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ABSTRACT 

 

Wheat grains are an important source of minerals and calorie intake especially for human 

population living in the rural areas of developing countries. Under the widespread zinc 

(Zn) deficiency in soils and humans, biofortification of wheat grains grown on Zn 

deficient soils of Pakistan was hypothesized as a possible solution to human Zn 

deficiency. The research project comprised of six separate experiments focusing on 

four major issues: i) estimating Zn bioavailability in grains of wheat varieties of 

Pakistan; ii) evaluating the relationship of grain Zn concentration with soil Zn status ; 

iii) optimizing rate and application methods of Zn to biofortify wheat grains; and iv) 

determining the effect of grain milling and flour extraction on Zn bioavailability. The 

bioavailability of Zn from the grains of selected wheat varieties was low as indicated 

by high phytate to Zn molar ratio ([phytate]:[Zn]) and low trivariate model of Zn 

absorption based estimated Zn bioavailability. Currently-cultivated varieties had 

higher grain yields and lower concentration and bioavailability of Zn than obsolete 

varieties of Punjab (Pakistan). Much of this variation was related to an increased 

grain weight in new varieties. Nutrient indexing of Zn in wheat crop and associated 

soils of cotton-wheat rotation zone of Punjab (Pakistan) indicated widespread soil Zn 

deficiency and a high risk of human Zn deficiency for the human population of the 

area. About 75% of surface and all the subsurface soil samples were deficient in plant 

available Zn resulting in a low grain Zn concentration (20±4 µg g
−1

). In another 

study, application of Zn significantly increased grain yield, grain Zn concentration 

and estimated Zn bioavailability while significantly decreased grain phytate 

concentration and [phytate]:[Zn] ratio in wheat grains. The levels of human requisite 

Zn concentration and estimated Zn bioavailability in wheat grains were estimated to 

be achieved at the soil Zn rates required for maximum grain yield (about 9 mg Zn 

kg
−1

 soil). Various Zn application methods, alone and in combinations, were 

evaluated in study 5. Soil Zn application increased grain yield up to 29%, grain Zn 

concentration up to 95% and estimated Zn bioavailability up to 74%. Foliar Zn 

application during grain development stage also greatly increased grain Zn 

concentration especially at lower soil Zn rates (<9 mg Zn kg
−1

 soil). Soil Zn 

application at a high rate and foliar Zn spray at heading increased Zn concentration 

(>50 µg g
−1

) and estimated Zn bioavailability (>3 mg Zn per 300 g flour) in wheat 



xiv 

 

grains to levels generally desired for improved human nutrition. In the last study, Zn 

bioavailability from control and biofortified wheat grains was estimated in various grain 

milling fractions and flours of different extraction rates. Zinc and phytate concentrations 

and Zn bioavailability were significantly greater in bran compared to other grain milling 

fractions. There were severe losses in concentration and bioavailability of Zn from both 

control and biofortified wheat flour at lower flour extraction rates. Moreover, Zn 

bioavailability was remarkably higher in the biofortified wheat flour as compared to 

control and commercially available flours. Therefore, biofortified whole-grain flour was 

suggested for human consumption. As a whole, the project indentified the potential of 

wheat grown in Pakistan to supply optimum Zn for human nutrition by giving due 

importance to grain yield under optimum Zn application by suitable methods. 
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Chapter 1       INTRODUCTION 

 

Population of developing countries is rising more drastically than world’s average 

population growth rate of 1.8% (United Nations, 2012). This is resulting in an ever 

increasing demand of higher production of food crops from the agricultural lands. About 

65% of world’s total population is starving (Food Security Statistics, 2008). Therefore, 

the increasing problem of food scarcity in the developing countries requires another food 

revolution (Huang et al., 2002). Malnutrition (improper and/or inadequate nutrition) is 

widespread among the poor where food supply and diversification are lacking. The 

developing world is also under severe threat of micronutrient malnutrition as their major 

sources of daily calorie intake are from cereal grains, especially wheat, low in essential 

minerals.  

Wheat is an important cereal crop feeding millions of the people around the world 

(FAO, 2012a; Shewry, 2009). It is grown on a wide range of climatic conditions and on a 

wide range of soil types. In Pakistan, wheat is grown on soils having high CaCO3 and low 

organic matter contents. Wheat production in the world, including Pakistan, is facing 

different challenges such as micronutrient deficiencies in soils. However, world’s demand 

for wheat is ever rising with increase in human population (FAO, 2012a; United Nations, 

2012). In Pakistan, which is producing marginally optimum wheat grains to fulfill 

indigenous demand, wheat yields are stagnant since many years despite increased 

application of macronutrient fertilizers.  

Plant nutrients are one of the very important inputs to ensure higher yields. In 

Pakistan, fertilizer application has been limited to nitrogen (N), phosphorus (P) and to a 

lesser extent potassium (K) fertilizers. Continuous intensive cultivation of agricultural 

lands has resulted in deficiencies of important micronutrients in soils of the country. After 

N and P, zinc (Zn) is the most deficient nutrient in alkaline calcareous soils of Pakistan 

(Rashid and Ryan, 2008). Cereals, wheat and rice in particular, suffer from Zn deficiency 

on alkaline calcareous soils of arid to semi-arid regions (Alloway, 2008). 

Most of the micronutrients are not only important for plants but also for 

animals and humans. World Health Organization (WHO) reported deficiencies of Zn, 

iron (Fe) and vitamin A in human population of developing countries. Human Zn 

deficiency is the fifth major cause of diseases and deaths in these countries (WHO, 2002). 

Around the world, 2.7 billion people are Zn deficient (Muller and Krawinkel, 2005; 
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WHO, 2002). About half of the world’s population is under risk of Zn deficiency and 

prevalence is more in developing countries of Asia and Africa (Brown et al., 2001). 

According to Ministry of Health (2009), every third child and 40% of the mothers in 

Pakistan are suffering from Zn deficiency.  

The required Zn intake depends on gender and growth stage. Generally, it is 10 

mg Zn d
−1 

for adult women and 12 mg Zn d
−1

 for adult men. However, women during 

pregnancy and lactation require up to 14 mg Zn d
−1

. These intake levels are generally not 

fulfilled in developing countries due to high reliance on cereal grains low in Zn for their 

daily calorie intake (ACC/SCN, 2004; Bouis and Welch, 2010). Therefore, the population 

with severe Zn deficiency is eating cereal grains produced on Zn-deficient soils, for 

example in India, Pakistan, China, Iran and Turkey (Alloway, 2008). Supplementation, 

food diversification/modification and food fortifications were previously recommended to 

solve Zn deficiency in humans. Biofortification is a recently devised approach to correct 

human Zn deficiency. It uses genetic and agronomic approaches to increase Zn 

bioavailability to humans (the amount of human absorbable Zn in food; termed as ‘Zn 

bioavailability’ in the dissertation) in edible parts of plants. 

Increasing Zn bioavailability, by either increasing Zn or decreasing anti-nutrients 

in wheat grains, is generally recommended to solve the problem of human Zn deficiency 

(Bouis and Welch, 2010; Frossard et al., 2000; White and Broadley, 2009). One such 

anti-nutrient, phytate (also known as myo-inositol hexakisphosphate or phytic acid or 

IP6), is present in cereal grain in large quantities and is the principal P storage form in 

grains. Phytate binds Zn to form insoluble complexes in the environment of the human 

intestine and hinders its absorption into the body. Therefore, the phytate to Zn molar ratio 

([phytate]:[Zn]) has been generally employed to categorize the Zn bioavailability of food 

(Brown et al., 2001). Recent advances in human nutrition also allow quantitative 

estimation of Zn bioavailability in our daily diets by using mathematical models of Zn 

absorption (Bouis and Welch, 2010). A trivariate model of Zn absorption as a function of 

dietary Zn and phytate (Miller et al., 2007) was successfully tested in a labeled Zn 

investigation of absorption in adult women (Rosado et al., 2009). This model estimates 

the amount of Zn absorbed in human intestine from wheat flour if wheat is the major 

component in total daily diet. 

Wheat breeders are developing genotypes for Zn biofortification, particularly 

under Harvestplus program of Consultative Group on International Agricultural 

Research (Bouis et al., 2011; Velu et al., 2011). As a most important staple food for 

http://en.wikipedia.org/wiki/Inositol


3 

 

human population, wheat is important sources of energy and minerals including Zn 

for people living in Pakistan and several other countries (FAO, 2012a). However, the 

Zn contents and especially Zn bioavailability in grains of different wheat varieties of 

Pakistan have not been estimated. Moreover, grain nutrient concentrations are often 

negatively correlated with grain yield. Developing countries are under high risk of 

hunger and hence cannot compromise on grain yield for Zn biofortification. To 

produce higher grain yield from Zn deficient soils, wheat genotypes are extensively 

sorted for Zn efficiency. However, Zn efficiency does not ensure higher grain Zn 

concentration (Kalayci et al., 1999; Torun et al., 2000). Therefore, application of Zn 

may be considered to simultaneously increase grain yield and grain Zn concentration 

in wheat grown on Zn deficient soils. Before selecting Zn application as 

biofortification strategy, however, a nutrient indexing of Zn in wheat grains and in 

associated soils is prerequisite to determine current levels of Zn both in soils and 

wheat grains. 

 Under current Zn malnutrition scenario, high application rates may be 

recommended for increasing grain Zn concentration to optimum levels. However, the 

deficient, optimum and toxic ranges of Zn for wheat and the crops in rotation also require 

attention. Methods of Zn application to wheat also influence yield and grain Zn 

concentration (Yilmaz et al., 1997). Studies are required for farmer friendly Zn 

application methods to achieve high adoptability.  

Zinc fertilizers may increase Zn concentration in wheat grains. However, most of 

the Zn present in the wheat grains is located in the embryo and aleurone layer, whereas 

the endosperm is very low in Zn concentration (Cakmak, 2008; 2009). Maximizing bran 

in flour with adjustment of milling may improve Zn concentration in wheat flour (Slavin 

et al., 2000). In Pakistan, wheat grains are milled at both commercial and local levels. 

Different millings have different extraction of wheat flour and, therefore, might influence 

Zn delivery to consumers. Studies are required to account for losses in Zn bioavailability, 

especially from biofortified grains, under various millings of wheat grains.  

        Considering Zn malnutrition, soil Zn deficiency and wheat as a main staple food of 

Pakistan, the main objectives of the research project were to: 

1. Asses Zn, phytate and Zn bioavailability in grains of local wheat varieties  

2. Estimate the relationships among grain yield, yield components, grain Zn 

concentration, grain phytate concentration, Zn bioavailability in wheat grains and 

year of variety release 
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3. Determine current levels of Zn in wheat grains and in associated soils of an 

important wheat growing zone of Pakistan 

4. Determine variation in Zn, phytate and Zn bioavailability in wheat grains over a 

wide range of Zn application rates 

5. Compare various Zn application methods for Zn biofortification of wheat grains 

6. Estimate the losses of Zn, phytate and Zn bioavailability in wheat grains under 

various grain millings  

To achieve the above mentioned objectives, six separate experiments were 

conducted and are detailed in separate chapters (Chapter 3 to 8) in this dissertation. 
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Chapter 2     REVIEW OF LITERATURE 

 

Zinc biofortification has been a key area of interest for the scientists around the world. 

Some key publications, appeared during the last years of twentieth century, highlighted 

the human Zn deficiency problem and suggested Zn biofortification as a feasible tool to 

combat with human Zn deficiency (Cakmak et al., 2000; Graham et al., 1999; Monasterio 

and Graham, 2000; Rengel et al., 1999; Yilmaz et al., 1997). In 2002, World Health 

Organization identified human Zn deficiencies as a serious health concern in the 

developing countries (WHO, 2002) followed by extensive works on different aspects of 

biofortification. Zimmermann and Hurrell (2002) summarized potential of 

biotechnological approaches for biofortification. Breeding approaches were discussed in 

detail by Bouis (2002) and Welch et al. (2005), while economics of breeding for 

biofortification was discussed by Stein et al. (2007). Rengel et al. (1999) summarized 

possible ways of agronomic biofortification while a comparison between agronomic and 

genetic biofortification is given by Cakmak (2008). Many other studies discussed 

biofortification and its potential impacts on human health (Alloway, 2009; Bell and Dell, 

2008; Bouis and Welch, 2010; Bouis et al., 2011; Frossard et al., 2000; Welch, 2002; 

Gibson, 2006). Biofortification strategy was successfully adopted in some areas of the 

world (Cakmak, 2008; Low et al., 2007), while a wide potential was identified for many 

other areas of the world (Cakmak, 2009; Hotz, 2009; Yang et al., 2007). Two world wide 

projects, HarvestPlus (focused on plant breeding for better nutrition in plant foods for 

human consumption) and HarvestZinc (focused on fertilizer use to increase Zn 

concentration in cereal grains),  Following is summary of review of literature, a part 

which was previously published by the author (Hussain et al., 2010), relating to the topic 

of the dissertation.  

 

2.1. Functions of Zn in Plants and Humans 

 

Zinc has several essential roles both in plants and humans. It is the only metal that is 

present in all the six enzyme classes (oxidoreductases, transferases, hydrolases, lyases, 

isomerases and ligases) and acts as catalytic, structural, co-catalytic, and protein interface 

(Broadley et al., 2007). It is involved in the structure and function of bio-membranes and 

roots have been observed to exude greater amounts of amino acids and phenolics under 
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Zn deficiency (Bell and Dell, 2008; Broadley et al., 2012). Zinc plays a key role in 

controlling the generation and detoxification of reactive oxygen species (Cakmak, 2000). 

Oxidative damage is responsible for some of the distinguishing symptoms of Zn 

deficiency caused by the oxidative degradation of the growth hormone, auxin. Zinc is also 

required for protein synthesis and gene regulation in plants (Broadley et al., 2007). Under 

Zn deficiency, protein synthesis is depressed because of reduced levels of RNA: Zn plays 

an essential role in RNA polymerase. Furthermore, the role of Zn fingers in DNA 

transcription and gene regulation also contribute to its function in protein synthesis.  

Zinc deficiency reduces net photosynthesis, although the exact cause is unknown. 

In C4 plants, such as maize, the Zn-dependent enzyme carbonic anhydrase is required in 

photosynthesis to provide HCO3
–
 as a substrate for phosphoenol pyruvate carboxylase 

(Bell and Dell, 2008; Broadley et al., 2012). Carbonic anhydrase does not have a specific 

role in photosynthesis in C3 plant species, such as rice and wheat. 

In human beings, Zn plays similar roles as described earlier for plants (Bell and 

Dell, 2008). Thus, Zn is essentially required for of DNA replication, protein synthesis, 

cell division and, therefore, for normal growth of human beings. Zinc is also required for 

normal male and female reproductive and neurological functions. It is also necessary for 

immune system and its deficiency impairs resistance to infection (Walker and Black, 

2004). Zinc may be important in defense against cancer (Ho, 2004). Due to the central 

role of Zn in cell division, protein synthesis and growth, Zn is particularly important for 

young children, adolescents and pregnant women. Symptoms of severe Zn deficiency 

include diarrhea, skin lesions, dwarfism and delayed onset of puberty (FAO/WHO, 2004; 

Hambidge, 2000). 

 

2.2. Extent of Soil Zn Deficiency  

 

Zinc deficiency is considered as one of the most widespread plant nutrient disorders 

throughout the world, particularly in rice-wheat cropping system in India, Pakistan and 

Bangladesh, as shown in figure 2.1 (Alloway, 2008; 2009). After N and P, Zn is the most 

deficient nutrient in alkaline calcareous soils of Pakistan (Rashid and Ryan, 2008). 

In soils, Zn may be found in relatively high concentration, but only a small 

amount of the total Zn is phytoavailable (Broadley et al., 2012). The general optimum 

range of plant available Zn, extracted with 0.005 M DTPA solution, is 0.75 to 1.50 mg Zn 
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Widespread deficiency 

 

 Medium deficiency 

kg
–1

 soil, with the lower one reported for wheat in alkaline calcareous soils of arid to 

semiarid regions (Bansal et al., 1990). The plant-available forms of Zn in soils are free 

ions (Zn
2+

 and ZnOH
+
), soluble organic complexes and labile (easily-desorbed) Zn 

(Kiekens, 1995). Soil conditions most commonly associated with the occurrence of Zn 

deficiency in crops include one or more of the following: low total Zn concentration, high 

CaCO3, relatively high organic matter (>3%), neutral or alkaline pH, high available P 

status, high bicarbonate HCO3
–
 and/or magnesium (Mg) concentrations in soils or 

irrigation water, prolonged water logging, and high sodium (Na) and calcium (Ca) 

concentrations (Alloway, 2009; Lindsay, 1972). 

 

Figure 2.1. Soil Zn deficiency in the world (reproduced from Alloway, 2009) 

 

In arid to semiarid conditions of Pakistan, salinity/sodicity and calcareousness of 

soil relates to Zn deficiency (Ghafoor et al., 2004; Rafiq, 2005). Calcareous soils are the 

main type of agricultural soils in Pakistan and many other parts of the world with a 

Mediterranean-type of climate (Alloway, 2009). The activity of Zn
2+

 in soils is directly 

proportional to the square of the proton activity; therefore, the solubility of Zn decreases 

with increasing values of soil pH (Kiekens, 1995). This is due to the greater adsorptive 

capacity of the soil solid surfaces resulting from increased pH-dependent negative charge, 
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the formation of hydrolysed forms of Zn, chemisorption on calcite and co-precipitation in 

Fe oxides. High CaCO3 content of pedogenic origin or from heavy liming, high salt 

content (especially of Na) and reducing conditions are the main reasons of high soil pH in 

calcareous and other type of soils.  

 

2.3. Zinc Deficiency in Crop Plants and Human Beings 

 

Critical Zn concentrations are typically between 15 to 20 µg g
–1

 in young leaves of crop 

plants (Broadley et al., 2012), however deficiency may occur at 7 to 30 µg g
–1

, depending 

on plant species and stage of development (Reuter and Robinson, 1997). Deficiencies 

may be particularly prevalent in species, such as beans, maize and rice which are sensitive 

to low Zn availability in rhizosphere (Alloway, 2008). Critical concentrations (on dry 

weight basis) in the youngest expanded leaves for the diagnosis of Zn deficiency range 

from 11 to 14 µg g
–1

 in wheat; 11 to 15 µg g
–1 

in maize; and 10 to 22 µg g
–1 

in soybean. 

Zinc deficiency symptoms are first expressed in the young, expanding leaves reflecting 

the low phloem mobility of Zn in most of the plant. Little leaf is a characteristic symptom 

of acute Zn deficiency in many plant species. In broad-leaf crops, reduced internodal 

length, known as rosetting, is also accompanied by little leaf. Other symptoms include 

interveinal chlorosis and upward cupping of leaves. 

In human beings, Zn deficiency is the fifth major cause of diseases and deaths in 

developing countries (WHO, 2002). Around the world, 2.7 billion people are Zn 

deficient (Muller and Krawinkel, 2005). About 50% of world’s population is under 

risk of Zn deficiency and prevalence is more in developing countries of Asia and 

Africa (Brown et al., 2001) as shown in figure 2.2. According to Ministry of Health 

(2009), every third child and 40% of the mothers in Pakistan are suffering from Zn 

deficiency. 

Required Zn intake depends on gender and growth stage. Generally, it is 10 mg Zn 

d
−1 

for adult woman and 12 mg Zn d
−1

 for adult man. However, women during pregnancy 

and lactation require up to 14 mg Zn d
−1

. These intake levels are generally not fulfilled in 

developing countries due to high reliance on Zn poor cereal grains for their daily caloric 

intake (Bouis and Welch, 2010; White and Broadley, 2009). The population with severe 

Zn deficiency in India, Pakistan, China, Iran and Turkey is eating cereal grains produced 

on Zn-deficient soils (Alloway, 2008). 
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Figure 2.2. Population (%) at risk of Zn deficiency (modified from Brown et al., 2001) 

 

2.4. Zinc Bioavailability Estimation in Human Diet 

 

Various dietary factors affect Zn bioavailability, most important being its concentration in 

the human diet (Lönnerdal, 2000; White and Broadley, 2005). Moreover, certain anti-

nutrients (substances that impair absorption of a nutrient into the body) and nutrient 

promoters (substances that stimulate the absorption of a nutrient into the body) influence 

the bioavailability of intaken Zn (FAO/WHO, 2004; Brown et al., 2001). The major 

inhibitor of Zn absorption is myoinositol hexaphosphate (phytate), which is present in 

many plant foods, especially cereals and legumes. It irreversibly binds Zn under 

environment present in the intestinal lumen. Other anti-nutrients include tannins, fiber 

and hemaglutinins. Competitive interactions of other micronutrients with Zn also 

decrease Zn absorption. However, soluble organic substances of low relative molecular 

masses (such as palmitic acid, riboflavin, ascorbate, cysteine, histidine, lysine, 

methionine, fumarate, malate and citrate) facilitate Zn absorption into human body. 

Most variation in Zn bioavailability is well explained by Zn and phytate contents 

in human diet. Therefore, [phytate]:[Zn] ratio in food is considered a good quantitative 
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indicator of Zn bioavailability (Brown et al., 2001; Weaver and Kannan 2002). Human 

food is categorized as low (15% bioavailability), medium (30% bioavailability) and high 

(50% bioavailability) in Zn bioavailability when it has [phytate]:[Zn] ratio >15, 5 to 15 

and <5, respectively. The [phytate]:[Zn] ratio is useful parameter to categorize a 

particular food item for Zn bioavailability. 

The physiological Zn requirement, that needs to be net absorbed into the body, of 

a reference adult person is about 3 mg d
−1 

(Hotz and Brown, 2004; Institute of Medicine, 

2001). For a normal Zn nutrition of an adult person, daily food consumption should fulfill 

physiological Zn requirement. Latest findings relating to Zn homeostasis in human 

intestine permits estimation of Zn bioavailability from daily diet by employing trivariate 

model of Zn absorption (Hambidge et al., 2010). The model predicts Zn bioavailability 

from the daily diet by employing total daily dietary Zn and phytate intakes. Unlike 

[phytate]:[Zn] ratio, the trivariate model of Zn absorption gives a quantitative estimation 

of Zn bioavailability by considering Zn absorption into human body as a saturable 

process (Miller et al., 2007): 

                        
   

  
                   

   

  
  

 

             

 

The parameters, AMAX (maximum absorption), KR (equilibrium dissociation constant of 

Zn-receptor binding reaction), and KP (equilibrium dissociation constant of Zn-phytate 

binding reaction), relate to Zn homeostasis in human intestine. The AMAX, KR, and KP 

have constant values of 0.091, 0.680 and 0.033, respectively (Hambidge et al., 2010). The 

model predicts total daily absorbed Zn (TAZ) (mg Zn d
−1

) on the basis of total daily 

dietary phytate (TDP) (mmol phytate d
−1

) and total daily dietary Zn (TDZ) (mmol Zn 

d
−1

). The Zn absorption values predicted by this model were similar to actually measured 

values in a labeled-Zn study using human subjects (Rosado et al., 2009). 

 The trivariate model of Zn absorption based estimation is valid only if daily 

intakes of phytate and Zn are known. For the categorizing purpose of any food item, 

however, [phytate]:[Zn] ratios are more common. 

 

2.5. Biofortification of Wheat Grains with Zn 

 

As shown in figure 2.3, wheat is a major source of calorie intake in Pakistan and many 

other Asian countries (FAO, 2012a). It is typically grown on alkaline calcareous soils of 
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semiarid regions. Such soil conditions and climatic factors lead to decreased availability 

of soil Zn (IZA, 2009). Wheat is highly susceptible to Zn deficiency in such conditions 

and produces low grain yield with low levels of grain Zn concentration. Low quality 

wheat grain is causing Zn deficiency in humans and needs immediate attention. Wheat 

grains contain about 20 to 30 μg Zn g
−1

 dry weight, while for a measurable impact of 

grain Zn on human health, desired wheat grain Zn concentration should be around 50 μg 

g
−1

 dry weight (Cakmak, 2008).  

Traditional interventions tackled mineral malnutrition by supplementation, food 

fortification and dietary diversification (Table 2.1). None of these have been universally 

successful on sustainable basis because they require safe delivery systems, stable political 

policies, appropriate social infrastructures and continued investment for longer periods 

(White and Broadley, 2005). For example, there is a possibility to fortify wheat flour with 

micronutrients as adopted by government of Pakistan for Fe. Rural communities in 

Pakistan, about 65% of total population (Statistical Division, 2008) use locally milled 

flour and therefore will not be benefited by this strategy. The cost-effective and 

sustainable solution to human Zn deficiency is biofortification of staple food grains (Stein 

et al., 2007). There are different approaches of biofortification that can be used to 

biofortify wheat grain with Zn by agricultural means (Figure 2.4). Genetic engineering, 

breeding and agronomic approaches are important tools of biofortification (Cakmak, 

2008; Velu et al., 2011; Zimmermann and Hurrel, 2002). Although biofortification is 

recognized as a cost-effective approach, it is not yet adopted in developing countries due 

to lack of indigenous studies.  

Transgenic approaches of biofortification rely on improving mobilization from the 

soil, uptake from the rhizosphere, translocation to the shoot and accumulation of mineral 

elements in bioavailable forms in edible tissues (Hacisalihoglu and Kochian, 2003; 

Palmgren et al., 2008; Zimmermann and Hurrel, 2002).  Knocking out of enzymes in the 

phytate biosynthetic pathway and over expression of phytase (phytate-degrading enzyme) 

could also be a good approach for increasing Zn bioavailability in grains (White and 

Broadley, 2005). As compared to wild and primitive wheat, cultivated wheat is less 

favorable for breeding program due to a narrow genetic variation for Zn concentration 

(Cakmak et al., 2004). Genotypes, developed for biofortification, should produce higher 

grain yields and these should respond to Zn application for increased grain Zn 

concentration. Agronomic approach or Zn application is a rapid solution to enhance 

production and Zn concentration in grains of cultivated genotypes. Despite significant 
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crop response to Zn fertilization, farmers in most of the developing countries are not 

applying Zn to wheat. Fertilizer application strategy is an important complementary 

approach to the on-going breeding programs for biofortification (Cakmak, 2008). Rate, 

time, methods and sources of Zn application need optimization for agronomic 

biofortification (Rengel et al., 1999). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Daily calorie intake from wheat consumption in different countries of the 

world (FAO, 2012a) 
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Table 2.1. Possible solution to Zn deficiency in human population 

Intervention Scope Economics 

Supplementation: giving 

mineral drugs as clinical 

treatment 

It is generally recommended 

during pregnancy or in 

severe Zn deficiency for a 

shorter period. 

It is costly and only 

recommended when a 

very quick response is 

required. 

Fortification: addition of an 

ingredient to food to increase 

the concentration of a 

particular element 

It is effective but limited to 

urban areas. 

It is very uneconomical if 

carried out for longer 

period of times. 

Food 

Diversification/modification: 

changes in food selection, 

processing and cooking for 

nutritional point of view 

It is applicable only where 

alternative food products are 

available with high 

adoptability. These criteria 

are not fulfilled in rural 

areas of developing 

countries. 

It is economically 

feasible and sustainable 

intervention. 

Biofortification: increasing 

the bioavailable 

concentrations of 

micronutrients in edible 

portions of plants through 

crop management and 

genotype improvement 

It is targeted (rural 

communities in developing 

countries) and reachable 

(food fortification and 

supplementation cannot be 

extended to rural area by the 

poor governments) 

It is cost effective and 

sustainable approach. It 

has added benefit of yield 

increase on Zn deficient 

soils and seems more 

permanent solution to the 

problem. 

Summarized from various sources (Bouis and Welch, 2010; FAO/WHO, 2004; Stein et 

al., 2007; White and Broadley, 2005). 

 

2.6. Zinc Application to Wheat 

 

About 50% yield increase during 20
th

 century can be attributed to application of inorganic 

fertilizers to nutrient deficient soils (Fageria, 2008). Balanced and integrated use of plant 

nutrients still has a large potential to increase the grain yield. Poor farmers in developing 

countries do not apply Zn to wheat. Lack of awareness, economical constrains and 

product unavailability are the reasons for slow adoptability of small poor farmers to Zn 

application (Bell and Dell, 2008). Field demonstrations are valid programs to impart 

awareness in farmers about beneficial effects of micronutrients on crop yield. Sillanpää 

(1990) reported universal wheat response to Zn application in most of the countries 

investigated under FAO field trails. Numerous studies have shown pronounced increase 

in shoot dry matter production (11 to 109%), grain yield (9 to 256%) and grain Zn 

concentration (9 to 912%) of wheat with application of Zn to Zn deficient soils 

(Anonymous, 1998; IZA, 2009; Rengel et al., 1999; Rafique et al., 2006; Yilmaz et al., 

1997). Zinc efficient wheat cultivars (genotypes that can grow and produce well on Zn 
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deficient soils) also response to Zn application for grain yield and Zn concentration. 

