraesCS2D02G422000 

 2AL_TGACv1_094530_AA0299310 
2BL_TGACv1_129658_AA0391920 
2DL_TGACv1_160080_AA0546500 

AAW68439.1 360 (Tiong et al., 2015) 
(S. Li et al., 2019) 

LOC_Os04g52310 Os04g0613000 

TaZIP4 Missing      LOC_Os08g10630 Os08g0207500 

TaZIP5 TraesCS4A02G025400 
TraesCS4B02G278600 
TraesCS4D02G277100 
These gene IDs closed 
to ZIP9 

 4AS_TGACv1_306183_AA1003790 
4BL_TGACv1_321083_AA1054990 
4DL_TGACv1_342890_AA1124750 

 349 (Tiong et al., 2015) LOC_Os05g39560 Os05g0472700 

ZIP5 TraesCS1A02G297500 
TraesCS1B02G306500 
TraesCS1D02G293900 

      Os05g0472700 

TaZIP6 TraesCS1A02G111000 
TraesCS1B02G128800 
TraesCS1D02G112500 

 1AS_TGACv1_019973_AA0073380 
1BS_TGACv1_050073_AA0167090 
1DS_TGACv1_082083_AA0263760 

AK333945 395  LOC_Os05g07210 Os05g0164800 

TaZIP7 TraesCS1A02G125500 
TraesCS1B02G144500 
TraesCS1D02G128000 

 1AS_TGACv1_018996_AA0057560 
1BS_TGACv1_049369_AA0150920 
T1DS_TGACv1_082535_AA026475
0 

ABF55692.1 386 (Tiong et al., 2015) 
(S. Li et al., 2019) 

LOC_Os05g10940 Os05g0198400 

TaZIP8 TraesCS1A02G297500 
TraesCS1B02G306500 
TraesCS1D02G293900 
These gene IDs are 
closed to ZIP5 

 1AL_TGACv1_000915_AA0021780 
1BL_TGACv1_030324_AA0086740 
1DL_TGACv1_061188_AA0188250 

  (Evens et al., 
2017) 

LOC_Os07g12890 Os07g0232800 
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ZIP8 TraesCS2A02G505500 
TraesCS2B02G533800 
TraesCS2D02G506300 

TraesCS2A02G143400 
TraesCS2B02G168400 
TraesCS2D02G146800 
TraesCS2D02G506300 
TraesCS6B02G201300 

     Os07g0232800 

TaZIP9 TraesCS2A02G143400 
TraesCS2B02G168400 
TraesCS2D02G146800 

 2AS_TGACv1_112113_AA0330750 
2BS_TGACv1_146518_AA0467340 
2DS_TGACv1_177487_AA0578500 

   LOC_Os05g39540 Os05g0472400 

ZIP9 TraesCS4A02G025400 
TraesCS4B02G278600 
TraesCS4D02G277100 

TraesCS1A02G297400 
TraesCS1B02G306400 
TraesCS1D02G294000 

     Os05g0472400 

TaZIP10 TraesCS7A02G361000 
TraesCS7B02G266800 
TraesCS7D02G362100 

TraesCS7B02G321200 
TraesCS7A02G420600 
TraesCS7D02G413300 
TraesCS7D02G412900 
TraesCS7A02G420200 
TraesCS7D02G413400 

7AL_TGACv1_558847_AA1796430 
7BL_TGACv1_577920_AA1886220 
7DL_TGACv1_603327_AA1981040 

AK334164 417 Tiong 2015 LOC_Os06g37010 Os06g0566300 

TaZIP11 
 

TraesCS1A02G133400 
TraesCS1B02G150000 
TraesCS1D02G124300 

 1AS_TGACv1_019215_AA0063260 
1BS_TGACv1_049922_AA0164330 
1DS_TGACv1_080155_AA0241650 

 577  LOC_Os05g25194 Os05g0316100 
 

TaZIP13 TraesCS2A02G505500 
TraesCS2B02G533800 
TraesCS2D02G506300 
These gene IDs are 
closed to ZIP8 

 2AL_TGACv1_098072_AA0325680 
2BL_TGACv1_129838_AA0397670 
2DL_TGACv1_159221_AA0534750 

ABF55690.1 576  LOC_Os02g10230 Os02g0196000 

ZIP13 
 

TraesCS6A02G158700 
TraesCS6B02G192600 
TraesCS6D02G153800 

      Os02g0196000 

TaZIP14 
 

TraesCS3A02G120900 
TraesCS3B02G140400 
TraesCS3D02G123200 

 3AS_TGACv1_212290_AA0699680 
3B_TGACv1_224841_AA0802240 
3DS_TGACv1_273454_AA0931350 

AK331623 497  LOC_Os08g36420 Os08g0467400 

TaZIP16 TraesCS6A02G158700 
TraesCS6B02G192600 
TraesCS6D02G153800 
These gene IDs are 
closed to ZIP13 

 6AS_TGACv1_485332_AA1543320 
6BS_TGACv1_513963_AA1653060 
6DS_TGACv1_542944_AA1733060 

 273  LOC_Os08g01030 Os08g0100200 

ZIP16 TraesCS7A02G340000 
TraesCS7B02G251700 
TraesCS7D02G347700 

      Os08g0100200 
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2.4.2 The ZIP expressions in rice and wheat 

We examined the expression of plant tissues (different stages of roots, shoots, 

and leaves) of all ZIPs in rice and wheat. We prioritised these genes on the 

expression levels of different roots, shoots and leaves stages. Based on 

expression level in rice, OsZIP2, OsZIP6, OsZIP11, OsZIP13, and OsZIP14 

showed the highest expression in different stages of roots, shoots, leaves, and 

grain (Figure 2.5). OsIRT1, and OsZIP1 are highly expressed only in root tissues.  

The expressions of 14 ZIP genes in wheat are shown in Figure 2.6. The genes 

TaZIP11, TaZIP13, and TaZIP14 are highly expressed in most of the tissues. The 

expression pattern of TaZIP2 is quite different from TaZIP11, TaZIP13, and 

TaZIP14 and it is highly expressed in flag leaf. Most of the ZIP genes in rice and 

wheat are expressed and they are tissue specific in general. TaZIP11, TaZIP13, 

and TaZIP14 showed almost same expression in rice and wheat in most of the 

tissues. In wheat, these genes only have 3 homoeologs and no closely related 

paralogs which makes them good candidates for a TILLING approach. 

Considering that TaZIP11, TaZIP13, and TaZIP14 are highly expressed in both 

rice and wheat, we considered them strong candidate genes that may be involved 

in micronutrient transport in wheat. 
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Figure 2.5: The expression level (RMA; Robust Multiarray Averaging) of ZIP 
genes in rice (data from Jain et al., 2007). X-axis shows the different plant tissue 
and y-axis shows rice ZIP genes. Red colour shows the highest expression. Raw 
data is taken from eFP browser (http://bar.utoronto.ca) and this figure generated 
on R using pheatmap package. S1; early globular embryo, S2; late globular 
embryo, S3; embryo morphogenesis, S4; embryo maturation, S5; dormancy and 
desiccation tolerance, P2 and P3; meiotic stage, P4; young microspore stage, 
P5; vacuolated pollen stage, P6; mature pollen stage, SAM; shoot apical 
meristem and rachis meristem. 

 

We also investigated the expression of candidate genes in the grain tissues 

(Figure 2.7). The expression shows that the TaZIP11 is highly expressed in seed 

coat, aleurone layer and grain compared to TaZIP13 and TaZIP14. For further 

characterisation of these candidate genes, we selected TILLING mutant lines.  
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Figure 2.6: The expression (TPM) level of 14 ZIP genes in bread wheat. The major plant 
tissues (Different stages of roots, shoots, and grains) are included for comparing these 
14 ZIP genes (Ramírez-González et al., 2018) and this figure generated on R using 
pheatmap package. Each gene shows the expressions of A, B and D genomes. TPM 
(Transcripts Per Million) is a normalization method for RNA-seq.  
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Figure 2.7: The specific grain tissue expression (TPM) level of candidate ZIP 
(TaZIP11, TaZIP13, and TaZIP14) genes in bread wheat with all three genomes 
A, B and D (Ramírez-González et al., 2018). The red colour shows the highest 
expression and blue for the lowest expression. TPM (Transcripts Per Million) is a 
normalization method for RNA-seq. 
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Table 2.3: Selected candidate genes to investigate the rule of these genes in Zn 
and Fe biofortification. Transcripts of wheat are selected using rice gene IDs on 
Ensembl Plants (https://plants.ensembl.org/index.html). 

Gene name 

 

RefSeq v1.1 gene IDs Transcript IDs for wheat Transcript IDs for 
rice 

TaZIP11 

 

TraesCS1A02G133400 

TraesCS1B02G150000 

TraesCS1D02G124300 

TraesCS1A02G133400.2 

TraesCS1B02G150000.2 

TraesCS1D02G124300.1 

Os05g0316100-02 

TaZIP13 

 

TraesCS6A02G158700 

TraesCS6B02G192600 

TraesCS6D02G153800 

TraesCS6A02G158700.1 

TraesCS6B02G192600.1 

TraesCS6D02G153800.1 

Os02g0196000-01 

TaZIP14 

 

TraesCS3A02G120900 

TraesCS3B02G140400 

TraesCS3D02G123200 

TraesCS3A02G120900.3 

TraesCS3B02G140400.2 

TraesCS3D02G123200.1 

Os08g0467400-03 

 

2.4.3 Selecting Kronos TILLING mutants and generating double mutants 

Most wheat genes have knock-out mutations, which are a priceless tool for 

characterizing gene functions. We used the plant ensembl website to identify the 

mutations present in ZIP genes in the Kronos population and checked the 

presence and effect of these mutations. We selected Kronos (tetraploid) 

population to investigate a complete knockout of the gene. Kronos population is 

faster to reach a complete knockout by crossing because it has two homoeologs 

(A and B). Initially, we selected four mutant lines for each candidate gene and 

documented variant IDs, position of the mutation, SNPs, class, consequence 

type, amino acid affect and zygosity. We then prioritised each line based on the 

mutation type (Table 2.4) and zygosity. We selected stop gained, splice acceptor 

variant, and missense variant of all candidate genes (Table 2.5) We ordered two 

Kronos mutant lines for each candidate gene. After getting the seeds, we grew 

these lines in the uniform condition and did a backcross. Then we crossed lines 

https://plants.ensembl.org/index.html
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mutated in genome A with lines mutated in genome B to generate double mutants 

(Figure 2.8).  At the end, we got one cross for TaZIP11 (K3178 X K0417) and two 

for TaZIP13 (K0373 X K2425 and K2425 X K3714) and three for TaZIP14 (K3269 

X K4450, K3269 X K4275, and K3191 X K4275).  We used these final mutant 

lines to functionally characterize the candidate genes.  

 

Figure 2.8: Crossing scheme to generate double mutants. 
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Table 2.4: Location and characterization of the TaZIP mutation. Details on the individual ZIP gene in Kronos population are 

provided.  

Gene name/ 

RefSeq v1.1 gene IDs 

Variant ID SNPs Consequence AA AA  

co-

ord 

Protein Transcript Zygosity Ranking 

ZIP11-A/ 

TraesCS1A02G133400 

Kronos3178.chr1A.186990190 C/T stop gained W/*

  

262 577aa TraesCS1A02G133400.2 Homozygous 1st  

ZIP11-A/ 

TraesCS1A02G133400 

Kronos2402.chr1A.186990240 G/A stop gained Q/* 246 577aa TraesCS1A02G133400.2 Heterozygous 2nd  

ZIP11-A/ 

TraesCS1A02G133400 

Kronos3588.chr1A.186993972 C/T splice acceptor 

variant 

- - 577aa TraesCS1A02G133400.2 Heterozygous 3rd 

ZIP11-A/ 

TraesCS1A02G133400 

Kronos2695.chr1A.186993830 C/T missense 

variant 

G/R 184 577aa TraesCS1A02G133400.2 Heterozygous 4th 

ZIP11-B/ 

TraesCS1B02G150000 

Kronos417.chr1B.228171601 C/T stop gained W/* 262 577aa TraesCS1B02G150000.2 Heterozygous 1st  

ZIP11-B/ 

TraesCS1B02G150000 

Kronos3214.chr1B.228175425 C/T splice acceptor 

variant 

- - 577aa TraesCS1B02G150000.2 Heterozygous 2nd  

ZIP11-B/ 

TraesCS1B02G150000 

Kronos890.chr1B.228175306 C/T missense 

variant 

G/D 176 577aa TraesCS1B02G150000.2 Heterozygous 3rd   

ZIP11-B/ 

TraesCS1B02G150000 

Kronos3092.chr1B.228175312 C/T missense 

variant 

G/D 174 577aa TraesCS1B02G150000.2 Heterozygous 4th  
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ZIP13-A/ 

TraesCS6A02G158700 

Kronos2425.chr6A.150229234 G/A splice acceptor 

variant 

- - 276aa TraesCS6A02G158700.1 Heterozygous 1st 

ZIP13-A/ 

TraesCS6A02G158700 

Kronos3168.chr6A.150228734 C/T missense 

variant 

S/F 63 276aa TraesCS6A02G158700.1 Heterozygous 2nd  

ZIP13-A/ 

TraesCS6A02G158700 

Kronos1232.chr6A.150231463 G/A missense 

variant 

G/D 193 276aa TraesCS6A02G158700.1 Heterozygous 3rd  

ZIP13-A/ 

TraesCS6A02G158700 

Kronos364.chr6A.150229256 C/T missense 

variant 

P/L 137 276aa TraesCS6A02G158700.1 Heterozygous 4th  

ZIP13-B/ 

TraesCS6B02G192600 

Kronos3714.chr6B.226870440 C/T stop gained W/* 72 277aa TraesCS6B02G192600.1 Homozygous 1st 

ZIP13-B/ 

TraesCS6B02G192600 

Kronos373.chr6B.226869719 C/T splice acceptor 

variant 

  277aa TraesCS6B02G192600.1 Homozygous 2nd 

ZIP13-B/ 

TraesCS6B02G192600 

Kronos3878.chr6B.226870643 C/T splice donor 

variant 

- - 277aa TraesCS6B02G192600.1 Homozygous 3rd  

ZIP13-B/ 

TraesCS6B02G192600 

Kronos3173.chr6B.226870439 C/T splice donor 

variant 

  277aa TraesCS6B02G192600.1 Homozygous 4th  

ZIP14-A/ 

TraesCS3A02G120900 

Kronos3269.chr3A.95029821 C/T stop gained W/* 120 494aa TraesCS3A02G120900.3 Homozygous 1st 

ZIP14-A/ 

TraesCS3A02G120900 

Kronos3191.chr3A.95018162 C/T missense 

variant 

G/R 483 494aa TraesCS3A02G120900.3 Homozygous 2nd  
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ZIP14-A/ 

TraesCS3A02G120900 

Kronos2803.chr3A.95022759 C/T missense 

variant 

G/E 369 494aa TraesCS3A02G120900.3 Heterozygous 3rd  

ZIP14-A/ 

TraesCS3A02G120900 

Kronos4368.chr3A.95021496 C/T missense 

variant 

G/E 400 494aa TraesCS3A02G120900.3 Heterozygous 4th  

ZIP14-B/ 

TraesCS3B02G140400 

Kronos4450.chr3B.126578372 G/A stop gained Q/* 476 494aa TraesCS3B02G140400.2 Homozygous 1st 

ZIP14-B/ 

TraesCS3B02G140400 

Kronos4275.chr3B.126582174 C/T splice acceptor 

variant 

- - 494aa TraesCS3B02G140400.2 Homozygous 2nd 

ZIP14-B/ 

TraesCS3B02G140400 

Kronos3231.chr3B.126578351 C/T missense 

variant 

G/R 483 494aa TraesCS3B02G140400.2 Heterozygous 3rd  

ZIP14-B/ 

TraesCS3B02G140400 

Kronos2712.chr3B.126580568 C/T missense 

variant 

G/E 426 494aa TraesCS3B02G140400.2 Heterozygous 4th  

 

 

 

 

 

 

 

 

 



CHAPTER 2: IDENTIFICATION OF ZIP GENES AND THEIR FUNCTIONAL CHARACTERIZATION IN WHEAT 60 

 

 

 

Table 2.5: TILLING lines used to characterise the ZIP genes for micronutrients and agronomic traits. 

