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Abstract 
 

In present study, control and Zn-biofortified grains were milled to estimate Zn bioavailability in various grain milling fractions 

and flours of various extraction rates. In all tissues of wheat grains, soil Zn application increased Zn concentration and 

bioavailability, while decreased phytate concentration and [phytate]:[Zn] ratio. Compared with control grains, trivariate model 

of Zn absorption based estimated Zn bioavailability in various flour fractions of biofortified grains was greater by 50% or 

more. On average, bran had higher concentration of Zn and phytate as compared to whole grain and other milling fractions. 

Therefore, a large decrease was observed in concentration and estimated bioavailability of Zn from both control and 

biofortified wheat flour at lower flour extraction rates (80 and 65% extraction) when compared to flour of 100% extraction 

rate. 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. Conclusively, only 

biofortified whole grain flour can ensure optimum Zn bioavailability (≈3 mg Zn per 300 g flour) for the human population 

groups reliant on wheat grains. © 2013 Friends Science Publishers 
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Introduction 
 

Prevalence of Zn deficiency is estimated to be more than 

20% globally; however, Zn deficiency is more common in 

developing countries where up to 80% the population is 

living under the risk of Zn deficiency (WHO, 2002; Bouis et 

al., 2012). The human population with severe Zn deficiency 

is reliant on a diet based on cereal grains produced on Zn-

deficient soils, for example in India, Pakistan, China, Iran 

and Turkey (Hotz and Brown, 2004; Alloway, 2008, 2009). 

Wheat grains are major source of calorie and mineral 

intakes in Pakistan and many other countries of the world 

(FAO, 2012). Therefore, Zn biofortification of wheat grain 

by genetic and agronomic approaches is generally 

recommended to solve human Zn deficiency (Bouis and 

Welch, 2010; Bouis et al., 2011). However, the largest part 

of grain (endosperm) has low Zn concentration, with the 

most of seed-Zn being located in the embryo and the 

aleurone layer (Ozturk et al., 2006). Zinc fertilization may 

increase Zn concentration in grain, but it is mostly 

accumulated in aleurone layer that is removed during grain 

milling (Cakmak et al., 2010; Stomph et al., 2011).  

Phytate, present in cereal grains in large quantities, 

binds with Zn and other metal cations to form insoluble 

complexes that hinder Zn absorption in the human intestine. 

Therefore, the [phytate]:[Zn] ratio has been generally 

employed to categorize the Zn bioavailability of food 

(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). The model accounts for 80% of variability in the 

quantity of Zn absorbed (Hambidge et al., 2010) and 

therefore can be employed for categorization of human diet 

for estimated Zn bioavailability. 

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 

variably removed from endosperm in commercial mills 

(roller mills). The different fractions obtained from different 
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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 that 

also influences bioavailability of Zn to humans (Liang et al., 

2008; Peng et al., 2010). Thus, selecting a suitable milling 

procedure to ensure good Zn bioavailability in flours seems 

a complex task.  

Zinc biofortification through Zn application is 

generally suggested to increase grain Zn concentration 

(Rengel et al., 1999; Cakmak, 2008) and Zn bioavailability 

(Hussain et al., 2012a, b). Various studies have also 

reported differential localization of Zn and phytate in 

various grain parts (Ozturk et al., 2006; Cakmak et al., 

2010) and their removal with various milling streams (Liang 

et al., 2008; Peng et al., 2010). However, losses of Zn, 

phytate and especially Zn bioavailability in flours under 

various millings of standard (control) and biofortified wheat 

grains are rarely reported. Therefore, the objectives of the 

study were: (i) to measure Zn concentration and estimated 

Zn bioavailability in different grain milling fractions of 

control and biofortified wheat grains; (ii) to measure Zn 

concentration and estimated Zn bioavailability in flours 

extracted at different rates from control and biofortified 

wheat grains; and (iii) to compare the commercially 

available flours with control and biofortified flour for Zn 

concentration and estimated Zn bioavailability to humans. 

 

Materials and Methods 
 

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

 in the form 

of zinc sulphate. Wheat was sown (400 seeds m
–2

) in six-

row plots, 5 m long and 0.2 cm between rows. 

 Before sowing, randomized soil samples (0–15 cm 

depth) were used to determine soil physicochemical 

properties. Soil texture, a loam, was analyzed by hydrometer 

method (Gee and Bauder, 1986). The soil had a pH of 7.9 

(measured in saturated soil paste by a Calomel glass 

electrode). Electric conductivity of saturated soil paste 

extract was 2.6 dS m
–1

. Organic matter was 7 g kg
–1

 soil 

(determined according to Walkley-Black method, Nelson 

and Sommers, 1982). Free lime (CaCO3), estimated by acid 

dissolution (Allison and Moodie, 1965), was 46 g kg
–1

 soil. 

Plant-available soil Zn, extracted by 0.005 M DTPA 

(Lindsay and Norvell, 1978), was 0.71 mg kg
–1

 [determined 

by an atomic absorption spectrophotometer (PerkinElmer, 

100 AAnalyst, Waltham, USA)]. Basal uniform rates (in kg 

ha
–1

) of 60 N, 90 P and 50 K were applied as urea, di-

ammonium hydrogen phosphate and potassium sulphate. 

Another dose of 60 kg N ha
–1

 was applied 45 days after 

sowing. Plants were harvested at maturity and threshed to 

separate grains. Grains from duplicate plots were combined 

and stored at –20°C until processing. 
 