Therefore, Zn application to Zn deficit soil is of great importance for increasing yield and 

grain Zn concentration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Approaches for Zn biofortification of staple food grains 

 

The critical soil DTPA-extractable Zn for wheat is about 0.75 mg Zn kg
−1

 soil 

(Bansal et al., 1990). However, genotypes differ significantly for optimum soil Zn levels. 

Soil Zn level required for optimum grain Zn concentration may be higher than Zn 

required for optimum plant growth. In a pot study conducted at different soil Zn levels, 

yield reduction was not observed up to 7 mg Zn kg
−1

 soil, but plant Zn concentration was 

increased (Takkar and Mann, 1978).  

Green Revolution was possible due to introduction of fertilizer responsive-dwarf 

genotypes that produced higher grain yields. Therefore, vigorous shoot growth does not 

ensure highest grain yield. Quality and quantity of wheat grain are the only attributes that 

can influence our inputs. Current food crises demand optimum Zn concentration in grain 

without any losses in yield. Although concentration in grain increases with Zn addition, 

recommendations of Zn application rates are generally reported for 90 to 95% relative 

yield on marginal return basis (Rengel et al., 1999). Recommendations for 95 to 100% 

relative grain yield will ensure higher grain Zn concentration with optimum yield levels. 

Such Zn application rates may be possible if government ensures the supply of Zn 

enriched macronutrient fertilizers to farmers (Cakmak, 2008; 2009). However, 

researchers should carefully determine critical grain Zn concentrations for a specific 
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genotype-environment combination and high rates of Zn should be recommended 

considering both human Zn requirements and plant Zn toxicity. 

 

2.7. Methods of Zn Application 

 

Methods of Zn application may differentially influence yield and grain Zn concentration. 

Seed application can improve shoot growth but soil application is required for better grain 

yield. Zinc, required in trace amounts, is immobile in soil and plant environment. To 

overcome this problem, Zn fertilizers could also be directly sprayed to leaves of growing 

plants (Fageria et al., 2009). Due to toxicity and less mobility of Zn, more than one Zn 

sprays of low Zn concentration are recommended to fulfill the requirement of plants. 

Foliar application of Zn at grain filling directly relates with higher grain Zn concentration. 

Soil + foliar application of Zn can greatly enhance grain yield and grain Zn concentration 

(Yilmaz et al., 1997).  

Farmer-friendly application methods are more rapidly adopted by the poor 

farmers. For a method to be farmer friendly, it should be time-efficient, reduce labor 

charges and avoid non-homogeneous application ensuring observable increase in grain 

yield. Harris et al. (2008) found seed priming with ZnSO4, a very cost-effective Zn 

application method that provided net benefit-to-cost ratio of 75 for wheat. Application of 

Zn with macronutrient fertilizers is also a farmer friendly method. Zinc addition may 

include incorporation, coating and bulk blending of Zn with granular NPK fertilizers. 

Zinc blending with NPK fertilizers was more effective in increasing plant Zn 

concentration and grain yield as compared to other methods (Mortvedt, 1991). Zinc 

application with herbicide spays also saves money and time of farmers (Fageria et al., 

2009). However, interactions between herbicides and Zn are still not clear.  

 

2.8. Selection of Wheat Genotype 

 

World population will cross 8 billion in 2025 (United Nations, 2012). With this 

continuous drastic increase in population, the problem of food scarcity is worsening and 

increase in food production is mandatory (Huang et al., 2002). Therefore, increase in 

grain yield has been the key factor in crop breeding programs. Breeding for increased 

grain yield includes both the breeding for various yield components (eg., grain size, 
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number of grains, number of reproductive tillers and spike length) and breeding for 

resistance to biotic and abiotic stress. Breeding for any favorable trait has always been a 

complex task due to genetic association of non favorable traits with the favorable trait. In 

search for higher yields and low farming costs, similarly, breeders have unconsciously 

selected for the genotypes reduced in nutritional quality. Therefore, selection criteria 

should be modified to include nutritious food grains along with other breeding objectives 

(Morris and Sands, 2006). 

The quality of food carries same importance as the quantity. Therefore, 

agricultural scientists have to answer to both the nutritionists (increased Zn 

bioavailability) and farmers (increased grain yield) to fight food malnutrition (Morris and 

Sands, 2006). Increased grain Zn concentration is an important quality parameter of food. 

The biofortification approach relies on crop management and improvement strategies for 

higher grain Zn. The absorption of dietary Zn is mainly limited by high phytate in our 

food. The [phytate]:[Zn] ratio >15 reduces Zn absorbance to less than 15% (Brown et al., 

2001; White and Broadley, 2009). Genotypes differ in Zn bioavailability based on 

[phytate]:[Zn] ratios. However, in Pakistan and most other countries, genotypes are not 

yet screened on the basis of Zn bioavailability.  

Genotypes differ significantly for Zn efficiency and grain Zn concentration. 

Wheat genotypes are extensively sorted for Zn efficiency. Evaluating 164 bread wheat 

genotypes in a Zn-deficient calcareous soil, Torun et al. (2000) documented no relation 

between shoot Zn concentration and Zn efficiency. There is also no relation between Zn 

efficiency and Zn concentration in grain. Zinc efficient genotypes absorb more Zn from 

soils, produce more dry matter and grain yield but do not necessarily have the highest Zn 

concentration in shoot or grain (Kalayci et al., 1999). High grain Zn concentration is not 

only an agronomic trait but it also appears to be under genetic control and should be 

selected independently.  

High Zn concentration in grain may be a feasible parameters for Zn 

biofortification (Rengel et al., 1999). However, grain yield also needs to be considered for 

economical outcome from agricultural farms. Giving equal weight to concentration and 

yield, indexing for grain yield and grain Zn concentration seems most feasible. Newly 

developed high yielding genotypes with higher Zn bioavailability in grains will have 

higher acceptability among farming communities (Welch and Graham, 2004). As yield is 

reduced at low Zn supply, genotypes that respond best to Zn application for grain yield 

and grain Zn concentration should be recommended for breeding and cultivation. 
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Genotypes differ in Zn bioavailability based on Zn and phytate contents in food 

(Ficco et al., 2009). Scientists have presented a mathematical model of Zn absorption as 

dependent on various dietary components, including Zn, phytate, and the [phytate]:[Zn]  

ratio. Trivariate model of Zn absorption as a function of dietary Zn and phytate is a 

simplistic expression (Hambidge et al., 2010) that the breeders can use. Therefore, 

genotypes can more precisely be screened for higher Zn bioavailability in grains and 

higher grain yields. In most of the developing countries, however, little or no data is 

available about Zn bioavailability in the grains of cultivated wheat genotypes. There is a 

strong need to screen wheat genotypes for high Zn bioavailability in grains before 

recommending for general cultivation. 

 

2.9. Milling of Wheat Grains 

 

Wheat grain is similar in anatomy to grains of other cereals (Figure 2.5). Different tissues 

in wheat grain have different concentrations of Zn and phytate (Liang et al., 2008). The 

starch-riched endosperm comprises of about 80 to 85% of grain on dry weight basis and 

contains very low concentrations of Zn and phytate (Peng et al., 2010). Minerals, 

including Zn are mainly deposited in aleurone layer by making complexes with phytate; 

however, germ also has appreciable amounts of Zn. 

 Wheat grains are either stone milled or roller milled. Unlike to stone milled 

grains, bran and germ are removed from endosperm in commercial milling (roller mills). 

The removed bran includes pericarp (outer layer of seed) and aleurone (outer part of 

endosperm) layers of wheat grain; the later has large stores of minerals. The other 

byproduct of grain milling is wheat shorts that comprises of inner parts of seed coat and 

floury particles of endosperm. Breaks of various streams of commercial mills comprise 

the break flour. The remaining white flour, also called reduction flour, comprises mainly 

of endosperm and has very low concentration of minerals as compared to whole grains 

(Slavin et al., 2000). Most of the times, break and reduction flour are combined to have 

straight run flour. Other fractions of grains may also be mixed, in various proportions, 

with straight run flour to prepare flour of various extraction rates (Dewettinck et al., 

2008). 
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Figure 2.5. Anatomy of wheat grain (Encyclopedia Britannica, 2012)  

 

 Both Zn and phytate are mostly localized in bran. Therefore, both Zn and phytate-

rich parts of wheat grains are also removed during commercial milling (Liang et al., 2008; 

Peng et al., 2010). This further complexes the situation. However, whole-grain 

consumption is generally recommended. 
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Chapter 3 ZINC BIOAVAILABILITY IN GRAINS OF 

BREAD WHEAT VARIETIES OF 

PAKISTAN 

 

3.1. Abstract 

 

Estimation of Zn and its bioavailability in wheat grains is a prerequisite for an effective 

biofortification program. The selected 65 bread wheat varieties are representative of 

indigenous and foreign genetic pools being used for genotype development at Wheat 

Research Institute, Faisalabad (Pakistan). The main objectives of the study were: (i) to 

determine the variation in phytate and Zn concentrations in whole grains; (ii) to estimate 

the Zn bioavailability in wheat grains by using trivariate model of Zn absorption and 

[phytate]:[Zn] ratio; and (iii) to examine the relationship of Zn bioavailability with year 

of variety release. Average Zn in grains of wheat varieties was 29 µg g
−1 

and ranged from 

24 to 36 µg g
−1

. Phytate in grains ranged from 7.1 to 11.1 mg g
−1

 resulting in a variation 

in [phytate]:[Zn] ratio of 24 to 41. The estimated Zn bioavailability in grains ranged from 

1.52 to 2.15 mg Zn for 300 g of wheat flour, indicating that Zn bioavailability was only 

21±3% in grains. Year of variety release in Punjab (Pakistan) had a significant negative 

relationship with Zn concentration (r = −0.70, n = 46; P<0.001) and estimated Zn 

bioavailability (r = −0.65, n = 46; P<0.001) in wheat grains. Therefore, an effective 

breeding program with optimized agronomic approaches is required to restore and 

improve the Zn bioavailability in grains of cultivated bread wheat varieties of Pakistan. 

 

3.2. Introduction 

 

Hexaploid or bread wheat (Triticum aestivum L.) is currently grown on a large scale to 

feed millions of people around the world. Wheat grains serve as source of major calorie 

intake in Pakistan and several other countries including central and western Asia (FAO, 

2012a). In the past, higher grain yields, resistance to diseases and lodging, and low 

farming costs have been the prime goals of breeding (Bouis and Welch, 2010). 

_____________________ 

The study has been published in ‘Cereal Research Communications (2012) 40: 62−73’ and entitled 

‘Bioavailable zinc in grains of bread wheat varieties of Pakistan’ . The authors are S. Hussain, M.A. 

Maqsood and L.V. Miller. 



20 

 

The resulting newly developed and high yielding varieties are low in essential minerals 

especially in Fe and Zn concentrations (Fan et al. 2008). 

 Zinc is essential not only for plants but also for humans and animals. Generally, 

human Zn requirement is 10–14 mg Zn per day for adult women and 10–12 mg Zn per 

day for adult men (FAO/WHO, 2004). These recommended intake levels are generally 

not fulfilled, especially in developing countries, due to heavy reliance on cereal grains for 

daily diet. Consequently, Zn deficiency in human beings is the fifth major cause of 

diseases and deaths in the developing countries (WHO, 2002). Around the world, 2.7 

billion people are Zn deficient and about 50% are living under the risk of Zn 

deficiency (Muller and Krawinkel, 2005; WHO, 2002). In Pakistan, every third child 

and 40% of the mothers are suffering from Zn deficiency (Ministry of Health, 2009). 

Like other developing countries, the prevalence of Zn deficiency in Pakistan is more 

common in rural populations. 

Increasing Zn bioavailability, by either increasing Zn or decreasing anti-nutrients 

in wheat grains, is generally recommended to solve the problem of human Zn deficiency 

(Bouis and Welch, 2010; Frossard et al., 2000; White and Broadley, 2009). Phytate binds 

with Zn to form insoluble complexes in human intestine and hinders its absorption into 

the body. Therefore, the [phytate]:[Zn] ratio has generally been generally employed to 

categorize the human food for Zn bioavailability (Brown et al., 2001). Recent advances in 

human nutrition allow quantitative estimation of Zn bioavailability in our daily diets by 

using mathematical models of Zn absorption (Bouis and Welch, 2010). A trivariate model 

of Zn absorption as a function of dietary Zn and phytate (Miller et al., 2007) was 

successfully tested in a labeled Zn investigation of absorption in adult women (Rosado et 

al., 2009). This model estimates the amount of Zn absorbed in human intestine from 

wheat flour if wheat is the major component in total daily diet. 

Biofortifying wheat grains with Zn is an acceptable approach to solve human Zn 

deficiency in developing countries (Cakmak, 2008, Stein et al., 2007; White and 

Broadley, 2009). Estimation of Zn in wheat grains and its bioavailability is prerequisite 

for an effective biofortification program. However, such data are not available regarding 

the wheat varieties of Pakistan. A study was undertaken to achieve new information on 

the genetic variability of Zn and phytate concentrations in wheat grains with respect to 

year of variety release. The main objectives of the study were: (i) to determine the 

variation in phytate and Zn concentrations in whole grains; (ii) to estimate the Zn 
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bioavailability in wheat grains by using trivariate model of Zn absorption; and (iii) to 

examine the relationship of Zn bioavailability with year of variety release. 

 

3.3. Materials and Methods 

 

3.3.1. Wheat varieties and growth conditions 

Sixty-five bread wheat varieties were selected for the study (Table 3.1). The varieties, 

belonging to foreign and indigenous genetic pools, are being used for genotype 

development at the Wheat Research Institute, Faisalabad (Pakistan). The studied varieties 

were grown in similar conditions during 2008–09 at the institute’s research farm. Each 

variety was planted (400 seeds m
−2

) in two replicates of a two-row plot, 5 m long and 20 

cm between rows. Before sowing, randomized soil samples (eight samples each at 0–15 

cm depth) of the field were analyzed for different physicochemical properties. Soil 

texture, analyzed by hydrometer method, was loam (Gee and Bauder, 1986). The pH of 

saturated soil paste (pHs) was 7.92±0.02, which was measured in by Calomel glass 

electrode assembly. Electric conductivity of saturated soil paste extract (ECe) was 

2.57±0.07 dS m
−1

. Organic matter was 0.71±0.01% of soil, determined according to 

Walkley-Black method (Nelson and Sommer, 1982). Free lime (CaCO3), estimated by 

acid dissolution (Allison and Moodie, 1965), was 4.65±0.01% of soil. Plant available Zn 

in the soil, extracted by 0.005 M DTPA (Lindsay and Norvell, 1978), was 0.72±0.03 mg 

kg
−1

 soil. It was determined with an atomic absorption spectrophotometer (PerkinElmer, 

100 AAnalyst, Waltham, USA). Basal uniform rates of nitrogen / phosphorus / potassium 

(NPK) fertilizers were added @ 120 kg N ha
−1

, 90 kg P ha
−1

 and 50 kg K ha
−1

 as urea, di-

ammonium hydrogen phosphate and potassium sulphate. Plants were harvested at 

maturity and threshed to separate grains. Grains of two replications were combined and 

stored at −20°C until analysis. 

 

3.3.2. Zinc and phytate determinations 

Grains of all wheat varieties were dried in an air forced oven at 60°C for 48 h (Liu et al., 

2006). Dried samples were finely ground with a Wiley mill fitted with a stainless steel 

chamber and blades. Finely ground (1.0 g) samples of grains were digested in a di-acid 

(HNO3:HClO4 ratio of 2:1) mixture (Jones and Case, 1990). The Zn concentration in the 
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digest was estimated by an atomic absorption spectrophotometer (PerkinElmer, 100 

AAnalyst, Waltham, USA).  

For phytate determination, 60 mg finely ground samples were extracted with 10 

mL of 0.2 N HCl at room temperature for 2 h under continuous shaking. Phytate in the 

extract was determined by an indirect method that uses absorption of pink color 

developed by un-reacted Fe(III) with 2,2
′
-bi-pyridine (Haug and Lantzsch, 1983). Briefly, 

0.5 mL extract was mixed with 1 mL 0.4 mM ammonium ferric sulphate solution 

(dissolved in 0.2 N HCl) in a caped glass tube and heated in a boiling water bath for 30 

min. After cooling in ice cold water for 15 min, the samples were allowed to adjust at 

room temperature. After adjusting, 2 mL of 2,2
′
-bi-pyridine solution (5 g dissolved in 500 

mL water with 1% v/v thioglycollic acid) was added to the mixture and the absorbance 

was measured at 519 nm with a spectrophotometer (Shimadzu, UV-1201, Kyoto, Japan). 

Phytate in the extract was calculated from a calibration curve established using standard 

phytate solutions made with sodium phytate (P-8810, Sigma-Aldrich, St. Louis, USA). 

All samples for Zn and phytate determinations were prepared and analyzed in triplicates. 

 The followed method for determination of phytate measures all myoinositol 

phosphates, while, only myoinositol hexaphosphate and myoinositol pentaphosphate 

reduces metal bioavailability to humans (Lönnerdal et al., 1989). The use of indirect 

method, however, was justifiable as myoinositol phosphates in mature wheat grain are 

exclusively in myoinositol hexa phosphate form (Lott et al., 2000). 

 

3.3.3. Bioavailability of Zn in wheat grains  

In this and other studies of the thesis research, bioavailability of Zn to humans was 

estimated both by molar concentration ratios of Zn and phytate ([phytate]:[Zn] ratio) and 

trivariate model of Zn absorption (Miller et al., 2007). The first is qualitative estimation 

and more conventional in published literature while other is quantitative estimation and 

based on recent advances in human nutrition. In fact, relative importance of these two 

estimates depends on availability of data about human diet. The trivariate model is based 

on Zn homeostasis in human intestine and is given below: 

                        
   

  
                   

   

  
  

 

             

where: AMAX, maximum absorption; KP, equilibrium dissociation constant of Zn-phytate 

binding reaction; KR, equilibrium dissociation constant of Zn-receptor binding reaction; 
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TAZ, total daily absorbed Zn (mg Zn d
−1

); TDP, total daily dietary phytate (mmol phytate 

d
−1

); TDZ, total daily dietary Zn (mmol Zn d
−1

). The model has independent (predictor) 

variables, TDZ and TDP, with TAZ being the dependent (response) variable. The 

parameters, AMAX, KR, and KP, relate to Zn homeostasis in human intestine and have 

constant values of 0.091, 0.680 and 0.033, respectively (Hambidge et al., 2010).  

 Zinc absorption in human intestine is a saturable process; therefore, trivariate 

model predicts TAZ not only on the concentrations of both Zn and phytate in daily diet, 

but also on their daily intake levels (Miller et al., 2007). The per capita consumption of 

wheat in Pakistan is about 300 g d
−1

 (FAO, 2012a). In the present study, therefore, TAZ 

was estimated for 300 g of wheat flour to categorize the wheat varieties and was termed 

as ‘estimated Zn bioavailability.’ However, estimated Zn bioavailability results are based 

on adults consuming 300 g wheat flour as a sole daily diet (Rosado et al., 2009). Since the 

results for all varieties will be affected similarly, the presence of other dietary Zn or 

phytate will not affect the relationships between estimated Zn bioavailability and wheat 

varieties. 

 

3.3.4. Statistical analysis 

Data were reported as means ± standard deviations (Table 3.1). Pearson’s correlation 

coefficients, r, were used to study the interrelationship among the studied parameters 

(Steel et al., 1997). Forty-six wheat varieties of Punjab were separated into three groups 

(Table 3.2). New and older varieties were compared with the rest using two suitable 

contrasts based on Scheffe’s F values. In all cases, α = 0.05 was set for statistical 

significance. Statistical analysis and data computations were made on Microsoft Excel 

2007
®

 (Microsoft Corporation, Redmond, WA, USA) and Statistix 9
®

 (Analytical 

Software, Tallahassee, USA). 

 

3.4. Results 

 

3.4.1. Grain Zn and phytate concentrations 

The mean grain Zn concentration in 65 wheat varieties was 28.8 µg g
−1

 and it ranged 

from 23.7 to 36.0 µg g
−1

 (Table 3.1). Mean grain Zn concentration in 8 oldest varieties of 

Punjab (Pakistan), released during 1965–1973, was significantly greater (P<0.001) than 

the average grain Zn concentration of other varieties of Punjab (Table 3.2). However, 
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cultivated varieties of Punjab (Pakistan), released during 2003–2008, had 14% lower 

(P<0.001) grain Zn concentrations than the mean grain Zn concentration in all other 

varieties of Punjab. Previous studies, carried out on a wide range of Triticum aestivum 

germplasm, reported similar ranges of grain Zn concentration. The values reported were 

15–35 µg g
−1

 (Oury et al., 2006), 16–32 µg g
−1

 (Liu et al., 2006), 14–35 µg g
−1

 (Zhao et 

al., 2009), and 20–39 µg g
−1

 (Morgounov et al., 2007). 

 

Table 3.1. Zinc, phytate, phytate to Zn molar ratio ([phytate]:[Zn]) and estimated Zn 

bioavailability in grains of 65 bread wheat varieties 

Sr.  

No.* Variety 
Variety 

Release 

Year 

Zn 

(µg g
−1

) 

Phytate 

(mg g
−1

) 

[phytate] 

:[Zn] ratio 

estimated Zn 

bioavailability  

(mg/300 g) 

1 MexiPak-65 1965 32.6   7.87 23.9 2.15 

2 Barani-70 1970 36.0 10.33 28.4 2.02 

3 Chenab-70 1970 35.5 10.08 28.1 2.03 

4 Blue Silver 1971 34.8   8.77 25.0 2.14 

5 SA-42 1971 32.8   9.59 29.0 1.96 

6 Lyllpur-73 1973 28.9   9.12 31.3 1.84 

7 Sandal 1973 30.8   8.83 28.4 1.95 

8 Pari-73 1973 29.3 10.14 34.3 1.76 

9 Yecora-70 1975 31.6   9.55 29.9 1.92 

10 SA-75 1975 35.5   9.37 26.1 2.10 

11 Punjab-76 1976 29.8   9.82 32.7 1.81 

12 LU-26S 1977 30.4   9.77 31.8 1.84 

13 WL-711 1978 28.9   8.01 27.5 1.96 

14 Punjab-81 1981 29.1   7.17 24.4 2.07 

15 Barani-83 1983 34.8 11.13 31.7 1.90 

16 Kohinoor-83 1984 27.9   7.06 25.1 2.02 

17 FSD-83 1984 33.4   9.34 27.7 2.01 

18 Punjab-85 1985 29.6   7.62 25.5 2.04 

19 Satluj-86 1986 31.0   9.90 31.6 1.86 

20 Chakwal-86 1988 30.5   8.84 28.7 1.94 

21 Shalimar-88 1988 31.1 10.33 32.9 1.82 

22 Pasban-90 1990 28.0   8.98 31.8 1.81 

23 Watan 1990 28.3   9.69 33.9 1.75 

24 Rothas-90 1990 28.1   8.34 29.3 1.88 

25 Inqilab-91 1991 26.3 10.13 38.2 1.62 

26 Parwaz-94 1994 26.5   8.42 31.5 1.79 

27 Shakkar-95 1995 23.7   7.83 32.8 1.70 

28 Punjan-96 1996 27.6   9.75 34.9 1.72 

29 MH-97 1997 28.4   8.64 30.2 1.86 

30 Kohistan-97 1997 25.6   7.28 28.1 1.87 

31 Chenab-2000 2000 30.0   8.56 28.2 1.95 

32 Iqbal-2000 2000 24.5   8.20 33.2 1.71 

33 Aquab-2000 2000 27.6   7.84 28.1 1.91 

34 Bhakkar 2002 27.0   8.11 29.7 1.85 
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Table 3.1 continued... 

Sr.  

No.* 

Variety Variety 

Release 

Year 

Zn 

(µg g
−1

) 

Phytate 

(mg g
−1

) 

[phytate] 

:[Zn] 

ratio 

estimated Zn 

bioavailability  

(mg/300 g) 

35 AS-2002 2002 28.3   8.80 30.9 1.84 

36 Ufaq-2002 2002 29.0   9.00 30.7 1.85 

37 SH-2002 2002 29.6   9.32 31.1 1.85 

38 GA-2002 2002 32.4 10.26 31.4 1.88 

39 Manthar 2003 27.9   8.43 29.9 1.86 

40 Sehar-2006 2006 26.4   9.47 35.5 1.68 

41 Shafaq-2006 2006 27.1   8.96 32.7 1.77 

42 Fareed-2006 2006 24.8   9.18 36.7 1.63 

43 Chakwal-50 2008 24.5   8.13 32.8 1.72 

44 Miraj-08 2008 27.8 9.86 35.2 1.71 

45 Lasani-2008 2008 27.6   8.63 30.9 1.83 

46 FSD-2008 2008 24.2   9.44 38.7 1.57 

47 Sindh-81 1982 26.9   9.70 35.7 1.69 

48 TJ-83 1984 27.9   8.92 31.7 1.81 

49 Marvi-2000 2004 32.0   9.88 30.6 1.90 

50 Pak-81 1981 30.9   8.74 28.0 1.97 

51 Saleem-2000 2000 27.5   7.32 26.4 1.97 

52 Pirsabak-2005 2005 31.0   9.79 31.3 1.87 

53 Raskoh-2005 2005 33.0   8.96 26.9 2.04 

54 PBW-343 1965 24.7   8.00 32.1 1.74 

55 WL-711 1978 28.5   9.45 32.8 1.79 

56 HD-2179 1979 25.3   7.64 30.0 1.81 

57 HP-1744 1997 24.2 10.10 41.4 1.52 

58 Nacozari-76 1976 24.9   7.81 31.1 1.77 

59 Crow "S" 1980 24.5   9.40 38.0 1.60 

60 Parula 1981 29.8 10.79 35.9 1.72 

61 Chilero 1984 25.8   8.97 34.5 1.70 

62 Galvez 1993 24.2   9.00 36.9 1.61 

63 Cham-06 1991 29.3   8.24 27.9 1.95 

64 Frontana 1942 29.1 10.84 36.8 1.69 

65 Ning-8319 1992 25.5 10.35 40.2 1.56 

 Range  23.6–36.0   7.06–

11.13 

23.9– 

41.4 

1.52– 

2.15 

 Mean±SD  28.8±3.1 9.04±0.96 31.4±3.9 1.84±0.14 

*Origin of varieties: Punjab (Pakistan) 1 to 46; : Sindh (Pakistan) 47 to 49; Khyber-

Pakhtoonkhwa (Pakistan) 50 to 52;  Baluchistan (Pakistan) 53; India 54 to 57; Mexico 58 

to 62; Syria 63; Brazil 64; China 65. Estimated Zn bioavailability was calculated by using 

trivariate model of Zn absorption (Miller et al., 2007). 

 

 The mean phytate concentration in grains of tested wheat varieties was 9.0 mg g
−1

 

(Table 3.1). Minimum concentration of grain phytate, 7.1 mg g
−1

, was observed in 

Kohinoor-83 that was released in 1984, while maximum grain phytate concentration of 

11.1 mg g
−1

 was in Barani-83 released in 1983. Similarly, Liu et al. (2006) reported that 
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phytate concentration in bread wheat genotypes of china ranged from 5.2 to 9.9 mg g
−1

. 

Unlike to grain Zn concentration in wheat varieties of Punjab, grain phytate concentration 

was not significantly varied among the three groups on wheat (Table 3.2). 

 

Table 3.2.  Contrast analysis for variation in grain quality parameters with respect to the 

year of variety release in Punjab (Pakistan) 

Parameter Group I 

(n=8) 

Group II 

(n=30) 

Group III 

(n=8) 

†Contrast i:  

1,0, −1 

Contrast ii:  

1,1, −2 

Mean±SD [+]% Increase  or [–]% Decrease 

(P)
‡
 

Grain Zn 

(µg g
−1

) 

33±3 29±3 26±2  −18.1 (<0.001) −13.6 (<0.001) 

Grain phytate 

(mg g
−1

) 

9.3±0.8 8.9±1.0 9.0±0.6 −3.5 (0.784) −1.2 (0.960) 

Grain [phytate]: 

[Zn] ratio 

29±3 30±3 34±3 +15.9 (0.004) +13.4 (0.003) 

Estimated Zn 

bioavailability 

2.0±0.1 1.9±0.1 1.7±0.1 −13.1(<0.001) −10.6 (<0.001) 

† 
The three coefficients of each contrast correspond to respective group means: eight 

oldest varieties in group I, eight newest varieties in group III and rest of the varieties in 

group II. Variety group III was compared with variety group I in contrast i and with rest 

of the varieties in contrast ii. 
‡ 

Probability (P) was calculated for the year group means on the basis of Scheffe’s F-

value. 