Gene name Mutant line Consequence Preference 

ZIP11-A 

 

Kronos3178 stop gained 1st  

Kronos2402 stop gained 2nd  

ZIP11-B 
Kronos417 stop gained 1st  

Kronos3214 splice acceptor variant 2nd  

ZIP13-A 
Kronos2425 splice acceptor variant 1st  

Kronos3168 missense variant 2nd  

ZIP13-B 
Kronos3714 stop gained, splice region variant 1st  

Kronos373 splice acceptor variant 2nd  

ZIP14-A 
Kronos3269 stop gained 1st  

Kronos3191 missense variant 2nd  

ZIP14-B 
Kronos4450 stop gained 1st  

Kronos4275 splice acceptor variant 2nd  
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2.4.4 Agronomic traits of TaZIP11 

2.4.4.1 Tiller numbers and plant height of TaZIP11 

To investigate the phenotypic effects, we evaluated the single and double mutants of 

selected TILLING lines. We generated a double mutant of TaZIP11 (K3178 X K0417) 

following single backcross. Number of tillers and plant height are shown in the Figure 

2.9A and 2.9B respectively. It can be observed that KWT (Kronos wild type) has the 

highest number of tillers (8) and tallest plant height (73 cm). The AABB genotype has 

the second highest number of tillers, but A mutant has the second highest number of 

tillers. In terms of plant height, AABB has the second highest height (68 cm). Statistical 

analysis revealed a no significant difference in both the number of tillers and plant 

height between the KWT and mutants.  

2.4.4.2 Grain numbers, total weight and thousand grain weight of TaZIP11 

We also measured grain numbers, total dry weight and TGW. The KWT has the highest 

total number of grains with 136, followed by B mutant with 99 grains, A mutant with 77 

grains, double mutant with 66 grains, and AABB with the lowest number of grains at 

59 (Figure 2.9C, D, and E). The KWT also has the highest total weight with 6.9 g, 

followed by AAbb with 3.0 g, aaBB with 2.9 g, aabb with 2.5 g, and AABB with the 

lowest total weight at 2.4 g. There is no significant difference in grain number and total 

weight.  

The thousand-grain weight (TGW) is an important agronomic trait that influences crop 

yield and quality. In this study, we also evaluated the TGW of KWT, single and double 

mutants. In terms of TGW, the KWT has the highest value with 60.2, followed by AABB 

with 42.6, aabb with 37.7, and AAbb with the lowest TGW at 30.9. There is significant 
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difference between KWT and mutants (p<0.05, one-way ANOVA with post-hoc Tukey 

HSD) and no significance difference in single and double mutants.  

 

Figure 2.9: Agronomic traits for TaZIP11-1 (K3178 X K0417). (A) Number of tillers per 
plant, (B) Plant height, (C) Number of grains, (D) Total weight and (E) Thousand grain 
weight. Error bars represent standard error of the mean, n=10. Lower case letters 
indicate statistically significant differences (p<0.05, one-way ANOVA with post-hoc 
Tukey HSD).   

2.4.5 Agronomic traits of TaZIP13: 

2.4.5.1 Tiller numbers and plant height of TaZIP13 

We got two double mutant lines after a single backcross for TaZIP13. The tiller 

numbers for TaZIP13-1 (K0373 X K2425) are shown in Figure 2.10A. The KWT 

consistently produced the highest number of tillers. The mutants produced lower 

numbers of tillers than KWT. However, the differences in mean tiller numbers between 

the lower-tiller genotypes are generally small, and in all cases, the differences are not 

statistically significant. 
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Comparing the plant height data between the TaZIP13-1, we observe that there is no 

statistically significance difference in the mean plant heights for each genotype (Figure 

2.10B). Similarly, TaZIP13-2 (K2425 X K3714) also has the same trend in number of 

tillers and plant height. The overall trend is similar for most of the genotypes, with some 

minor differences.  

2.4.5.2 Grain numbers, total weight and thousand grain weight of TaZIP13 

The grain numbers, total weight and TGW are also investigated in the two different 

TaZIP13 crosses (Figure 2.10-2.11C, D, and E). The KWT genotype produce 136 

grains. For the AABB genotype, there is a reduction in grain yield from 97 to 68 grains. 

For the A mutant, there is also a reduction in grain yield from first cross (107 grains) to 

second cross (75 grains). For the B mutant, there is a moderate reduction in grain yield 

from first cross (111.8 grains) to second cross (97 grains). Similarly, double mutant 

also has a reduction in grain yield. Overall, these results suggest that there are no 

significant differences in the number of grains produced by different genotypes in the 

TaZIP13-1 and TaZIP13-2.  

In the TaZIP13-1, the KWT has the highest total weight of 6.9 g, which are higher than 

the total weight of all other genotypes (Figure 2.10D). The AABB and AAbb genotypes 

have similar total weights of 5.2 g and 5.7 g, respectively, while the single mutants 

have the lowest total weights of 4.6 g and 4.7 g, respectively. These differences in total 

weight among the genotypes are not statistically significant (p<0.05, one-way ANOVA 

with post-hoc Tukey HSD). In the TaZIP13-2, the B mutant has a higher total weight of 

5.3 g  and double mutant has the lowest total weight of 2.6 g Like TaZIP11, there is no 

significance difference in number of grains and total weight in both TaZIP13-1 and 

TaZIP13-2. 
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The TGW is also measured for TaZIP13-1 and TaZIP13-2. In the TaZIP13-1, the KWT 

has the highest TGW of 60.2 g, while the A mutant has the lowest TGW of 42.3 g 

(Figure 2.10E). The AABB and AAbb genotypes have intermediate TGW values of 56.1 

g and 44.6 g, respectively, while the double mutant has a TGW of 49.9 g. The 

differences in TGW among the genotypes are statistically significant (p<0.05, one-way 

ANOVA with post-hoc Tukey HSD). 

In TaZIP13-2, the results are different from the first cross. The AABB and A mutant 

have almost the same TGW (Figure 2.11E). The B mutant and double mutant has TGW 

values of 56.11 g and 45.22 g, respectively. The differences in TGW among the KWT 

and genotypes are statistically significant (p < 0.05). 

 

Figure 2.10: Agronomic traits for TaZIP13-1 (K0373 X K2425). (A) Number of tillers 
per plant, (B) Plant height, (C) Number of grains, (D) Total weight and (E) Thousand 
grain weight. Error bars represent standard error of the mean, n=10. Lower case letters 
indicate statistically significant differences (p<0.05, one-way ANOVA with post-hoc 
Tukey HSD).   
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Figure 2.11: Agronomic traits for TaZIP13-2 (K2425 X K3714). (A) Number of tillers 
per plant, (B) Plant height, (C) Number of grains, (D) Total weight and (E) Thousand 
grain weight. Error bars represent standard error of the mean, n=10. Lower case letters 
indicate statistically significant differences (p<0.05, one-way ANOVA with post-hoc 
Tukey HSD).   

 

2.4.6 Agronomic traits of TaZIP14 

2.4.6.1 Tillers numbers and plant height of TaZIP14 

We crossed all possible mutant’s lines to generate the double mutants and 

successfully, we got three double mutant’s combinations (K3269 X K4450, K3269 X 

K4275, and K3191 X K4275) for TaZIP14 (Figure 2.12, 2.13 and 2.14). K3269 and 

K4450 have stop gained mutations, while K3191 and K4275 have missense variant 

and splice acceptor variant respectively. Unfortunately, there were no significant 

differences in tiller numbers and plant height in TaZIP14 lines.  
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2.4.6.2 Grain numbers, total weight and thousand grain weight of TaZIP14 

The total number of grains for different genotypes in three different TaZIP14 crossed 

are shown in Figure 2.12C, 2.13C, and 2.14C. There were no significant differences in 

total grain number and total weight in all three TaZIP14 lines. The results show that 

the TGW of the genotypes varied significantly between KWT and mutants in all 

TaZIP14-1, TaZIP14-2, and TaZIP14-3. In TaZIP14-1, the TGW of KWT and AABB, 

ranging from 60.23 g to 61.03 g and has a significance difference compared to single 

and double mutants (p<0.05, one-way ANOVA with post-hoc Tukey HSD). However, 

in TaZIP14-2, the TGW of AABB, and single mutants are significantly lower than the 

KWT. There was not a consistent difference of TGW between AABB, single and double 

mutants. Therefore, these results indicate that TaZIP14 does not affect TGW.  

 

Figure 2.12: Agronomic traits for TaZIP14-1 (K3269 X K4450). (A) Number of tillers 
per plant, (B) Plant height, (C) Number of grains, (D) Total weight and (E) Thousand 
grain weight. Error bars represent standard error of the mean, n=10. Lower case letters 
indicate statistically significant differences (p<0.05, one-way ANOVA with post-hoc 
Tukey HSD).   
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Figure 2.13: Agronomic traits for TaZIP14-2 (K3269 X K4275). (A) Number of tillers 
per plant, (B) Plant height, (C) Number of grains, (D) Total weight and (E) Thousand 
grain weight. Error bars represent standard error of the mean, n=10. Lower case letters 
indicate statistically significant differences (p<0.05, one-way ANOVA with post-hoc 
Tukey HSD).   
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Figure 2.14: Agronomic traits for TaZIP14-3 (K3191 X K4275) (A) Number of tillers 
per plant, (B) Plant height, (C) Number of grains, (D) Total weight and (E) Thousand 
grain weight. Error bars represent standard error of the mean, n=10. Lower case letters 
indicate statistically significant differences (p<0.05, one-way ANOVA with post-hoc 
Tukey HSD).   

 

2.4.7 Micronutrient quantification 

The micronutrients of wholemeal flour of grains were analysed using ICP-OES. We 

selected KWT, WT (AABB) and double mutant (aabb) of TaZIP11-1, TaZIP13-1, 

TaZIP13-2, TaZIP14-1, and TaZIP14-2 and measured Fe, Zn, Mn, P, Mg, and Ca 

content.  

2.4.7.1 Micronutrient quantification of TaZIP11 

The micronutrients quantification of TaZIP11 is shown in Figure 2.15. There were no 

significant differences (p<0.05, one-way ANOVA with post-hoc Tukey HSD) in any 

measured minerals between the AABB and double mutant for TaZIP11. The AABB and 
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aabb had higher Fe, Zn and Mn contents compared to KWT but again there were no 

significant difference between AABB and aabb.  

 

 

Figure 2.15: Micronutrient quantification of TaZIP11. (A) Fe content, (B) Zn content 
(C) Mn content (D) P content (E) Mg content and (F) Ca content (mg/kg). Bars denote 
means of three biological replicates ± SD. Lower case letters indicate statistically 
significant differences and significance (p<0.05) tests with post-hoc Tukey HSD using 
one-way ANOVA.    

 

2.4.7.2 Micronutrient quantification of TaZIP13 

The micronutrients were measured for TaZIP13-1 and TaZIP13-2 and shown in Figure 

2.16 and 2.17 respectively. In terms of Fe levels for TaZIP13-1, the AABB genotype 

had the highest concentration at 27.8 mg/kg, followed by the aabb genotype at 22.2 

mg/kg and has a significant difference (p<0.05, one-way ANOVA with post-hoc Tukey 

HSD). For Zn, the AABB genotype displayed the highest value of 35.4 mg/kg, followed 

by the aabb genotype at 26.2 mg/kg. The KWT genotype had the lowest Zn level. In 

the case of Mn, the AABB genotype had the highest concentration at 91.4 mg/kg and 
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had no significant difference between AABB and double mutants. Regarding P content, 

the AABB genotype showed the highest concentration at 4431.1 mg/kg, followed 

closely by the aabb genotype at 4211.2 mg/kg. The KWT had the lowest P level and 

significantly difference. In term of Mg, there was no significant difference among KWT, 

AABB, and aabb. Interestingly, for Ca levels, the aabb displayed the lowest content at 

211.8 mg/kg, followed by the AABB genotype at 265.5 mg/kg. The aabb was 

significantly lower than AABB and KWT (p<0.05, one-way ANOVA with post-hoc Tukey 

HSD). 

In case of TaZIP13-2, the aabb had the highest content of Fe levels, at 33.9 mg/kg, 

followed by the AABB genotype and KWT and had a significant difference between 

AABB and aabb. Similarly, aabb had the highest contents of Zn and Mn and had no 

significant difference between AABB and aabb in term of P, Mg and Ca, we found no 

significant difference among KWT, AABB and aabb. In summary, we found interesting 

results for Zn levels in TaZIP13-1 and Fe levels in TaZIP13-2 where we had a 

significant difference between mutants.  
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Figure 2.16: Micronutrient quantification of TaZIP13-1. (A) Fe content, (B) Zn content 
(C) Mn content (D) P content (E) Mg content and (F) Ca content (mg/kg). Bars denote 
means of three biological replicates ± SD. Lower case letters indicate statistically 
significant differences and significance (p<0.05) tests with post-hoc Tukey HSD using 
one-way ANOVA.    
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Figure 2.17: Micronutrient quantification of TaZIP13-2. (A) Fe content, (B) Zn content 
(C) Mn content (D) P content (E) Mg content and (F) Ca content (mg/kg). Bars denote 
means of three biological replicates ± SD. Lower case letters indicate statistically 
significant differences and significance (p<0.05) tests with post-hoc Tukey HSD using 
one-way ANOVA.    

 

2.4.7.3 Micronutrient quantification of TaZIP14 

We generated two double mutants for TaZIP14 (TaZIP14-1 and TaZIP14-2) after one 

backcross and measured the micronutrients shown in Figure 2.18 and 2.19. Like 

TaZIP11 and TaZIP13, we got similar results for TaZIP14-1. The AABB genotype 

showed the content of 36.5 mg/kg Fe and had no significant difference between AABB 

and aabb (p<0.05, one-way ANOVA with post-hoc Tukey HSD). The KWT displayed 

the lowest content of Zn at 17.1 mg/kg, while the AABB genotype exhibited the highest 

Zn level, measuring 44.7 mg/kg and had no significant difference between AABB and 

aabb. Similarly, Mn and P also had the same trend and had no significant difference 

between AABB and aabb. In contrast to TaZIP14-1, TaZIP14-2 had only significant 

differences in P and Ca (p<0.05, one-way ANOVA with post-hoc Tukey HSD) (Figure 
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2.19). The P contents in TaZIP14-2 was higher and Ca was lower in double mutants 

compared to WT. In summary, we got a significant difference in P content in both 

TaZIP14-1 and TaZIP14-2 and Ca content only in TaZIP14-2 between AABB and 

aabb.  