 

3.4.2. Bioavailability of Zn in wheat grains  

There was a wide variation in grain [phytate]:[Zn] ratio in the selected wheat varieties 

(Table 3.1). The [phytate]:[Zn] ratio ranged from 24 in MexiPak-65 (released during 1965 

from Punjab, Pakistan)  to 41 in HP-1744 (released during 1997 from India). The mean 

[phytate]:[Zn] ratio in grains of tested varieties was 31. There was significant increase in 

[phytate]:[Zn] ratio in old to new varieties of Punjab (Table 3.2). 

Bioavailability of Zn in grains of different wheat varieties, estimated with the 

trivariate model of Zn absorption (Miller et al., 2007), ranged from 1.52 to 2.15 mg Zn 

for 300 g flour. Rosado et al. (2009) also estimated the Zn bioavailability in wheat flour 

by using the trivariate model. They reported that estimated Zn bioavailability, 1.6 to 2.7 

mg Zn for 300 g wheat flour, was very close to actually absorbed Zn in adult women.  

 Similarly to grain Zn concentration, estimated Zn bioavailability in new varieties 

of Punjab was significantly lower (P<0.001) as compared to rest of the varieties of Punjab 

(Table 3.2). 
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3.4.3. Relationship among Zn, phytate and year of variety release  

In the 65 bread wheat varieties, grain phytate concentration significantly and positively 

correlated (r = 0.36; P = 0.004) with grain Zn concentration (Table 3.3). However, Zn 

concentration (r = −0.36, n = 65; P = 0.003) and estimated Zn bioavailability (r = −0.27; n 

= 65; P = 0.032) negatively correlated with year of variety release. The [phytate]:[Zn] 

ratio in wheat grains, an old method to categorize food for Zn bioavailability, and 

estimated Zn bioavailability, a recently developed approach to estimate Zn bioavailability 

in daily diet, had almost a perfect negative relationship (r = −0.96, n = 65; P<0.001). 

As grain nutrients are significantly affected by region of variety origin (Zhao et 

al., 2009), the 46 varieties of Punjab (Pakistan) were separately evaluated to precisely 

describe the effect of variety release year on grain Zn concentration. Concentration of Zn 

in wheat grains decreased significantly (r = −0.70, n = 46; P<0.001) with year of variety 

release (Figure 3.1). Therefore, [phytate]:[Zn] ratio increased significantly (r = 0.51, n = 

46; P<0.001) with year of variety release (Figure 3.2). Consequently, estimated Zn 

bioavailability had a strong negative relationship (r = −0.65, n = 46; P<0.001) with year 

of variety release in Punjab (Pakistan). 

 

3.5. Discussion 

 

Variation in grain Zn concentration among wheat genotypes is an important factor that 

can be exploited in breeding for biofortification programs. The range of grain Zn 

concentration in 65 wheat genotypes, 23.7 to 36.0 µg g
−1

 (Table 3.1), was similar to 

previous studies (Liu et al. 2006; Morgounov et al. 2007; Oury et al. 2006; Zhao et al. 

2009). This suggests that genetic variation exists in bread wheat genotypes that can be 

advantageous in breeding programs to increase grain Zn concentration in new wheat 

genotypes. Also, the soil used for the experiment was marginally Zn deficient (0.72 mg 

kg
−1

) for healthy plant growth (Bansal et al., 1990). However, grain Zn accumulation 

significantly depends on the soil Zn status (Alloway, 2009). Therefore, Zn fertilizer 

approaches should also be focused for increased grain Zn concentration. 

 Due to anti-nutritional role of phytate, [phytate]:[Zn] ratio is considered an 

important parameter of Zn bioavailability of any diet. A [phytate]:[Zn] ratio of 15 or more 

is highly undesirable for Zn absorption in human intestine (Brown et al., 2001). The 
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[phytate]:[Zn] ratio in the grains of tested wheat varieties ranged from 24 to 41 (Table 

3.1). Therefore, bioavailability of grain Zn from the selected varieties was very low.  

 

Table 3.3. Relationship (Pearson correlation coefficients, r) among different variables in 

grains of 65 bread wheat varieties 

 
Estimated Zn 

 bioavailability 
Phytate 

[Phytate]:[Zn] 

ratio 
Variety release year 

Phytate  

(P value) 

− 0.33  

(0.008)* 

   

[Phytate]:[Zn] ratio − 0.96  

(<0.001) 

   0.56  

(<0.001)* 

  

Variety release year − 0.27  

(0.032) 

− 0.15  

(0.230) 

   0.18  

(0.156) 

 

Zn    0.76  

(<0.001)* 

   0.36  

(0.004) 

− 0.56  

(<0.001)* 

− 0.36  

(0.003) 

[Phytate]:[Zn] ratio is phytate to Zn molar ratio; *correlation effect was confounded as 

parameters were mathematically related  

 

 

 
Figure 3.1. Relationship of Zn and phytate concentrations in grains of 46 bread wheat 

varieties with the year of variety release in Punjab (Pakistan) 
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 Recent advances in modeling of Zn absorption allow the estimation of Zn 

bioavailability from diets of known composition (Hambidge et al., 2010). Zinc 

bioavailability, estimated with trivariate model of Zn absorption, was only 21±3% of total 

grain Zn (Table 3.1). This indicated that wheat grains have lower bioavailability of Zn as 

compared to mixed diet. Heavy reliance on wheat grains for daily diet may lead to Zn 

deficiency due to inadequate amount of dietary Zn. On the other hand, intake of dietary 

Zn may be sufficient especially in urban areas (Akhter et al., 2002); however, its 

bioavailability is questionable. 

 
Figure 3.2. Relationship of phytate to Zn molar ratio ([phytate]:[Zn]) and estimated Zn 

bioavailability in grains of 46 bread wheat varieties with the year of variety release in 

Punjab (Pakistan)  
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varieties release (Table 3.3). This was also evident from contrast and correlation analysis 

of old to new varieties of Punjab (Table 3.2, Figure 3.1 and 3.2). The significant decrease 

in grain Zn concentration with year of cultivar registration has previously been reported 

by Zhao et al. (2009). Lower grain Zn concentrations in newly developed genotypes can 

be correlated to the dilution effect of higher grain yields on grain Zn concentration (Fan et 

al., 2008; Zhao et al., 2009). Under current food scarcity and mineral malnutrition 

scenario, breeder has to answer both the farmers (increased grain yield) and human 

nutritionists (increased Zn bioavailability) (Morris and Sands, 2006). However, breeding 

for higher Zn bioavailability will be a tough task for breeders as grain Zn concentration 

was positively correlated with grain phytate concentration (r = 0.36, n = 65; P = 0.004) 

(Table 3.3).   

 

3.6. Conclusions 

 

The bioavailability of Zn from grains of selected wheat varieties was low as indicated by 

[phytate]:[Zn] ratio and estimated Zn bioavailability. Furthermore, Zn concentration and 

Zn bioavailability were significantly decreasing with year of variety release. On average 

basis, currently cultivated wheat varieties in Punjab, Pakistan (released during 2003–

2008) had 18% less grain Zn concentration and 13% less estimated Zn bioavailability 

when compared to old varieties of Punjab, Pakistan (released during 1965–1973). Such a 

decreasing in a short period is alarming especially for population groups heavily relied on 

wheat for daily diet. Therefore, an effective breeding program (Welch and Graham, 2004) 

with optimized agronomic approaches (Cakmak, 2008; Rengel et al., 1999) is urgently 

needed for restoring and improving the Zn bioavailability in grains of cultivated bread 

wheat of Pakistan. 
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Chapter 4 

 

ZINC BIOAVAILABILITY IN GRAINS OF 

PAKISTANI BREAD WHEAT VARIETIES 

IN RELATION TO GRAIN YIELD AND 

YEAR OF VARIETY RELEASE 

 

4.1. Abstract 

 

 Estimating variation in grain mineral concentrations and their bioavailability in relation 

to grain yield and the year of variety release is important for breeding wheat with 

increased mineral bioavailability. The grain yield and yield components, grain phytate 

concentration, and concentration and bioavailability of minerals (Zn, Fe and Ca) in wheat 

grains were estimated in 40 wheat varieties released in Punjab (Pakistan) during the last 5 

decades. Mean grain Zn and Ca concentrations in currently-cultivated varieties were 

significantly (P<0.001) lower (by ≥ 14%) than in obsolete varieties released during the 

Green Revolution (1965–1976). Much of this variation was related to increased grain 

weight in currently-cultivated varieties. There was a positive correlation among minerals 

(r = 0.39 or higher, n = 40) and minerals with phytate in wheat grains (r = 0.38 or higher, 

n = 40). The tested varieties varied widely in grain yield and grain [phytate]:[mineral] 

ratio. Compared to obsolete varieties, the currently-cultivated varieties had a higher 

[phytate]:[mineral] ratio in grains, indicating poor bioavailability of minerals to humans. 

The study revealed a non-significant (P>0.050) relationship between grain yield and 

[phytate]:[mineral] ratios in grains. Therefore, breeding for lower [phytate]:[mineral] 

ratios in wheat grains can ensure increased mineral bioavailability without significant 

reduction in the yield potential. Conclusively, future breeding should be focused on 

developing new genotypes suitable for mineral biofortification and with increased mineral 

bioavailability in grains.  

 

4.2. Introduction 

 

Green Revolution in 1960s played a major role worldwide in balancing the supply-

______________ 

The study is published in ‘Euphytica (2012) 186: 153–163’ and entitled ‘Mineral bioavailability in 

grains of Pakistani bread wheat declines from old to current cultivars ’. The authors were S. Hussain, 

M.A. Maqsood, Z. Rengel and M.K. Khan.  
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demand equation for wheat grain. This was made possible by the introduction of high-

yielding, fertilizer responsive and semi dwarf wheat genotypes. At present, wheat grains 

are a major dietary component in Pakistan and several other countries, especially in 

central and western Asia (FAO, 2012a; 2012b). On average, per capita reliance on wheat 

for daily food in Pakistan is 60% greater than in the rest of the world (FAO, 2012a).  

Most of the wheat production in Pakistan comes from the Punjab province that has over 

6.8 million ha under wheat cultivation. In 2009, Pakistani Punjab produced 18.4 million t 

of wheat that was 77% of the total wheat production in Pakistan (MINFAL, 2009) and 

2.7% of the total wheat production in the world (FAO, 2012b). 

 In Punjab (Pakistan) and most of the other regions of the world, high grain yields, 

resistance to diseases and lodging, and lower farming costs have been the prime goals of 

wheat breeding (Bouis and Welch, 2010; Rengel and Römheld, 2000). In contrast, grain 

quality characteristics, especially mineral densities in wheat grains, have been ignored till 

now. As a result, grains of the cultivated wheat varieties might have relatively low 

mineral densities (Fan et al., 2008; please also see Chapter 2). 

 Minerals (such as Zn, Fe and Ca) are essential for plants, humans and animals. 

However, recommended daily dietary intake of these minerals is generally not achieved 

by the human population in developing countries (Brown et al., 2001; Gibson, 2006; 

2012; WHO, 2002). Heavy reliance on cereal grains that are inherently low in essential 

minerals has led to deficiencies and health concerns in the human population (Gibson, 

2012; White and Broadley, 2009). Deficiencies of Zn and Fe are major causes of diseases 

and deaths in the developing countries (WHO, 2002). In Pakistan, about 10 million 

children (under 5 years of age) and 9.2 million women of child-bearing age suffer from 

Fe deficiency anemia, and about 10.5 million children (under 5 years of age) and 15 

million women of child-bearing age have Zn deficiency (Ministry of Health, 2009). 

Along with Zn and Fe, deficiency of Ca is also a human health concern in Pakistan and 

other developing countries (Fatima et al., 2009; White and Broadley, 2009).  

 Biofortification of cereal grains with essential minerals that are deficient in a 

human diet has been suggested as a sustainable solution to Zn deficiency in human beings 

(Bouis and Welch, 2010; Ficco et al., 2009). Application of mineral fertilizers, breeding 

for mineral biofortification and genetic engineering for greater uptake from soil and 

increased remobilization of minerals from vegetative parts to developing grains are 

important approaches to increase mineral density in grains (Cakmak, 2008; Graham et al., 

1999; Uauy et al., 2006; Waters et al., 2009; Wang et al., 2008). Conversely, the mineral 
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bioavailability in wheat grains can also be increased by decreasing phytate (an anti-

nutrient) in staple food grains by diminishing activity of enzymes in the phytate 

biosynthetic pathway and over-expressing phytase (White and Broadley, 2009). Phytate 

binds Zn, Fe, Ca and other minerals to form insoluble complexes and thus hinders 

absorption of these minerals into the human body (Weaver and Kannan, 2002). Therefore, 

the [phytate]:[mineral] ratio in wheat grains is used to categorize food for mineral 

bioavailability (Brown et al., 2001). The [phytate]:[Zn] ratio based qualitative 

categorization of human food, however, lacks inclusion of latest findings relating to Zn 

absorption mechanisms in human intestine. Estimated Zn bioavailability based on 

trivariate model of Zn absorption, on the other hand, gives quantitative estimation of Zn 

bioavailability by considering Zn absorption in human intestine as a saturable process 

(Hambidge et al., 2010; Miller et al., 2007). 

 Biofortification of wheat grains with essential minerals is an economical approach 

to solve mineral deficiencies in humans (Scrimgeour et al., 2011; Stein et al., 2007). This 

demands selection criteria to underpin integration of increased grain yields with increased 

mineral concentrations in grains (Morris and Sands, 2006). For this purpose, 

determination of relationships between grain mineral concentrations and grain yield in a 

wide range of wheat varieties is required. A relationship among different yield 

components with mineral concentrations and bioavailability also needs precise 

description. However, such data are not available regarding wheat varieties of Punjab 

(Pakistan). Therefore, a study was undertaken to evaluate the genetic variability of Zn, 

Fe, Ca and phytate concentrations in the grains of 40 wheat varieties ranging from 

obsolete ones (released during 1965–1976) to currently-cultivated varieties (released 

during 2001–2008) in Punjab (Pakistan). The relationships among grain yield, yield 

components, grain concentration and bioavailability of minerals, and year of varieties 

release were estimated. Varieties were finally characterized for high grain yields and high 

mineral bioavailability in wheat grains. 

 

4.3. Materials and Methods 

 

4.3.1. Wheat varieties and field experiment 

Forty bread wheat varieties, officially released for cultivation in Punjab (Pakistan), were 

selected for the study (Chapter 3). These included Green Revolution (released during 
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1965–1976, n = 11), post-Green Revolution (released during 1977–1988, n = 9), recently 

discontinued (released during 1989–2000, n = 9) and currently-cultivated (released during 

2001–2008, n = 11) (Table 4.1) varieties. 

  Before sowing, randomized soil samples (eight samples each at 0–15 cm depth) 

were collected from the field (Typic Calciargid). Plant-available Fe and Zn in the soil, 

extracted by 0.005 M DTPA (Lindsay and Norvell, 1978), were 0.72±0.03 and 3.63±0.08 

mg kg
−1

, respectively. These micronutrients were determined using an atomic absorption 

spectrophotometer (PerkinElmer, AAnalyst 100, Waltham, USA). Various other soil 

characteristics are discussed in Chapter 3 (Section 3.3.1). 

 Wheat varieties were sown in November 2009 at the Wheat Research Institute, 

Faisalabad, Pakistan (31.384°N, 73.037°E). Each variety was sown in six-row plots in 

three blocks; rows were 5.0 m long and 0.2 m apart. Sowing density was 400 seeds per 

m
2
. Application of macronutrient fertilizers was based on general recommendation for 

irrigated wheat (FAO, 2004). Plants were supplied with uniform basal rates of N (60 kg 

ha
−1

), P (90 kg ha
−1

) and K (50 kg ha
−1

) by applying urea, di-ammoniun hydrogen 

phosphate and potassium sulphate. The remaining dose of N (60 kg ha
−1

) was applied 45 

days after sowing. Plots were irrigated with canal water throughout the growing season. 

Varieties were harvested at maturity in April 2010. 

  

4.3.2. Plant sampling and analysis 

At maturity, 50 tillers of each variety from each block were randomly selected and 

measured for plant height. The spikes from these tillers were measured for length and 

threshed to count number of grains per spike. Grain weight (mean weight per kernel) was 

calculated from the mean weight of three replicates of 100 grains each and adjusted to 

13% (w/w) moisture content for all varieties. For grain and straw yields, whole plots were 

harvested manually and threshed to separate grains. Grain yield of varieties was adjusted 

to 13% (w/w) moisture content; both grain and straw yields were reported as t ha
−1

. 

Harvest index was calculated as the ratio of grain yield to total above-ground biomass. 

 For chemical analysis, subsamples of threshed grain and wheat straw were dried at 

60°C for 48 h in an air-forced oven (Liu et al., 2006). Oven-dried samples were ground 

with a Wiley mill to pass through a 0.5-mm sieve. Known weights of ground samples 

were digested in a di-acid (HNO3:HClO4 ratio of 2:1) mixture (Jones and Case, 1990). 

Concentrations of Zn, Fe and Ca in the digest were estimated by an atomic absorption 
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Table 4.1.  Groups of bread wheat varieties of Punjab (Pakistan) grown in the study 

Sr. 

No. 

Variety Parentage Release 

Year 

(I) Green Revolution Varieties  

1 MexiPak-65  PJ62"S"-GB-55 1965 

2 Chenab-70  C271-WT(E)//SON 64 1970 

3 Barani-70 (PIT-GB/C271 1970 

4 SA-42 C271-LR64/SON 64 1971 

5 Blue Silver  II-54-388-AN(YT.54-N 10B/LR 64) 1971 

6 Lyllpur-73  BB-NOR 67 1973 

7 Sandal  CNO//SN64/KL.REND/3/8156 1973 

8 Pari-73  CNO'S'//SON/KL.REND/M.PAK 1973 

9 Yecora-70  CNO'S'//SON-KL.REND/8156 1975 

10 SA-75  NAI60-CB151/S.948)M.PAK 1975 

11 Punjab-76  NA160-CB151XS.948)M.PAK 1976 

(II) Post-Green Revolution Varieties  

12 LU-26S  BLS-KHUSHAL 69 1977 

13 WL-711  S308/CHRIS//KAL 1978 

14 Punjab-81  INIA/SON 64-P.4160(E)//SON 64 1981 

15 Pak-81  KVZ/BUHO//KAL/BB 1981 

16 Barani-83  BB-GALLO/GTO-7C//BB-CNO 1983 

17 Kohinoor-83  OREF1 158-FDL/MEXFEN'S'-TIBA63)C0C75 1984 

18 Faisalabad-83  FURY/KAL-BB 1984 

19 Punjab-85 KVZ/TRM//PTM/ANA 1985 

20 Chakwal-86  FORLANI-ACCICO 10/ANA 75 1988 

(III) Recently Discontinued Varieties  

21 Pasban-90  INIA66/A.DISTT//INIA66/3/GEN81 1990 

22 Rothas-90  INIA66/A.DISTT//INIA66/3/GEN81 1990 

23 Inqilab-91  WL711/CROW'S' 1991 

24 Parwaz-94  (V.5648)CNO'S'/LR64//SON64/3/SON/4/PRL'S' 1994 

25 Shakkar-95  WL711//F3.71/TRM 1995 

26 Punjan-96  SA42/3/CC/INIA//BB/INIA/4/CNO/HD832 1996 

27 Aqab-2000  CROW'S'/NAC//BOW'S' 2000 

28 Chenab-2000  CBRD 2000 

29 Iqbal-2000  BURGUS/SORT-12-13//KAL/BB/3/PAK-81 2000 

(IV) Currently-cultivated Varieties  

30 SH-2002  INQLAB-91/FINK’S 2002 

31 AS-2002 
KHP/D-31708//CM-74-A-370/CIANO79/RL-

6043/4*NAC 
2002 

32 Bhakkar-2002 P-20102/PIMA//SKA/3/TTR’S'/BOW’S’ 2002 

33 Ufaq-2002  V.84/33/V.83150 2002 

34 GA-2002 PBW343 2002 

35 Sehar-2006  CHILL/2*STAR/4/BOW/CROW//BUC/PVN/3/ 2006 

36 Shafaq-2006  LU-26/HD-2179//2*INQ-91 2006 

37 Fareed-2006  
PTS/3/TOB/LFN//BB/HD832-5//ON/5/4-

V/ALD’S’//HPO’S’ 
2006 

38 Faisalabad-2008  PBW62/2*PASTOR 2008 

39 Lasani-2008  LUAN/KOH-97 2008 

40 Miraj-08  SPARROW / INIA // V.7394 / WL 711//3/ BAU’S’ 2008 

All varieties were officially released for cultivation in Punjab (Pakistan) 
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spectrophotometer (PerkinElmer, AAnalyst 100, Waltham, USA). For phytate 

determination, 60 mg of finely ground grain samples were extracted with 10 mL of 0.2 N 

HCl at room temperature for 2 h under continuous shaking. Phytate in the extract was 

determined on spectrophotometer (Shimadzu, UV-1201, Kyoto, Japan) by measuring pink 

color that was developed by un-reacted Fe(III) and 2,2
′
-bi-pyridine (Haug and Lantzsch, 

1983). A brief description of the method is given in Chapter 3 (Section 3.3.2). 

Relative mineral (Zn, Fe and Ca) bioavailability in grains of wheat varieties were 

estimated as [phytate]:[mineral] ratios in grains (Brown et al., 2001; Weaver and Kannan, 

2002). Zinc bioavailability in wheat grains was also quantitatively estimated by 

employing trivariate model of Zn absorption (Hambidge et al., 2010; Miller et al., 2007; 

Rosado et al., 2009). Please see Chapter 3 (Section 3.3.3) for more details about the 

quantitative estimation of Zn bioavailability. 

 

4.3.3. Data analysis 

Forty wheat varieties were separated into four groups: Green Revolution, post-Green 

Revolution, recently discontinued and currently-cultivated varieties (Table 4.1). 

Currently-cultivated varieties were compared with the rest using four suitable contrasts 

(Table 4.2 and 4.3). As desired contrasts were not orthogonal, Scheffe’s F values were 

used to control the experiment-wise error rate. Pearson correlation coefficients, r, were 

used to study the interrelationship among the studied parameters (Steel et al., 1997). 

Statistical significance for all parameters was tested at α = 0.05. To characterize varieties 

for increased grain yield and increased mineral bioavailability, grain yield of the varieties 

was plotted against [phytate]:[mineral] ratios in grains. Statistical analysis and data 

computations were done on Microsoft Excel 2007® (Microsoft Corporation, 

Redmond, WA, USA) and Statistix 9® (Analytical Software, Tallahassee, USA). 

 

4.4. Results 

 

4.4.1. Variation in yield and concentration of minerals 

Grain yield ranged from 2.6 to 4.6 t ha
−1

 with an average value of 3.5 t ha
−1

 (Table 4.2). 

Contrast analysis indicated that mean grain yield was 14% greater in currently-cultivated 

varieties than all the other studied varieties of wheat (Table 4.3). The mean difference in 

straw yield between the currently-cultivated varieties and other three variety groups was 

non-significant (P = 0.994), although plant height of the currently-cultivated varieties was 
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6% less (P = 0.001) than in all the other varieties. Harvest index and grain weight were 

respectively 7.2 and 19% greater in the currently-cultivated varieties compared to all the 

other varieties. Differences in yield and yield components were most obvious between 

currently-cultivated and Green Revolution to post-Green Revolution varieties. 

   

Table 4.2.  Ranges and mean values of various plant parameters with respect to the year 

of variety release 

Parameter Mean±SD 

(Range) 

Year group means* 

I II III IV 

Grain Yield (t ha
−1

) 3.5±0.5 

(2.6–4.6) 

3.36 3.17 3.73 3.90 

Straw Yield (t ha
−1

) 5.2±0.7 

(3.8–6.4) 

5.40 5.21 4.88 5.20 

Harvest Index 0.41±0.04 

(0.31–0.47) 

0.385 0.380 0.434 0.428 

Grain Weight (mg kernel
-1

) 30±6 

(22–42) 

27.7 28.2 30.1 34.1 

Plant Height (cm) 97±8 

(82–116 

98 105 93 93 

Grain Zn  (µg g
−1

) 29±3 

(24–36) 

32.2 29.8 27.3 27.3 

Grain Fe  (µg g
−1

) 38±4 

(32–46) 

39.6 38.9 37.9 37.1 

Grain Ca  (µg g
−1

) 316±39 

(230–405) 

343 324 292 401 

Grain phytate (mg g
−1

) 9±1 

(7–11) 

9.40 8.72 8.45 8.75 

Grain [phytate]:[Zn] ratio 27±3 

(22–34) 

26.2 26.0 27.7 28.7 

Grain [phytate]:[Fe]  ratio  20±2 

(14–24) 

20.3 19.1 19.0 20.0 

Grain [phytate]:[Ca] ratio  1.7±0.2 

(1.2–2.3) 

1.68 1.63 1.76 1.80 

Estimated Zn bioavailability 2.0+0.1 

(1.8–2.3) 

2.10 2.07 1.97 1.94 

*Variety year groups included: (I) Green Revolution (released during 1965–1976, n=11), 

(II) post-Green Revolution (released during 1977–1988, n= 9), (III) recently discontinued 

(released during 1989–2000, n= 9) and (IV) currently-cultivated varieties (released during 

2001–2008, n=11) of Pakistani bread wheat. 

 

In the selected 40 varieties, grain Zn concentration ranged from 24 to 36 µg g
−1

, 

with an average value of 29 µg g
−1

 (Table 4.2). Mean grain Zn concentrations in the 

currently-cultivated varieties and Green Revolution varieties were respectively 27 and 32 

µg g
−1

, with 18% lower grain Zn concentration in the currently-cultivated varieties (Table 

4.3). Grain concentrations of Ca ranged from 230 to 405 µg g
−1

 and of Fe 32 to 46 µg g
−1

. 
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The mean grain Ca concentration in the currently-cultivated varieties was 14% lower than 

in Green Revolution varieties. However, grain Fe concentration in the currently-cultivated 

varieties was non-significantly different than the mean of all other varieties. 

 

4.4.2. Bioavailability of grain minerals 

Mean phytate concentration in grains of 40 wheat varieties was 9 mg g
−1

 and ranged from 

7 to 11 mg g
−1

 (Table 4.2). Mean grain phytate concentration in the four groups of wheat 

varieties ranged from 8.5 to 9.4 mg g
−1

, maximum being in Green Revolution varieties. 

Mean phytate concentration in grains of currently-cultivated varieties was significantly (P 

= 0.047) lower than in Green Revolution varieties (Table 4.3).  

 The mean [phytate]:[Zn] ratio in grains of 40 varieties was 27 and ranged from 22 

to 34 (Table 4.2). On average, the grain [phytate]:[Zn] ratio was 7.6% greater in 

currently-cultivated varieties than all the other varieties tested (Table 4.3). Estimated Zn 

bioavailability (i.e. a quantitative estimation of Zn bioavailability) was maximum (2.10 

mg Zn for 300 g wheat flour) in obsolete varieties compared to currently-cultivated 

varieties. The mean [phytate]:[Fe] and [phytate]:[Ca] ratios in wheat grains were 

respectively 20 and 1.7. The [phytate]:[Fe] ratio in wheat grains ranged from 14 to 24; 

however, there were non-significant (P = 0.806) differences between the currently-

cultivated varieties and groups of others varieties. The mean grain [phytate]:[Ca] ratio 

was significantly (P = 0.038) greater in currently-cultivated varieties than in post-Green 

Revolution varieties (released during 1977–1988). 

 

4.4.3. Relationships among measured parameters in 40 varieties 

Grain yield (t ha
−1

) of the selected 40 varieties was significantly and positively related 

with grain weight (r = 0.57) and harvest index (r = 0.66) (Table 4.4). There were 

significant positive relationships between the year of variety release and grain yield (r = 

0.50), harvest index (r = 0.53) and grain weight (r = 0.45). Both grain yield (r = −0.34) 

and grain weight (r = −0.35) had a negative relationship with the number of grains per 

spike. Plant height had a significant negative relationship with the year of variety release 

(r = −0.41), harvest index (r = −0.61) and grain yield (r = −0.44). 

Concentrations of Fe and Ca in straw were positively but non-significantly 

(P>0.05), related to their respective concentrations in wheat grains (Table 4.4). However, 

straw Zn concentration had a significant positive relationship with grain Zn concentration 

(r = 0.51). Grain yield had a strong negative relationship with grain concentrations of Zn  
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Table 4.3.  Contrast analysis for variation in plant parameters with respect to the year of 

variety release 

Parameter 
†
Contrast  

i: 

−1,0,0,1 

Contrast  

ii: 

0,−1,0,1 

Contrast 

iii: 

0,0,−1,1 

Contrast 

iv: 

−1,−1,−1,3 

% Increase [+] or % Decrease [–] (P)
‡
 

Grain Yield (t ha
−1

) +15.9  

(<0.001) 

+23.0 

(<0.001) 

+4.5  

(0.456) 

+13.9 

 (<0.001) 

Straw Yield (t ha
−1

) −3.9 

(0.644) 

−0.2 

(1.000) 

+6.6 

(0.291) 

+0.7 

(0.994) 

Harvest Index +11.2  

(<0.001) 

+12.8 

(<0.001) 

−1.4 

(0.930) 

+7.2 

(0.001) 

Grain Weight (mg 

kernel
−1

) 

+23.2  

(<0.001) 

+20.8 

(<0.001) 

+13.4 

(0.0276) 

+19.0 

(<0.001) 

Plant Height (cm) −5.5 

(0.028) 

−13.2 

(<0.001) 

−0.4 

(0.997) 

−6.1 

(0.001) 

Grain Zn  (µg g
−1

)  −18.0  

(<0.001) 

−9.3 

(0.001) 

−0.1 

(1.000) 

−9.1 

(<0.001) 

Grain Fe  (µg g
−1

) −6.6 

(0.064) 

−5.0 

(0.291) 

−2.2 

(0.856) 

−4.6 

(0.162) 

Grain Ca  (µg g
−1

) −13.9  

(<0.001) 

−7.7 

(0.088) 

+3.0 

(0.815) 

−6.2 

(0.076) 

Grain phytate (mg g
−1

) −7.4 

(0.047) 

+0.3 

(0.999) 

+3.5 

(0.613) 

−1.2 

(0.967) 

Grain [phytate]:[Zn] ratio +9.3 

(0.002) 

+10.1 

(0.001) 

+3.5 

(0.495) 

+7.6 

(0.002) 

Grain [phytate]:[Fe]  ratio  −1.5 

(0.949) 

+4.6 

(0.515) 

+4.9 

(0.588) 

+2.6 

(0.806) 

Grain [phytate]:[Ca] ratio  +6.9 

(0.190) 

+10.1 

(0.038) 

+1.8 

 (0.954) 

+6.2 

(0.138) 

Estimated Zn 

bioavailability 

−8.4 

 (<0.001) 

−6.9 

 (<0.001) 

−1.6 

 (0.715) 

−5.6 

 (<0.001) 
† 

The four coefficients of each contrast are for the year group means from one to four 

(given in table 4.2). Variety group IV was compared with variety group I (contrast i), with 

variety group II (contrast ii), with variety group III (contrast iii), and with rest of the 

groups (II, III and III) (contrast iv). 
‡ 

Probability (P) was calculated for the year group means on the basis of Scheffe’s F-

value. 

 

and Ca (r = −0.49 for both Zn and Ca). Grain weight was an important variable that 

negatively correlated with grain concentrations of Zn (r = −0.44), Fe (r = −0.29) and Ca (r 

= −0.61). Grain Zn (r = −0.67) and Ca (r = −0.52) concentrations were also negatively 

related to the year of variety release in Punjab. Moreover, a positive relationship (at least 
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r = 0.38) existed among the concentrations of three minerals (Zn, Fe and Ca) in wheat 

grains. 

Phytate concentration in grains of 40 wheat varieties was negatively correlated 

with grain yield (r = −0.37) (Table 4.4). Moreover, grain phytate concentration was 

positively and significantly correlated with grain Zn (r = 0.60), Fe (r = 0.38) and Ca (r = 

0.44) concentrations. The grain [phytate]:[Zn] (r = 0.44) and [phytate]:[Ca] ratios (r = 

0.31) were significantly and positively related to the year of variety release. However, the 

relationship was non-significant for [phytate]:[Fe] ratio in wheat grains. The 

[phytate]:[mineral] ratio had a significant negative relationship with the number of grains 

per spike and a non-significant relationship with grain yield. Estimated Zn bioavailability 

was also negatively related (r = −0.31) with grain weight; however, it was positively 

related (r = 0.34) with number of grains per spike. 

 

4.4.4. Characterizing varieties for increased bioavailability of minerals 

Most currently-cultivated varieties had high yield and a high [phytate]:[Zn] ratio in grains 

(Figure 4.1a). The highest grain yield was produced by Lasani-2008; however, the grain 

[phytate]:[Zn] ratio of this variety was also higher than the average of the 40 varieties. 

Wheat varieties such as Punjab-81 and MexiPak-65 had the lowest [phytate]:[Zn] ratio in 

grains; however, their yield potential was also low. Bhakkar-2002 was a dominant wheat 

variety that had optimum grain yield and a low [phytate]:[Zn] ratio in grains. When wheat 

varieties were planted for grain yield and estimated Zn bioavailability, most of the 

varieties with high estimated Zn bioavailability in grains were low yielding varieties 

(Figure 4.1b). Minimum estimated Zn bioavailability was in grains of Shafaq-2006, 

which produced optimum grain yield. 

 The minimum [phytate]:[Fe] ratio in grains was in Kohinoor-83 and maximum 

was in SA-42 (Figure 4.2a). Varieties such as Bhakkar-2002, Rothas-90 and Yecora-70 

were relatively desirable for increased grain yields and a low [phytate]:[Fe] ratio in wheat 

grains. Bhakkar-2002 also had a low [phytate]:[Ca] ratio in grains (Figure 4.2b). The 

highest grain [phytate]:[Ca] ratio was in Lasani-2008, which also produced the highest 

grain yield. The minimum grain [phytate]:[Ca] ratio was in the oldest variety tested, 

MaxiPak-65.  
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 Table 4.4.  Relationship (Pearson correlation coefficients, r) among various parameters 

of 40 bread wheat varieties of Punjab (Pakistan)  

 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

(1)*           

(2) 0.15          

(3) 0.66 −0.64         

(4) 0.57 −0.16 0.55        

(5) −0.34 −0.26 −0.07 −0.35       

(6) 0.20 0.29 −0.05 −0.68 0.12      

(7) 0.37 0.41 0.00 −0.29 −0.63 0.68     

(8) −0.27 0.17 −0.35 −0.35 0.47 0.17 −0.21    

(9) −0.44 0.35 −0.61 −0.22 0.10 −0.17 −0.18 0.24   

(10) −0.41 0.14 −0.42 −0.45 0.05 0.20 0.14 −0.14 0.09  

(11) −0.14 0.03 −0.13 −0.09 0.06 0.03 0.00 −0.04 −0.07 0.56 

(12) 0.18 0.09 0.08 0.02 0.00 0.15 0.17 0.04 −0.24 0.38 

(13) −0.49 0.31 −0.61 −0.44 0.09 0.10 0.03 0.05 0.40 0.52 

(14) −0.26 0.15 −0.32 −0.29 0.31 0.12 −0.13 0.11 0.13 0.20 

(15) −0.49 0.41 −0.68 −0.61 0.26 0.29 0.06 0.37 0.37 0.50 

(16) −0.37 0.40 −0.59 −0.26 −0.24 −0.01 0.13 −0.07 0.28 0.40 

(17) 0.14 0.11 0.01 0.20 −0.38 −0.12 0.13 −0.14 −0.15 −0.12 

(18) −0.13 0.25 −0.29 0.00 −0.49 −0.11 0.24 −0.16 0.15 0.22 

(19) 0.23 −0.02 0.18 0.42 −0.47 −0.28 0.07 −0.45 −0.12 −0.16 

(20) −0.29 0.02 −0.23 −0.31 0.34 0.12 −0.10 0.12 0.27 0.29 

(21) 0.50 −0.19 0.53 0.45 −0.13 −0.08 0.00 −0.25 −0.41 −0.39 

           

  (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) 

(12) 0.60                   

(13) 0.14 0.01                

(14) 0.08 −0.11 0.39              

(15) 0.22 0.2 0.59 0.43            

(16) 0.09 −0.13 0.6 0.38 0.44          

(17) −0.07 −0.15 −0.43 −0.01 −0.14 0.46        

(18) 0.03 −0.02 0.25 −0.46 0.05 0.64 0.45      

(19) −0.12 −0.32 −0.07 −0.13 −0.64 0.39 0.52 0.49    

(20)  0.11  0.14  0.71  0.14  0.34  −0.13  −0.94  −0.25  −0.43   

(21) −0.06 −0.22 −0.67 −0.27 −0.52 −0.27 0.44 −0.05 0.31 −0.61 

n= 40; significant (P<0.05) if r ≥ 0.31; highly significant (P<0.01) if r ≥ 0.40.  

*(1) Grain yield; (2) Straw yield; (3) Harvest index; (4) Grain weight; (5) Gains per 

spike; (6) Grains per unit area; (7) Tillers per unit area; (8) Spike length; (9) Plant 

height; (10) Straw Zn concentration; (11)  Straw Fe  concentration; (12) Straw Ca  

concentration; (13) Grain Zn  concentration; (14) Grain Fe  concentration; (15) Grain Ca  

concentration; (16) Grain phytate concentration; (17) Grain [phytate]:[Zn] ratio; (18) 

Grain [phytate]:[Fe]  ratio; (19) Grain [phytate]:[Ca]  ratio; (20) Estimated Zn 

bioavailability; (21) Variety release year. 
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Figure 4.1.  Categorizing wheat varieties for (a) grain yield against grain [phytate]:[Zn] 

ratio and (b) grain yield against estimated Zn bioavailability in grains.  

(●) Green Revolution (released during 1965–1976, n=11), (○) post-Green Revolution 

(released during 1977–1988, n= 9), (■) recently discontinued (released during 1989–

2000, n= 9) and (□) currently-cultivated varieties (released during 2001–2008, n=11)  
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Figure 4.2.  Categorizing wheat varieties for (a) grain yield against grain [phytate]:[Fe] 

ratio and (b) grain yield against grain [phytate]:[Ca] ratio  (●) Green Revolution (released 

during 1965–1976, n=11), (○) post-Green Revolution (released during 1977–1988, n= 9), 

(■) recently discontinued (released during 1989–2000, n= 9) and (□) currently-cultivated 

varieties (released during 2001–2008, n=11)  
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4.5. Discussion 

 

Increased grain yield and resistance to various stresses have been the prime objectives of 

wheat breeding in Punjab (Pakistan). Therefore, currently-cultivated varieties have a 

higher yield potential than obsolete varieties released during 1965–2000. Much of this 

appears to have been achieved through increased grain weight that also resulted in 

increased harvest index in the currently-cultivated varieties of bread wheat. Some authors 

reported very weak to no relationship between grain weight and grain yield (McDonald et 

al., 2008; Sadras, 2007). However, when varieties were selected on the basis of release 

year, grain weight was strongly related with grain yield (Morgounov et al., 2010; Zhao et 

al., 2009), a result similar to the present study (Table 4.4). Morgounov et al. (2010) also 

reported that the number of grains per unit area is an important parameter that 

significantly contributed to high grain yields of new varieties. In present study on 

varieties released in Punjab (Pakistan), however, the number of grains per unit area was 

only weakly related with grain yield (r = 0.20) (Table 4.4). On the other hand, number of 

grains per spike had a negative relationship (r = −0.34) with grain yield of tested 40 

varieties. This unexpected negative correlation might have been due to a deliberate 

selection strategy by Punjab breeders for higher grain weights over past 50 years. 

The reported range of mineral concentrations in grains was similar to previous 

investigations on bread wheat genotypes (Joshi et al., 2010; Liu et al., 2006; Murphy et 

al., 2008); however, the reported range of 230–405 µg Ca g
−1

 was narrower as compared 

to an old literature where it was 250–729 µg Ca g
−1 

(Graham et al., 1999). Grain Ca 

concentration was not optimum for human consumption even when there is surplus 

supply of Ca to plants grown on calcareous soils. A wide variation in grain concentrations 

of Zn, Fe and Ca in wheat varieties (Table 4.2) can be exploited in breeding programs and 

in recommending varieties for biofortification. The concentrations of Zn and Ca were 

negatively correlated with grain yield and the year of variety release (Table 4.4). A 

decrease in concentration of Zn (Zhao et al., 2009) and other minerals (Fan et al., 2008) in 

new wheat varieties is well established. Partially, this decreasing mineral density is due to 

a dilution effect caused by increased yields. McDonald et al. (2008) reported that about 

30 to 57% of variation in grain Zn concentration was related to the difference in grain 

yield of wheat varieties. A dilution effect arises if starchy endosperm of grains increases 

in size more than mineral-rich embryo and bran. Zhao et al. (2009) reported that an 
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increase in grain yield in new varieties resulted in a significant decrease in bran yield. 

Results of present study also indicated that an increase in grain weight negatively 

correlated with mineral concentrations in grains of wheat varieties (Table 4.4), suggesting 

a dilution effect of higher grain weight on mineral concentration in grains. 

Liu et al. (2006) reported that grain mineral concentrations were negatively related 

to the number of grains per spike. In contrast, the number of grains per spike in the 

present study was positively correlated (P≤0.05) with grain Fe concentration (Table 4.3).  

The range of phytate concentration was 7.0 to 11.3 mg g
−1

 in the present study 

(Table 4.2) which is similar to the values reported in previous studies on bread wheat 

varieties (Erdal et al., 2002), albeit little higher than those reported by Liu et al. (2006). 

They reported a range of 5.16 to 9.11 mg phytate g
−1

 for 186 wheat genotypes 

representing landraces to modern cultivars of China. There was a positive correlation 

among mineral concentrations in wheat grains (r = 0.38 or higher, n = 40) (Table 4.4), 

indicating that breeding for one mineral can also result in higher concentrations of other 

minerals (see also White and Broadley, 2009). However, grain phytate concentration had 

a positive relationship with mineral concentrations in wheat grains (r = 0.38 or higher, n = 

40) (Table 4.4). Similar to the dilution of grain minerals, this might be due to dilution of 

grain phytate by high grain yield (r = −0.37) and grain weight (r = −0.27) in new varieties 

(Table 4.4). Moreover, it is partially due to minerals being bound to phytate. Hence, 

breeding just for increased mineral density may not greatly improve human nutrition; 

rather, the focus should be on increasing mineral bioavailability by breeding for a lower 

[phytate]:[mineral] ratio in wheat grains. 

Bioavailability is considered to be greatly reduced when food has [phytate]:[Ca] 

ratio > 0.24 (Morris and Ellis, 1985), [phytate]:[Fe] ratio > 1 (Hallberg et al., 1989) and 

[phytate]:[Zn] ratio >15 (Turnlund et al., 1984). In the present study, the 

[phytate]:[mineral] ratios for all three minerals in grains of all 40 varieties were greater 

than the critical values mentioned above (Table 4.2), indicating a poor bioavailability of 

these important minerals from wheat grains. The [phytate]:[mineral] ratios in wheat 

grains were non-significantly correlated with grain yield (Table 4.4). As varieties with 

high yields and low [phytate]:[mineral] ratios are desirable in fighting hunger and mineral 

malnutrition, new varieties suitable for biofortification should be bred for high yield and 

high mineral bioavailability. 

Plotting grain yield against [phytate]:[mineral] ratios in wheat grains clearly 

indicated that the tested varieties varied widely in mineral bioavailability (Figures 4.1 and 
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4.2). The variety Sehar-2006 that currently dominates in acreage in Punjab produced 

above-average grain yield with mineral bioavailability being almost the same as the 

average of 40 varieties. The newest variety Lasani-2008 had the highest grain yield and 

the highest [phytate]:[Ca] ratio in grains. Varieties with relatively high grain yield and 

low [phytate]:[mineral] ratios in grains, such as Bhakkar-2002, should be preferred for 

general cultivation and for development of new genotypes. 

Increase in grain yield of new varieties was probably due to increase in endosperm 

of wheat grain resulting in relative decrease in nutrient and phytate rich parts (Morgounov 

et al., 2010; Zhao et al., 2009). The decrease in grain Zn concentration had relative more 

effect in its bioavailability (please also see Chapter 3) as most of the high yielding 

varieties were low in estimated Zn bioavailability in grains (Figure 4.1b). 

 

4.6. Conclusions 

 

The currently-cultivated varieties produced higher grain yields but had lower 

concentrations and bioavailability of Zn and Ca than the obsolete varieties. Much of this 

variation was related to an increased grain weight in new varieties. The grain phytate 

concentration had a positive relationship with grain yield and mineral concentrations in 

the 40 varieties. Compared to obsolete varieties, the currently-cultivated varieties had 

higher [phytate]:[mineral] ratios in grains, indicating a poor bioavailability of minerals to 

humans. However, there was a non-significant relationship between grain yield and 

[phytate]:[mineral] ratios in wheat grains. Therefore, future breeding of genotypes for 

mineral biofortification should be focused on high mineral bioavailability. 
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Chapter 5 

 

ZINC IN WHEAT GRAINS AND 

ASSOCIATED SOILS OF COTTON-WHEAT 

ROTATION ZONE OF PUNJAB, PAKISTAN 
 

5.1. Abstract 
 

The cotton-wheat rotation zone of Punjab (Pakistan) is characterized by high 

consumption of wheat grains produced on calcareous soils of the area. A total of 58 

farmers’ fields from the zone (districts of Multan and Lodhran) were surveyed on grid 

basis using Global Positioning System. Soil from the selected fields was sampled 

separately from the surface (0–15 cm depth) and subsurface (15–30 cm depth) layers. 

Within 5 m
2
 of soil sample, about 100 spikes from mature tillers of wheat were also 

collected. All subsurface and about 75% of the collected surface soil samples were 

deficient in plant available Zn resulting in grain Zn concentration of 20 µg g
−1

, on 

average. The inherent capacity of subsurface soil layers to supply Zn positively correlated 

(r = 0.33, n= 58; P = 0.01) with grain Zn concentration. Organic matter content (r = 0.32, 

n = 58; P = 0.02) in subsurface soil layer and soil salinity (ECe) of both surface and 

subsurface soil layers (r = −0.53, n = 58; P < 0.01 for ECe of both layers) were the other 

major soil characteristics that significantly related with grain Zn concentration. The study 

indicated a need to reduce current grain [phytate]:[Zn] ratio of 46 in the zone to less than 

20 with a two-fold increase in estimated Zn bioavailability from current average level of 

1.5 mg Zn for 300 g flour. The Zn fertilization strategy for cotton-wheat rotation was 

suggested as a solution to Zn human Zn deficiency and low grain yields from Zn deficient 

soils. 

 

5.2. Introduction 

 

More than 77% of total wheat in Pakistan is produced in the Punjab province (Bureau of 

Statistics, 2009). The Punjab province is divided into rain-fed and irrigated regions, with 

the irrigated region producing most of the wheat. The irrigated region is further divided to 

various zones on the basis of crop rotation followed by the farmers. In contrast to the 

people living in rice-wheat rotation zone, wheat bread is the sole staple food in the cotton-

wheat rotation zone (most of the Southern Punjab) and is consumed three times a day. 
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Therefore, wheat grains are the major source of minerals, including Zn, and calorie (> 

85%) intake for the people living in villages in the cotton-wheat rotation zone.  

Cereals, wheat and rice in particular, suffer from Zn deficiency (Bell and Dell, 

2008). Unlike to rice-wheat rotation zone of Pakistan, where Zn application is normally 

practiced to rice crop, Zn is not applied to soils in the cotton-wheat rotation zone. 

Moreover, Zn studies in the past were focused more on the rice-wheat rotation zone due 

to the appearance of Zn deficiency in rice crop and a significant increase in paddy yield 

with Zn application to flooded soil conditions (Alloway, 2008; Imtiaz et al., 2010). In 

contrast, the cotton-wheat rotation zone has got very less consideration for Zn indexing 

and application studies. As a result, there is not up to date information about the status of 

Zn in this zone. 

Cereal grains produced on Zn-deficient soils of India, Pakistan, China, Iran and 

Turkey are the main reason of severe Zn deficiency problem in human population of these 

countries (Alloway, 2009; Hotz and Brown, 2004). Similarly to most other soils in 

Pakistan, the soils in the cotton-wheat rotation zone are alkaline and calcareous in nature 

and are located in arid to semiarid zone. Such soil conditions contribute to Zn deficiency 

(Alloway, 2008) which is the third most widespread nutritional constraint to crop 

production in Pakistan (Hamid and Ahmad, 2001). Moreover, Zn is essentially required 

by humans and Zn deficiency in soils correlates with human Zn deficiency (Abrahams, 

2002; Alloway, 2009). In Pakistan, about 40% children and women are facing from Zn 

deficiency (Ministry of Health, 2009). The extant is more in rural areas due to low Zn in 

their staple diet that is wheat. On an average, about 90% human population in Pakistan is 

under the risk of Zn deficiency.  

Biofortification of wheat grain produced on calcareous soils of the cotton-wheat 

rotation zone is required to reduce the risk of human Zn deficiency in the area. Before 

selecting a biofortification strategy, nutrient indexing of Zn in wheat grains and 

associated alkaline and calcareous soils of the zone is prerequisite to determine the 

current levels of Zn in wheat grains and associated soils of wheat growing regions. In 

present study, 58 farmers’ fields located in cotton-wheat rotation zone of Punjab were 

surveyed for wheat grain and soil samples. The main objectives of the study were to: i) 

estimate the extent of soil Zn deficiency in cotton-wheat rotation zone of Punjab; ii) 

determine concentration of Zn, concentration of phytate and Zn bioavailability in grains 

of wheat grown at formers’ fields; and iii) study the relationship of soil physicochemical 

properties with grain Zn concentration.  
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5.3. Materials and Methods 

 

A total of 58 farmers’ fields from the cotton-wheat rotation zone (districts of Multan and 

Lodhran) of Punjab (Pakistan) were surveyed on grid basis using Global Positioning 

System (Table 5.1). Soil from the selected fields was sampled separately from the surface 

(0–15 cm depth) and subsurface (15–30 cm depth) layers. Within 5 m
2
 of soil sample, 

about 100 spikes from mature tillers of wheat were also collected. The soil and plant 

samples, collected in triplicates, were properly labeled and transported to the laboratory 

for analysis (James and Wells, 1990; Munson and Nelson, 1990). Soil samples were dried 

and ground to pass through a 2-mm sieve. A portion of the sieved soil samples was 

analyzed for various soil properties (Table 5.2).  

 

Table 5.1. Sampling sites (GPS coordinates in decimal degree) in cotton-wheat rotation 

zone of Punjab (Pakistan) 

Field Latitude (°N) Longitude (°E) Field Latitude (°N) Longitude (°E) 

1 29.28033 71.24529 30 29.49113 71.16839 

2 29.28664 71.20928 31 29.49139 71.43243 

3 29.29273 71.17247 32 29.49635 71.38525 

4 29.29616 71.29701 33 29.51566 71.29440 

5 29.30926 71.33228 34 29.51762 71.32048 

6 29.31809 71.36411 35 29.51965 71.26043 

7 29.32184 71.40913 36 29.52300 71.23154 

8 29.32820 71.13608 37 29.52339 71.41706 

9 29.33468 71.40905 38 29.52648 71.20133 

10 29.34973 71.39516 39 29.54787 71.40072 

11 29.34981 71.45699 40 29.55139 71.30992 

12 29.36405 71.50179 41 29.55180 71.18891 

13 29.36990 71.14538 42 29.57243 71.38435 

14 29.37904 71.53746 43 29.57354 71.30482 

15 29.38069 71.34112 44 29.57454 71.20128 

16 29.39749 71.56918 45 29.59440 71.36954 

17 29.40703 71.31347 46 29.59637 71.21144 

18 29.40922 71.41872 47 29.59810 71.29830 

19 29.41521 71.15313 48 30.01558 71.22177 

20 29.41715 71.56378 49 30.02463 71.34928 

21 29.43131 71.49460 50 30.03273 71.22955 

22 29.43730 71.42855 51 30.03953 71.29666 

23 29.44418 71.27294 52 30.04532 71.18720 

24 29.45358 71.16115 53 30.04656 71.19535 

25 29.45483 71.47131 54 30.04843 71.33316 

26 29.46299 71.43760 55 30.05866 71.22202 

27 29.46924 71.25177 56 30.06462 71.24997 

28 29.48512 71.47715 57 30.07057 71.31897 

29 29.48540 71.50330 58 30.07993 71.27866 
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Collected spikes were manually threshed to separate grains. Grain samples were 

washed briefly with distilled water and rapidly dried with tissue papers before drying in a 

forced-air-driven oven (Tokyo Rikakikai, Eyela WFO-600 ND, Tokyo, Japan) at 65˚C for 

48 h. The dried samples were ground in a Willy mill to pass through a 0.5-mm sieve. A 

subsample of plant material was digested in a di-acid mixture (HNO3:HClO4 ratio of 2:1) 

(Jones and Case, 1990). Zinc concentration in the digest was measured by an atomic 

absorption spectrophotometer (PerkinElmer, AAnalyst 100, Waltham, USA). For phytate 

determination, 60 mg sample of finely ground grains was extracted with 10 mL of 0.2 N 

HCl at room temperature for 2 h under continuous shaking. Phytate in the extract was 

determined by an indirect method (Haug and Lantzsch, 1983) on a spectrophotometer 

(Shimadzu, UV-1201, Kyoto, Japan) as detailed in Chapter 3 (Section 3.3.2). All grain 

samples for mineral and phytate determinations were prepared and analyzed in duplicates. 

 

Table 5.2. Range and mean values of physicochemical properties of soil samples from 58 

farmers’ fields located in cotton-wheat rotation zone of Punjab, Pakistan 

Soil characteristic Unit 

Surface soil 

(0–15 cm) 

Subsurface Soil 

(15–30 cm) 

Range Mean±SD Range Mean±SD 

1
Particle size 

distribution 

sand 

% 

8–55 25±10 12–55 26±10 

silt 15–62 46±8 23–62 45±8 

clay 7–40 30±6 17–40 29±6 
2
CaCO3 g kg

−1
 23–103 64±19 13–108 65±20 

3
ECe dS m

−1
 0.8–16.9 4±4 0.7–13.7 4±3 

4
pHs --- 7.41–8.20 7.7±0.2 7.42–8.51 7.8±0.2 

5
Organic matter g kg

−1
 2.99–16.79 9±3 0.46–10.35 6±2 

6
Plant available Zn  mg kg

−1
 0.09–1.21 0.5±0.3 0.03–0.90 0.3±0.2 

1
Hydrometer method (Gee and Bauder, 1986); 

2
Acid dissolution (Allison and Moodie, 

1965); 
3
Electric conductivity of saturated soil paste extract;

 4
pH of saturated soil paste; 

5
Walkley-Black method (Nelson and Sommers, 1982); 

6
Extraction with 0.005 M DTPA 

(Lindsay and Norvell, 1978) 

 

Zinc bioavailability was qualitatively estimated as [phytate]:[Zn] ratio in grains 

(Brown et al., 2001; Weaver and Kannan, 2002) and quantitatively estimated by 

employing trivariate model of Zn absorption (Hambidge et al., 2010; Miller et al., 2007; 

Rosado et al., 2009). Detail of Zn bioavailability estimation using trivariate model of Zn 

absorption is given in Chapter 3 (Section 3.3.3).  

Data relating to soil prosperities and grain analysis were statistically analyzed by 

using a PC based software, Statistix 9
®
 (Analytical Software, Tallahassee, USA). Pearson 
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correlation coefficients, r, were employed at P < 0.05 to estimate relationship among 

various observed parameters (Steel et al., 1997). 

 

5.4. Results 

 

5.4.1. Soil properties and extent of Zn deficiency 

The surveyed fields were alkaline with pH ranging from 7.4 to 8.2 for the surface layer 

and from 7.4 to 8.5 for the subsurface soil layer (Table 5.2). Calcium carbonate content, a 

measure of calcareousness of soil, ranged from 23 to 103 g kg
−1 

and 13 to 108 g kg
−1

, 

respectively for the surface and subsurface soil layers.
 
About 35% of the sampled fields 

were saline (EC > 4 dS m
−1

) indicating salinity hazard in the zone. On average, organic 

matter in the soil samples was less than 10 g kg
−1

 in the surface layer while always lower 

than 10 g kg
−1

 in the subsurface layer. Particle size analysis indicated that silt was the 

major soil fraction (about 45% on average) found in the zone. Clay loam and silty clay 

loam were major soil textural classes in the zone (Figure 5.1). 