 

Figure 2.18: Micronutrient quantification of TaZIP14-1. (A) Fe content, (B) Zn content 
(C) Mn content (D) P content (E) Mg content and (F) Ca content (mg/kg). Bars denote 
means of three biological replicates ± SD. Lower case letters indicate statistically 
significant differences and significance (p<0.05) tests with post-hoc Tukey HSD using 
one-way ANOVA.    
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Figure 2.19: Micronutrient quantification of TaZIP14-2. (A) Fe content, (B) Zn content 
(C) Mn content (D) P content (E) Mg content and (F) Ca content (mg/kg). Bars denote 
means of three biological replicates ± SD. Lower case letters indicate statistically 
significant differences and significance (p<0.05) tests with post-hoc Tukey HSD using 
one-way ANOVA.    

 

2.4.8 Functional complementation of TaZIPs in yeast 

2.4.8.1 Yeast complementation of zrt1/zrt2  

Using yeast complementation, a subset of the wheat ZIPs (TaZIP11, TaZIP13 and 

TaZIP14) was examined for a functional involvement in Zn transport. Each of the three 

TaZIPs cloned was evaluated to see if it could complement the zrt1/zrt2 mutant yeast 

strain in order to determine its Zn transport capacity. The zrt1/zrt2 mutant yeast strain 

and the wild type of this strain (DY1457) were transformed with the pYES2-ZIP vectors 

and an empty pYES2 vector as a control. Colony PCR with pYES2 backbone primers 

was used to confirm transformations. pYES2 has a GAL1 promoter upstream of the 

multiple cloning site, and TaZIP expression was induced prior to plating of the drop 
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spot experiment by growing the transformed yeast in galactose-containing conditions. 

After TaZIP induction, drops of culture serial dilutions were plated on medium that 

included 200 μM Zn, which is required for the mutant yeast strain to thrive, and media 

that did not contain Zn but did contain increasing concentrations of the Zn chelator 

EGTA (0 mM to 5.0 mM EGTA), which is used to bind Zn. According to Figure 2.20A, 

the zrt1/zrt2 strain was less grow at Zn levels of 200 μM comparable to that 

demonstrated by the wild type of strain DY1457. The growth of this mutant yeast strain 

was however slowed down by the addition of EGTA chelator Figure 2.20C.  

The zrt1/zrt2 strain with the TaZIP-containing pYES2 vectors including positive 

controls (TaZIP6 and TaZIP7) grew at greater rates in the Zn-deficient medium (0 μM, 

5 mM EGTA) than the empty pYES2 vector. The mutant TaZIP11 had great rescue 

capacity when linked to the other TaZIP genes at the 5.0 mM EGTA concentration The 

expression of any of the TaZIPs did not completely restore growth levels and wild type 

growth was still larger than that of the empty pYES2 carrying TaZIP genes. 

 

Figure 2.20: TaZIP genes complementation of the yeast Zn uptake mutant zrt1/zrt2. 
TaZIP11, TaZIP13, and TaZIP14 genes were used to transform the yeast mutant 
zrt1/zrt2, and they are displayed here with empty vector as controls (e.v.) in both the 
mutant and wild type. TaZIP6 and TaZIP7 used as a positive control. Each spot 
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represents a dilution of the culture starting on the left of each plate (undiluted, 0.5, 0.1, 
0.01, 0.001). Following eight days of growth, complementation is displayed, and to the 
top of each plate, the contents of the selective media are listed. Undiluted=UD, 
EGTA=aminopolycarboxylic acid, a chelating agent. 

 

2.4.8.2 Yeast complementation of fet3/fet4  

The Fe transport capacity of the cloned TaZIP genes was examined by transformation 

and testing in the fet3/fet4 mutant yeast strain. The pYES2-TaZIP vectors and empty 

pYES2 controls, as previously stated in Section 2.8.1, was transformed the fet3/fet4 

and the WT DY1457 strains. By colony PCR and pYES2 backbone primers, 

transformations were verified.  

Before plating the drop spot test, TaZIP expression was activated by growing the 

transformed yeast in a galactose controlling culture. Following ZIP induction, drops at 

successively lower concentrations were plated onto medium with different Fe contents. 

Fe concentrations ranged from 10 μM for highest levels to 0.75 μM, which is often seen 

in yeast growth media, and Fe completely missing (0 μM Fe). The fet3/fet4 mutant 

yeast strain displays a Fe-deficient phenotype at higher Fe levels than the WT strain 

because it lacks both the FET4 low affinity Fe uptake transporter and FET3 high affinity 

iron uptake transporter. The fet3/fet4 was cultivated on plate media with a pH of 4 to 

allow for the observation of the Fe-deficient phenotype. The growth of fet3/fet4 was 

comparable to that of the WT (DY1457) at 10 μM Fe, but at baseline concentrations of 

0.75 μM and without Fe media, growth was drastically diminished (Figure 2.21A-C). All 

TaZIP genes were heterologously produced, but none of them were able clearly to 

reverse the Fe-deficient phenotype that the fet3/fet4 strain presented except TaZIP11. 

The findings of the yeast complementation experiments of all TaZIP genes revealonly 

TaZIP11 could transport Fe and Zn. 
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Figure 2.21: TaZIP genes complementation of the yeast Fe uptake mutant fet3/fet4. 
TaZIP11, TaZIP13, and TaZIP14 genes were used to transform the yeast mutant 
fet3/fet4, and they are displayed here with empty vector controls (e.v.) in both the 
mutant and wild type. TaZIP6 and TaZIP7 used as a negative control. Each spot 
represents a dilution of the culture starting on the left of each plate (undiluted, 0.5, 0.1, 
0.01, 0.001). After three days of growth, complementation is displayed, and to the top 
of each plate, the contents of the selective media are listed. Undiluted=UD. 

 

2.5 Discussion 

The agronomic data of selected TILLING lines shows TaZIP genes are not affecting 

the overall biomass of plants. ICP-OES results indicate, only TaZIP13-1 has a 

significant difference in Fe, Zn and Ca accumulation in AABB and aabb, while 

TaZIP13-2 has only for Fe content. TaZIP13-1 and TaZIP13-2 had opposite results for 

Fe contents. TaZIP13-A has a splice acceptor and missense variant mutation and 

TaZIP13-B has stop gained and splice acceptor variant mutations. In TaZIP13-1, 

mutant had lower Fe level than WT and in TaZIP13-2 mutant had higher Fe level than 

WT. Yeast complementation of TaZIP genes shows only TaZIP11 has the ability to 

transport Fe and Zn. Overall, these results suggest a further investigation is required 

to fully understand the role of these TaZIP genes.    
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2.5.1 TILLING mutants of TaZIP11, TaZIP13, and TaZIP14 had no effect on 

agronomic traits and limited effects on micronutrients 

In this study, we investigated the functional role of TaZIP11, TaZIP13, and TaZIP14, 

in relation to agronomic traits and micronutrient content in wheat. By utilizing TILLING 

technique, we generated TaZIP mutant lines for each transporter and characterized 

their phenotypic and biochemical traits. Surprisingly, our findings reveal that the 

disruption of TaZIP11, and TaZIP14 had no discernible effect on agronomic traits or 

micronutrient levels except TaZIP13. 

The ZIP family of transporters has been implicated in the uptake and transport of 

divalent metal ions, such as zinc, iron, and manganese, across cellular membranes in 

plants. These transporters play critical roles in regulating metal homeostasis, which is 

essential for various physiological processes, including growth, development, and 

micronutrient acquisition (Lin et al., 2009). Therefore, it was anticipated that perturbing 

the function of TaZIP11, TaZIP13, and TaZIP14 would lead to observable phenotypic 

changes and altered micronutrient accumulation in wheat plants. Previous studies in 

other plant species have reported significant alterations in agronomic traits and 

micronutrient content upon manipulating ZIP family transporters. For instance, in 

Arabidopsis thaliana, loss-of-function mutants of AtZIP4 displayed severe growth 

defects and exhibited zinc-deficient phenotypes, including reduced biomass and 

altered leaf morphology (Grotz et al., 1998). Similarly, disruption of OsZIP1 in rice led 

to stunted growth and reduced iron uptake, resulting in iron deficiency symptoms 

(Ishimaru et al., 2005). Interestingly, TaZIP13-1 displayed higher Fe and Zn contents 

in AABB compared to aabb while in TaZIP13-2 has higher Fe contents in aabb. These 

results are not consistent in both crosses might be due to different mutation types in A 
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and B genomes in selected TILLING lines. Given these precedents, our unexpected 

findings regarding the lack of phenotypic and nutritional changes in the TaZIP11, 

TaZIP13, and TaZIP14 mutants are intriguing. It could be due to differences in the 

mutant alleles, or due to background mutations. 

Several factors may account for the observed lack of phenotypic and biochemical 

alterations in our study. First, redundancy within the ZIP transporter family could 

compensate for the loss of function of TaZIP11, TaZIP13, and TaZIP14 in wheat. It is 

possible that other closely related transporters with overlapping substrate specificities 

might have been able to complement the disrupted transport activity, thereby 

maintaining normal growth and nutrient status in the mutant lines. Additionally, 

compensatory mechanisms involving other transporters or regulatory pathways might 

have come into play to ensure the adequate uptake and distribution of metals in the 

absence of TaZIP11, TaZIP13, and TaZIP14. Furthermore, the complex interactions 

between plants and their rhizosphere, including the soil microbial community, might 

influence nutrient availability and uptake, thereby modulating the phenotypic and 

nutritional responses to transporter perturbations. 

It is also worth noting that the lack of observable phenotypic changes in the TaZIP11, 

TaZIP13, and TaZIP14 mutants after single backcross does not necessarily imply their 

dispensability under all conditions. It is possible that these transporters play more 

significant roles under specific stress conditions or in specific tissues or developmental 

stages that were not addressed in our study. Future investigations targeting these 

aspects could provide further insights into the functional relevance of TaZIP11, 

TaZIP13, and TaZIP14 in wheat. 



CHAPTER 2: IDENTIFICATION OF ZIP GENES AND THEIR FUNCTIONAL CHARACTERIZATION IN WHEAT 80 

 

In summary, our study demonstrates that the disruption of TaZIP11, TaZIP13, and 

TaZIP14 through TILLING mutants after one backcross had no apparent effect on 

agronomic traits or micronutrient levels in wheat. These findings suggest the presence 

of compensatory mechanisms or alternative transporters that enable the maintenance 

of normal growth and nutrient status in wheat.  

2.5.2 Functional complementation shows the capacity of TaZIP11   to transport 

Fe and Zn 

We conducted functional complementation assays to investigate the Zn and Fe 

transport capacities of TaZIP11, TaZIP13, and TaZIP14 in wheat. Our findings 

revealed that only TaZIP11 exhibited the ability to transport Fe and Zn (Figure 2.19-

20). The ZIP family of transporters is known for its role in metal ion uptake and transport 

in plants, and members of this family often exhibit substrate specificity. Therefore, 

understanding the specific metal transport capabilities of TaZIP11, TaZIP13, and 

TaZIP14 is crucial for unravelling their roles in Zn and Fe homeostasis in wheat. 

Consistent with their classification as ZIP transporters involved in Zn homeostasis, 

TaZIP11 demonstrated the capacity to transport Zn in our complementation assays. 

This aligns with previous studies on ZIP transporters in other plant species, where 

members of the ZIP family have been shown to transport Zn. The Zn transport activity 

of TaZIP11 confirms their involvement in Zn uptake and distribution in wheat. 

Intriguingly, our results also unveiled a unique characteristic of TaZIP11, as it exhibited 

functional complementation and demonstrated the ability to transport Fe. This 

suggests that TaZIP11 may possess a broader substrate specificity compared to 

TaZIP13 and TaZIP14, extending its role beyond Zn transport to include Fe uptake as 

well. The transport of Fe by TaZIP11 is of particular significance, as Fe is another 
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essential micronutrient required for various physiological processes in plants, including 

photosynthesis and enzyme activity. Although TaZIP11 transported Fe in yeast, while 

we did not see any effect in wheat mutants. This may be due to background mutation 

in TILLING lines. However, the mechanisms underlying the Fe transport activity of 

TaZIP11 remain to be fully elucidated and warrant further investigation. 

The differential metal transport capacities observed among TaZIP11, TaZIP13, and 

TaZIP14 highlight the functional diversity within the ZIP transporter family. These 

findings are consistent with previous studies, where distinct members of the ZIP family 

have been shown to exhibit different substrate specificities and transport capabilities 

(Li et al., 2019). The functional complementation assays conducted in this study 

provide valuable insights into the metal ion transport abilities of the individual 

transporters and contribute to our understanding of their roles in metal homeostasis in 

wheat. It is important to note that while the functional complementation assays in a 

heterologous expression system provide valuable initial insights, the true physiological 

relevance and functional implications of these transporters in wheat may be more 

complex. The expression of ZIP transporters in their native cellular and tissue contexts, 

as well as their regulation under different environmental conditions, can influence their 

metal transport activities and their contributions to agronomic traits and micronutrient 

accumulation in wheat (Gong et al., 2022). Similarly, in our results, we could not get a 

strong phenotype in TILLING lines.  

Moreover, the impact of these metal transport activities on agronomic traits and 

micronutrient levels in wheat plants requires further investigation. Agronomic traits 

encompass a wide range of characteristics, including plant growth, development, yield, 

and stress responses, which can be influenced by multiple genetic and environmental 
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factors. Similarly, the effects of metal transporters on micronutrient levels may vary 

depending on interactions with other transporters, regulatory pathways, and 

environmental conditions. In conclusion, our study provides evidence of the metal 

transport capacities of TaZIP11 in yeast model. Only TaZIP11 demonstrates functional 

complementation and the ability to transport Fe and Zn. These findings contribute to 

our understanding of the roles of ZIP transporters in metal homeostasis and provide a 

foundation for further investigations into the specific functions and regulatory 

mechanisms of TaZIP11, TaZIP13, and TaZIP14 in wheat. Future studies should focus 

on unravelling the roles of these transporters and their impact on agronomic traits and 

micronutrient accumulation in wheat under different environmental conditions. 