 

 

Figure 5.1. Soil textural classes in the surface (0–15 cm depth) and subsurface (15–30 cm 

depth) soil samples from 58 farmers’ fields in cotton-wheat rotation zone of Punjab, 

Pakistan (n = 58 for both surface and subsurface soil layers) 

 

 Plant available Zn, extracted by 0.005 M DTPA, ranged from 0.09 to 1.21 mg kg
−1 

and from 0.03 to 0.9 mg kg
−1 

in surface and subsurface soil layers, respectively (Table 

5.2). Based on a critical level of 0.75 mg kg
−1

 (Bansal et al., 1990), soil Zn deficiency was 

categorized as severe (<0.25 mg kg
−1

), medium (0.25 to 0.50 mg kg
−1

) and marginal (0.50 

to 0.75 mg kg
−1

). Severe, medium and marginal Zn deficient fields in the present 
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investigation were 19, 40 and 17% of total sites, respectively (Figure 5.2). All subsurface 

soil samples were deficient in plant available Zn. The DTPA-extractable Zn in the 

collected samples had a negative relationship with ECe of respective soil layer (r = 0.23, P 

= 0.08 for surface soil layer and r = 0.25, P = 0.05 for subsurface soil layer; n = 58) 

(Table 5.3). 

 

5.4.2. Grain Zn and its bioavailability 

Grain Zn concentration in the samples, collected from 58 fields in cotton-wheat rotation 

zone of Punjab (Pakistan), ranged from 11 to 35 µg g
−1 

with most of the samples having 

20±4 µg Zn g
−1

 (Table 5.4). Grain Zn concentration was correlated with various 

properties of the surface and subsurface soil layers (Figure 5.3). Calcareousness, pHs and 

ECe of the surface soil layer were the major soil properties that negatively correlated with 

grain Zn concentration (Figure 5.3a). However, CaCO3 and pHs were significantly 

correlated with grain Zn concentration only at P<0.10. The DTPA-extractable Zn in the 

surface soil layer had a positive relationship with grain Zn concentration, however, the 

relationship was very weak (r = 0.16, n = 58; P = 0.24). 

  

Table 5.3. Relationship between DTPA-extractable Zn and other physicochemical 

characteristics of surface (0–15 cm depth) and subsurface (15–30 cm depth) soil sample 

from farmers’ fields in cotton-wheat rotation zone of Punjab, Pakistan 

 CaCO3   ECs Organic 

matter 

pHs Sand Silt Clay 

Surface soil samples 

Zn −0.16 −0.23   0.37 −0.04 −0.21 0.19 0.08 

P value  0.23   0.08 <0.01   0.78   0.11 0.14 0.55 

Subsurface soil samples 

Zn −0.16 −0.25   0.39 0.16 −0.01 −0.03 0.05 

P value   0.23   0.05 <0.01 0.24   0.95    0.85 0.71 

n = 58 for both surface and subsurface soil layers 

 

Unlike to plant available Zn in the surface layer, Zn in subsurface soil layer had a 

significant positive relationship (r = 0.33, n = 58; P = 0.01) with grain Zn concentration 

(Figure 5.4). Organic matter in the subsurface layer also had a significant positive 

relationship (r = 0.32, n = 58; P = 0.02) with grain Zn concentration. Similarly to surface 

soil ECe, the ECe of subsurface layer had a negative relationship (r = −0.53, n = 58; 

P<0.01) with grain Zn concentration. 
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Figure 5.2. Extent of soil Zn deficiency in (a) surface (0–15 cm depth) and (b) subsurface 

(15–30 cm depth) soil samples collected from farmers’ fields in cotton-wheat rotation 

zone of Punjab, Pakistan (n = 58 for both surface and subsurface soil layers) 

 

The P and phytate concentration also varied in the collected grain samples from 

58 farmers’ fields (Table 5.4). The maximum phytate concentration was 14 mg g
−1 

while 

the maximum P in the grain samples was 4.6 mg g
−1

. The average value of phytate 

concentration was 10 mg phytate g
−1

. This resulted in average [phytate]:[Zn] ratio of 46. 

Due to wide variation in grain phytate and Zn concentration among the fields, however, 

[phytate]:[Zn] ratio ranged from 19 to 89. Estimated Zn bioavailability in wheat grains 

ranged from 0.8 to 2.4 mg Zn for 300 g flour with an average value of 1.5 mg Zn for 300 

g flour. 
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Table 5.4. Range and mean values of different chemical parameters of wheat grains 

collected from 58 farmers’ fields in cotton-wheat rotation zone of Punjab, Pakistan 

Grain composition Unit Min.–Max. Mean±SD 

Zn µg g
−1

 11–35 20±4 

P mg g
−1

 2.3–4.6 3.5±0.5 

Phytate mg g
−1

 5.6–14.1 10±2 

[Phytate]:[Zn] ratio molar ratio 19–89 46±12 

Estimated Zn Bioavailability mg for 300 g 0.8–2.4 1.5±0.3 

 

Table 5.5. Relationship among chemical parameters of wheat grains collected from 58 

farmers’ fields in cotton-wheat rotation zone of Punjab, Pakistan 

Variables Zn P Phytate 
[phytate]: 

[Zn] ratio 

P (P value) −0.08 (0.56)    

Phytate   0.14 (0.28)   0.75 (<0.01)   

[Phytate]:[Zn] ratio −0.73
*
 (<0.01)   0.49 (<0.01)    0.48

* 
(<0.01)  

Estimated Zn  

bioavailability 
   0.83

*
 (<0.01) −0.49 (<0.01) −0.42

*
 (<0.01) −0.94 (<0.01) 

*
Effect was confounded as the parameters were mathematically related 

 

5.5. Discussion 
 

The cotton-wheat rotation zone is the most productive zone of Pakistan. The soils of the 

zone are characterized, as confirmed in the present survey (Table 5.2), by high pH, high 

CaCO3 content and low organic matter content (Rafiq, 2005). Soil analysis indicated that 

35% of the surveyed fields were saline and a potential salinity hazard at many other 

locations. This could be due to application of underground water for irrigation which 

contained substantial (EC > 1 dS m
−1

) amounts of salts (Ghafoor et al., 2004).  

 About 75% of surface soil samples were deficient in plant available Zn and 

about 65% of the remaining fields had only 0.75 to 1.00 mg Zn kg
−1 

soil (Figure 5.2a). 

The widespread Zn deficiency in the zone can be attributed to high CaCO3, high pH and 

low organic matter (Alloway, 2009). Application of Zn fertilizers to soil is not a general 

practice in by the farmers of the zone. Moreover, Zn deficiency in the soils of the zone 

will be more severe and widespread if the situation of intensive cultivation of agricultural 

lands without application of Zn will persist. As surface soil layer is under direct influence 

of agricultural practices, soil organic matter and DTPA-extractable Zn were more in the 

surface layer as compared to subsurface layer. Moreover, both DTPA-extractable Zn and 

organic matter had a significant (r = 0.32, n = 58; P = 0.02 for subsurface soil layer) 

positive relationship (Table 5.3) indicating a positive role of organic matter in increasing 

the availability of Zn (Marschner and Rengel, 2012). Due to high Zn retention capacity of 
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Figure 5.3. Relationship of the surface (0–15 cm depth) soil characteristics with 

concentration of Zn in wheat grain samples (n = 58) collected from farmers’ fileds in 

cotton-wheat rotation zone of Punjab, Pakistan  
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Figure 5.4. Relationship of the surface (15–30 cm depth) soil characteristics with 

concentration of Zn in wheat grain samples (n = 58) collected from farmers’ fileds in 

cotton-wheat rotation zone of Punjab, Pakistan  
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calcareous soils (Hussain et al., 2011), calcareousness of soil (high CaCO3) had a 

negative relationship with plant available Zn in the soil layers. However, the relationship 

was very weak. 

There were wide variations in grain Zn concentration among the fields surveyed in 

this study. Zinc concentration ranged from 11 to 35 µg g
−1

 in grains collected from 

various locations. The fields for plant and soil sampling were randomly selected without 

consideration of the wheat variety. Therefore, this variation in grain Zn concentration was 

partially due genotypic differences in the collected wheat grain samples (Murphy et al., 

2008). Soil properties also influence plant Zn status by determining the availability of Zn 

from soil to plant roots (Marschner and Rengel, 2012). In the present study, salt 

concentration in soil solution was found to greatly reduce grain Zn concentration. This 

could be due to competition of cations for uptake by plant roots and reduced plant growth. 

As expected, the inherent capacity of soil to supply Zn (DTPA-extractable Zn), positively 

correlated with grain Zn concentration. As reported in a previous investigation (Rafique 

et al., 2006), the relationship was much stronger (r = 0.33, n = 58; P = 0.01) between 

grain Zn concentration and subsurface soil Zn. Similarly, subsurface organic matter had a 

positive relationship (r = 0.32, n = 58; P = 0.02) with grain Zn concentration. Therefore, 

the study confirmed the importance of subsurface soil layer in better Zn nutrition of wheat 

plants. 

Low plant available Zn reduces productivity potential of soils and also results in 

lower Zn concentration in edible plant parts (Cakmak, 2009). For example in wheat 

grains, the required Zn level for better human nutrition should be around 50 µg g
−1

 

(Cakmak, 2008). However, average grain Zn concentration from the fields sampled in this 

study was 20 µg g
−1

. This indicated that about 2.5 times increase in grain Zn 

concentration is required for better human nutrition. Moreover, grains of Pakistani wheat 

varieties have lower than desired levels of Zn concentration (Chapters 3 and 4). 

Therefore, wheat grains should be biofortified by either application of Zn fertilizer to 

wheat crop or breeding for Zn biofortification (Rengel et al., 1999; Velu et al., 2011). Due 

to widespread soil Zn deficiency, which is resulting in lower yields and grain Zn 

concentration, application of Zn fertilizers to soils seems more justifiable. Zinc 

fertilization, under such situations, is a rapid solution to human Zn deficiency and a 

complementary approach to breeding for biofortification programs (Cakmak, 2008). 

As expected, grain P concentration had a significant positive relationship (r = 

0.75, n = 58; P < 0.01) with grain phytate concentration (Table 5.5). Phosphorus and 
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phytate concentrations in wheat grains collected from cotton-wheat rotation region of 

Punjab (Pakistan) varied significantly. However, average values of grain P and phytate 

concentrations were similar as reported by Lott et al. (2000) in a global estimate. 

Variation in grain P and phytate concentrations is partially due to genotypic variations in 

wheat varieties and differential soil properties. However, these were probably greatly 

influences by the amount of P fertilizer applied to wheat crop (Ryan et al., 2008). As P 

application is required for optimum yield of wheat crop, one cannot withhold its 

application to soils deficient in plant available P. This is particularly true for calcareous 

soils of Pakistan (FAO, 2004).  

Genetic engineering and breeding approaches can be utilized to develop new 

wheat genotypes lower in grain phytate concentration (Bouis and Welch, 2010; Welch 

and Graham, 2004; White and Broadley, 2009). The grain yield and grain Zn 

concentration of newly developed cultivars in wide range of environments is questionable 

due to significant genotype × environment interaction (Cakmak, 2008; Joshi et al., 2010; 

Palmgren et al., 2008). Zinc application may be considered to reduce current 

[phytate]:[Zn] ratio of 46 in grains of wheat produced in the cotton-wheat rotation region 

of Punjab, Pakistan (Table 5.4). This, together with increase in grain Zn concentration, 

may increase estimated Zn bioavailability in grains from 1.5 to a required level for better 

human nutrition (> 3 mg Zn for 300 g flour).  

 

5.6. Conclusions 

 

The results indicated widespread soil Zn deficiency and Zn deficiency hazards for the 

human population consuming wheat grains produced in the soils. About all the subsurface 

and 75% of the surface soil samples were deficient in plant available Zn resulting in low 

grain Zn concentration (20 µg g
−1

, on average). However, there were significant 

variations in grain Zn concentration among the fields surveyed in this study. The inherent 

capacity of soil to supply Zn, especially from the subsurface soil layer, positively 

correlated with grain Zn concentration. Low organic matter and soil salinity hazard in the 

zone were the other factors of low grain Zn concentration in wheat grown at farmers’ 

fields. Zinc application may be considered a viable option to increase grain Zn 

concentration and estimated Zn bioavailability in wheat grains grown in these soils. The 

Zn application strategy for the zone, agronomic biofortification, is suggested as a rapid 
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solution to human Zn deficiency and a complementary approach to breeding for 

biofortification programs. 



60 

 

Chapter 6 

 

ZINC BIOAVAILABILITY RESPONSE 

CURVATURE IN WHEAT GRAINS UNDER 

INCREMENTAL ZINC APPLICATIONS 
 

6.1. Abstract 

 

Zinc application is generally recommended to enrich wheat grains with Zn; however, its 

influence on Zn bioavailability to humans has not been given appreciable attention by 

scientists. In the present pot experiment, seven Zn rates (ranging from 0 to 18 mg kg
−1

 

soil) were applied to two wheat varieties (Shafaq-2006 and Auqab-2000). Application of 

Zn significantly (P≤0.05) increased grain yield, grain Zn concentration and estimated Zn 

bioavailability while significantly decreased grain phytate concentration and 

[phytate]:[Zn] ratio in wheat grains. The response of grain yield to Zn application was 

quadratic with maximum grain yield was estimated to be achieved at 10.8 mg Zn kg
−1

 soil 

for Shafaq-2006 and 7.4 mg Zn kg
−1

 soil for Auqab-2000. These estimated Zn rates were 

suitable to increase grain Zn concentration and Zn bioavailability (>2.9 mg Zn in 300 g 

grains) to optimum levels required for better human nutrition. Conclusively, Zn 

fertilization for Zn biofortification may be practiced on the bases of response curve 

studies aiming at maximized grain yield and optimum Zn bioavailability. Moreover, 

additive Zn application progressively reduced grain Fe concentration and significantly 

(P≤0.05) increased grain [phytate]:[Fe] ratio at the highest rate (18 mg Zn kg
−1

 soil). 

However, medium Zn rate (6 mg Zn kg
−1

 soil) increased grain Ca concentration and 

decreased grain [phytate]:[Ca] ratio. Hence, rate of Zn application for mineral 

biofortification needs to be carefully selected. 

 

6.2. Introduction 

 

Zinc is essential for healthy growth and reproduction of plants, humans and other 

animals. This vital element, however, is found widely deficient in agricultural soils 

____________________ 

The study has been accepted for publication in ‘Archives of Agronomy and Soil Science (2012) doi: 

10.1080/03650340.2012.701732’ and entitled ‘Zinc bioavailability response curvature in wheat grains 

under incremental zinc applications’. The authors are S. Hussain, M.A. Maqsood, T. Aziz and S.M.A. 

Basra. 
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(Chapter 5) and in human beings (Alloway, 2009; Bell and Dell, 2008).  Human Zn 

deficiency, one of the leading human health concerns in the developing countries (WHO, 

2002), is thought to be a consequence of heavy reliance on cereals (Bouis et al., 2011; 

Brown et al., 2001). Wheat grains have inherently low concentrations of Zn (Chapters 3 

and 4) than generally required to fulfill human Zn requirements (Cakmak, 2008). 

Moreover, soil Zn deficiency in wheat growing regions of the world further contributes to 

low Zn intakes by humans (Alloway, 2009; please also see Chapter 5). Therefore, Zn 

application to wheat could be a rapid solution to ongoing human Zn deficiency with an 

added benefit of increased grain yield (Alloway, 2008; Cakmak, 2008).  

 Along with grain yield, recent studies on Zn fertilization of cereal crops also 

document the effect of Zn application on grain Zn concentration (Harris et al. 2008; 

Zhang et al., 2012). However, Zn application studies aiming to increase bioavailability of 

Zn in wheat grains for human consumption has not gotten appreciable focus. Zinc 

bioavailability can be increased either by increasing Zn concentration or by decreasing 

anti-nutrients, especially the phytate concentration, in wheat grains (Bouis and Welch, 

2010; Weaver and Kannan, 2002). Zinc and phytate content in food are major 

determinants of Zn absorption in human intestine and [phytate]:[Zn] ratio in human food 

is generally employed to categorize it for Zn bioavailability (Brown et al., 2001; Turnlund 

et al. 1984).  

The [phytate]:[Zn] ratio based qualitative categorization of human food, however, 

lacks inclusion of latest findings relating to Zn absorption mechanisms in human 

intestine. Estimated Zn bioavailability based on trivariate model of Zn absorption, on the 

other hand, gives quantitative estimation of Zn bioavailability by considering Zn 

absorption in human intestine as a saturable process (Hambidge et al., 2010; Miller et al., 

2007). The trivariate model of Zn absorption predicts the net amount of Zn absorbed into 

the human body based on daily phytate and Zn intakes (Hambidge et al., 2010) and such 

estimation was found accurate in a labeled-Zn study on human subjects (Rosado et al., 

2009).  

In the past, a number of field and greenhouse studies reported positive effects of 

Zn fertilization on Zn concentrations in wheat grains (Cakmak et al., 2010; Yilmaz et al., 

1997; Zhang et al., 2012). However, effects of Zn fertilization on Zn, Fe and Ca 

concentrations was rarely investigated at a large range of Zn application rates from sub- 

to supra-optimal rates. Zinc application required for optimum grain yield may not be 

sufficient for enriching grain with Zn and increasing Zn bioavailability in wheat grains to 
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optimum levels (Rengel et al., 1999). Trend estimation, based on the orthogonal 

polynomial comparisons, under increasing Zn rates may better predict the optimum rate 

required for optimum Zn bioavailability in wheat grains. Plant growth and grain yield are 

expected to increase at medium Zn rates and then decrease at higher rates. However, the 

variations in concentrations of Zn and phytate along with Zn bioavailability in wheat 

grains are relatively unknown at medium to high Zn rates. Therefore, the main objective 

of the present study was to model the variation in Zn concentration and its bioavailability 

in grains of two wheat varieties (Shafaq-2006 and Auqab-2000) supplied with additive Zn 

rates to Zn deficient soil. Concentration and [phytate]:[mineral] ratio of Fe and Ca in 

wheat grains were also estimated to have more holistic picture of Zn application on 

mineral biofortification. 

 

6.3. Materials and Methods 

 

Bulk surface soil sample (at 0–30 cm depth) was collected from 55 km south-east of 

Multan (Pakistan) (29.720° N, 71.829° E). The soil was selected to represent average soil 

Zn status (DTPA-extractable Zn 0.44 mg kg
−1

 soil) in the region (Chapter 5). Soil was air-

dried, ground to pass through a 2 mm sieve and thoroughly mixed. A subsample of the 

sieved soil was analyzed for various soil properties. Soil texture (sand 25%; silt 51%; clay 

24%), determined by hydrometer method (Gee and Bauder, 1986), was silt loam. The pH 

7.81 of saturated soil paste was measured by Calomel glass electrode assembly. Electrical 

conductivity of the saturated soil paste extract was 2.47 dS m
−1

. Soil organic matter, 

determined by Walkley-Black method (Nelson and Sommers, 1982), was 6.2 g kg
−1

 of the 

soil. Free lime (CaCO3) in soil was estimated by acid dissolution (Allison and Moodie, 

1965) and was 39.4 g kg
−1

 soil. Plant available Zn and Fe in the soil were 0.44 and 3.34 

mg kg
−1

 soil, respectively. These were extracted by 0.005 M DTPA (Lindsay and Norvell, 

1978) and measured on an atomic absorption spectrophotometer (PerkinElmer, AAnalyst 

100, Waltham, USA). 

 Each of the total 42 pots was filled with 5 kg of the soil. Various treatments 

comprising of seven soil Zn rates (0, 3, 6, 9, 12, 15, and 18 mg Zn kg
−1

 soil) and two 

wheat varieties (Shafaq-2006 and Auqab-2000) were arranged in a two-factorial 

completely randomized design in triplicates (Steel et al., 1997). Basal uniform rates of 

primary nutrients were added (in mg kg
−1

 soil) @ 60 N, 60 P and 25 K by applying urea, 



63 

 

ammonium di-hydrogen phosphate and potassium sulphate. Zinc was applied as a 

solution of zinc sulphate (ZnSO4.7H2O). After addition of primary nutrients and Zn rates, 

the soil in each pot was thoroughly mixed.  

 Seven seeds of each wheat variety were sown in each pot at a depth of 2 cm. 

Seven days after the emergence, plants were thinned to four seedlings per pot. Distilled 

water was used to maintain moisture content of the soil at field capacity in all the pots 

throughout the growth period. During the experiment, the average temperature in the 

glasshouse was 22±5˚C during the day and 12±5˚C during the night. Light intensity 

varied between 300 to 1400 µmol photon m
−2

 s
−1

 and relative humidity varied from 35% 

(midday) to 85% (midnight). A second dose of N @ 30 mg kg
−1

 soil was applied after one 

month from sowing. Shoots of two plants per pot were harvested 65 days after the 

sowing. Final harvest (two plants) was taken at maturity and grains were separated 

manually. 

 Harvested shoot and straw samples were washed with distilled water and blotted 

dry with tissue papers. All plant samples were first air-dried and then oven dried at 65˚C 

for 48 hr (Liu et al., 2006) in a forced air driven oven (Tokyo Rikakikai, Eyela WFO-600 

ND, Tokyo, Japan). After recording the dry weights, the shoot, straw and grain samples 

were ground in a mill (IKA Werke, MF 10 Basic, Staufen, Germany) to pass through a 

0.5-mm sieve. A subsample of plant material was digested in a di-acid (HNO3:HClO4 of 

2:1) mixture (Jones and Case, 1990). The Zn, Fe and Ca concentrations in the digest were 

measured by an atomic absorption spectrophotometer (PerkinElmer, AAnalyst 100, 

Waltham, USA). For phytate determination, 60 mg finely ground grain samples were 

extracted with 10 mL of 0.2 N HCl at room temperature for 2 h under continuous shaking. 

Phytate in the extract was determined by an indirect method (Haug and Lantzsch, 1983) 

on a spectrophotometer (Shimadzu, UV-1201, Kyoto, Japan). A brief description of the 

protocol is given in Chapter 3 (Section 3.3.2). All plant samples for mineral and phytate 

determinations were prepared and analyzed in duplicates.  

Bioavailability of Zn, Fe and Ca were qualitatively estimated as 

[phytate]:[mineral] ratios in grains (Brown et al., 2001; Hallberg et al., 1989; Morris and 

Ellis, 1985). Zinc bioavailability in wheat grain was also quantitatively estimated by 

employing trivariate model of Zn absorption (Hambidge et al., 2010; Miller et al., 2007; 

Rosado et al., 2009). The dependent and independent variables in the model are discussed 

in Chapter 3 (Section 3.3.3).  
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The data obtained for dry matter yields, mineral and phytate concentrations and 

mineral bioavailability were subjected to analysis of variance using Statistix 9
®
 for 

Windows (Analytical Software, Tallahassee, USA). Significantly different treatment 

means were separated using least significant difference (LSD) test (Steel et al., 1997). 

Orthogonal polynomial comparisons were also drawn to estimate the trend of various 

plant response variables under incremental Zn rates. Effects were considered significant P 

< 0.05. 

 

6.4. Results  

 

6.4.1. Plant growth and grain yield 

There were significant (P≤0.05) effects of Zn application and Zn application × variety 

interaction on shoot, straw and grain yields (Table 6.1). Application of Zn significantly 

increased the plant growth and grain yield (Figure 6.1). However, shoot dry matter was 

statistically similar at Zn rates from 6 to 15 mg kg
−1

 soil for Shafaq-2006 and from 3 to 

15 mg kg
−1

 soil for Auqab-2000. Similar to shoot dry matter, grain yield was non-

significantly different at Zn rates from 6 to 15 mg kg
−1

 soil for Shafaq-2006 and from 3 to 

15 mg kg
−1

 soil for Auqab-2000.  

The response of plant growth and grain yield to incremental Zn applications was 

quadratic as measured by orthogonal polynomial comparisons (Table 6.2 and Figure 6.1). 

By employing obtained quadratic equations, maximum shoot dry mater was estimated to 

be achieved by the application of 10.2 mg Zn kg
−1

 soil for Shafaq-2006 and 8.7 mg Zn 

kg
−1

 soil for Auqab-2000. While, maximum grain yield was estimated to be achieved at 

10.8 mg Zn kg
−1

 soil for Shafaq-2006 and 7.4 mg Zn kg
−1

 soil for Auqab-2000. The initial 

values of slope indicated that Shafaq-2006 was more responsive to Zn application for 

shoot and grain dry matter yields. However, Auqab-2000 showed a relatively greater 

increase in straw yield per unit application of Zn. 