2.5.3 Similarities and differences between TaZIP11, 13 and 14 and known ZIPs 

in wheat and other species 

Through analysis of rice ZIP genes, 14 TaZIP genes discovered in wheat with each a 

homeolog on the A, B and D genomes. In previous study, only 12 TaZIP genes are 

identified and homeologs not reported (Tiong et al., 2015). Compared to rice, only 

TaZIP4 is not identified in wheat. In wheat (Triticum aestivum), TaZIP11, TaZIP13, and 

TaZIP14 belong to the ZIP (Zinc-regulated Transporter/Iron-Regulated Transporter-

like Protein) family of transporters. TaZIP11, TaZIP13, and TaZIP14, like other ZIP 

transporters, participate in the transport of Fe and Zn, ZIP transporters in wheat and 

rice showed tissue-specific expression patterns (Figure 2.5 and 2.6), and our results 

show the expression patterns of TaZIP11, TaZIP13, and TaZIP14 vary, and they are 

highly expressed in roots, shoots and grains (Figure 2.5-7). Although only TaZIP11 

transports Fe and Zn in yeast, they may have different affinities and selectivity for other 

metal ions (Guerinot, 2000). ZIP transporters can be regulated at the transcriptional or 
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post-translational level by various factors including metal availability, hormonal signals, 

and environmental cues (Lin et al., 2009). It is important to note that while TaZIP11, 

TaZIP13, and TaZIP14 are specific to wheat and rice, ZIP transporters are found in 

many plant species including other cereals like maize (Zea mays), and barley 

(Hordeum vulgare), as well as in non-cereal species. 

Some specific ZIP genes have been studied in relation to nutrient uptake and 

expression patterns in wheat and rice. In wheat, ZIP1 has been identified as a key 

gene involved in zinc and iron uptake under zinc and iron deficiency conditions. Its 

expression increases in response to low zinc and iron availability in the roots (Ma et 

al., 2019). ZIP4 is another important gene involved in zinc uptake. In wheat, ZIP4 

expression is upregulated under zinc deficiency, facilitating zinc absorption from the 

soil. ZIP5 gene has been implicated in iron uptake in wheat. ZIP5 expression is 

upregulated under iron deficiency conditions, suggesting its role in iron acquisition 

(Evens et al., 2017). Similarly, OsZIP1 in rice, is known to be involved in zinc uptake. 

Its expression is induced under low zinc availability, indicating its role in zinc acquisition 

(Bashir et al., 2012). OsZIP3 is a rice gene associated with iron uptake. It is 

upregulated under iron-deficient conditions, suggesting its involvement in iron transport 

(Sasaki et al., 2015). OsZIP4 gene is implicated in zinc uptake in rice. OsZIP4 

expression is induced under low zinc conditions, indicating its role in zinc acquisition 

(Ishimaru et al., 2005). It is important to note that the expression and function of ZIP 

genes can vary depending on the specific experimental conditions, genotypes, and 

tissues/organs analyzed. 

In other cereals like maize, ZmZIP1, ZmZIP3, and ZmZIP4 are linked to the uptake of 

zinc and iron in maize (Li et al., 2013). HvZIP1 and HvZIP3 are zinc and iron uptake-
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related genes found in barley (Tiong et al., 2015). These genes exhibit differential 

expression when there is a nutrient shortage, indicating that they are essential for 

maintaining optimal nutrient levels in cereal crops. Further research and specific 

studies about wide range of ZIP genes in wheat may provide additional insights into 

the role of different ZIP genes in nutrient uptake and accumulation in grain tissues.
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Chapter 3:  Identifying Novel QTLs Involved in Controlling Grain Iron in Bread 

Wheat 
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3.1 Introduction 

3.1.1 An Overview of iron metabolism in wheat 

Iron (Fe) is a necessary micronutrient for plants, playing a crucial role in various 

physiological and biochemical processes (Nishito & Kambe, 2018). In wheat, one of 

the world's most important staple crops, Fe metabolism is a complex and tightly 

regulated process that influences the plant's growth, development, and overall 

productivity. Understanding the mechanisms involved in iron uptake, transport, and 

utilization in wheat is of great significance for plant scientists and breeders seeking to 

improve crop performance and address Fe deficiency in human populations (Verma & 

Pandey, 2016). The amount of Fe in the soil is a key factor in determining the Fe 

nutrition of plants (Yu et al., 2016). But in other soil types, such as alkaline or 

calcareous soils, where Fe predominately occurs as insoluble ferric hydroxides, the 

uptake of Fe by plants is frequently hampered (Wallace & Lunt, 1956). Wheat plants 

have developed sophisticated techniques to improve Fe collection in these conditions. 

Wheat roots can efficiently take up Fe from the soil because Fe transporters and 

chelators work together (Zhang et al., 1989) To meet the needs of numerous organs 

and tissues, Fe must be delivered from the roots to various areas of the plant. The 

primary pathway for the distribution of Fe in wheat is the xylem, which transports water 

and nutrients (Sheraz et al., 2021). Specific Fe transport proteins, such as those from 

the NRAMP (natural resistance-associated macrophage protein) and YS1 (yellow 

stripe) families, are active during Fe transfer within plants. These proteins aid in the 

transfer of Fe between various cellular compartments and help the plant allocate Fe 

properly (Eagling et al., 2014). The vital metabolic activities in wheat require the use of 

Fe. Numerous enzymes required in key biological processes, including as DNA 
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replication, respiration, nitrogen metabolism, and chlorophyll synthesis, require Fe as 

a cofactor (Pahlavan‐Rad & Pessarakli, 2009). The effectiveness of these processes, 

and as a result, the total development and productivity of wheat plants, are directly 

impacted by the availability of Fe (Sheraz et al., 2021). A major obstacle to the 

production of wheat and to human nutrition is Fe deficiency. Poor grain quality and 

lower agricultural yields might result from Fe-deficient soils. Additionally, a lack of Fe 

in the diet of humans can lead to serious health issues including Fe-deficiency anaemia 

(Kumar et al., 2022). Therefore, understanding the regulatory mechanisms that control 

Fe metabolism in wheat is essential for creating efficient methods to increase Fe 

uptake and utilisation as well as for breeding wheat cultivars with high Fe efficiency 

that can survive in areas with low levels of Fe. 

3.1.2 Limited understanding of the genetic basis of grain iron content 

Limited understanding of the genetic basis of grain Fe content has been a challenge 

for wheat researchers seeking to improve crop productivity and human nutrition. Grain 

Fe content is controlled by numerous genetic and environmental factors (J. Wang et 

al., 2022). It has been discovered that there is genetic variability among wheat cultivars 

and accessions, suggesting the possibility of genetically improving Fe content (Velu et 

al., 2018). The identification of potential genes linked to Fe build-up has also showed 

promise using association mapping and a variety of germplasm sets. Transcriptomic 

research has also shed light on the patterns of gene expression linked to wheat's Fe 

metabolism (J. Wang et al., 2022). Despite these developments, there are still large 

gaps in our knowledge of the genetic causes of high Fe grain content in wheat. 

Unravelling this feature is difficult because to the complexity of Fe metabolism, the 

participation of numerous genes and regulatory pathways, and the influence of 
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environmental factors (Beasley, Bonneau, Sánchez‐Palacios, et al., 2019). To identify 

the underlying genetic variables and molecular pathways, comprehensive and 

integrative techniques that include genomes, transcriptomics, proteomics, and 

metabolomics are required (Kaur et al., 2023). Emerging technologies, such as high-

throughput genotyping and next-generation sequencing, offer unprecedented 

opportunities for unravelling the genetic basis of complex traits like grain Fe content. 

Key genetic variations related with Fe build-up may be found applying genome-wide 

association studies (GWAS) and genomic selection. Further understanding of the 

functions of potential genes in Fe metabolism can be gained by using functional 

genomics techniques, such as gene expression research and gene editing methods. 

3.1.3 Known QTLs associated with grain iron 

Substantial strides forward have been made in the identification and characterization 

of quantitative trait loci (QTLs) connected to grain Fe content. An overview of the known 

QTLs for grain Fe content in wheat is given in this part, and it is emphasised how vital 

it is to find and characterise new QTLs to improve our knowledge of Fe metabolism 

and assist targeted breeding efforts for higher grain Fe content. In wheat, several 

known QTLs linked to grain Fe content have been found. The Gpc-B1 gene on 

chromosome 6B is an important regulator of the Fe and Zn contents of grains, which 

is noteworthy (Uauy et al., 2006). Wheat grains accumulate more minerals as a result 

of the Gpc-B1 QTL's influence on the gene expressions involved in the transport and 

storage of Fe and Zn (Xu et al., 2012a). Wheat grain Fe content has also been linked 

to QTLs on chromosomes 3B, 2A, and 5A in addition to Gpc-B1. Through their effects 

on numerous processes, such as Fe uptake, transport, and allocation within the plant, 

these QTLs probably act on these processes  and affect Fe accumulation (Crespo-



CHAPTER 3:  IDENTIFYING NOVEL QTLS INVOLVED IN CONTROLLING GRAIN IRON IN BREAD WHEAT         89 

 

Herrera et al., 2016; Xu et al., 2012a). Another study found 4 QTLs (QGFe.iari-2A, 

QGFe.iari-5A, QGFe.iari-7A and QGFe.iari-7B) for Fe, and these QTLs collectively 

explained 20.0% of the phenotypic variation for Fe (Krishnappa et al., 2017). Even 

though there are a number of known QTLs connected to wheat grain Fe content, more 

new QTLs need to be found and characterised for understanding of the genetic basis 

of Fe content. The discovery of novel QTLs using cutting-edge genomics methods can 

improve our comprehension of the genetic influences underpinning Fe metabolism in 

wheat grains. This information can direct targeted breeding efforts to create wheat 

varieties that are Fe-biofortified and solve the concerns of Fe deficiency around the 

world. 

3.1.4 Bulk segregant analysis 

Pooling individuals with extreme phenotypes is a technique used in bulk segregation 

analysis (BSA) to conduct linked marker screening or QTL mapping quickly and 

inexpensively (Li & Xu, 2021). Michelmore et al. (1991) initially introduced BSA, which 

was used to locate molecular markers connected to DM5/8 (downy mildew resistance 

loci in lettuce) in F2 populations. The two extreme behaviors of resistance and 

susceptibility from one biparental group were used to pool the samples (Figure 3.1). 

The majority of bulks contain 14–20 distinct plants, and molecular markers such as 

simple sequence repeats, random amplified polymorphic DNA, amplified regions that 

are sequence-characterized, and amplified fragment length polymorphism was used 

to identify the banding polymorphisms in each mixed pool (Michelmore et al., 1991). 

When compared to genotyping each individual plant, the mixed pool technique can 

greatly minimise the labour, the cost of reagents and consumables, and improve the 

effectiveness of linked marker screening. As a result, it can play a significant role in the 
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gene-mapping of favourite traits based on segregated populations. Scientists have 

done BSA for many phenotypes in several species using DH and RILs populations to 

examine the linkage relationship between genetic markers and target genes (Cubillos 

et al., 2017; S. Kim et al., 2015; Kurlovs et al., 2019; Martinez et al., 2020). The features 

necessary for BSA have gradually changed from qualitative to quantitative traits 

commanded by key genes, like disease resistance genes (Aoun et al., 2017; Shoba et 

al., 2012). BSA mapping for complicated quantitative features has also been tried by 

several researchers (Sun et al., 2010; Zhang & Panthee, 2020). For instance, Li et al., 

(2020) used BSA to identify 30 QTLs, with phenotypic variance explained up to 47.99% 

for decreasing grain protein, grain hardness, and starch pasting characteristics in 

different environments. NAM genes next to QGPC.cib-4A probably have effects on 

grain protein. In a recent study, BSA-seq technique was applied to identify the major 

genes PsPS1 that controlled pod softness in pea (Pisum sativum) (Zhang et al., 2022). 

Identifying QTLs has historically been a challenging and laborious process due to 

genetic complexity, phenotypic variations, high-dimensional data, limited resources, 

and technology. However, advancements in genomics technologies, statistical 

methods, and computational tools have significantly accelerated the pace of QTL 

discovery in recent years. Prior to the use of next-generation sequencing (NGS), the 

primary method for creating genetic maps was QTL mapping based on segregating 

populations. Fruit trees, forest trees, crops, aquatic organisms, flowers, and insects 

have had their reference genomes revealed over time (Marks et al., 2021), laying a 

solid grounds for NGS-based BSA as the price of NGS continues to decrease and third 

generation sequencing, and Hi-C are widely used (Ghurye et al., 2019; Kim et al., 
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2019). In this chapter, we phenotype the grain Fe content using Perls staining and 

identify QTLs associated for grain Fe content using BSA. 

 

 

Figure 3.1: A basic scheme of BSA as applied to wheat grain Fe content. Two extreme 
phenotypes high Fe content (grain) and low Fe content selected and bulk DNAs to 
make ‘High’ and ‘Low’ bulks, respectively. These DNA bulks used to exome capture 
sequencing and aligned to the reference sequence (A). Then calculated the SNP 
(single nucleotide polymorphism) index (B). Examples of SNP-index plot (C). The QTLs 
can be detected as peak of the SNP index plot (D). Each point corresponds to the SNP, 
and the x-axis links to the chromosomal location. Lines are mean values of SNP index 
/ Δ(SNP-index) illustrated by sliding window analysis. Δ(SNP-index) is the subtraction 
of the highest bulk and lowest bulk. This figure was modified from Takagi et al., (2013) 

3.2 Aim  

• Explore the potential of EMS (Ethyl methanesulfonate) lines for variation in 

wheat grain iron content 

• Develop a script to analyse the Perls images in a high-throughput and unbiased 

manner 

• Identify the QTLs associated for grain Fe contents in bread wheat using BSA 
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3.3 Material and methods 

3.3.1 Plant growth and population development 

3.3.1.1 Screening of EMS population 

Initially, 100 EMS Cadenza lines (C_SSD2_7001-7100) were selected randomly to 

explore wheat grain Fe content. EMS Cadenza population have been generated 

through a mutagenesis technique known as EMS mutagenesis (Krasileva et al., 2017). 

EMS is a chemical compound that induces random mutations in the DNA of organisms. 

EMS treatment can lead to point mutations by alkylating guanine residues in DNA, 

resulting in base-pair substitutions. These mutations can cause changes in gene 

function, potentially leading to altered phenotypes in plants. These mutations can affect 

various traits of the wheat plants, including grain nutrition. These are single seed 

descent lines F6 generation (Rakszegi et al., 2010). Then, to enhance the number of 

seeds, these 100 EMS lines with WT Cadenza were cultivated in growth chambers 

using speed breeding. 15% horticultural grit and 85% fine peat were used to plant 

seeds in P96 trays. Individual plants were transferred into 1 L circular pots when they 

had two to three leaves. The growth chamber was designed to operate at a 

temperature of 22°C for 22 hours of light and 17°C for 2 hours of darkness, with a 70% 

humidity setting (Watson et al., 2018). After harvesting, these lines used to phenotype 

for Fe contents.  

3.3.1.2 Initial Perls staining and Visual scoring  

After harvesting, six mature grains were chosen at random and dissected with a 

stainless-steel blade. They were then stained for 45 minutes with a staining solution 

(2% [w/v] potassium hexacyanoferate [II] and 2% [v/v] hydrochloric acid), followed by 

a deionized water wash (Connorton, Jones, et al., 2017). Grain samples were stained 
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with Perls and then placed under a tiny digital microscope (DigiHero, WT20181120) to 

capture images for comparison with all 100 lines (Figure 3.2). These images then 

scored zero to 7 by three individuals (Anham Zafar, Katie Hawkins and Muhammad 

Ali). Image without Fe content gave a score zero and image with the highest Fe gave 

score 10.  

 

Figure 3.2: A schematic representation of Perls staining. The blue colour indicates the 
presence of Fe. 