 

6.4.2. Concentration and content of Zn 

There were significant (P≤0.05) main and interactive effects of Zn application and variety 

on concentration of Zn in shoot, straw and grains (Table 6.1). Grain Zn concentration in 

Shafaq-2006 ranged from 19 (at control) to 55 µg g
−1 

(at 18 mg Zn kg
−1

 soil), indicating 

an increase of over 3-folds with Zn application (Figure 6.1). Grain Zn concentration in 

Auqab-2000 ranged from 18 (at control) to 62 µg g
−1 

(at 18 mg Zn kg
−1

 soil). 
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Table 6.1. Two-way analysis of variance showing effects of variety, Zn application 

and their interaction on various plant response parameters  

Variable Effect Mean Square df F P 

Shoot dry 

matter 

Variety 0.224 1 37.97 <0.001 

Zn application 0.149 6 25.18 <0.001 

Variety × Zn  application  0.025 6 4.26 0.004 

Error 0.006 28   

Straw yield Variety 97.890 1 875.47 <0.001 

Zn application 1.680 6 15.02 <0.001 

Variety × Zn  application  0.340 6 3.04 0.020 

Error 0.112 28   

Grain yield Variety 0.017 1 0.57 0.457 

Zn application 1.017 6 33.77 <0.001 

Variety × Zn  application  0.474 6 15.73 <0.001 

Error 0.030 28   

Shoot Zn 

concentration 

Variety 13.876 1 9.57 0.004 

Zn application 2128.526 6 1467.93 <0.001 

Variety × Zn  application  32.538 6 22.44 <0.001 

Error 1.450 28   

Straw Zn 

concentration 

Variety 31.683 1 29.12 <0.001 

Zn application 1049.169 6 964.31 <0.001 

Variety × Zn  application  10.934 6 10.05 <0.001 

Error 1.088 28   

Grain Zn 

concentration 

Variety 1.100 1 1.62 0.214 

Zn application 1254.999 6 1848.27 <0.001 

Variety × Zn  application  35.138 6 51.75 <0.001 

Error 0.679 28   

Shoot Zn 

content 

Variety 119.865 1 3.46 0.073 

Zn application 10209.985 6 294.72 <0.001 

Variety × Zn  application  164.554 6 4.75 0.002 

Error 34.643 28   

Straw Zn 

content 

Variety 73244.840 1 372.41 <0.001 

Zn application 53639.995 6 272.73 <0.001 

Variety × Zn  application  2122.156 6 10.79 <0.001 

Error 196.678 28   

Grain Zn 

content 

Variety 314.758 1 4.86 0.036 

Zn application 59362.051 6 916.58 <0.001 

Variety × Zn  application  3114.549 6 48.09 <0.001 

Error 64.765 28   

Grain phytate 

concentration 

Variety 27.963 1 965.50 <0.001 

Zn application 4.449 6 153.63 <0.001 

Variety × Zn  application  1.944 6 67.13 <0.001 

Error 0.029 28   

[phytate]:[Zn] 

ratio 

Variety 337.167 1 363.10 <0.001 

Zn application 934.984 6 1006.91 <0.001 

Variety × Zn  application  59.222 6 63.78 <0.001 

Error 0.929 28   

Estimated Zn 

bioavailability 

Variety 0.567 1 270.31 <0.001 

Zn application 3.080 6 1468.43 <0.001 

Variety × Zn  application  0.099 6 47.25 <0.001 

Error 0.002 28   
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Table 6.2. Orthogonal polynomial comparisons based least-degree best-fitted models for 

various plant response parameters under increasing soil Zn rates  

Variable Variety 

Least-degree best-fitted model 

response 

curve (P*) 
model equation (R

2
) 

Shoot dry 

matter 

Shafaq-2006 Quadratic 

(<0.001) 

Y = −0.006x
2
 + 0.122x + 1.663                   (0.99) 

Auqab-2000 Quadratic 

(0.003) 

Y = −0.003x
2
 + 0.052x + 2.051              (0.97) 

Straw yield 

Shafaq-2006 Quadratic 

(<0.001) 

Y = −0.012x
2
 + 0.217x + 5.314                 (0.78) 

Auqab-2000 Quadratic 

(0.001) 

Y = −0.016x
2
 + 0.258x + 8.442                    (0.68) 

Grain yield 

Shafaq-2006 Quadratic 

(<0.001) 

Y = −0.015x
2
 + 0.325x + 5.420          (0.99) 

Auqab-2000 Quadratic 

(0.001) 

Y = −0.009x
2
 + 0.133x + 6.377                (0.99) 

Shoot Zn 

concentration 

Shafaq-2006 Quadratic 

(0.002) 

Y = −0.102x
2
 + 4.477x + 20.141             (0.99) 

Auqab-2000 Cubic 

(<0.001) 

Y = −0.007x
3
 + 0.126x

2
 + 2.964x + 

20.073  

(1.00) 

Straw Zn 

concentration 

Shafaq-2006 Cubic 

(0.009) 

Y = 0.009x
3
 − 0.376x

2
 + 5.691x + 

7.820    

(1.00) 

Auqab-2000 Cubic 

(0.002) 

Y = 0.008x
3
 − 0.286x

2
 + 4.884x + 

9.030    

(1.00) 

Grain Zn 

concentration 

Shafaq-2006 Quadratic 

(<0.001) 

Y = −0.134x
2
 + 4.398x + 19.117                 (0.99) 

Auqab-2000 Cubic 

(0.001) 

Y = −0.003x
3
 + 0.019x

2
 + 2.883x + 

18.475      

(1.00) 

Shoot Zn 

content 

Shafaq-2006 Quadratic 

(<0.001) 

Y = −0.387x
2
 + 13.440x + 27.796                (0.98) 

Auqab-2000 Quadratic 

(<0.001) 

Y = −0.344x
2
 + 11.870x + 40.405            (0.99) 

Straw Zn 

content 

Shafaq-2006 Quadratic 

(<0.001) 

Y = −0.756x
2
 + 25.256x + 54.493            (0.98) 

Auqab-2000 Quadratic 

(<0.001) 

Y = −1.623x
2
 + 43.711x + 73.504          (0.98) 

Grain Zn 

content 

Shafaq-2006 Quadratic 

(<0.001) 

Y = −0.814x
2
 + 32.062x + 91.190           (0.99) 

Auqab-2000 Quadratic 

(<0.001) 

Y = −1.309x
2
 + 34.775x + 119.00          (1.00) 

Grain phytate 

concentration 

Shafaq-2006 Quadratic 

(<0.001) 

Y = 0.018x
2
 − 0.517x + 11.021  (0.98) 

Auqab-2000 Linear 

(0.013) 

Y = −0.036x + 7.140                          (0.54) 

[phytate]:[Zn] 

ratio 

Shafaq-2006 Cubic 

(<0.001) 

Y = −0.014x
3
 + 0.576x

2
 − 8.230x + 

52.546                

(1.00) 

Auqab-2000 Quartic 

(0.008) 

Y = 0.002x
4
 − 0.088x

3
 + 1.411x

2
 − 

9.805x + 38.042   

(1.00) 

Estimated Zn 

bioavailability 

Shafaq-2006 Quadratic 

(<0.001) 

Y = −0.006x
2
 + 0.222x + 1.255        (1.00) 

Auqab-2000 Cubic 

(<0.001) 

Y = 0.001x
3
 − 0.027x

2
 + 0.367x + 

1.523 

(1.00) 

*Probability is based on F-values at α = 0.05 
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Figure 6.1. Dry matter yields 

and Zn concentrations in (a) 

shoot, (b) straw and (c) 

grains of two wheat varieties 

(Shafaq-2006 and Auqab-

2000) grown at different soil 

Zn rates 

Shoot samples were taken at 

65 days after the sowing 

while grain and straw 

samples were taken at 

maturity. 

Trend lines of best-fitted 

least-degree response models 

are based on orthogonal 

polynomial contrast 

comparisons given in table 

6.2. LSD(0.05) for Zn rate × 

variety: shoot Zn 

concentration 2.0; straw Zn 

concentration 1.7; grain Zn 

concentration 1.4; shoot dry 

matter 0.13; straw yield 0.56; 

grain yield 0.29. 
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Under additive Zn application, the response of increase in Zn concentration in 

various plant parts was either quadratic or cubic (Table 6.2 and Figure 6.1). The initial 

slope values for shoot and grain Zn concentration were about 1.5 times greater for 

Shafaq-2006 as compared to Auqab-2000. Unlike plant growth and grain yield, grain Zn 

concentration showed an increasing trend over all the applied Zn rates. 

There were significant (P≤0.05) main and interactive effects of Zn application and 

variety on Zn content (µg Zn pot
−1

) in shoot, straw and grains (Table 6.1). When 

compared to the other variety, grain Zn content were greater in Auqab-2000 at lower Zn 

rates and these were greater in Shafaq-2006 at higher Zn rates (Figure 6.2). At 18 mg Zn 

kg
−1

 soil, grain Zn content increased about four times in Shafaq-2006 and about three 

times in Auqab-2000.  

Similar to dry matter yield, Zn content in plant parts had a quadratic trend under 

additive Zn application (Table 6.2 and Figure 6.2). However, rate of increase in shoot and 

grain Zn content was negligible at higher Zn rates. 

 

6.4.3. Concentration of phytate and Zn bioavailability 

There were significant (P≤0.05) main and interactive effects of Zn application and variety 

on concentration of phytate in wheat grains (Table 6.1). At various Zn application rates, 

phytate in wheat grains ranged from 7.25 to 11.01 mg g
−1

 in Shafaq-2006 and from 6.63 

to 7.52 mg g
−1

 in Auqab-2000 (Figure 6.3a). Application of Zn significantly reduced 

grain phytate concentration in both varieties. Very steep decrease in grain phytate 

concentration was observed from control to 6 mg Zn kg
−1

 soil for Shafaq-2006. Over the 

applied Zn rates, the decrease in grain phytate concentration was quadratic for Shafaq-

2006 and linear for Auqab-2000 (Table 6.2 and Figure 6.3a). 

There were significant (P≤0.05) main and interactive effects of Zn application and 

variety on [phytate]:[Zn] ratio in wheat grains (Table 6.1). At control, grain 

[phytate]:[Zn] ratio was 53 in Shafaq-2006 and 38 in Auqab-2000 (Figure 6.3b). In both 

varieties, Zn application reduced the grain [phytate]:[Zn] ratio as low as 11. The response 

of [phytate]:[Zn] ratio to increasing soil Zn rates was cubic for Shafaq-2006 and quartic 

for Auqab-2000. The initial slope values indicated that [phytate]:[Zn] ratio was 

decreasing by 8.2 values in Shafaq-2006 and by 9.8 values in Auqab-2000 with each 

incremental unit of Zn applied. However, the variation in [phytate]:[Zn] ratio was 

negligible at higher rates (>9 mg Zn kg
−1

 soil). 
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Figure 6.2. Zinc content in various plant parts of two wheat varieties (Shafaq-2006 and 

Auqab-2000) supplied with different soil Zn rates 

Shoot samples were taken at 65 days after the sowing while grain and straw samples were 

taken at maturity. Trend lines of best-fitted least-degree response models are based on 

orthogonal polynomial contrast comparisons given in table 6.2. LSD(0.05) for Zn rate × 

variety: shoot Zn contents 10; straw Zn content 28; grain Zn content 13. 

 

Estimated Zn bioavailability ranged from 1.28 to 3.40 mg Zn in 300 g grains of 

Shafaq-2006 and from 1.49 to 3.32 mg Zn in 300 g grains of Auqab-2000 (Figure 6.3b). 

The main and interactive effects of Zn application and variety significantly (P≤0.05) 

affected the estimated Zn bioavailability in 300 g wheat grains (Table 6.1). In the grains 

of both varieties, there was a progressive increase in estimated Zn bioavailability with 

incremental Zn application rates; resulting in a quadratic response for Shafaq-2006 and a 

cubic response for Auqab-2000 (Table 6.2 and Figure 6.3b). Initial increase rate (slope of 

curvature) of estimated Zn bioavailability was more for Auqab-2000 as compared to 

Shafaq-2006.  
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6.4.4. Concentration and [phytate]:[mineral] ratios of Ca and Fe 

There were significant (P≤0.05) effects of Zn application and variety on grain Ca 

concentration (Table 6.3). On average, grain Ca concentration was 20% more in Shafaq-

2006 when compared to Auqab-2000. At various Zn application rates, grain Ca 

concentration ranged from 177–195 mg g
−1

, maximum being at 6 mg Zn kg
−1

 soil.  

There were significant (P≤0.05) main and interactive effects of Zn application and 

varieties on [phytate]:[Ca] ratio in wheat grains (Table 6.3). Zinc applications 

significantly decreased the [phytate]:[Ca] ratio in grains of both wheat varieties that 

ranged from 2.21 (at 18 mg Zn kg
−1

 soil) to 3.27 (at control Zn rate) in Shafaq-2006 and 

from 2.39 (at 12 mg Zn kg
−1

 soil) to 2.77 (at control Zn rate) in Auqab-2000. 

   

Table 6.3. Concentration and phytate-to-mineral moral ratio ([phytate]:[mineral]) of Fe 

and Ca  in grains of two wheat varieties (Shafaq-2006 and Auqab-2000) supplied with 

different soil Zn rates  

Soil Zn rate 

 

(mg kg
−1

) 

Grain Fe 

Concentration 

Grain Ca 

Concentration 
[phytate]:[Fe] ratio [phytate]:[Ca] ratio 

S
h
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fa

q

-2
0

0
6
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-2
0

0
0
 

M
ea

n
 

S
h

a
fa

q

-2
0
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0

0
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-2
0

0
0
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S
h

a
fa

q

-2
0

0
6
 

A
u

q
a

b

-2
0

0
0
 

M
ea

n
 

0 45.9 42.0 43.9 205 165 185 34.8 25.8 30.3 3.27 2.77 3.02 

3 41.0 40.0 40.5 206 172 189 34.3 24.7 29.5 2.88 2.43 2.65 

6 36.1 39.1 37.6 212 178 195 32.7 24.7 28.7 2.35 2.28 2.31 

9 35.2 36.1 35.7 195 158 177 32.8 26.7 29.8 2.49 2.57 2.53 

12 32.2 34.2 33.2 196 168 182 33.4 28.0 30.7 2.32 2.39 2.35 

15 29.3 33.2 31.3 195 166 180 35.7 28.9 32.3 2.26 2.44 2.35 

18 27.4 34.5 30.9 205 167 186 39.2 29.0 34.1 2.21 2.42 2.31 

Mean 35.3 37.0  202 168  34.7 26.8  2.54 2.47  
a
LSD0.05 1.4; 2.6; 3.7 4; 7; NS 1.1; 2.1; NS 0.06; 0.10; 0.15 
a
LSD at P≤0.05, respectively for variety, Zn rates, and Zn rate × variety 

  

Grain Fe concentration ranged from 27 to 46 µg g
−1 

in Shafaq-2006 and from 33 

to 42 µg g
−1 

in Auqab-2000 (Table 6.3). There were significant (P≤0.05) main and 

interactive effects of Zn application and variety on concentration of Fe in wheat grains. In 

both varieties, a progressive decrease in grain Fe concentration was observed with 

incremental Zn applications. However, decrease in grain Fe concentration was much 

more obvious in Shafaq-2006 (up to 70% decrease over control) as compared to Auqab-

2000 (up to 27% decrease over control).  

There were significant (P≤0.05) main effects of Zn application and variety on 

[phytate]:[Fe] ratio in wheat grains (Table 6.3). On average, the [phytate]:[Fe] ratio in 
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Auquab-2000 was 22% lower than in Shafaq-2006. Compared to control, there was a 

non-significant decrease in grain [phytate]:[Fe] ratio at Zn rates from 3 to 9 mg kg
−1

 soil. 

Application of Zn at higher than 9 mg kg
−1

 soil increased the [phytate]:[Fe] ratio in wheat 

grain. However, significant increase over control was only observed at the highest Zn rate 

applied (18 mg kg
−1

 soil).  

 

6.5. Discussion 

 

Soil used in the study was alkaline and calcareous in nature and deficient in plant 

available Zn (0.44 mg Zn kg
−1

 soil). Zinc application response is generally observed in 

such soil conditions (Alloway, 2008; Sillanpää, 1990). The response of plant growth and 

grain yield, however, was quadratic; increased up to medium Zn rates and decreased at 

higher Zn rates (Table 6.2 and Figure 6.1). This type of plant response to incremental 

nutrient applications is well established (Engels et al., 2012). Using the resulted quadratic 

equations (Table 6.2), maximum grain yield was estimated to be achieved at 10.8 mg Zn 

kg
−1

 soil for Shafaq-2006 and 7.4 mg Zn kg
−1

 soil for Auqab-2000. However, about half 

of these rates were required for the statistical optimum grain yield based on LSD 

comparisons (Figure 6.1) and can be recommended on the bases or marginal return of 

grain yield (Tilman et al., 2002). 

Soil Zn application significantly (P≤0.05) increased Zn concentration in various 

plant parts (Figure 6.1). Although calcareousness of soil is related to reduced Zn 

phytoavailability (Hussain et al., 2011; Alloway, 2009), several authors have reported 

pronounced effect of soil Zn application on grain yield and grain Zn concentration under 

calcareous soil conditions (Sillanpää, 1990; Yilmaz et al., 1997). Moreover, the currently 

grown varieties of wheat in the world have lower grain Zn concentration as compared to 

obsolete varieties grown before the green revolution (Fan et al., 2008; Murphy et al., 

2008; please also see Chapters 3 and 4). Therefore, Zn application is a rapid solution to 

human Zn deficiency and is complementary to breeding for biofortification (Cakmak, 

2008). 

Within the applied Zn rates, the increase in grain Zn concentration was quadratic 

for Shafaq-2006 and cubic for Auqab-2000 (Table 6.2). The wheat variety, Auqab-2006, 

which was relatively non-responsive with respect to grain yield, showed a pronounced 

increase in grain Zn concentration with every additional Zn applied. For the rates 
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estimated for the maximum yield by employing quadratic equations of yield response, 

grain Zn concentration was 51 µg g
−1

 in Shafaq-2006 and 40 µg g
−1

 in Auqab-2000. 

Applying Zn at these higher rates may not be economical on yield basis (Engels et al., 

2012; Tilman et al., 2002). However, such higher rates may be applied if the objective is 

to biofortify the grains for better human nutrition (Cakmak, 2008).  

 

Figure 6.3. (a) Phytate 

concentration and (b) Zn 

bioavailability 

([phytate]:[Zn] ratio and 

estimated Zn bioavailability) 

in grains of two wheat 

varieties (Shafaq-2006 and 

Auqab-2000) supplied with 

different soil Zn rates 

Trend lines of best-fitted 

least-degree response models 

are based on orthogonal 

polynomial contrast 

comparisons given in table 

6.2. LSD(0.05) for Zn × 

variety: phytate 0.28; 

estimated Zn bioavailability 

0.08; [phytate]:[Zn] ratio 1.6. 
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The other way to increase Zn bioavailability in wheat grains is to decrease grain 

phytate concentration. Wheat grains usually have about 10 mg phytate g
−1

 (Lott et al., 

2000) and Zn absorption in human intestine is greatly reduced by the presence of such 

high content of phytate in human food (Weaver and Kannan, 2002). Zinc application 

significantly decreased grain phytate concentration in both varieties (Figure 6.3a). Erdal 

et al. (2002) reported a decrease of 27% in grain phytate concentration with application of 

10 kg Zn ha
−1

. The decrease in grain phytate concentration can be related to Zn induced 

changes in P uptake from the soil and translocation within plant body (Huang et al., 

2000).  

Wheat grains generally have [phytate]:[Zn] ratio ≥ 25 while a [phytate]:[Zn] ratio 

≤ 15 is generally required for better human nutrition (Turnlund et al., 1984; Weaver and 

Kannan 2002). In previous studies (Chapter 3 and 4), the wheat variety Shafaq-2006 had 

lower Zn bioavailability in grains and produced optimum grain yield. Auqab-2000 also 

had similar yielding potential at a medium Zn level (Chapter 4) but was medium in Zn 

bioavailability. Zinc application decreased [phytate]:[Zn] ratio as low as 11 due to a 

significant increase in grain Zn concentration and a significant decrease in grain phytate 

concentration (Figure 6.3b). The decrease of [phytate]:[Zn] ratio was cubic in Shafaq-

2006 with a sharp decrease up to 9 mg kg
−1

 soil. However, Auqab-2000 showed a sharp 

decrease up to 6 mg Zn kg
−1

 soil. For the soil Zn rates estimated using quadratic equation 

for maximum grain yield, [phytate]:[Zn] ratio in  both varieties was about 13, ensuring 

increased Zn bioavailability to humans.  

The physiological Zn requirement of a reference adult person is about 3 mg d
−1 

(Hotz and Brown, 2004; Institute of Medicine, 2001) and more
 
than 3 mg Zn in 300 g 

wheat grains can be taken as target for Zn biofortification. For the present study, 

estimated Zn bioavailability increased with incremental Zn application rates with either 

quadratic (for Shafaq-2006) or cubic (for Auqab-2000) trend (Table 6.2, Figure 6.3b). For 

the rates estimated for maximum grain yield by employing quadratic equations of yield 

response, estimated Zn bioavailability in 300 g wheat grains was 2.96 mg Zn for Shafaq-

2006 and 3.16 mg Zn for Auqab-2000. This clearly indicated importance of higher Zn 

application for increasing Zn bioavailability. 

Along with Zn, both Ca and Fe are found deficient in human population of 

developing countries (White and Broadley, 2009). The decrease in grain Fe concentration 

may be due to an antagonistic effect of Zn on uptake and transport of Fe in plant body 

(Frossard et al., 2000; Stephan and Scholz, 1993). This may also be due to a dilution 
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effect of increased grain yield with application Zn to Zn deficient soil. As Fe is also 

essentially required for humans and is the sixth major cause of diseases and deaths in 

developing countries (WHO, 2002), the significant decrease in grain Fe concentration 

with Zn application is of deep concern. However, relatively lower increase in 

[phytate]:[Fe] ratio was related to significant decrease in grain phytate concentration with 

application of Zn that compensated for the significant decrease in grain Fe concentration. 

Moreover, Zn application at medium rate significantly increased grain Ca concentration 

and decreased [phytate]:[Ca] ratio. However, [phytate]:[Ca] and [phytate]:[Fe] ratios in 

wheat grains were always greater than the critical values (0.24 for Ca and 1 for Fe) 

required for good human nutrition (Hallberg et al., 1989; Morris and Ellis, 1985). 

 

6.6. Conclusions 

 

Application of Zn significantly increased grain yield, grain Zn concentration and 

estimated Zn bioavailability while significantly decreased grain phytate concentration and 

[phytate]:[Zn] ratio in wheat grains. Zinc application decreased [phytate[:[Zn] ratio as 

low as 11 and increased estimated Zn bioavailability as high as 3.40 mg Zn for 300 g 

flour. The human requisite Zn concentration and estimated Zn bioavailability in wheat 

grains were estimated to be achieved at soil Zn rates required for maximum grain yield. 

Therefore, Zn fertilization for Zn biofortification may be practiced on the bases of 

response curve studies aiming at maximized grain yield and optimum Zn bioavailability. 

However, field investigations on higher soil Zn application rates are warranted to better 

understand its effects on overall mineral biofortification in wheat grains under varying 

soil types and crop rotations. 
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Chapter 7 

 

BIOFORTIFICATION AND ZINC 

BIOAVAILABILITY IN WHEAT GRAINS 

AS INFLUENCED BY METHODS OF ZINC 

APPLICATION 
 

7.1. Abstract  

 

Agronomic biofortification of Zn requires an effective Zn application method and 

efficient Zn utilization by the crops. Various Zn application methods were compared for 

Zn biofortification in grains of wheat grown in a calcareous soil under glasshouse 

conditions. Wheat (cv. Shafaq-2006) was treated with different Zn applications to soil (0, 

4.5 or 9 mg Zn kg
−1

), seed (100 mL of either 0 or 6.75% Zn sprayed on 1 kg seed) and 

foliage (distilled-water-sprayed control, 1 mL of 0.05% Zn at jointing, 2×1 mL of 0.50% 

Zn at heading or combined jointing and heading sprays) in all possible combinations. 

Mineral (Zn, Ca and Fe) bioavailability to humans was estimated based on 

[phytate]:[mineral] ratios. Zinc bioavailability was also quantitatively estimated using 

trivariate model of Zn absorption. Soil Zn application increased grain yield (29%), grain 

Zn concentration (95%) and estimated Zn bioavailability (74%) in wheat grain. Foliar Zn 

application at heading also increased Zn bioavailability, but progressively less so with 

incremental soil Zn rates. Soil Zn application increased grain concentration and 

bioavailability of Ca, but decreased them for Fe. Conclusively, high soil Zn application 

increased estimated Zn bioavailability to humans. Also, medium soil Zn rate may be 

combined with foliar Zn sprays at heading where high soil Zn application is not feasible 

because of economic or environmental reasons. 

 

7.2. Introduction 

 

Zinc deficiency in cereal-growing soils is not only resulting in lower grain yields but also 

in lower grain Zn concentration (Alloway, 2009; Gibson, 2012; please also see Chapter 

5). Therefore, about half of the world’s human population is under the risk of Zn 

____________________ 

The study has been published in ‘Plant and Soil (2012) 361:279–290’ and entitled ‘Biofortification 

and estimated human bioavailability of zinc in wheat grains as influenced by methods of zinc 

application’. The authors are S. Hussain, M.A. Maqsood, Z. Rengel and T. Aziz. 
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deficiency (White and Broadley, 2009; WHO, 2002; Muller and Krawinkel, 2005).  

 Agronomic and genetic biofortification of staple grains with Zn is considered as 

the most economical solution to human Zn deficiency (Bouis and Welch, 2010; Bouis et 

al., 2011; Cakmak, 2008; Scrimgeour et al., 2011; Stein et al., 2007). The yield factor, 

lack of sufficient genetic diversity in current cultivars and genotype × environment 

interactions are some of the constraints to genetic biofortification (Cakmak, 2008; Joshi et 

al. 2010; Palmgren et al., 2008). Therefore, Zn fertilization of wheat is a rapid solution to 

ongoing human Zn deficiency, with an added benefit of increased grain yield (Cakmak, 

2009). Zinc application is important in situations where low plant-available Zn in soils 

correlates with human Zn deficiency (Alloway, 2009). 

 Soil Zn application may contribute to better Zn nutrition of human beings 

(Cakmak, 2008). However, only high rates ensured optimum Zn concentration in wheat 

grains (Chapter 6). Moreover, various methods of Zn application may differentially 

influence yield and grain Zn concentration. Harris et al. (2008) found seed priming with 

ZnSO4 a cost-effective Zn application method that provided a net benefit-to-cost ratio of 

75 for wheat. Seed priming with Zn salts may increase growth and disease resistance of 

seedlings. However, seed priming with concentrated Zn solution can suppress the growth 

of seedlings and may not significantly increase Zn concentration in the produced grains. 

Seed application improved shoot growth, but soil application was required for increased 

grain yield (Yilmaz et al., 1997). For improving plant growth under deficient soil 

conditions, Zn could also be sprayed directly onto leaves (Fageria et al., 2009). Foliarly-

applied Zn can be absorbed by leaf epidermis and then transported to other plant parts via 

xylem and phloem; Zn is at least partially mobile in phloem (Haslett et al., 2001). 

Therefore, Zn sprays during grain-development stage contributed to Zn enrichment of 

grains (Zhang et al., 2010). Zinc sprays near crop maturity, however, may not have a 

significant positive effect on grain yield. 

Although Zn application to staple food crops was suggested as a means of Zn 

biofortification, only grain Zn concentration was analyzed in most studies (McDonald et 

al., 2008; Morgounov et al., 2007; Stomph et al., 2011). Studies evaluating suitable 

combination of Zn application methods for increasing Zn bioavailability to humans are 

rare. Zinc bioavailability in human food may be increased by increasing Zn concentration 

or increasing Zn promoters (substances that promote Zn absorption into the body) or 

decreasing Zn anti-nutrients (that decrease Zn absorption) (White and Broadley, 2009). 

Phytate, present in cereal grains in relatively large quantities, forms insoluble complexes 
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with Zn and other minerals (like Fe and Ca) in the environment of human intestine and 

hinders their absorption into human body (Nolan et al., 1987).  

In wheat grains, Zn application increased Zn concentration while decreased grain 

phytate concentration (Erdal et al., 2002; please also see Chapter 6). Therefore, Zn 

application may greatly increase Zn bioavailability in cereal grains (Cakmak, 2008). 

Although mineral bioavailability is complex, [phytate]:[mineral] ratio can be used as a 

simplified qualitative measure of their bioavailability in human food (Hallberg et al., 

1989; Morris and Ellis, 1985; Turnlund et al., 1984; Weaver and Kannan, 2002). Indeed, 

most variation in Zn bioavailability is well explained by Zn and phytate contents in 

human diet. Therefore, [phytate]:[Zn] ratio in food is considered a good indicator of Zn 

bioavailability (Brown et al., 2001; Weaver and Kannan, 2002). Increased accumulation 

of Zn in grains may interfere with other essentials minerals like Fe and Ca in wheat; 

hence, a more holistic approach to assess the potential benefits of Zn application on grain 

mineral bioavailability is required. 

Latest findings relating to Zn homeostasis in human intestine permits estimation 

of Zn bioavailability from daily diet by employing trivariate model of Zn absorption 

(Hambidge et al., 2010). The model predicts Zn bioavailability from the daily diet by 

employing total daily dietary Zn and phytate intakes. Unlike [phytate]:[Zn] ratio, the 

trivariate model of Zn absorption gives a quantitative estimation of Zn bioavailability by 

considering Zn absorption into human body as a saturable process (Miller et al., 2007). 

The Zn absorption values predicted by this model were similar to actually measured 

values in a labeled-Zn study using human subjects (Rosado et al., 2009). 

             Zinc and phytate, the main determinants of Zn bioavailability in wheat grains, are 

expected to be differentially affected by combination of various Zn application methods 

to wheat crop. Optimum soil Zn application may be sufficient for achieving maximum 

grain yield, whereas a higher soil Zn rate together with foliar Zn sprays near maturity are 

expected to maximize the concentration and bioavailability of Zn in wheat grains. 

Moreover, high Zn application rates may result in antagonistic relationship of Zn with 

other essential minerals. Hence, the main objective of the present study was to determine 

relative suitability of different Zn application methods for increasing grain yield, grain Zn 

concentration and Zn bioavailability in wheat grains. Effect of Zn application on 

concentration and bioavailability of Fe and Ca in wheat grains was also determined. 
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7.3. Materials and Methods 

 

Bulk surface soil sample (0–30 cm depth) was collected from 55 km south-east of Multan 

(Pakistan) (29.720° N, 71.829° E). The soil was selected to represent average soil Zn 

status in the region (Chapter 5). The air-dried soil was ground to pass through a 2.0-mm 

sieve, and a subsample of the sieved soil was analyzed for various physico-chemical 

properties. Plant-available Zn and Fe in the soil were 0.44 and 3.34 mg kg
−1

 soil, 

respectively, as extracted by 0.005 M DTPA (Lindsay and Norvell, 1978) and measured 

on an atomic absorption spectrophotometer (PerkinElmer, AAnalyst 100, Waltham, 

USA). Other physicochemical characteristics of the soil used in the study are detailed in 

Chapter 6 (Section 6.3).  

 Pots were filled with 5 kg sieved soil each. Soil was uniformly supplied (in mg 

kg
−1

) with 90 N, 60 P, and 25 K by applying urea, ammonium di-hydrogen phosphate and 

potassium sulphate. Treatments comprised all possible combinations of: soil Zn 

application of 0, 4.5 or 9 mg Zn kg
−1

 soil; seed Zn application as 100 mL of distilled 

water (seed –Zn) or 6.75% (w/v) Zn solution (seed +Zn) sprayed uniformly on 1 kg wheat 

seed; and foliar Zn application of distilled-water spray (1 mL pot
−1

) to control pots, single 

spray (1 mL pot
−1

) of 0.05% (w/v) Zn at jointing (Feekes 6.0), two sprays (1 mL pot
−1

 

each) of 0.50% (w/v) Zn at heading (Feekes 10.0 and 10.53) or combined jointing and 

heading sprays. In present experiment, Feekes 6.0, 10.0 and 10.53 were reached 

respectively on 37, 69 and 83 days after sowing. Zinc was supplied as ZnSO4·7H2O in 

solution. The treatments were arranged according to three-factorial completely 

randomized design in three replications (Steel et al., 1997). After application of primary 

nutrients and different soil Zn rates, the soil in each pot was thoroughly mixed. 

Seven wheat seeds (cv. Shafaq-2006) were sown in each pot at a depth of 2 cm. 

Seven days after emergence pots were thinned to four seedlings each. Distilled water was 

used to maintain the soil moisture content at field capacity throughout the experimental 

period. During the experiment, the average temperature in the glasshouse was 22±5˚C 

during the day and 12±5˚C during the night. Light intensity varied between 300 to 1,400 

µmol photon m
−2

 s
−1

, and relative humidity varied from 35% (midday) to 85% 

(midnight). A second dose of 30 mg N kg
−1

 soil was applied 45 days after sowing. All 

foliar sprays contained 0.01% (v/v) Tween as a surfactant, and 1.0 mL spray was applied 
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pot
−1

 (containing four plants) after sunset. Soil in the pots was shielded to avoid contact 

with the foliarly-applied Zn. 

 Plants were harvested at maturity and were manually threshed to separate grains. 

Straw and grains were washed with distilled water and briefly blotted with tissue papers 

before drying in a forced-air-driven oven (Tokyo Rikakikai, Eyela WFO-600 ND, Tokyo, 

Japan) at 65˚C for 48 h. After recording dry weights, whole-grain samples were ground in 

a mill (IKA Werke, MF 10 Basic, Staufen, Germany) to pass through a 0.5-mm sieve. 

Ground subsample of known weights were digested in a di-acid mixture (HNO3:HClO4 

ratio of 2:1) (Jones and Case, 1990). Zinc, Fe and Ca concentrations in the digest were 

measured by an atomic absorption spectrophotometer (PerkinElmer, AAnalyst 100, 

Waltham, USA). For phytate determination, 60 mg sample of finely ground grains was 

extracted with 10 mL of 0.2 N HCl at room temperature for 2 h under continuous shaking. 

Phytate in the extract was determined by an indirect method (Haug and Lantzsch, 1983) 

on a spectrophotometer (Shimadzu, UV-1201, Kyoto, Japan). The followed method is 

briefly described in Chapter 3 (Section 3.3.2). All samples for mineral and phytate 

determinations were prepared and analyzed in duplicates. 

Mineral bioavailability was qualitatively estimated as [phytate]:[mineral] ratio in 

grains (Brown et al., 2001; Weaver and Kannan, 2002). Zinc bioavailability in wheat 

grain was also quantitatively estimated by employing trivariate model of Zn absorption 

(Hambidge et al., 2010; Miller et al., 2007; Rosado et al., 2009). Details are given in 

Chapter 3 (Section 3.3.3).  

 The data obtained for dry matter yields, mineral and phytate concentrations and 

mineral bioavailability were subjected to 3-way analysis of variance using Statistix 9
®
 for 

Windows (Analytical Software, Tallahassee, USA). Significantly different treatment 

means were separated using Fisher’s protected least significant difference (LSD) test 

(Steel et al., 1997). Significance of treatments was tested at P < 0.05. 

 

7.4. Results 

 

7.4.1. Plant growth and grain yield 

Only the main effects (soil, seed and foliar Zn applications) significantly (P≤0.05) 

influenced straw yield of wheat plants (Table 7.1). Compared to respective controls, straw 

yield was increased by 17% in the treatment with 9 mg Zn kg
−1

 soil and by 5% in the seed 
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+Zn treatment. Foliar application of Zn at jointing alone or in combination with Zn sprays 

at heading also resulted in a significant increase in straw yield.  

 Grain yield was significantly (P≤0.05) influenced by main effects of soil, seed and 

foliar Zn applications and the interaction soil × seed Zn application (Table 7.1). Seed Zn 

application significantly increased grain yield at control and 4.5 mg Zn kg
−1

 soil. 

However, soil application was the main input factor that increased grain yield up to 34% 

in the seed −Zn treatment and up to 23% in the seed +Zn treatment. Foliar Zn spray 

significantly increased grain yield only when applied at jointing. 

 

7.4.2. Zinc accumulation in grains 

Depending on the Zn treatments, grain Zn concentration ranged from 18 to 51 µg g
−1

 

(Figure 7.1a). Main effects and all second order interactions of soil, seed and foliar Zn 

applications significantly (P≤0.05) influenced Zn concentration in wheat grains. In 

general, application of Zn by either method significantly increased grain Zn 

concentration. However, seed Zn application and the foliar Zn spray at jointing were 

relatively inefficient in increasing grain Zn concentration. Soil Zn application at 9 mg Zn 

kg
−1

 resulted in about a 2-fold increase in grain Zn concentration in both seed –Zn and 

seed +Zn treatments. When averaged over foliar Zn sprays, seed Zn application was only 

effective in increasing grain Zn concentration at lower soil Zn rates (0 and 4.5 mg kg
−1

 

soil). Combined Zn sprays at both jointing and heading resulted in 64%, 25% and 7% 

increase in grain Zn concentration in the treatments with, respectively, 0, 4.5 and 9 mg Zn 

kg
−1

 soil. However, a statistically similar increase was observed with foliar Zn application 

at heading alone for various soil Zn rates.  

There were significant (P≤0.05) main effects of soil, seed and foliar Zn 

applications and interactive effect of soil Zn application with either seed or foliar Zn 

applications on grain Zn contents (Figure 7.1b). On average, there was a 83% and 152% 

increase in grain Zn contents with 4.5 and 9 mg Zn kg
−1

 soil, respectively, compared to 

the control (0 mg Zn kg
−1

 soil). Combined Zn spray at jointing and heading resulted in a 

69%, 26% and 7% increase in grain Zn contents in the treatments with, respectively, 0, 

4.5 and 9 mg Zn kg
−1

 soil. These increases were similar to those measured in the 

treatments with foliar Zn application at heading alone for various soil Zn rates. As grain 

Zn concentration at 0 and 4.5 mg Zn kg
−1

 soil was significantly increased in seed +Zn 

compared to seed −Zn pots, average grain Zn contents were significantly greater in the 

seed +Zn treatment. 
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Table 7.1. Straw and grain yield of wheat (cv. Shafaq-2006) as influenced by seed, soil 

and foliar applications of Zn  

Zn Spray Soil Zn rate (mg Zn kg
−1

 soil) Mean 
0 4.5 9 0 4.5 9 

Seed −Zn Seed +Zn  

 Straw Yield (g/pot) 

control 12.6 15.1 15.7 13.9 15.8 16.6 14.9 

jointing only 13.9 16.1 16.4 14.8 17.0 16.8 15.8 

heading only 13.0 15.5 15.6 13.9 16.2 15.9 15.0 

jointing + heading 13.6 16.0 16.7 14.7 16.8 16.2 15.7 

Means 13.3 15.7 16.1 14.3 16.5 16.4  

15.0 15.7 

LSD0.05 Soil 0.4; Seed 0.3; Foliar 0.5 

 Grain Yield (g/pot) 
control 12.2 15.1 16.6 13.4 15.8 16.8 15.0 

jointing only 13.2 15.5 17.5 14.1 16.6 17.3 15.7 

heading only 12.2 14.9 16.7 13.2 15.7 16.3 14.8 

jointing + heading 12.8 15.3 17.0 13.8 16.1 16.6 15.3 

Means 12.6 15.2 16.9 13.6 16.1 16.8  

14.9 15.5  

LSD0.05 Soil 0.3; Seed 0.3; Foliar 0.4; Soil × Seed 0.4  

Various levels of seed (100 mL of distilled water [Seed –Zn] or 6.75% w/v Zn [Seed 

+Zn] sprayed uniformly on 1 kg wheat seed), soil (0, 4.5, and 9 mg Zn kg
−1

 soil) and 

foliar (distilled water spray [control], 0.05% w/v Zn sprayed at jointing [jointing only], 

two sprays of 0.50% w/v Zn at heading [heading only], and Zn sprays both at jointing and 

heading [heading + jointing]) Zn applications were applied in all possible combinations. 

Two- and 3-way interactions without LSD values listed were non-significant at P≤0.05. 

 

 

Table 7.2. Phytate concentrations (mg g
−1

) in whole grains of wheat (cv. Shafaq-2006) as 

influenced by seed, soil and foliar applications of Zn  

Zn Spray Soil Zn rate (mg Zn kg
−1

 soil) Mean 

0 4.5 9 0 4.5 9 

Seed −Zn Seed +Zn  

control 11.22 9.98 8.47 11.15 9.96 8.98 9.96 

jointing only 11.13 9.99 8.41 10.41 9.47 8.72 9.69 

heading only 10.08 9.10 8.06 9.25 9.10 8.04 8.94 

jointing + heading 9.63 9.59 8.09 9.45 8.91 7.80 8.91 

Means 10.52 9.66 8.26 10.06 9.36 8.38  

9.48 9.27  

LSD0.05 Soil 0.17; Seed 0.14; Foliar 0.20; Soil × Seed 0.25; Soil × Foliar 0.35 

Various levels of seed (100 mL of distilled water [Seed –Zn] or 6.75% w/v Zn [Seed 

+Zn] sprayed uniformly on 1 kg wheat seed), soil (0, 4.5, and 9 mg Zn kg
−1

 soil) and 

foliar (distilled water spray [control], 0.05% w/v Zn sprayed at jointing [jointing only], 

two sprays of 0.50% w/v Zn at heading [heading only], and Zn sprays both at jointing and 

heading [heading + jointing]) Zn applications were applied in all possible combinations. 

Two- and 3-way interactions without LSD values listed were non-significant at P≤0.05. 
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7.4.3. Grain phytate concentration and Zn bioavailability 

The phytate concentration in wheat grains ranged from 7.8 to 11.2 mg g
−1

 in the various 

Zn application treatments (Table 7.2). The main effects of soil, seed and foliar Zn 

applications and the interaction of soil Zn application with either seed or foliar Zn 

applications significantly (P≤0.05) influenced grain phytate concentration. At lower soil 

Zn rates, seed Zn application significantly decreased grain phytate concentration. 

However, soil and foliar Zn applications were main factors that greatly reduced the grain 

phytate concentration. On average, a decrease in grain phytate concentration was 7% at 

4.5 mg Zn kg
−1

 soil and 19% at 9 mg Zn kg
−1

 soil. When averaged over seed Zn 

application, foliar Zn application at jointing alone significantly reduced grain phytate at 

control application of Zn to soil (0 mg Zn kg
−1

 soil). In contrast, foliar spray at heading 

alone or in combination with Zn spray at jointing decreased grain phytate concentration at 

all soil Zn rates, but the decrease was more pronounced at lower soil Zn rates (control and 

4.5 mg Zn kg
−1

 soil). 

 There were significant (P≤0.05) main effects of soil, seed and foliar Zn 

applications and interaction of soil Zn application with either seed or foliar Zn 

applications on grain [phytate]:[Zn] ratio (Figure 7.2a). Application of Zn by either 

method significantly decreased the [phytate]:[Zn] ratio in wheat grains. Seed Zn 

application and foliar Zn spray at jointing were only effective in decreasing grain 

[phytate]:[Zn] ratio at control and 4.5 mg Zn kg
−1

 soil. Foliar Zn spray at heading (alone 

or in combination with Zn spray at jointing) and soil Zn application had a pronounced 

effect on grain [phytate]:[Zn] ratio. At seed –Zn treatment, an average decrease with soil 

Zn application was 45% at 4.5 mg Zn kg
−1

 soil and 64% at 9 mg Zn kg
−1

 soil. In the seed 

+Zn treatment, this decrease was 41% at 4.5 mg Zn kg
−1

 soil and 58% at 9 mg Zn kg
−1

 

soil.  

  There were significant (P≤0.05) main and second-order interactive effects of soil, 

seed and foliar Zn applications on the estimated Zn bioavailability (Figure 7.2b). In 

general, application of Zn by either method significantly increased the estimated Zn 

bioavailability in wheat grains. The interaction of seed × foliar Zn application showed 

that foliar application at jointing was effective only when combined with seed Zn 

application. However, foliar Zn application at jointing and seed Zn application increased 

estimated Zn bioavailability only at lower soil Zn rates (control and 4.5 mg Zn kg
−1

 soil). 

Foliar Zn application at heading significantly increased estimated Zn bioavailability at all 

soil Zn rates; however, its impact decreased with incremental soil Zn rates (only 7% 
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increase at 9 mg Zn kg
−1

 soil as compared to 57% and 21% increase, respectively, at 

control and 4.5 mg Zn kg
−1

 soil). Soil Zn application was the main factor that had a 

pronounced effect on estimated Zn bioavailability at various levels of seed and foliar Zn 

applications. On average, application of 9 mg Zn kg
−1

 soil resulted in an increase of 82% 

in the seed −Zn treatment and 65% in the seed +Zn treatment.  

 

7.4.4. Iron and calcium in grains and their bioavailability 

There were significant (P≤0.05) main effects and third-order interactive effect of soil, 

seed and foliar Zn applications on concentration of Fe in wheat grains (Table 7.3). Grain 

Fe concentration was significantly decreased (up to 24%) with an increase in the soil Zn 

rates. In the various Zn application treatments, grain Fe concentration ranged from 31 (at 

seed +Zn combined with 9 mg Zn kg
−1

 soil and Zn sprayed both at jointing and heading) 

to 48 µg g
−1

 (at control conditions of soil and seed Zn application and Zn sprayed at 

heading alone).  

  There were significant (P≤0.05) main effects of soil, seed and foliar Zn 

applications and interaction of seed × foliar Zn application on grain [phytate]:[Fe] ratio 

(Table 7.3). Soil application of Zn significantly increased (up to 7%) the [phytate]:[Fe] 

ratio in wheat grains. When averaged over soil Zn rates, seed Zn application significantly 

increased grain [phytate]:[Fe] ratio in pots where distilled water was sprayed. 

Only soil Zn application significantly (P≤0.05) influenced grain Ca concentration, 

resulting in maximum grain Ca concentration in the treatments with 4.5 mg Zn kg
−1

 soil 

(Table 7.3). However, grain [phytate]:[Ca] ratio was significantly influenced by main 

effects of all three Zn applications methods. On average, the seed +Zn treatment and 

foliar Zn spray at heading (alone or in combination with Zn spray at jointing) 

significantly decreased grain [phytate]:[Ca] ratio. However, a pronounced decrease (20%) 

was only observed with soil Zn application at the highest rate (9 mg Zn kg
−1

 soil).  

 

7.5. Discussion 

 

Soil used in this study was selected to represent average soil Zn status in cotton-wheat 

rotation zone of Punjab (Pakistan) (Chapter 5). It was calcareous and deficient in plant 

available Zn. Therefore, application of Zn by various methods (but particularly soil 

application) significantly (P≤0.05) increased straw and grain yields (Table 7.1). Alloway 

(2008) and Cakmak (2008) have reviewed several other studies where Zn application to 



84 

 

Table 7.3. Concentration and bioavailability (based on [phytate]:[mineral] ratio) of Fe 

and Ca in whole grains of wheat (cv. Shafaq-2006) as influenced by seed, soil and foliar 

applications of Zn  

Zn Spray Soil Zn rate (mg Zn kg
−1

 soil) Mean 

0 4.5 9 0 4.5 9 

Seed −Zn Seed +Zn  

Grain Fe Concentration (µg g
−1

) 

control 46.0 41.5 35.9 42.6 35.9 32.5 39.1 

jointing only 44.9 42.6 35.9 46.0 39.3 35.9 40.8 

heading only 47.1 38.2 31.4 40.4 37.0 33.7 38.0 

jointing +heading 44.9 38.2 32.5 42.6 38.2 31.4 38.0 

Means 45.7 40.1 33.9 42.9 37.6 33.4  

39.9 38.0 

LSD0.05 Soil 1.06; Seed 0.87; Foliar 1.23; Seed × Foliar 1.74; Soil × Seed × 

Foliar 3.01  

Grain Ca Concentration (µg g
−1

) 

control 193 192 186 180 212 199 194 

jointing only 190 205 186 186 196 191 192 

heading only 186 197 186 194 200 203 194 

jointing + heading 180 192 185 189 196 183 187 

Means 187 196 186 187 201 194  

190 194 

LSD0.05 Soil 5 

Grain [phytate]:[Fe] ratio 
control 20.7 20.3 20.0 22.1 23.5 23.4 21.7 

jointing only 21.0 19.8 19.8 19.2 20.4 20.6 20.2 

heading only 18.1 20.2 21.7 19.4 20.8 20.2 20.1 

jointing +heading 18.2 21.3 21.1 18.8 19.8 21.0 20.0 

Means 19.5 20.4 20.7 19.9 21.1 21.3  

20.2 20.8  

LSD0.05 Soil 0.69; Seed 0.56; Foliar 0.80; Seed × Foliar 1.13 

Grain [phytate]:[Ca] ratio 
control 3.54 3.16 2.77 3.77 2.86 2.75 3.14 

jointing only 3.57 2.96 2.75 3.41 2.94 2.78 3.07 

heading only 3.30 2.81 2.63 2.90 2.77 2.41 2.80 

jointing +heading 3.26 3.04 2.66 3.04 2.76 2.60 2.89 

Means 3.42 2.99 2.71 3.28 2.83 2.63  

3.04 2.92  

LSD0.05 Soil 0.10; Seed 0.08; Foliar 0.12 

Various levels of seed (100 mL of distilled water [Seed –Zn] or 6.75% w/v Zn [Seed 

+Zn] sprayed uniformly on 1 kg wheat seed), soil (0, 4.5, and 9 mg Zn kg
−1

 soil) and 

foliar (distilled water spray [control], 0.05% w/v Zn sprayed at jointing [jointing only], 

two sprays of 0.50% w/v Zn at heading [heading only], and Zn sprays both at jointing and 

heading [heading + jointing]) Zn applications were applied in all possible combinations. 

Two- and 3-way interactions without LSD values listed were non-significant at P≤0.05. 
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Figure 7.1. Zinc concentration (a) and contents (b) in whole grains of wheat (cv. Shafaq-

2006) as influenced by seed, soil and foliar applications of Zn  
Various levels of seed (100 mL of distilled water [Seed –Zn] or 6.75% w/v Zn [Seed +Zn] 

sprayed uniformly on 1 kg wheat seed), soil (0, 4.5, and 9 mg Zn kg
−1

 soil) and foliar (distilled 

water spray [control], 0.05% w/v Zn sprayed at jointing [jointing only], two sprays of 0.50% w/v 

Zn at heading [heading only], and Zn sprays both at jointing and heading [heading + jointing]) Zn 

applications were applied in all possible combinations. Two- and 3-way interactions without LSD 

values listed were non-significant at P≤0.05. LSD(0.05) (Zn concentration and Zn contents, 

respectively) for various main and interactive effects of Zn application methods: Soil = 0.42 and 

15; Seed = 0.34 and 12; Foliar = 0.48 and 17; Soil × Seed = 0.59 and 21; Soil × Foliar = 0.84 and 

30; Seed × Foliar = 0.69 and NS. Error bars indicate ±standard deviation (n = 3). 
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Figure 7.2. Phytate-to-zinc molar ([phytate]:[Zn]) ratio (a) and estimated Zn 

bioavailability (b) in whole grains of wheat (cv. Shafaq-2006) as influenced by seed, soil  

and foliar applications of Zn 
Various levels of seed (100 mL of distilled water [Seed –Zn] or 6.75% w/v Zn [Seed +Zn] 

sprayed uniformly on 1 kg wheat seed), soil (0, 4.5, and 9 mg Zn kg
−1

 soil) and foliar (distilled 

water spray [control], 0.05% w/v Zn sprayed at jointing [jointing only], two sprays of 0.50% w/v 

Zn at heading [heading only], and Zn sprays both at jointing and heading [heading + jointing]) Zn 

applications were applied in all possible combinations. LSD(0.05) ([phytate]:[Zn] ratio and 

estimated Zn bioavailability, respectively) for various main and interactive effects of Zn 

application methods: Soil = 0.76 and 0.03; Seed = 0.62 and 0.02; Foliar = 0.89 and 0.03; Soil × 

Seed = 1.07 and 0.04; Soil × Foliar = 1.52 and 0.06; Seed × Foliar = NS and 0.05. Error bars 

indicate ±standard deviation of means (n = 3). 
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calcareous soils with low plant-available Zn significantly increased plant growth and 

grain yield. However, seed and foliar Zn applications at jointing were unable to fulfill 

total Zn requirement of the wheat plants (Yilmaz et al., 1997; see also Fageria et al., 

2009).  

In the various Zn application treatments, grain Zn concentration ranged from 18 to 

51 µg g
−1

 (Figure 7.1a). A concentration greater than 50 µg Zn g
−1

 in wheat grains is 

generally considered desirable for achieving a positive impact on human health (Cakmak, 

2008). As for plant growth and grain yield, soil Zn application was the main factor in 

increasing grain Zn concentration and grain Zn contents on average. Although high 

retention and low phytoavailability of soil-applied Zn is characteristic of calcareous soils 

(Alloway, 2008; Hussain et al., 2011), various studies have documented soil Zn 

application as an effective way of solving low Zn phytoavailability in calcareous soils 

(Sillanpää, 1990; Cakmak, 2008; 2009). In contrast to foliar Zn spray at jointing, which 

increased plant growth and grain yield, foliar application of Zn at heading increased grain 

Zn concentration. A significant increase in grain Zn concentration with foliar sprays at 

heading may be attributed to phloem mobility of Zn in wheat (Haslett et al., 2001). Zhang 

et al. (2010) have reported a 68% increase in grain Zn concentration with foliar Zn 

application to wheat plants at grain-development stage. 

Grain phytate concentration significantly decreased with soil Zn fertilization and 

also with foliar Zn application at heading (Table 7.2). The decrease in concentration of 

phytate in wheat grains might be related to an effect of Zn application on uptake, 

translocation and metabolism of P (Marschner and Cakmak, 1986). A decrease in grain 

phytate concentration with application of Zn to Zn deficient calcareous soils was 

previously reported by Erdal et al. (2002). In a global estimate, average phytate 

concentration in whole wheat grain was found to be 10.0 mg g
−1

 (Lott et al., 2000). In the 

present study, phytate concentration ranged from 7.8 mg g
−1

 (at the highest Zn application 

treatment) to 11.2 mg g
−1

 (in the control treatment with 0 Zn applied). Phytate, present in 

grains of wheat and other cereals, complexes with Zn and other minerals and hinders their 

absorption into human body (Nolan et al., 1987). A [phytate]:[Zn] ratio < 20 is generally 

desirable for improving human nutrition (Turnlund et al., 1984; Weaver and Kannan, 

2002). Both a decrease in grain phytate concentration and an increase in grain Zn 

concentration resulted in grain [phytate]:[Zn] ratio dropping to as low as 15 (Figure 7.2a). 

This shows that Zn application, especially to soil, enhances [phytate]:[Zn] ratio based Zn 

bioavailability in wheat grains to desired levels. 
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The wheat variety grown in this study (Shafaq-2006) had lowest grain Zn 

bioavailability among forty commercial wheat varieties of Punjab (Pakistan) (Chapter 4). 

The Shafaq-2006 was a Zn responsive genotype with respect to grain yield grain Zn 

concentration (Chapter 6). Therefore, it considered a prime candidate for agronomic 

biofortification. For optimum Zn nutrition of human population, grains of current wheat 

varieties need to be biofortified to desired levels (Chapters 3 and 4). The physiological Zn 

requirement of an adult persons ranges from 3 to 4 mg Zn d
−1

 (Hotz and Brown, 2004; 

Institute of Medicine, 2001). Therefore, more than 3 mg of estimated Zn bioavailability in 

daily intake of 300 g wheat flour could be a desired level for a good human diet. The 

application of Zn through various methods increased estimated Zn bioavailability to as 

high as 3.01 mg in 300 g of wheat flour (Figure 7.2b). This clearly indicated the 

importance of Zn application in increasing Zn bioavailability in wheat grains. Similar to 

grain Zn and phytate concentrations, estimated Zn bioavailability was mainly influenced 

by soil Zn application and the foliar Zn sprays at heading causing a pronounced increase 

in grain Zn concentration and a pronounced decrease in grain phytate concentration. 

Therefore, combined application of soil and foliar Zn can be recommended for Zn 

biofortification where higher soil Zn application is not feasible due to soil, crop and 

economic factors. 

Distribution of Zn and other minerals as well as phytate varies in different grain 

tissues (Moussavi-Nik et al., 1997; Ozturk et al., 2006; Pearson et al., 1995; 1998; 

Stangoulis et al., 2007), with embryo, aleurone and seed coat having higher 

concentrations of Zn than the endosperm (Cakmak et al., 2010). In the present study and 

also elsewhere (Ryan et al., 2008; also in the study detailed in Chapter 6), estimation of 

mineral bioavailability was based on the whole grain mineral and phytate concentrations 

rather than specifically for different grain tissues. Further work is required to estimate 

mineral bioavailability in grains by taking into account variable distribution of minerals 

and phytate in grain tissues, as well as the effects of grain processing on selective removal 

of outer tissues.  

 Various minerals interact for uptake by roots, translocation from roots to leaves 

via shoot and mobilization from leaves to developing grains (Fageria, 2001; Lopez et al., 

2002). Therefore, studies aimed at biofortifying one mineral in wheat grains should also 

report the effect of treatments on other essential minerals. Iron and Ca are essentials 

minerals that are also frequently deficient in human populations (WHO, 2002).  
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Grain Fe concentration decreased up to 24% with soil Zn applications (Table 7.3). 

This might be due to competition of these two cations for the transport carriers in the 

phloem (Stephan and Scholz, 1993). However, the bioavailability of grain Fe, as indicated 

by the [phytate]:[Fe] ratio, was decreased only by 7%. This was due to a significant 

reduction in grain phytate concentration caused by application of Zn. Soil Zn application 

increased concentration and bioavailability of Ca in wheat grains. Seed and foliar Zn 

applications also significantly increased bioavailability of Ca in wheat grains by 

decreasing grain phytate concentrations. However, [phytate]:[Ca] and [phytate]:[Fe] 

ratios were always greater than the critical values (0.24 for Ca and 1 for Fe) required for 

good human nutrition (Hallberg et al., 1989; Morris and Ellis, 1985). 

   

7.6. Conclusions 

 

Soil Zn application increased grain yield up to 29%, grain Zn concentration up to 95% 

and estimated Zn bioavailability up to 74%. In contrast, seed and foliar Zn applications at 

jointing were relatively ineffective in increasing grain yield and grain Zn concentration. 

Foliar Zn application during grain development stage also greatly increased grain Zn 

concentration especially at lower soil Zn rates (<9 mg Zn kg
−1

 soil). Therefore, soil Zn 

application may be combined with Zn sprays at heading when increasing soil Zn rates are 

not feasible because of economic concerns in developing countries or environmental 

reasons in the high-input agriculture systems. Soil Zn application at high rate and foliar 

Zn spray at heading increased Zn concentration (>50 µg g
−1

) and estimated Zn 

bioavailability (>3 mg Zn for 300 g flour) in wheat grains to levels generally desired for 

improved human nutrition. However, the interactive nature of different Zn application 

methods warrants their field evaluation for value-cost ratio and ease of farmer 

adaptability. Moreover, a decrease in grain Fe concentration with soil Zn application 

indicates that Fe application may also need to be considered depending on Fe status in 

calcareous soils. 
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Chapter 8 ZINC BIOAVAILABILITY IN MILLING FRACTIONS 

OF BIOFORTIFIED WHEAT GRAINS AND IN 

FLOURS OF DIFFERENT EXTRACTION RATES 

 

8.1. Abstract 

 

Differential milling of wheat grains can influence grain nutritive value because it removes 

the mineral- and phytate-rich parts of grain at various rates. Control and Zn-biofortified 

grains of wheat were milled to obtain different milling fractions. Bran had higher 

concentration of Zn (61 and 126 µg g
−1

, respectively for control and biofortified grains) 

and phytate (23.9 and 19.4 mg g
−1

, respectively for control and biofortified grains) as 

compared to whole grain and other milling fractions. Compared with control grains, 

estimated Zn bioavailability in various flour fractions of biofortified grains was greater by 

50, 56, 69, 82 and 84% in, respectively, reduction flour, break flour, bran, shorts and 

whole grains. There was a large decrease in concentration and bioavailability of Zn from 

both control and biofortified wheat flour at lower flour extraction rates (80 and 65% 

extraction) compared with 100% extraction. Compared with four commercial wheat 

flours of similar flour extraction rate (80%), Zn bioavailability was significantly lower in 

flour from the control grains while significantly greater in flour from the biofortified 

grains. In conclusion, consumption of biofortified whole grain flour should be promoted 

to alleviate the Zn deficiency problem in humans. 