3.3.1.3 Generating mapping population 

We selected the three lines with the higher Fe content (7054, 7060 and 7077) based 

on the visual score. These lines were used to develop mapping population. These lines 

were crossed the Cadenza to minimize the mutation and develop a BC1F2 population. 

Then this segregated population were used to final phenotype the grain Fe content.  

3.3.2 Phenotyping 

3.3.2.1 Agronomic traits 
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After developing mapping population, 200 seeds from each BC1F2 were grown into 

P24 trays with 15% horticultural grit. Individual plants were transplanted into 1 L round 

pots at the two to three leaf stage in the glasshouse (School of Biosciences, University 

of Birmingham), where there was a Cadenza WT control and a 16:8 hour light:dark 

cycle at a temperature of 22oC. Before harvesting, we measured plant height and total 

number of tillers for each plant. We used the Marvin seed analyser to calculate the 

number of seeds, total weight and thousand grain weight (TGW). 

3.3.2.2 ICP-OES analysis 

Randomly 3 g of wheat were chosen, dried at 60°C for three hours, coarsely ground in 

a coffee grinder, and then ground into flour in a pestle and mortar. Three biological and 

three technical replicates of each sample are used. Samples of flour (0.2 g each) were 

dried for an entire night at 55°C before being digested for an entire hour at 95°C in 

ultrapure nitric acid (55 percent by volume) and hydrogen peroxide (6 percent by 

volume). 2 mL of nitric acid and 0.5 mL of hydrogen peroxide were employed for 

digestion. ICP-OES (Vista-PRO CCD Simultaneous ICP-OES; Agilent) was used to 

analyse the samples after diluting them 1:10 in ultrapure water and calibrating it with 

standards of Fe and Zn. The reference material, soft winter wheat flour (RM 8438; U.S. 

National Institute of Standards and Technology), was examined concurrently with all 

experimental samples. 

3.3.2.3 Perls staining 

Grains from the BC1F2 population were stained with Perls using the methods in 3.3.1.2 

and imaged using a Zeiss Axio Zoom V16 stereo microscope. Each line has randomly 

six replicates.   
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3.3.2.4 Computational scoring 

The wheat grain Fe content was quantified by a customized processing pipeline 

(https://github.com/SergioGabrielLopez/Colour-Quantification-for-Iron-Content-

Estimation) written in Python, a high-level programming language available under the 

GNU public license (Anaconda Software Distribution. Computer software. Vers. 3.8.10. 

Anaconda. 20126. Web. https://anaconda.com). The following Python libraries were 

used: NumPy (Travis, 2006), Pandas (McKinney, 2010), Matplotlib (Hunter, 2007), and 

Scikit-image (Van Der Walt et al., 2014). In the processing pipeline, each image is first 

converted to the HSV (Hue, Saturation, Value) format and then a region of interest 

(ROI) is selected that consists of pixels with H values both above 0.2 and below 0.8, S 

values above 0.1, and V values above 0.2. To obtain an estimation of Fe content that 

is independent of grain size, the S values of all the pixels in the ROI are summed up 

and the result of this summation is divided by the area of the seed. The area of the 

seed used for this calculation is obtained by thresholding the original image using 

Otsu’s method (Otsu & N., 1979). Additionally, a map of Fe content is generated by 

displaying the S values within the ROI, superimposed on an outline of the seed that is 

obtained by means of the Sobel operator (Danielsson & Seger, 1990). 

3.3.3 Genetic analysis  

3.3.3.1 DNA extraction 

Segregated lines (BC1F2) were transplanted to the glasshouse after being sowed into 

individual cells of 96-well seed trays filled with peat and sand. A 96-well collection tray 

(Qiagen, Germany, 19560) was filled with 5 cm of leaf tissue when plants reached the 

three-leaf stage, and the material was then stored at 80°C until it was needed. The 

DNA Qiagen Kit Protocol was followed while extracting DNA using a DNeasy Plant Kit 

https://github.com/SergioGabrielLopez/Colour-Quantification-for-Iron-Content-Estimation
https://github.com/SergioGabrielLopez/Colour-Quantification-for-Iron-Content-Estimation
https://anaconda.com/
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from Qiagen. DS-11 spectrophotometer (Denovix, DE, USA), Qubit-4 fluorometer 

(dsDNA BR test, Thermo Fisher Scientific Q32850), and running a DNA sample on an 

agarose gel (0.8%) to identify high molecular weight DNA were used to assess the 

quality and amount of the DNA. Six bulks assembled through pooling DNAs from plants 

which were scored as containing high iron and low iron using Perls staining from three 

populations (BC1F2 for 7054, 7060 7077). Equal amounts of DNA from each plant were 

pooled into one bulk to reduce bias. Sample were sent to the Arbor Biosciences 

(https://arborbiosci.com) for exome capture sequencing.  

3.3.3.2 Sequence alignment 

Library preparation and sequencing of each bulk were carried out at the Arbor 

Biosciences (https://arborbiosci.com) using myBaits (v1.53) kit (719384.v5). For BSA 

analysis, raw reads were aligned to Triticum aestivum cv. Chinese Spring RefSeq v1.0 

(Appels et al., 2018) using ‘BWA-MEM’ (version 0.7.15-r1140) with Curio Alignment 

Processing (version 2.0.0) (H. Li, 2013). Variant calling was performed using ‘Curio 

Variant Calling’ (version 2.2.2) with Curio Variant Processing (version 2.0.1). Output 

files were analysed via ‘bcftools’ generating multi sample variant call format (.vcf) files. 

3.3.3.3 Bulked segregant analysis 

A simple analysis workflow was created by Mansfeld & Grumet, 2018. They introduced 

QTLseqr package in R to import SNP data, filter out SNPs that may complicate 

analysis, run BSAs, plot results, and export the data. A vignette that includes a step-

by-step manual available at https://github.com/bmansfeld/QTLseqr/blob/master/ 

vignettes/QTLseqrpdf.  This QTLseqr programme was used to import a data frame with 

each row representing an SNP and each column representing a descriptive field. Each 

SNP's total reference allele frequency, bulk SNP-index, and delta SNP-index were 

https://arborbiosci.com/
https://arborbiosci.com/
https://github.com/bmansfeld/QTLseqr/blob/master/%20vignettes/QTLseqrpdf
https://github.com/bmansfeld/QTLseqr/blob/master/%20vignettes/QTLseqrpdf
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calculated. To help reduce noise and improve findings, the "filterSNPs()" function 

offered parameters for filtering SNPs based on genotype quality score, total read 

depth, per bulk read depth, and reference allele frequency. We applied filter options 

with 90% genotype quality score, reference allele frequency between 0.2 to 0.8, total 

sample depth >=100 (i.e reads in both high plus low bulk), and per sample read depth 

>=40 (i.e. reads in either high or low bulk). SNPs with poor confidence due to 

insufficient coverage or SNPs that may be in repeated regions and have exaggerated 

read depth were removed by filtering by read depth. The total number of SNPs filtered, 

the entire number of SNPs filtered, the remaining number, and the initial number of 

SNPs were all reported. The “runQTLseqAnalysis()” method performed QTL-seq 

analysis after counting the number of SNPs that fall inside the specified window size 

(10 Mb). "runGprimeAnalysis()" was used to undertake the initial analysis stages for 

the G prime value after computing the G statistic for each SNP. After counting the SNPs 

within the predetermined window size (10 Mb), it computed the tricube-smoothed G 

prime and delta SNP-index values for each SNP. The main charting function 

"plotGprimeDist()" was then used to visualise the data, which also aided with data 

control. In order to verify the accuracy of the analysis, the G prime value distribution 

was shown using the "plotGprimeDist()" function. Plotting the delta SNP-index, G prime 

numbers, -log10(p-value), and the number of SNPs per window were done using the 

"plotQTLStats()" function. 

3.4 Results 

3.4.1 Initial screening presents three times higher grain iron 

To explore the potential of EMS Cadenza lines for wheat grain Fe content, we initially 

selected 100 lines randomly from the population. These lines were grown in a speed 
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breeding chamber in uniform conditions to get the grains at the University of 

Birmingham, UK in 2020. These grains were used for Perls staining and scored for Fe 

content (Figure 3.3). Randomly, we selected 6 grains for each line and these replicates 

had a wide range of variability. Figure 3.4 illustrated wheat grains longitudinal and 

traverse dissection and light green colour in each grain showed the presence of Fe 

content. We identified a wide range of Fe content in EMS lines, as shown in Figure 3.5, 

using WT Cadenza as a control. Most of the lines contained higher Fe content 

compared to WT. The visual score was giving using a scale 0-10. For example, an 

image with no Fe content gave a score zero, average Fe content gave 5 and maximum 

Fe content had a score of 7 (Figure 3.3). The visual score was the average of three 

individual scorers to reduce subjectivity (Anham Zafar, Katie Hawkins and Muhammad 

Ali). From these distributions, we identified the three best lines (green) with three times 

higher Fe compared to WT. These lines are 7077, 7060 and 7054 left to right (Figure 

3.5). Line 7077 also has Fe accumulations in endosperm (Figure 3.3A). We selected 

these three best lines to measure Fe and Zn content using ICP-OES to validate our 

selection for next step.  

 

Figure 3.3: Perls staining of EMS lines and WT. Line 7077 had the highest Fe content 
with score 7 (A), 7076 had no Fe content with score zero(B) and Cadenza WT 
demonstrated a medium level of Fe content with score 2 (C). Bars, 5 µm. 
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Figure 3.4: Dissection of wheat grains for Perls staining. EMS lines were dissected 
longitudinally (A) and transversally (B). Randomly six grains (a-f) were selected for 
Perls staining for each line. Bars, 5 µm. 
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Figure 3.5: Visual scoring of longitudinal dissected of 100 EMS lines. The graph is 
arranged in the descending order. The yellow bar shows the WT and left side green 
bars show high Fe lines. Randomly six grains selected for staining for each EMS lines. 

3.4.2 Parental lines have higher iron and zinc contents compared to WT 

Perls staining gives the rough estimate of Fe content. It also shows the distribution of 

Fe in the grain tissues. Therefore, we used ICP-OES to measure the accurate Fe and 

Zn contents in the best EMS lines based on Perls staining. Figure 3.6 shows the Fe 

and Zn contents in wholemeal and white flour (mg/kg). Line 7077 has significantly 

(p<0.05, one-way ANOVA with post-hoc Tukey HSD) two times higher Fe and Zn 

contents compared to WT both in wholemeal and white flour. Similarly, parent lines 

7060 and 7054 also have significantly (p<0.05, one-way ANOVA with post-hoc Tukey 

HSD) higher Fe and Zn compared to WT. These ICP-OES results validate the Perls’ 

results and make these lines best to generate mapping populations to try to identify 

the underlying genetics for grain Fe contents.  
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Figure 3.6: Fe and Zn contents of wholemeal (A) and white meal (B) dry flour of EMS 
parental lines. Error bars denote standard error based on three biological replicates. 
Lower case letters indicate statistically significant differences (p<0.05) with post-hoc 
Tukey HSD after one-way ANOVA.  

3.4.3 Computation vs personal scoring of Perls images 

Computation based scoring offers several advantages for evaluating Perls images. 

One key benefit is objectivity. By relying on predefined algorithms and metrics, 

computation-based scoring ensures that evaluations are free from personal biases or 

subjective interpretations. On the other hand, personal scoring has its limitations. One 

major concern is subjectivity and bias. As personal scoring involves individual 

judgment and interpretation, evaluations can be influenced by biases, preferences, or 

personal interpretations. This can result in inconsistent assessments when different 

individuals are involved. Figure 3.7 illustrated a comparison of visual score among 

three different individuals who scored 50 lines of 7077. These results clearly showed 

the inconsistency in the scoring of Perls images. It also takes a lot of time to score 

thousands of images. Therefore, we developed a Python (Spyder) based script to 

analyse the Perls images.  
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For mapping population, we used stereo microscope (Zeiss Axio Zoom V16) to get a 

uniform specification for each image and compared it with previous images (DigiHero 

microscope) to confirm the accuracy of Perls staining (Figure 3.8). By running the 

script, each image is first converted to the HSV (Hue, Saturation, Value) format (Figure 

3.9) and then a region of interest (ROI) is selected that consists of pixels with H values 

both above 0.2 and below 0.8, S values above 0.1, and V values above 0.2. 

Additionally, a map of iron content is generated by displaying the values within the ROI 

(Figure 3.9C). Then, in red background, the blue colour quantified that represent the 

Fe contents in each grain. Before using this script, we scored first 50 lines by three 

individuals and compared those scores with generated by computer (Spyder).  After 

several attempts, we got a final script that has strong correlation (R2 = 0.63) with the 

personal scores (Figures 3.9 and 3.10).  

 

Figure 3.7: Visual score comparison of 50 lines of BC1F2 for 7077. The number in the 
box illustrate the line that had the highest Fe content in each graph. A, B and C showed 
the correlation between Ali and Robbie, Ali and Gaia, Robbie and Gaia respectively. 
Randomly six grains selected for staining for each EMS lines.  
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Figure 3.8: Representation of Perls iron staining of EMS line 7077 parent and WT. A 
is showing the iron contents of parent in 2021 and B is for 2020. C and D are wild type 
(Cadenza) for 2021 and 2020. We used stereo microscope (Zeiss Axio Zoom V16) for 
A and C and DigiHero microscope for B and D. Bars, 5 µm. 
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Figure 3.9: Spyder image analysis. Image (A) is the original image after staining. 
Image (B) is generated in the grayscale and (C) shows the map of Fe content. In (D), 
the blue area is quantified and represents the Fe content and red area shows whole 
grain. Bars, 5 µm. 
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Figure 3.10: Perls image scoring correlation of F2 population (200 lines) made with 
parent 7077. Spyder is the computational score of Perls images, and visual score is 
the average score of three individuals (Robbie Koh Chi Bin, Gaia Galiberti and 
Muhammad Ali). 

3.4.4 Generation of mapping population and selection of extreme bulks by 

computational scoring 

To develop a mapping population, we crossed the best EMS lines (7077, 7060 and 

7054) with Cadenza WT. After selfing, we got roughly 200 seeds for each line. We grew 

these 200 seeds for each population in a greenhouse including Cadenza WT as a 

control. We observed plant height, number of tillers, number of grains, total weight and 

thousand grain weight (Figure 3.11). A correlation between agronomic traits and Fe 

contents showed in table 3.1-3.3. There was no strong correlation between agronomic 
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traits and grain Fe contents. We applied Perls staining to measure Fe content for these 

200 lines for each population. For scoring, we used computational method and 

quantified Fe content for each line (Figure 3.12, 3.13 and 3.14) for all three populations. 

We got a wide range of Fe content in whole population.  

After computational scoring, this data we used to make two extreme bulks (Figure 

3.15). We selected 20 lines for each bulk. In figure 3.12, the left side green bars 

represent the high bulk (high Fe content) and right yellow side bars represent low bulk 

(low Fe content). Similarly, figures 3.13 and 3.14 represent the Fe content distributions 

in population 7060 and 7054 respectively. These extreme bulks are used to identify the 

QTLs associated for Fe content.  
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Figure 3.11: Agronomic traits of all three populations. (A) Plant height (cm), (B) 
Number of tillers per plant, (C) Number of grains, (D) Total weight (g) and (E) Thousand 
grain weight (g).  
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Table 3.1: Pearson's correlation coefficients between Fe content and agronomic traits 
of 7077. Fe content is quantified by computational scoring. PH=plant height, 
NT=number of tillers. NG=number of grains, TW=total weight TGW=thousand grain 
weight  

Traits  Fe  PH NT NG TW TGW 

Fe 1      

PH 0.180 1     

NT -0.103 -0.196 1    

NG -0.277 -0.162 0.468 1   

TW -0.173 -0.078 0.508 0.852 1  

TGW (g) 0.095 0.141 0.202 0.120 0.268 1 

 

Table 3.2: Pearson's correlation coefficients between Fe content and agronomic traits 
of 7060. Fe content is quantified by computational scoring. PH=plant height, 
NT=number of tillers. NG=number of grains, TW=total weight TGW=thousand grain 
weight  

 Traits Fe PH NT NG TW TGW 

Fe 1      

PH -0.030 1     

NT -0.039 0.054 1    

NG 0.023 0.115 -0.065 1   

TW 0.067 -0.002 -0.024 0.768 1  

TGW 0.027 -0.010 -0.087 0.130 0.265 1 

 

Table 3.3: Pearson's correlation coefficients between Fe content and agronomic traits 
of 7054. Fe content is quantified by computational scoring. PH=plant height, 
NT=number of tillers. NG=number of grains, TW=total weight TGW=thousand grain 
weight  

 Traits Fe PH NT NG TW TGW 

Fe 1      

PH -0.140 1     

NT 0.075 0.205 1    

NG -0.007 0.024 0.065 1   

TW 0.027 -0.016 0.091 0.848 1  

TGW 0.081 -0.141 -0.060 0.128 0.256 1 
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Figure 3.12: This graph shows the computational (Spyder) score for whole F2 
population (200 lines) made with parent 7077. The right-side bars represent the low Fe 
lines and left side bars with high Fe lines. The yellow and green bars show the lines 
selected for BSA (bulk segregant analysis). Randomly six grains selected for staining 
for each F2 line. 
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Figure 3.13: This graph shows the computational (Spyder) score for whole F2 
population (200 lines) made with parent 7060. The right-side bars represent the low Fe 
lines and left side bars with high Fe lines. The yellow and green bars show the lines 
selected for BSA (bulk segregant analysis). Randomly six grains selected for staining 
for each F2 line. 
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Figure 3.14: This graph shows the computational (Spyder) score for whole F2 
population (200 lines) made with parent 7054. The right-side bars represent the low Fe 
lines and left side bars with high Fe lines. The yellow and green bars show the lines 
selected for BSA (bulk segregant analysis). Randomly six grains selected for staining 
for each F2 line. 
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Figure 3.15:  Perls staining images of bulks for BSA 7077. Randomly five lines selected from high Fe bulk (A) and five from low Fe 
bulk (B). Bars, 5 µm.
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3.4.5 QTLs identified by Bulk segregant analysis 

We applied BSA tool to identify the QTLs linked for Fe content. For this, we followed a 

method known QTLseqr described in Mansfeld & Grumet, 2018. Plant breeders and 

researchers can undertake NGS-BSA using QTL-seq or G' analysis methods quickly 

and easily with the QTLseqr software. 

3.4.5.1 Filtering SNPs using QTLseqr 

BSA is a useful method for quickly finding markers in the genomic region related with 

a phenotype of interest. Any sort of codominant marker, including SNP markers, can 

be used with BSA (Giovannoni et al., 1991; Michelmore et al., 1991). This has made it 

possible to modify this method for use with reads from next-generation sequencing 

(NGS). The price of NGS has recently dropped, which has further fuelled the growth of 

this techniques. We looked the SNP data generated by exome-capture on the high 

bulk and low bulk for each population before applying SNP filtering options (Figure 

3.16). We plotted SNP-index per bulk (Figure 3.16C and D) We found peaks on right 

end and SNPs were approximately normally distributed near 0.5 in an F2 population of 

7077. Filtering options provided by QTLseqr helped to decrease noise and enhance 

results. As a result, we tried to filter out SNPs with poor confidence due to limited 

coverage and SNPs that might be in repetitive regions. The basic basis for filtering is 

read depth for each SNP. Applying filter options with reference allele frequency 

between 0.2 to 0.8, total sample depth >=100 (i.e reads in both high plus low bulk), 

and per sample read depth >=40 (i.e. reads in either high or low bulk), total 935,075 

SNPs were removed from 998,201. 
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Figure 3.16: This figure shows the data of population 7077 before filtering. Total read 
depth of both high and low bulks (A), Total reference allele frequency (B), SNP-index 
of high bulk (C), and SNP-index of low bulk. SNP-index = alternate allele / total 
reference allele. 

After filtering, 902,685 SNPs were removed that were between Cadenza and the 

reference (Chinese Spring) (Figure 3.16B). This was because of reference allele depth 

was zero. In filtering, we selected the reference allele frequency 0.1 instead of 0.2 and 

get more SNPs (Table 3.1) and change the total read depth 400 to 800 as we can see 

in the histogram the total read depth in this population goes to 800 (Figure 3.17A). We 

got 95,516 SNPs out of 998,201 and it seems 90% SNPs were removed which might 
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be due to reference allele frequency We tested different filter options to look the SNPs 

(Table 3.1) 

 

 

Figure 3.17: This figure shows the data of population 7077 after filtering. Total read 

depth of both high and low bulks (A), Total reference allele frequency (B), SNP-index 

of high bulk (C), and SNP-index of low bulk. 
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Table 3.4: SNPs filter options for 7077. Filt=filter, REE=Reference Allele Frequency, min=minimum, max=maximum 

Filter REF-Frq minTotalDepth maxTotalDepth minSampleDepth Total nSNPs Filtered Remaining 

Filt1 (Mansfeld & 
Grumet, 2018) 

0.20 100 400 40 998,201 937,075 61,126 

Filt2 (change 
REF-frq, min and 
max depth 

0.1 60 800  30 998,201 902,685 95,516 

Filt3 (changed 
min sample 
depth) 

0.1 60 800 20 998,201 892,579 105,622 

Filt4 (changed 
min sample 
depth)  

0.1 60 800 10 998,201 892,238 105,963 

Filt5 (changed 
min total depth)  

0.1 30 800 10 998,201 869,411 128,790 

Filt6 (changed 
min total depth)   

0.1 20 800 10 998,201 868,338  129,863 

Filt7 (Changed 
min sample 
depth) 

0.1 20 800 5 998,201 868,338 129,863 

Filt8 (Changed 
min sample 
depth) 

0.1 10 800 5 998,201 868,338 129,863 
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3.4.5.2 BSA analysis using QTLseqr 

BSA offers a cost-effective and efficient alternative by utilizing NGS technologies. The 

approach involves sequencing DNA from individuals with extreme trait values, such as 

individuals at the opposite ends of a phenotypic distribution. By comparing the genomic 

sequences of these individuals, BSA can identify genetic variants that are associated 

with the observed phenotypic differences.  

After selecting the threshold level, we applied QTLanalysis function to include the 

SNPs in the 10 Mb window size. We used a 0.01 threshold level to run the 

Gprimeanalysis function to plot the G' value. To verify if the null distribution of G' values 

is close to log normally distributed is crucial since p-values are inferred from the null 

distribution of G' values. To achieve this, we used the plotGprimeDist function, which 

displays the log-normal null distribution along with the G' histograms of both the raw 

and filtered G' sets. (Figure 3.18). In our case, "deltaSNP" with 0.01 threshold revealed 

a better G' null distribution (Figure 3.18B). It shows that the G' distribution is close to 

log-normal, therefore, we selected this filter option to plot some genome-wide figures 

and looked the distribution of SNPs (Figure 3.19). We also measured and plotted the 

deltaSNP-index. Figure 3.20 shows histogram of the tricube-smoothed Δ(SNP-index) 

of all chromosomes in the window size 10 Mb and corresponding two sided confidence 

intervals (CI) 95% (red), and 99% (green). There are some regions (Chr 1A, 2A, 2B, 

3B, 4B, 6A, and 6D) that have Δ(SNP-index), that pass the CI thresholds and could be 

putative QTLs. G’ is an alternative approach to verify statistical significance of QTLs 

from NGS. It is a robust method that is less sensitive to sequencing errors and mapping 

biases than Δ(SNP-index). For G' analysis, the directionality of the SNP-index is 

equally crucial. The (SNP-index) should be greater than 0 if the allele causing the trait 
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comes from a high bulk. Nevertheless, if the Δ(SNP-index) less than 0 then the 

contributing is the one with the low bulk. Additionally, we also plotted the G prime 

values to look if these regions are significant (Figure 3.21). It shows like there are QTL 

identified on Chr1A, 2A, 2B, 3A, 3B, 3D, 4A, 4B, 5B, 6A, 6D, and 7B. We also used 

the plotQTLStats function to calculate the −log10(p-value). Although this number is a 

straight derivation of G', it may be easier to understand in some regions. The p-value 

also supports the selected QTLs based on G' value (Figure 3.22). 

 

 

Figure 3.18: These histograms show the G' value distribution with a threshold of 0.01 
for P7077 using method “Hample” (A) and deltaSNP (B).G’ - A tricube-smoothed G 
statistic is predicted by constant local regression within each chromosome using the 
tricubeStat function. 
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Figure 3.19: Genome-wide distribution of number of SNPs of 7060 in a window size 10Mb. 
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Figure 3.20: The tricube-smoothed Δ(SNP-index) of 7060. Δ(SNP-index) of all chromosomes in the window size 10 Mb and 
corresponding two sided confidence intervals (CI): 95% (red), and 99% (green). The arrows illustrated the significant region that 
passed the confidence intervals. 
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Figure 3.21: G’ values distribution of 7060 of all chromosomes in the window size 10 Mb with the FDR (q) of 0.01 (red). 
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Figure 3.22: p-value (-log10) distribution of 7060 of all chromosomes in the window size 10 Mb with the FDR (q) of 0.01 (red).
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3.4.5.3 Putative QTLs identified on Chr3B in population 7060 

We followed the above mentioned (section 3.4.5.1-2) steps for all three populations 

(7077, 7060, and 7054). Unfortunately, population 7077 and 7054 could not pass 

confidence interval 95 and 99. Only population 7060 has a significant region on chr1A, 

chr2A, chr2D, chr3B, chr4B, chr5D, chr6A, and chr7D (Figure 3.23) and passed the 

confidence interval 95. Interesting, chr3B also passed 99 confidence interval and has 

a strong peak. This region has a Δ(SNP-index) 0.35 and contributed from high Fe bulk. 

Chr3B is a 5.2 Mb region with 13 SNPs. This region has 381 genes and 5 of them are 

heme binding that is a complex compound composed of Fe bound to a porphyrin ring. 

Based on our results, we can consider Chr3B as a putative QTL. Due to shortage of 

time, we could not carry this project forward to validate Chr3B. 
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Figure 3.23: The tricube-smoothed Δ(SNP-index) of 7060. Δ(SNP-index) of chr1A, 2A, 2D, 3B, 4B, 5D, 6A, and 7D of population 
7060 in the window size 10 Mb and corresponding two sided confidence intervals (CI): 95% (red), and 99% (green). Chr3B pass the 
confidence interval thresholds and shows the contribution from the high bulk.
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3.5 Discussions 

3.5.1 EMS population shows variations in the grain iron content  

This study investigated the potential of EMS population for Fe content and reported 

two times higher Fe contents compared to Cadenza WT. These findings revealed a 

previously unexplored EMS population for improving Fe content in wheat, which holds 

promise for addressing micronutrient deficiencies. Variations in the wheat grain Fe 

content within an EMS population are of considerable interest in the context of 

addressing dietary deficiencies and improving food security. In this study, we observed 

substantial variations in the grain Fe contents among different lines within the EMS 

population (Figure 3.5, 3.12, 3.13, and 3.14), highlighting the genetic factors 

influencing Fe accumulation in wheat grains. Some lines had three folds compared to 

the WT. The observed variations in grain Fe content are largely caused by genetic 

diversity. Within the EMS population, different wheat lines may have unique genetic 

characteristics that affect the uptake, transport, and storage of iron in grains. Our 

results suggest that the EMS population may be used to select and breed wheat lines 

with greater grain Fe content (Amiri et al., 2020). To promote marker-assisted breeding 

for high-Fe wheat varieties, future research should concentrate on finding specific 

genes and genetic markers linked to iron accumulation in wheat grains (Jones et al., 

2008). 

A successful plant breeding programme depends on genetic variability in the breeding 

materials since it serves as the basis for selection. Wheat cultivars and wild relatives 

possess diverse genetic backgrounds, resulting in differences in several traits, 

including Fe accumulation in grains. For breeding programmes, wild relatives of wheat 

like wild emmer (Triticum turgidum ssp. dicoccoides) and Aegilops species have 
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proved an important genetic resource. In comparison to cultivated wheat, they 

frequently display greater genetic variety, including changes in grain Fe concentration 

(Peleg et al., 2009; Uauy et al., 2006). Moreover, the Fe content of the grain varies 

naturally among different wheat cultivars. Significant variations in Fe levels amongst 

wheat cultivars have been seen in several investigations (Caldelas et al., 2022; 

Korzeniowska & Stanislawska-Glubiak, 2022). Tiwari et al., (2009) found 17.8–69.7 

mg/kg Fe in recombinant inbred lines (RILs) mapping population. As well, Fe contents 

were reported from 28.5 to 46 mg/kg in doubled haploid (DH) population. The wild 

family of wheat (Aegilops tauschii) explored for this objective, where the Fe contents 

were ranged from 30.33 to 69.14 mg/kg (Arora et al., 2017). In another study, Kumar 

et al., (2018) reported grain Fe contents ranged 24.50–44.30 mg/kg using 246 spring 

wheat genotypes. Interestingly, we found grain Fe contents ranged 32.71-89.48 mg/kg 

that is higher compared to previously reported. These changes are most likely brought 

about by variations in the genetic elements controlling the absorption, transport, and 

storage of Fe within the grains. However, it is crucial to remember that natural 

variations in Fe content could not always support efforts to increase desired traits. Even 

though some wheat cultivars and wild relatives may have high grain Fe content, they 

may also have undesirable agronomic features, lower yield potential, or other 

drawbacks that need to be overcome by careful breeding techniques (Distelfeld et al., 

2007). Some studies show that large grains often result in reduced Fe contents and 

has a potential dilution effect. Recently a study reported increased grain yield in 

modern wheat cultivars and associated with decreased Fe and Zn contents (Jiang et 

al., 2022). 
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In summary, our results shows that an EMS population of wheat contains sizable 

variability in grain Fe content. This variation could be due to the genetic variance in 

EMS population. A comprehensive strategy encompassing genetic improvement, the 

development of agronomic practises, and biofortification techniques should be 

explored to improve grain Fe content. The results of this study support ongoing 

initiatives to address Fe deficiency and enhance the nutritional value of wheat grains. 