 

8.2. Introduction 

 

Increasing concentration of Zn in cereal grains is a vital strategy to reduce human Zn 

deficiency which is currently a serious human health concern in the developing countries 

(Muller and Krawinkel, 2005; WHO, 2002). The problem of human Zn deficiency is also 

widespread in Pakistan with almost every third child and 40% of the mothers are 

suffering from Zn deficiency (Ministry of Health, 2009). Other details about the extent of 

human Zn deficiency and its causes are already discussed in this dissertation. 

Phytate, an anti-nutritional factor, binds with Zn and other metal cations to form 

insoluble complexes in the environment of human intestine and hinders their absorption 

into the body. Therefore, concentrations of both Zn and phytate in human food are 
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employed in qualitative ([phytate]:[Zn] ratio) and quantitative (based on trivariate model 

of Zn absorption) estimation of Zn bioavailability in the food (Brown et al., 2001; Bouis 

and Welch, 2010; Miller et al., 2007; Rosado et al., 2009). Please also see the 

introduction section of Chapter 3 (Section 3.2) for more details. 

Zinc and phytate concentrations varies in different tissues of wheat grains 

(Moussavi-Nik et al., 1997; Ozturk et al., 2006; Pearson et al., 1995; 1998; Stangoulis et 

al., 2007), with embryo, aleurone layer and seed coat having higher concentrations of Zn 

than the endosperm (Cakmak et al., 2010). Zinc fertilization may increase Zn 

concentration in grain, but it is mostly accumulated in aleurone layer which is removed 

during grain milling (Cakmak et al., 2010; Stomph et al., 2011). In previous 

investigations, estimation of mineral bioavailability was based on the whole grain mineral 

and phytate concentrations rather than specifically for different grain tissues (Ryan et al., 

2008; also in the studies detailed in Chapter 6 and 7). However, different types of grain 

milling processes remove selective tissues from wheat grains. Therefore, effect of 

Biofortifying wheat grains with Zn should also be estimated on Zn bioavailability in 

various types of wheat flours obtained after different grain milling processes. 

In Pakistan and some other countries, wheat is either stone milled or roller milled. 

The flour obtained from stone milled grains is either consumed as a whole or sieved to 

remove larger particles of bran. However, bran and germ are removed from wheat flour in 

commercial millings (roller mills). The different fractions obtained from different milling 

streams of roller mills are mixed in different proportions to have flour of various 

extraction rates. Mostly, the Zn-rich parts of wheat grains are removed during commercial 

grain milling, thus resulting in a marked reduction in flour Zn concentrations (Slavin et 

al., 2000). The removed Zn-rich grain parts are also rich in phytate (Liang et al., 2008; 

Peng et al., 2010). Thus, situation becomes much more complex for selecting a suitable 

milling procedure to ensure better Zn bioavailability in the obtained flours.  

Zinc biofortification through Zn application is generally suggested to increase 

grain Zn concentration (Cakmak, 2008; Rengel et al., 1999) and Zn bioavailability in 

wheat grains (Study 4 and 5). Various studies have also reported differential localization 

of Zn and phytate in various grain parts (Cakmak et al., 2010; Ozturk et al., 2006) and 

their removal with various milling streams (Liang et al., 2008; Peng et al., 2010). 

However, losses of both the Zn, phytate and especially the Zn bioavailability in flours 

under various millings of normal (control) or biofortified wheat grains are rarely reported. 

Therefore, the main objectives of the study were to: i) determine Zn bioavailability in 
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different grain milling fractions of control and biofortified wheat grains; ii) to estimate Zn 

bioavailability at different flour extraction rates from of control and biofortified wheat 

grains; and iii) compare the commercially available flours with whole grain flours 

obtained from milling if control and biofortified grains. 

 

8.3. Material and Methods 

 

8.3.1. Control and biofortified grains 

Control and biofortified wheat (cv. Shafaq-2006) grains for the study were produced in 

the field. Duplicates plots received basal application of 0 or 18 kg Zn ha
−1

 as zinc 

sulphate. Wheat was sown (400 seeds m
–2

) in six-row plots (5 m long, 20 cm between 

rows).Wheat crop was sown in field (400 seeds m
–2

) in six-row plots, 5 m long and 0.2 m 

between rows. Before sowing, randomized soil samples (at 0–15 cm depth) of the field 

were collected and determined for different physicochemical properties. Other 

methodology and physicochemical characteristics of the soil were the same as described 

in Chapter 3 (Section 3.3.1). Grains from duplicate plots were combined and stored at –

20°C until processing. 

 

8.3.2. Grain milling and flour samples 

Part 1: Zinc concentration and bioavailability in wheat grains was measured in various 

milling fractions of control and biofortified grains. One kg of each control and 

biofortified grains, in triplicates, was milled in a Buhler Laboratory Mill (Model MLV-

202, Switzerland) to have different milling fractions (reduction flour, break flour, bran, 

and shorts).  

Part 2: Different grain milling fractions were mixed to prepare flour of three different 

extraction rates (Vetrimani et al., 2005): 100% (whole-grain flour), 65% (straight-run 

flour comprising reduction flour and break flour) and 80% (prepared by proportionate 

mixing of shorts and bran with straight-run flour).  

Part 3: Zinc concentration and bioavailability in control and biofortified wheat flours 

(obtained at 80% flour extraction rate) were compared with that in four different 

commercial wheat flours. The collected commercial wheat flours were also of 80% flour 

extraction rate and were collected from retail shops in triplicates. 
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8.3.3. Determination of Zn, phytate and Zn bioavailability 

Grain and flour samples of wheat were dried in an air forced oven at 60°C for 48 h (Liu et 

al., 2006). Dried samples were finely ground with a mill (IKA Werke, MF 10 Basic, 

Staufen, Germany) fitted with a stainless steel chamber and blades. Finely ground 1.0 g 

samples of wheat flour were digested in a di-acid (HNO3:HClO4 ratio of 2:1) mixture 

(Jones and Case, 1990). The Zn concentration in the digest was estimated by an atomic 

absorption spectrophotometer (PerkinElmer, 100 AAnalyst, Waltham, USA). For phytate 

determination, 60 mg finely ground samples were extracted with 10 mL of 0.2 N HCl at 

room temperature for 2 h under continuous shaking. Phytate in the extract was determined 

by indirect method that uses absorption of pink color developed by un-reacted Fe(III) and 

2,2
′
-bi-pyridine (Haug and Lantzsch, 1983) at 519 nm with a spectrophotometer 

(Shimadzu, UV-1201, Kyoto, Japan). A brief description of the method is given in 

Chapter 3 (Section 3.3.2). All samples for Zn and phytate determinations were prepared 

and analyzed in duplicates. 

Molar concentrations of both Zn and phytate in wheat grains were used to 

calculate [phytate]:[Zn] ratio. Zinc bioavailability was also quantitatively estimated in 

flour of wheat grains by using trivariate model of Zn absorption (Miller et al., 2007; 

Rosado et al., 2009). The model is based on Zn homeostasis in human intestine 

(Hambidge et al., 2010) and is detailed in chapter 3 (Section 3.3.3).  

 

8.3.4. Statistical analysis 

The data obtained for Zn, phytate, [phytate]:[Zn] ratio and estimated Zn bioavailability 

were subjected to analysis of variance using Statistix 9
®
 for Windows (Analytical 

Software, Tallahassee, USA). Significantly different treatment means were separated 

using least significant difference (LSD) test (Steel et al., 1997). Statistical analyses were 

performed at α = 0.05. 

 

8.4. Results 

 

8.4.1. Grain milling fractions and Zn bioavailability 

Main and interaction effects of grain type (control or biofortified grains) and milling 

significantly (P≤0.05) influenced Zn concentration in various fractions of wheat grains 

(Table 8.1). On average, Zn concentration was 2-fold higher in biofortified than control 
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grains. Zinc concentration in different milling fractions of both types of wheat grains 

ranked: bran > shorts > whole grain flour > break flour > reduction flour. 

Compared to control grains, Zn concentration was 25 (reduction flour) and 33% 

(break flour) greater in milling fractions of biofortified grains (Table 8.1). However, this 

difference was not significant at P≤0.05. Zinc concentration was 123% greater in shorts 

and 107% greater in bran of biofortified grains when compared with control grains.  

There were significant (P≤0.05) main and interaction effects of grain type and 

milling on phytate concentration in different grain milling fractions (Table 8.1). On 

average, phytate concentration in various grain fractions ranked:  bran > shorts > whole 

grain flour > reduction flour = break flour. Compared to milling fractions of control 

grains, biofortified grains had significantly lower phytate concentration in various milling 

fractions (19–28% decrease). 

Similar to Zn and phytate concentrations, [phytate]:[Zn] ratio was also 

significantly (P≤0.05) influenced by grain type and milling (Table 81). Biofortified grains 

had significantly lower [phytate]:[Zn] ratio in various milling fractions as compared to 

control grains. The [phytate]:[Zn] ratio was highest in reduction flour (132) followed by 

break flour (92) of control grains. On the other hand, the [phytate]:[Zn] ratio was lowest 

in shorts (11) and break flour (14) of biofortified grains.  

There were significant main and interaction effects of grain type and milling on 

estimated Zn bioavailability from wheat flours (Table 8.1). Compared to various milling 

fractions of control grains, estimated Zn bioavailability was 50, 56, 69, 82 and 84% grater 

in, respectively, reduction flour, break flour, bran, shorts and whole-grain flour of 

biofortified grains. Maximum estimated Zn bioavailability was in bran and shorts of 

biofortified grains. 

 

8.4.2. Flour extraction rates and Zn bioavailability 

There were significant (P≤0.05) effects of grain type, flour extraction rate and their 

interaction on Zn and phytate concentrations in wheat flour (Table 8.2). Zinc 

concentration in flour of various extraction rates was significantly greater for biofortified 

than control grains. In contrast, phytate concentration was significantly greater in the 

flour of various extraction rates from control than biofortified grains. Zinc concentration 

in prepared wheat flours increased progressively with extraction rates and it was 

maximum (41 µg Zn g
−1

) in the flour from biofortified wheat grains when extracted at 
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100%. Conversely, phytate concentration decreased progressively with flour extraction 

rates (minimum of 4.5 mg phytate g
−1

 in the 65% extraction of biofortified grains). 

 There were also significant (P≤0.05) effects of grain type, extraction rate and their 

interaction on [phytate]:[Zn] ratio and estimated Zn bioavailability in wheat flours (Table 

8.2). The [phytate]:[Zn] ratio ranged from 18 (at 100% extraction of biofortified flour) to 

120 (at 65% extraction of control flour). Estimated Zn availability was significantly 

increased with increased extraction rate of flour from both control and biofortified grains. 

Compared to various extraction rates of control grains, increase in estimated Zn 

bioavailability was 84, 85 and 52% in, respectively, flour of 100, 80 and 65% extraction 

rate from biofortified grains. 

 

Table 8.1. Zinc, phytate, phytate-to-Zn molar ratio ([phytate]:[Zn]) and estimated Zn 

bioavailability in various milling fractions of control and biofortified wheat (cv. Shafaq-

2006) grains  

Fraction 
Control 

(−Zn) 

Biofortified 

(+Zn) 

Control  

(−Zn) 

Biofortified 

(+Zn) 

 Zn (µg g
−1

) Phytate (mg g
−1

) 

Whole Grain 21 ± 1   41 ± 1 11.1 ± 0.3   8.4 ± 0.3 

Reduction Flour   4 ± 0     5 ± 0   5.8 ± 0.3   4.5 ± 0.2 

Break Flour   6 ± 0     8 ± 0   5.8 ± 0.4   4.2 ± 0.1 

Bran 61 ± 2 126 ± 3 23.9 ± 0.2 19.4 ± 0.4 

Shorts 31 ± 1   69 ± 2 11.5 ± 0.1   8.8 ± 0.3 

LSD(0.05)   2   0.5 

 [phytate]:[Zn] ratio 
Estimated Zn bioavailability (mg 

for 300 g) 

Whole Grain   47 ± 1 18 ± 1 1.41 ± 0.04 2.59 ± 0.03 

Reduction Flour 132 ± 4 75 ± 5 0.44 ± 0.03 0.66 ± 0.02 

Break Flour   92 ± 3 48 ± 4 0.61 ± 0.05 0.95 ± 0.03 

Bran   35 ± 0 14 ± 1 1.97 ± 0.04 3.33 ± 0.08 

Shorts   33 ± 0 11 ± 1 1.85 ± 0.02 3.36 ± 0.03 

LSD(0.05)     6 0.06 

Values are means of three replications ± standard deviations; LSD values are for the 

interaction effect; Control (−Zn) and biofortified (+Zn) wheat grains were produced by 

applying 0 or 18 kg Zn ha
−1

 during crop growth. 

 

8.4.3. Zinc Bioavailability in commercial flours 

The tested flours (four commercial flours, one control flour and one biofortified flour; all 

extract at same rate of 80%) significantly (P≤0.05) differed in Zn concentration (Figure 

8.1a). Zinc concentration in biofortified flour (27 µg Zn g
−1

) was significantly greater 

than in the tested commercial flour. Zinc concentration was minimum in control flour (14 

µg Zn g
−1

) while it ranged from 16 to 22 µg Zn g
−1 

in the tested commercial flours. 



96 

 

The tested commercial flours differed significantly in phytate concentration that 

ranged from 6.3 to 7.3 mg g
−1 

(Figure 8.1a). Phytate concentration in the tested 

commercial flours was 17 to 28% lower than in control flours. The resultant 

[phytate]:[Zn] ratio in commercial wheat flours ranged from 29 to 37 (Figure 8.1b). 

Compared to the tested commercial flours of similar extraction rate (80%), the control 

flour had significant greater and the biofortified flour had significantly lower 

[phytate]:[Zn] ratio. 

Estimated Zn bioavailability in commercial flours ranged from 1.44 to 1.75 mg Zn 

in 300 g flour (Figure 8.1b). The biofortified flour had significantly greater (2.13 mg Zn 

per 300 g flour) and the control flour had significantly lower Zn bioavailability (1.14 mg 

Zn in 300 g flour) than the commercial flours of similar flour extraction rates. 

 

8.5. Discussion 

 

Zinc in wheat grains is not equally distributed in various tissues; bran and germ have 

higher Zn concentration than starchy endosperm (Cakmak et al., 2010; Ozturk et al., 

2006; Tang et al., 2008). Therefore, the reduction flour, which comprises mainly 

endosperm, had lower Zn concentration (Table 8.1). Zinc application to wheat crop 

significantly increased grain Zn concentration (Yilmaz et al., 1997; please also see 

Chapter 6 and 7). However, most of the added Zn was deposited in the aleurone layer 

(Stomph et al., 2011).  

 

In biofortified whole grains used in the study, Zn application to soil resulted in a greater 

increase in Zn concentration in bran and shorts when compared to reduction and break 

flour (Table 8.1). Therefore, maximizing bran in flour by adjustment of milling improves 

Zn concentration (Slavin et al., 2000; Hemery et al., 2007) and this could be particularly 

important for the flour obtained from biofortified grains. 

The minerals, including Zn, are complexed with phytate in wheat grains (Weaver 

and Kannan, 2002). Therefore, the phytate-rich parts of grains, e.g. bran, are also rich in 

Zn (Guttieri et al., 2006). As optimum bioavailability of Zn to humans requires high Zn 

and low phytate concentrations in flour, selection of suitable grain milling for the better 

Zn nutrition of human population appears to be a complex task. 
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Table 8.2. Zinc, phytate, [phytate]:[Zn] ratio and estimated Zn bioavailability in wheat 

(cv. Shafaq-2006) flours extracted at various rates from control and biofortified grains 

Flour extraction 

(%) 

Control 

(−Zn) 

Biofortified 

(+Zn) 

Control 

(−Zn) 

Biofortified 

(+Zn) 

 Zn (µg g
−1

) Phytate (mg g
−1

) 

100 21.2 ± 1.0 40.8 ± 0.8 11.1 ± 0.3 8.4 ± 0.3 

80   14.0 ± 0.3 26.9 ± 0.3   8.7 ± 0.2 6.8 ± 0.2 

65   4.3 ± 0.1   5.9 ± 0.1   5.8 ± 0.3 4.5 ± 0.1 

LSD(0.05)   1.0   0.4 

 [phytate]:[Zn] ratio 
Estimated Zn bioavailability (mg 

for 300 g) 

100 47 ± 1 18 ± 1 1.41 ± 0.03 2.59 ± 0.04 

80 55 ± 1 23 ± 1 1.13 ± 0.01 2.13 ± 0.03 

65 120 ± 6 67 ± 3 0.48 ± 0.02 0.73 ± 0.02 

LSD(0.05)   5 0.04 

Values are means of three replications ± standard deviations; LSD values are for the 

interaction effect; Control (−Zn) and biofortified (+Zn) wheat grains were produced by 

applying 0 or 18 kg Zn ha
−1

 during crop growth. 

 

 The [phytate]:[Zn] ratio is considered a measure of Zn bioavailability to humans 

(Turnlund et al., 1984). Compared with control grains, [phytate]:[Zn] ratio was 

significantly lower in milling fractions of biofortified grains. The estimated Zn 

bioavailability in reduction flour and break flour was 3- to 5-fold lower than in shorts and 

bran, indicating that consumption of biofortified whole grains would provide better Zn 

nutrition.  

The Zn-rich parts of the wheat grains are separated during commercial milling, 

and wheat flours available in market usually have <80% extraction rate (Poutanen, 2012) 

and do not include bran (Dewettinck et al., 2008). Compared with 65 and 80% flour 

extraction, 100% extraction (whole-grain flour) is most suitable for human consumption 

based on Zn concentration, phytate concentration, [phytate]:[Zn] ratio and estimated Zn 

bioavailability (Table 8.2). These results confirmed the importance of whole grain 

consumption for improved Zn nutrition of human population (Doblado-Maldonado et al., 

2012). 

The commercially available flours tested in this study had lower phytate 

concentration than control flour of similar flour extraction rate (Figure 8.1a). Moreover, 

Zn concentration in these commercial wheat flours was lower than generally reported in 

wheat grains. This is due the fact that commercially available flours are composed of 

grain fractions obtained from various streams of grain milling and have high extraction of 

Zn- and phytate-rich parts of wheat grains (Liang et al., 2008; Tang et al., 2008; Peng et 
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al., 2010). Moreover, wheat grains processed for grain milling also have inherently low 

Zn concentration (Chapter 3 and 4).  

 

a 

 

b 

 

Figure 8.1: (a) Zinc concentration, phytate concentrations, (b) [phytate]:[Zn] ratio and 

estimated Zn bioavailability in commercially available flours (Flour 1 to 4) in comparison 

with control and biofortified flours extracted at similar (80%) flour extraction rate. 

Control (−Zn) and biofortified (+Zn) wheat grains were produced by applying 0 or 18 kg 

Zn ha
−1

 during crop growth. Values are means of three replications ± standard deviations. 

LSD(0.05): 1.0 (Zn concentration); 0.41 (phytate concentration); 1 ([phytate]:[Zn] ratio), 

0.04 (estimated Zn bioavailability). 
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 Net intestinal absorption of about 3 mg Zn is required daily to ensure appropriate 

functioning of human organisms (Hotz & Brown, 2004; Institute of Medicine, 2001). 

However, the tested control and commercial flours of 80% extraction rate had lower Zn 

bioavailability than the required level (Table 8.1b). Biofortified flour of a similar flour 

extraction rate had significant greater Zn bioavailability than control and commercial 

flours of similar extraction rates. However, bioavailability from biofortified flour of 80% 

extraction rate was only 2.13 mg Zn per 300 wheat flour. Only biofortified flour of whole 

wheat grains (100% flour extraction rate) ensured optimum Zn bioavailability (≈3 mg Zn 

per 300 wheat flour) for a reference adult. Therefore, the study characterized the 

importance of biofortified whole grains for enhanced Zn nutrition of humans. 

 

8.6. Conclusions 

 

As compared to other grain milling fractions, concentration of Zn and phytate was 

significantly greater in bran. Bioavailability of Zn in bran and shorts was also greater than 

in other grain milling fractions. There was a large decrease in concentration and 

bioavailability of Zn in lower flour extraction rates from both control and biofortified 

wheat grains. Zinc bioavailability was greater in the biofortified compared to control flour 

and commercially available flours of similar flour extraction rates. Conclusively, only 

biofortified whole grain flour can ensure optimum Zn bioavailability for the human 

population groups reliant on wheat grains. 
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Chapter 9 SUMMARY 

 

Wheat is an important cereal crop feeding millions of the people around the world (FAO, 

2012a; Shewry, 2009) while low Zn concentration in wheat grains is causing Zn 

malnutrition in population groups relying greatly on wheat grains for daily calorie intake 

(ACC/SCN, 2004; Bouis and Welch, 2010). Zinc application to Zn deficient soils not 

only increases grain yield, but also results in higher grain Zn concentration (Alloway, 

2008; 2009). Hence, biofortification of wheat grains via Zn fertilization is an excellent 

solution to the problem of human Zn deficiency (Cakmak, 2008). 

 Increase in Zn and decrease in anti-nutrients, especially phytate, in wheat grains 

increases Zn bioavailability to humans (Bouis and Welch, 2010; Frossard et al., 2000; 

White and Broadley, 2009). Therefore, the qualitative ([phytate]:[Zn] ratio) and 

quantitative (based on trivariate model of Zn absorption) estimation of Zn bioavailability 

are based on concentration and intake levels of Zn and phytate in human food (Brown et 

al., 2001; Miller et al., 2007; Rosado et al., 2009).  

For this PhD research project, biofortification of wheat grown on alkaline 

calcareous soils on Pakistan was hypothesized as a possible solution to human Zn 

deficiency. However, the Zn and phytate concentrations and especially the Zn 

bioavailability in grains of different wheat varieties of Pakistan were unknown. 

Therefore, grains of 65 wheat varieties, representing local and foreign genetic pool, 

were analyzed to achieve new information on the genetic variability of Zn and 

phytate concentrations in wheat grains (Chapter 3). The bioavailability of Zn from 

grains of selected wheat varieties was low as indicated by [phytate]:[Zn] ratio and 

estimated Zn bioavailability. Furthermore, Zn concentration and Zn bioavailability in 

wheat grains were significantly decreasing with year of variety release. On average 

basis, currently-cultivated wheat varieties in Punjab, Pakistan (released during 2003–

2008) had 19% lower grain Zn concentration and 13% lower estimated Zn 

bioavailability when compared to old varieties (released during 1965–1973).  

As most of the wheat production in Pakistan comes from Punjab province and 

grain mineral concentrations were expected to have a relationship with grain yield, 

study 2 was conducted (Chapter 4). This study evaluated the genetic variability of Zn 

and phytate concentrations in the grains of 40 wheat varieties ranging from obsolete 

(released during 1965–1976) to currently-cultivated varieties (released during 2001–
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2008) in Punjab (Pakistan). The currently-cultivated varieties produced higher grain 

yields but had lower concentration and bioavailability of Zn than the obsolete 

varieties. Much of this variation was related to an increased grain weight in new 

varieties. The grain phytate concentration had a positive relationship with grain yield 

and grain mineral concentrations in the 40 varieties. Compared to obsolete varieties, 

the currently-cultivated varieties had higher [phytate]:[Zn] ratio in grains, indicating 

poor bioavailability of Zn to humans. However, there was a non-significant 

relationship between grain yield and [phytate]:[Zn] ratios in wheat grains. Therefore, 

first two studies confirmed the need of an effective breeding program (Welch and 

Graham, 2004) with optimized agronomic approaches of Zn application (Rengel et 

al., 1999) for restoring and improving the Zn bioavailability in grains of cultivated 

bread wheat varieties of Pakistan. 

The cotton-wheat rotation zone of Punjab was hypothesized to be a best zone 

for biofortification of wheat grains with Zn as most of the people in the zone mainly 

rely on wheat grain for their daily dietary requirements. However, a nutrient indexing 

of Zn in wheat crop and associated alkaline and calcareous soils of the zone was 

prerequisite to determine levels of Zn in wheat grains and in associated soils.  Study 3 

(Chapter 5) indicated widespread soil Zn deficiency and Zn deficiency hazards for 

the human population consuming wheat grains produced in the zone. About 75% of 

surface (0–15 cm) and all subsurface (15–30 cm) soil samples were deficient in plant 

available Zn resulting in a low grain Zn concentration (20±4 µg g
−1

, on average). 

However, there were significant variations in grain Zn concentration among the 

surveyed fields in this study. The inherent capacity of soil to supply Zn (DTPA-

extractable Zn), especially from the subsurface soil layer, positively correlated with 

grain Zn concentration. Therefore, Zn application may be considered to reduce 

current [phytate]:[Zn] ratio of 46 to less than 20. This may also increase estimated Zn 

bioavailability from 1.5 (from the current survey) to more than 3 mg Zn per 300 g 

flour (required level for better human nutrition). 

In another study (Chapter 6), variation in Zn, phytate and Zn bioavailability 

was investigated over a wide range of Zn application rates to soil. Application of Zn 

significantly increased grain yield, grain Zn concentration and estimated Zn 

bioavailability while significantly decreased grain phytate concentration and 

[phytate]:[Zn] ratio in wheat grains. The human requisite Zn concentration and 

estimated Zn bioavailability in wheat grains were estimated to be achieved at soil Zn 
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rates required for maximum grain yield. Therefore, Zn fertilization for Zn 

biofortification may be practiced on the bases of response curve studies aiming at 

maximized grain yield and optimum Zn bioavailability.  

As very high rates of Zn application (>9 mg kg
−1 

soil) were required to 

increase grain Zn concentration and bioavailability to optimum levels  (Chapter 6), 

various Zn application methods, alone and in combination were evaluated in study 5 

(Chapter 7). Soil Zn application increased grain yield up to 29%, grain Zn 

concentration up to 95% and estimated Zn bioavailability up to 74%. In contrast, 

seed and foliar Zn applications at jointing were relatively ineffective in increasing 

grain yield and grain Zn concentration. Foliar Zn application during grain 

development stage also greatly increased grain Zn concentration especially at lower 

soil Zn rates (<9 mg Zn kg
−1

 soil). Therefore, soil Zn application may be combined 

with Zn sprays at heading when increasing soil Zn rates are not feasible because of 

economic concerns in developing countries or environmental reasons in the high-

input agriculture systems. Soil Zn application at a high rate (9 mg Zn kg
−1 

soil) and 

foliar Zn spray at heading increased Zn concentration (>50 µg g
−1

) and estimated Zn 

bioavailability (>3 mg Zn per 300 g flour) in wheat grains to levels generally desired 

for improved human nutrition.  

As confirmed in above mentioned studies, Zn fertilization increased concentration 

of Zn in whole grains of wheat. However, Zn in wheat grains is not equally distributed to 

various parts of the grain. Therefore, different grain milling processes and flour extraction 

rates influences Zn delivery to consumers (Slavin et al., 2000). In the last study (Chapter 

8), Zn bioavailability from wheat flours was estimated under various millings of wheat 

grains in Pakistan. Bran had more Zn and phytate concentrations as compared other grain 

milling fractions. Bran and shorts also had higher bioavailability of Zn as compared other 

grain milling fractions. There was a severe reduction in concentration and bioavailability 

of Zn from both control and biofortified wheat flour at lower flour extraction rates. 

Moreover, Zn bioavailability was greater in the biofortified wheat flour as compared to 

control and commercially available flours of similar extraction rates. Conclusively, 

consumption of biofortified whole-grain flour is recommended for better Zn nutrition (>3 

mg Zn for 300 g flour) of human population living under the risk of Zn deficiency. 

As a whole, the project evaluated the potential of wheat grown in Pakistan to 

supply Zn to humans while giving equal importance to grain yield under optimum Zn 

fertilization by suitable methods. Moreover, the project also identified key areas of future 
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research in Zn nutrition of cereals and measures needed for Zn biofortification. 

Conclusively, studies in plant breeding and mineral nutrition are required to ensure higher 

grain Zn concentration in cereal genotypes. Investigations, especially on doubled-haploid 

lines, may be focused on Zn remobilization into grains and genetic associations of yield 

components with Zn loading into grains. With that, methods need to be developed to 

ensure higher grain yields and optimum Zn concentrations in newly developed cultivars. 

Moreover, field investigations are required to optimize the level of soil Zn in different 

soils that will correspond to economical yield and quality of grains. 
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