3.5.2 Advantages of Perls staining vs ICP-OES 

The accurate determination of Fe content in wheat grains is crucial for evaluating 

nutritional quality and leading breeding programs aimed at improving Fe bioavailability. 

Numerous analytical approaches are available for this purpose, including Perl's 

staining and inductively coupled plasma optical emission spectroscopy (ICP-OES). In 

our study, we applied Perls staining to phenotype the EMS lines for grain Fe content 

and localize the Fe content in thousand images (Figure 3.2). Comparing Perl's staining 

method to ICP-OES to determine the Fe content in wheat grains reveals considerable 

cost advantages. Perl's Prussian blue, a straightforward and reasonably priced staining 

chemical, is used in the staining process (Carleton, 1980). ICP-OES, on the other 

hand, demands advanced equipment and specialised knowledge, making its 

implementation significantly more expensive. Perl's staining is an appealing alternative 

due to its affordability, especially for research initiatives with tight budgets or 

investigations involving many samples. 

One of the unique advantages of Perl's staining is its ability to provide information on 

the localization of iron within the wheat grain. The Prussian blue stain from Perl forms 

a blue complex when it reacts only with ferric iron (Fe3+) (Iezzoni, 2018). The 

distribution of Fe in various anatomical locations, such as the aleurone layer, 
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endosperm, and embryo, can be seen by viewing the stained grains under a 

microscope. Understanding the bioavailability of Fe in the grain and identifying 

potential genetic improvement targets can both benefit from this information. In 

contrast, ICP-OES, gives a broad measurement of the sample's total Fe concentration 

without differentiating between how it is distributed throughout the various grain 

tissues. ICP-OES can accurately and sensitively measure total Fe concentrations (R. 

Ma et al., 2004), however it is unable to provide information on the location of Fe inside 

the grain. Combining Perl's staining and ICP-OES allows us to better understand the 

dynamics of Fe in wheat grains by providing quantitative data on total iron 

concentration (from ICP-OES) and qualitative information on Fe localisation (from 

Perl's staining). 

3.5.3 Computational scoring handles large datasets and standardise for 

complex traits like iron 

In this study, we employed computational scoring methods to handle large datasets 

generated by Perls staining and standardize the assessment of complex traits such as 

Fe levels. Due to the availability of high-throughput genomic and phenotypic data as 

well as the demand for effective and dependable analysis techniques, the use of 

computational methodologies has grown in importance in agricultural research. We 

aimed to overcome the difficulties involved in analysing Fe levels in wheat grains and 

create a standardised framework for determining Fe levels by using computational 

scoring approaches. 

The capability of employing computational scoring approach to process enormous 

datasets quickly is one of their main benefits. The development of genotyping and 

phenotyping technology has given agricultural researchers access to a wealth of 
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information from plant research. When working with huge datasets, manual scoring 

systems are frequently time-consuming and prone to human mistake. On the other 

hand, computational approaches can process large datasets in a fraction of the time, 

enabling quicker analysis and hypothesis testing (Manavalan, 2020; Singh et al., 

2019). Additionally, the scalability of computational scoring techniques enables 

researchers to work with ever-larger datasets, enabling more thorough analyses of 

complicated features like wheat grain Fe content (Peng et al., 2022). Computational 

scoring techniques also have the benefit of impartiality and reproducibility. The 

reproducibility of research can be hampered by this subjectivity's potential to add bias 

and variability into the findings. The use of predetermined procedures and criteria in 

computational scoring methods, however, ensures objective evaluations (Meena et al., 

2022). In the initial screening of EMS lines for grain Fe content, we used a manual 

(visual) scoring approach. However, in mapping population, it was not possible to score 

thousands of images manually. Therefore, we used a computation script to analysis 

the Perls images and quantify the Fe content in wheat grains. 

3.5.4 Comparison of identified QTLs with previous studies  

We focused on the identification of QTLs associated with wheat grain Fe content 

specifically on chromosome 3B. A genome-wide association study (GWAS) was 

carried out by Velu et al., (2018) to find QTLs linked to wheat grain iron and zinc 

contents. 29 QTLs for grain Fe were found in the study. Twelve of these QTLs were 

shown to be associated with both grain iron and zinc. The study also compared the 

discovered QTLs with earlier research and discovered that several of the QTLs were 

compatible with earlier research. But in this investigation, no QTLs for grain Fe 

concentration on chromosome 3B were found, whereas that was the most significant 
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locus we discovered in the EMS population 7060. Another study by Xu et al., (2012b) 

identified QTLs associated with grain iron and zinc concentrations in a RIL population 

developed from a cross between two cultivars of Chinese wheat. The study identified 

12 QTLs for grain iron and 16 QTLs for grain zinc. Among these QTLs, three QTLs 

were identified for both grain iron and zinc. The study also compared the identified 

QTLs with previous studies and found that several QTLs identified in this study were 

consistent with earlier studies. However, no QTLs were identified on chromosome 3B 

for grain Fe content in this study as well. We identified novel QTLs on chromosome 3B 

that have not been previously reported. These novel QTLs highlight the possibility of 

discovering new genetic variables controlling Fe accumulation and offer more proof of 

the genetic complexity underlying grain Fe levels in wheat. The discovery of these 

novel QTLs expands our understanding of the genetic architecture on chromosome 3B 

and emphasizes its role in determining grain Fe content. These findings provide 

valuable insights for breeders and geneticists aiming to enhance the dietary quality of 

wheat grains. Further research is needed to fully characterize the identified QTLs and 

unravel their functional implications.
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Chapter 4: General Discussion 
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4.1 Summary of the thesis 

In this thesis, we focused on the investigation of genes affecting Fe and Zn in wheat 

grains through the implementation of forward and reverse genetic approaches. 

Micronutrients play a crucial role in human nutrition, and wheat, being a staple food for 

a significant portion of the global population, holds immense importance in addressing 

micronutrient deficiencies worldwide. This research aimed to elucidate the genetic 

factors and underlying mechanisms responsible for the accumulation of essential 

micronutrients in wheat grains, thereby providing valuable insights for crop 

improvement and human health. 

In the first part of the thesis, we identified and characterized candidate genes 

associated with micronutrient accumulation in the ZIP gene family. We identified 14 

TaZIP genes in wheat and selected three highly expressed candidate genes for 

functional characterization. We tested the role of TaZIP11, TaZIP13, and TaZIP14 in 

plant growth and their effect on wheat grain micronutrients by generating homozygous 

null mutants. Only the one cross from TaZIP13 has the ability to alter Fe and Zn and 

other crosses could not affect the micronutrients. This could be due to burden of 

mutations in TILLING population and need further investigation to understand the role 

of these genes.       

Secondly, we used a forward genetics approach to gain a deeper understanding of the 

genes and molecular pathways influencing micronutrient content in wheat grains. For 

this study, we screened EMS population using Perls staining for the phenotyping of Fe 

contents in wheat grains. Perls staining presented a wide range of Fe contents and 

localization in grain tissues. By selecting the high Fe lines based on staining and ICP-

OES, we generated three mapping populations. We used bulk segregant analysis 
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(BSA) to map genetic loci associated with high Fe contents. However, we only found 

significant loci in one of the three populations. These significant loci were located on 

Chromosome 3B. 

The findings from both forward and reverse genetics approaches collectively contribute 

to the understanding of the genetic basis of micronutrient accumulation in wheat 

grains. This study can serve as a foundation for developing targeted strategies to 

enhance the bioavailability and nutritional value of wheat, ultimately aiming to combat 

widespread micronutrient deficiencies.  

4.2 Nutrition as a complex trait and its demand to increase in wheat grain 

Nutrition in wheat grains is a complex trait induced by multiple genetic and 

environmental factors. Understanding the genetic basis and molecular mechanisms 

underlying nutritional traits is essential for their improvement (Alomari et al., 2021). 

Traditional breeding, QTL mapping, genomic selection, and genome editing are 

valuable approaches that have been employed to enhance the nutritional content of 

wheat grains. Continued research and the integration of these genetic and genomic 

approaches are crucial for developing wheat varieties with improved nutritional profiles 

(Pu et al., 2014; Shi et al., 2013). These advancements will contribute to addressing 

global food security and human health challenges associated with malnutrition and 

nutrient deficiencies. 

Due to the varied nutritional demands of plants at various growth stages and across 

different tissues, as well as the fluctuation observed in the growth media, plants have 

evolved sophisticated homeostatic systems to deal with variations in nutrient 

requirements (Pinto & Ferreira, 2015). This thesis characterised the members of the 
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ZIP genes in wheat and identified putative QTLs associated for Fe contents. Our 

research findings about QTLs associated with Fe contents suggest that genetic and 

genomic approaches have the potential to improve Fe levels in wheat grain by 

identifying the genes and molecular mechanisms involved in Fe uptake, transport, and 

storage in wheat grains. This is a significant contribution to the research because, in 

the past, wheat has trailed behind other species in the identification and 

characterization of Fe and Zn transporters. This is the most likely because of the 

complex hexaploid wheat genome and the inherent problems of wheat transformation 

to explore aspects of gene function.  

4.3 Unveiling the TaZIP family for Fe and Zn content 

The ZIP family of genes plays a significant role in regulating the uptake, transport, and 

accumulation of microelements such as Fe, Zn, Mn, and Cu in plants. Using yeast 

complementation, three of the identified TaZIP genes were characterised and only 

TaZIP11 showed the ability of Fe and Zn transportation. In TILLING population, one of 

the crosses from TaZIP13 has the higher Fe and Zn content compared to WT. The 

differences in results between yeast experiments and TILLING can arise due to several 

reasons, despite the expectation that a phenotype observed in TILLING might lead to 

differences in transport in yeast. In yeast, a protein with similar transport capabilities 

might be compensating for the loss of function caused by the TILLING-induced 

mutation. One of the other reasons could be phenotypic effects that observed in 

TILLING by multiple pathways and factors, whereas the yeast transport system might 

be more simplified or specialized, leading to different responses. Further research and 

experimentation are needed to fully understand and elucidate the relationship between 

phenotypes observed in TILLING and transport mechanisms in yeast. In Arabidopsis, 
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the ZIP family of micronutrient transporters has been extensively studied to improve 

our understanding of plant micronutrients such as Zn, Fe, Mn, and Cu homeostasis. 

Membrane transporters from the ZIP genes have been demonstrated to transport a 

variety of cations, including Zn, Fe, Cu, and Cd, using heterologous yeast expression 

studies (Grotz et al., 1998; S. Li et al., 2013; Y. F. Lin et al., 2009; Pedas et al., 2009; 

Tiong et al., 2015). The ZIP genes in Arabidopsis have received the greatest attention. 

Fe and Zn is the most frequent substrate transported by the 18 members of the 

Arabidopsis ZIP family, with at least nine of them (AtIRT1, 2, 3, AtZIP1, 2, 3, 7, 11 and 

12) demonstrating Zn transport ability (Korshunova et al., 1999; Lin et al., 2009; Vert 

et al., 2001). At least half of the Arabidopsis ZIP genes had been shown to transport 

Zn but based on our results and Evens et al., (2017) results, six ZIP genes out of 14 

had the ability to transport Zn in wheat. Both AtZIP1 and AtZIP2 complemented the 

mutants for Zn and Mn uptake, indicating that they may both transport Zn and Mn. Both 

genes expression is restricted to the root stele, while AtZIP1 expression was also 

discovered in the veins of the leaves. Additionally, it was discovered that AtZIP2 is 

confined to the plasma membrane while AtZIP1 is a vacuolar transporter. Arabidopsis 

AtZIP1 and AtZIP2 T-DNA knockout lines have been used in functional experiments, 

and the results indicate that both transporters are important for Mn translocation from 

the root to the shoot. In root stellar cells, AtZIP1 may remobilize Mn from the vacuole 

to the cytoplasm and help with radial transport to the xylem. This extensive 

upregulation shows how crucial this family is to the Fe and Zn transport pathways.  

Previously ZIP family has been recognized and studied in major crops including rice, 

maize, soybean, barley, and bean. According to Bashir et al., (2012) the OsZIP1 and 

OsZIP3 are engaged in Zn uptake from soil, the OsZIP4, OsZIP5, and OsZIP8 are 
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included in root to shoot translocation, and the OsZIP4 and OsZIP8 help grains 

accumulate Zn. Under Zn-deficient conditions, it is discovered that the ZIP genes are 

expressed throughout the entire rice plant, including the roots, shoots, nodes, leaves, 

culms, spikelets, and grain. Rice Zn absorption, transport, and dispersion are all 

actively facilitated by OsZIPs. Similarly, our results show OsZIP1, OsZIP3, OsZIP11, 

OsZIP13, and OsZIP14 highly expressed in root tissues (Chapter 2). OsZIP1, OsZIP3, 

and OsZIP4 are all substantially expressed in rice root tissue when Zn is low (W. Chen 

et al., 2008). Under Zn-deficient circumstances, the OsZIP1 is expressed only in the 

rice root. OsZIP1 plays a specialised role in absorbing Zn from the soil solution. Under 

both Zn-deficient and Zn-sufficient circumstances, the OsZIP3 gene is elevated in rice 

root and soot tissue (Ramesh et al., 2003). It demonstrated that the OsZIP genes are 

essential for rice Zn transport and absorption in both Zn-sufficient and Zn-deficient 

circumstances. Additionally, the research related to ZIP family done on barley is also 

important for understanding wheat (Pedas et al., 2009; Tiong et al., 2014, 2015). 

Thirteen HvZIPs were found in barley, and their expression patterns in several tissues 

under Zn deficiency conditions were analysed. Six HvZIP genes were shown to be 

significantly elevated in this study's Zn-deficient condition, including HvZIP3, HvZIP5, 

HvZIP7, HvZIP8, HvZIP10, and HvZIP13. The plasma membrane of the cell contains 

each of these six HvZIP transporter proteins (Tiong et al., 2015). When Zn is lacking 

in wheat, the HvZIP genes are extremely important for Zn uptake. 

The bioinformatic analysis of rice and wheat identified 15 ZIP genes in rice and 14 ZIP 

genes in wheat (Chapter 2). In a previous study, 13 ZIP genes were identified in wheat 

and analysed using phylogenetic analysis, which revealed two separate clades, one of 

which contained three TaZIPs (TaZIP12, TaZIP14 and TaZIP16), and the other of which 
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contained the remaining ten (Evens et al., 2017). A wheat TILLING population was 

used to characterise three (TaZIP11, TaZIP13, and TaZIP14) of the discovered TaZIPs. 

Unfortunately, we could not find a significant role of these ZIP genes in the 

transportation of Fe and Zn in wheat grains except the TaZIP13 that had different 

results in both crosses. This might be due to genetic or environmental factors. In a 

recent study, expression pattern analysis indicated that a majority of TaZIP genes 

exhibited high expression in roots, and nine genes displayed significant expression 

during the grain-filling stage (Li et al., 2021). When subjected to solutions of ZnSO4 

and FeCl3, the TaZIP genes exhibited varied expression patterns. Furthermore, six ZIP 

genes demonstrated responses to Fe and Zn deficiency. Like our results, TaZIP11, 

TaZIP13 and TaZIP14 were highly expressed in root, leave, and stem. Overexpression 

of TaZIP13-B gene showed that the transgenic plants exhibited enhanced tolerance to 

stresses related to Fe and Zn. Additionally, these transgenic plants were able to 

accumulate higher levels of elements in their seeds compared to the wild-type 

Arabidopsis (Li et al., 2021). Similarly, in our study, TaZIP13-1 had the higher Fe and 

Zn contents compared to control (WT) in wheat TILLING population.   

4.4 Perls staining and image analysis help to localize the grain Fe content 

Perls staining also known as Perl's Prussian blue staining is a histochemical technique 

used to detect the presence of Fe in tissue samples, such as grains. This method is 

based on the reaction between potassium ferrocyanide and ferric ions (Fe3+), which 

produces the blue complex known as Prussian blue. Fe deposits in a variety of clinical 

diseases, including hemochromatosis and hemosiderosis, are frequently detected 

using Perl's staining (Brumbarova & Ivanov, 2014). The outcomes of Perls staining can 

vary depending on the Fe compounds used. We used this method to quantify and 
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localize the Fe content in wheat grain tissues. The staining images were used for image 

analyse and the results showed a wide range of Fe content. One hundred EMS lines 

were screened, and three high Fe lines selected to generate mapping population 

(Chapter 3). In addition, ICP-OES applied to quantify the Fe contents in wheat flour in 

parental lines. The mapping population was used to locate QTLs by bulk segreant 

analysis (BSA). 

In addition to Perl's staining, other methods can be used to quantify and localize Fe 

content in grains or other samples such as Atomic Absorption Spectroscopy (AAS), 

Scanning electron microscopy (SEM), X-ray Fluorescence (XRF), Nanoscale 

secondary ion mass spectrometry (Nano-SIMS), and Inductively Coupled Plasma 

Optical Emission Spectrometry (ICP-OES). These techniques are used to quantify the 

Fe contents in samples in different studies. For example, a study used ICP-OES to 

measure the Fe concentration in Arabidopsis roots and leaves under different Fe 

treatments (Roschzttardtz et al., 2010). Another study used AAS to measure the Fe 

concentration in xylem sap of Arabidopsis plants under iron-deficient conditions 

(Sheraz et al., 2021). Another study examined the tissue-specific distribution of Fe and 

the elemental make-up of immature wheat grains using XRF (Bicchieri et al., 2002). 

According to the study, Fe was primarily concentrated in the grain's embryo and 

endosperm. SEM and XRF can offer more thorough information regarding Fe 

localization in plant tissues than other methods like AAS and ICP-OES. For instance, 

high-resolution images of the distribution of Fe in plant tissues can be obtained using 

SEM, whereas elemental composition data can be obtained using XRF. Overall, the 

study of Fe localization in plant tissues can be aided using SEM and XRF, which can 

also offer complementary data on the distribution and concentration of Fe in various 
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plant tissues. The choice of technique depends on the specific requirements of the 

study, such as the number of samples to be analysed, the sensitivity required, and the 

available resources. In future, we can use these various methods to phenotype the Fe 

contents in wheat grains and can improve for image analysis. 

Computational approaches can be used to analyse the images obtained from these 

techniques and extract quantitative information about Fe localization in plant tissues. 

For instance, Fe staining in plant tissues that has been detected using Perls staining 

(Brumbarova & Ivanov, 2014). Additionally, samples obtained from Nano-SIMS can 

have their elemental composition examined using computational methods (Sheraz et 

al., 2021). These methods can help us understand Fe homeostasis and create 

biofortification strategies by revealing important details regarding the distribution and 

concentration of Fe in various plant tissues. In this thesis, we used Perls staining 

technique to quantify the Fe contents in EMS population. This technique is much 

cheaper than other methods and offers the localization of Fe contents in grain tissues. 

For image analysis, we developed a Python based script was developed to analyse 

the Perls images. This computational script not only saved the time but also provided 

the images with different colour backgrounds to understand the localization of Fe 

contents in wheat grain tissues.  

4.5 Bulk segregant analysis offers cost-effective and rapid QTLs detection 

In this thesis (Chapter 3), we used a pipeline known QTLseqr generated in R designed 

for the plant breeder and geneticist to perform BSA (bulk segregant analysis) (Mansfeld 

& Grumet, 2018). This method provided delta SNP value, G prime, log10(p-value) and 

was used to plot the graphs for locating the significant QTL regions. We applied this 

pipeline for all three populations (7077, 7060, and 7054). Population 7077 and 7054 
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did not pass the confidence interval 95 and 99. Effect of Fe content may be small and 

achieving statistical significance is difficult to detect such small effects. Only population 

7060 has a significant region on chr1A, chr2A, chr2D, chr3B, chr4B, chr5D, chr6A, and 

chr7D and passed the confidence interval 95. We observed chr3B also passed 99 

confidence interval and has a strong peak. This region has a Δ(SNP-index) 0.35 and 

contributed from high Fe bulk. This region can be considered for further investigation 

to understand their role in the grain Fe contents. 

BSA is an instant approach for identifying QTLs. It incorporates a screening of DNA 

pools developed from an F2 population that originated from a cross between two 

diverse parents. Two pooled DNA samples are comparing for a selected phenotype 

(Michelmore et al., 1991). In a recent study, a prominent QTL, QTgw.cib-6A from the 

high TGW (thousand grain weight) parent was identified, having a positive impact on 

TGW without negative effects on other grain-related traits. This QTL was further 

confirmed using BSA (Liu et al., 2022). To our knowledge, the identification of QTLs for 

Fe contents in wheat grain using BSA is reported for the first time in our study. Tiwari 

et al., (2016) identified QTLs using the composite interval mapping approach. They 

found two QTLs for Zn contents, located on chromosomes 1B and 2B. The 2B QTL 

also coincided with a QTL for Fe contents. These QTLs explained significant portions 

of the observed variation, with the 1B QTL accounting for up to 23.1% and the 2B QTL 

explaining up to 35.9% of the phenotypic variation in Zn concentrations. The Fe QTL 

on chromosome 2B explained up to 22.2% of Fe variation and was co-located with the 

Zn QTL (Tiwari et al., 2016). In another study, meta-QTL (MQTL) analysis approach 

was used to find the QTLs for wheat grain Fe and Zn contents. The analysis 

incorporated data from seven independent populations to construct a consensus map 
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with 558 DNA markers, spanning 1028 cM of the wheat genome. Notably, seven 

MQTLs were identified on six chromosomes (1B, 2B, 4A, 5A, 7A and 7B), displaying 

narrower confidence intervals compared to original QTLs. Among these, three crucial 

MQTLs covering multiple initial QTLs emerged as pivotal hotspots governing grain Fe 

and Zn traits across diverse genetic backgrounds (Shariatipour et al., 2021). In our 

study, we found a putative QTL on a chr3B from high Fe bulk. This is novel variation in 

the EMS population that is not found in natural variation, which has been the focus of 

most previous studies. This region has 381 genes and 5 of them are heme binding. 

Due to shortage of time, we could not carry this project forward to validate Chr3B. Our 

results suggest that the EMS population may be used to select and breed wheat lines 

with higher grain Fe content. To promote marker-assisted breeding for high-Fe wheat 

varieties, future research should concentrate on finding specific genes and genetic 

markers linked to Fe accumulation in wheat grains.  

4.6 Future Directions and Recommendations 

The genetic characterization of Fe and Zn in wheat grains has been reported in this 

thesis. The characterization of TaZIP genes showed that TaZIP11 has the capacity to 

transfer Fe and Zn in yeast complementation and the null mutants of TaZIP13 showed 

higher Fe and Zn levels in the TaZIP13-1 cross. In EMS population, we established a 

sophisticated approach to quantify and localize the grain Fe contents. We also 

identified that chromosome 3B could be a promising QTL to increase the Fe content in 

wheat grains. Overall, the findings of this study offer a solid basis for further 

characterising the Fe and Zn levels in wheat grains. 
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4.6.1 TaZIP lines 

Given the results so far, there may be multiple opportunities to test TaZIP lines with 

increased Fe and Zn contents or improved tolerance to micronutrients deficient soils. 

Performance under both replete and depleted Fe and Zn circumstances should also 

be evaluated, as well as TaZIP gene expression assessments. Furthermore, it is 

essential to investigate the constitutive and endosperm-targeted overexpression of 

found and described TaZIPs. It is important to study the function of a particular gene 

and targeting endosperm to enhance the nutritional content of grains by expressing 

genes that produce specific nutrients. If we find that TaZIP genes can increase Fe or 

Zn we could breed them into elite cultivars, or genetic transformation approaches could 

be used to incorporate this genetic potential into current high-yielding varieties.  

4.6.2 EMS populations 

A successful plant breeding programme depends on genetic variety in the breeding 

materials since it serves as the basis for selection. Cadenza EMS population contains 

the potential to increase grain Fe in grain tissues. Amiri et al., (2020) suggests that the 

EMS population may be used to select and breed wheat lines with higher grain Fe 

contents. In our study, we found a wide range of Fe contents in EMS population. For 

the purpose of functional investigation of the trait, the EMS-induced mutation offers 

genetic variations (Rawat et al., 2019). Like other breeding techniques, EMS 

population has drawbacks, such as a high mutation load and few beneficial mutations 

(Ke et al., 2019). Additionally, it is still challenging to identify, clone, and characterise 

mutations in polyploid genomes. Although the most recent gene editing technology, 

such as the CRISPR/Cas9 system, which is quicker, more precise, and extensively 

employed in plant research, is challenging for because we do not know which genes 
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to target. This is also fascinating because EMS population is a non-GMO application, 

therefore this is exempt from governing laws for genetic modification. 

4.6.3 Wheat improvement plans 

Wheat biofortification has enormous potential for addressing widespread micronutrient 

shortages, notably those in Fe and Zn. Future directions and suggestions for 

improvement in this field can be enumerated. First and foremost, high yielding 

biofortified wheat varieties should be developed with a focus on qualities like 

adaptation and disease resistance. Marker-assisted selection (MAS) and genomic 

selection are two contemporary molecular techniques that breeding programmes 

should use in tandem to quickly identify and introduce the genes that increase the Fe 

and Zn content of wheat grains (Arruda et al., 2016). These methods can speed up the 

process of variety development by enabling more accurate and effective selection of 

desired features. Additionally, agronomic treatments including better soil management 

techniques, nitrogen management, and irrigation methods should be combined with 

biofortification activities (Abid et al., 2020). For instance, improving the soil's pH, 

organic matter content, and accessibility to other vital micronutrients like manganese 

and copper might improve the Fe and Zn bioavailability and uptake by wheat plants. 

Additionally, it is essential to comprehend how nutrients interact in the body and in the 

soil to direct breeding efforts and inform dietary recommendations.  

To increase Fe and Zn bioavailability and absorption in the human digestive system, 

research should investigate how they interact, either positively or negatively, with other 

nutrients such phytates, fibre, and certain vitamins. With this knowledge, wheat 

cultivars with better nutrient profiles can be developed, and biofortified wheat can 

benefit from tactics that maximise its nutritious value. To maximise the impact, 
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biofortified wheat cultivars must be distributed to communities and areas where Fe and 

Zn deficiency is most common. This requires comprehensive mapping of micronutrient 

deficiency prevalence, as well as an assessment of dietary patterns and cultural 

practices that may influence the acceptance and adoption of biofortified wheat 

(Govindan et al., 2022). The consumption of biofortified wheat should be encouraged 

through a variety of channels, such as educational institutions, healthcare facilities, 

and neighbourhood initiatives. The development of markets for biofortified wheat 

products, such as fortified flour and bread, depends on cooperation with food 

processors, millers, and retailers. The establishment of monitoring and evaluation 

methods to judge the success of biofortification initiatives is crucial for ongoing 

development and well-informed decision-making (Garcia‐Casal et al., 2017 and 

Garcia‐Casal et al., 2017). Regular monitoring can give input on target population 

nutritional status changes, nutrient levels in harvested grains, and adoption rates of 

biofortified cultivars. Assessment studies can determine how biofortification affects 

lowering Fe and Zn deficiency and enhancing general health outcomes. By embracing 

these future directions and recommendations, wheat biofortification can significantly 

contribute to mitigating Fe and Zn deficiencies and enhancing the nutritional status of 

vulnerable populations. 

With an additional 3-5 years to dedicate to this research, we would have the opportunity 

to delve deeper into the details of ZIP transporters and expand the scope of these 

experiments. Our primary focus would be on TaZIP13, and the contradictory results 

observed in different crosses regarding its role in Fe and Zn transport. To address this, 

we would design a series of experiments aimed at uncovering the underlying factors 

contributing to the observed discrepancies. One possible avenue would be to 
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investigate the genetic variations in the two crosses that might be responsible for the 

divergent phenotypes. For this we can consider CRISPR-Cas9 approach to avoid 

background mutations. Additionally, we would analyse the expression profiles of other 

Fe-related genes in these crosses to identify potential regulatory networks at play. To 

further elucidate the role of TaZIP13, we would indeed consider growing plants with 

varying levels of Fe and Zn in controlled environments. This would allow us to 

systematically study how different nutrient ratios influence TaZIP13 expression and 

function. Moreover, field experiments would be an essential next step, as they provide 

a more realistic setting for understanding how TaZIP13 operates in field conditions. By 

conducting field trials, we could assess the impact of TaZIP13 mutations on plant 

growth, yield, and nutrient accumulation under natural variations in Fe and Zn 

availability. 

Turning our attention to the EMS populations, the subsequent steps would involve 

thoroughly validation of the identified 3B QTL and the associated genes. To achieve 

this, we would refine the location of the QTL on the chromosome through fine mapping 

techniques, such as using more markers, or advanced genotyping technologies and 

identify potential candidate genes. This genetic characterisation would provide a 

clearer understanding of the functional consequences of the identified QTL and help 

establish causal relationships between specific genetic variants and Fe variations. 

Additionally, conducting expression profiling and biochemical assays would allow us to 

dissect the underlying molecular mechanisms connecting the candidate genes with the 

observed traits. These insights would not only validate the role of the 3B QTL but also 

offer a deeper understanding of the broader genetic networks governing nutrient 

uptake and homeostasis. Germplasm sources play a crucial role in accessing genetic 
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diversity. We will look for varieties or lines that carry the desired loci. This may involve 

accessing gene banks, breeding programs, or collaborating with other researchers. 

Once we have identified the loci and germplasm sources, we can devise a strategy for 

pyramiding. This might involve traditional breeding methods or more advanced 

techniques like marker-assisted selection or genomic selection. 

4.7 Conclusion 

In this thesis, we attempted to understand the molecular mechanism of Fe and Zn 

biofortification in wheat grains. Firstly, we explored the ZIP gene family in wheat and 

functionally characterized the role of TaZIP11, TaZIP13 and TaZIP14 using TILLING. 

We found that TaZIP11 could transport Fe and Zn in a heterologous system but did not 

observe consistent effects on micronutrients in any wheat mutant lines. Secondly, we 

investigated the potential of EMS lines to increase wheat grain Fe contents through 

Perls staining. Perls staining can be an effective screening approach to identify Fe 

containing wheat lines and we developed a rapid computational method to quantify Fe 

staining. This allowed us to identify a novel QTL on chromosome 3B for Fe contents. 

Further investigation is required to ascertain how these TaZIP genes and novel QTL 

contribute to wheat biofortification.
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