Grain Milling Fractions and Flour Samples 
 

Part (1): One kg of each control and biofortified grains, in 

triplicates batches, 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. 
 

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 atomic absorption spectrophotometry 

(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) with 2,2
′
-bi-pyridine (Haug 

and Lantzsch, 1983) at 519 nm with a spectrophotometer 

(Shimadzu, UV-1201, Kyoto, Japan). All samples for Zn 

and phytate determinations were prepared and analyzed in 

duplicates. 

Molar concentrations of phytate and Zn in wheat 

grains were used to calculate [phytate]:[Zn] ratio. Zinc 

bioavailability was also quantitatively estimated by using 

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

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; TAZ, total daily absorbed Zn (mg Zn d
−1

); TDP, 

total daily dietary phytate (mmol phytate d
−1

); TDZ, total 
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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). 

 The Zn 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. The per capita 

consumption of wheat in Pakistan is about 300 g d
−1

 (FAO, 

2012). Therefore, TAZ was estimated for 300 g of wheat 

flour and was termed 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).  

 

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). The level of 

significance (α) used was 0.05 (P≤0.05). 

 

Results 
 

Grain Milling Fractions and Zn Bioavailability 

 

Main and interaction effects of grain type (control or 

biofortified grains) and milling fraction (reduction flour, 

break flour, bran and shorts) significantly (P≤0.05) 

influenced Zn concentration in various fractions of wheat 

grains (Table 1). Zinc concentration in various milling 

fractions ranged from 4 to 61 µg Zn g
−1 

for control grains 

and from 5 to 126 µg Zn g
−1 

for biofortified grains. On 

average, Zn concentration was 2-fold higher in biofortified 

than control 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 1). However, this 

difference was non-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 fraction on phytate 

concentration in different grain milling fractions (Table 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 (19–28%) 

phytate concentration in various milling fractions. 

Similar to Zn and phytate concentrations, 

[phytate]:[Zn] ratio was also significantly (P≤0.05) 

influenced by grain type and milling fraction (Table 1). 

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 (P≤0.05) main and interaction 

effects of grain type and milling fraction on trivariate model 

of Zn absorption based estimated Zn bioavailability in 

various grain milling fractions (Table 1). Compared to 

various milling fractions of control grains, estimated Zn 

bioavailability was 50, 56, 69, 82 and 84% greater in, 

respectively, reduction flour, break flour, bran, shorts and 

whole-grain flour of biofortified grains. Maximum 

estimated Zn bioavailability (≥3.33 mg Zn per 300 g) was in 

bran and shorts of biofortified grains while minimum (0.44 

mg Zn per 300 g) was in reduction flour of control grains. 
 

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 2). Zinc concentration 

in flour of various extraction rates was significantly greater 

for biofortified than control 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 100% 

rate. Conversely, phytate concentration decreased 

progressively with flour extraction rates (minimum of 4.5 

mg phytate g
−1

 at 65% extraction of biofortified grains). 

Moreover, phytate concentration was significantly greater in 

different flours of various extraction rates from control 

grains when compared to flours of respective extraction 

rates from biofortified grains. 

 There were also significant (P≤0.05) effects of grain 

type, flour extraction rate and their interaction on 

[phytate]:[Zn] ratio and estimated Zn bioavailability in 

prepared wheat flours (Table 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 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. 
 

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 (Fi. 1a). 

Zinc concentration in biofortified flour (27 µg Zn g
−1

) was 
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significantly greater than in the tested commercial flours. 

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. 

 The tested commercial flours differed significantly in 

phytate concentration that ranged from 6.3 to 7.3 mg g
−1 

(Fig. 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 (Fig. 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 (Fig. 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. 

 

Discussion 
 

Zinc in wheat grains is not equally distributed in various 

tissues; bran and germ have greater Zn concentration than 

starchy endosperm (Ozturk et al., 2006; Tang et al., 2008; 

Cakmak et al., 2010). Therefore, the reduction flour, which 

comprises mainly of endosperm, had lower Zn 

concentration (Table 1). Zinc application to cereal crops 

significantly increased grain Zn concentration (Ahmad et 

al., 2012; Ghaffar et al., 2011; Hussain et al., 2012a). 

However, most of the added Zn was deposited in the 

aleurone layer of wheat grain (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 flours 

(Table 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. 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 trivariate model of Zn absorption based 

estimated Zn bioavailability in reduction flour and break 

flour was 3- to 5-fold lower than in shorts and bran (Table 

1). Compared with other grain fractions, bran actually 

Table 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 21.6 ± 1.0   40.8 ± 0.8 11.1 ± 0.3   8.4 ± 0.3 

Reduction flour   3.9 ± 0.3     5.4 ± 0.3   5.8 ± 0.3   4.5 ± 0.2 

Break flour   5.6 ± 0.3     7.7 ± 0.5   5.8 ± 0.4   4.2 ± 0.1 
Bran 60.7 ± 2.0 126.1 ± 2.5 23.9 ± 0.2 19.4 ± 0.4 

Shorts 31.2 ± 0.8   68.8 ± 2.1 11.5 ± 0.1   8.8 ± 0.3 

LSD(0.05)   2.3   0.5 
 [phytate]:[Zn] ratio Estimated Zn bioavailability (mg per 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 
 

Table 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 per 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 
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possessed relatively greater Zn concentration; therefore, 
it had lowest [phytate]:[Zn] ratio and highest estimated 

Zn bioavailability. 

The Zn- and phytate-rich parts of the wheat grains are 

separated during commercial milling. Wheat flours available 

in market usually have ≤80% flour extraction rate (Poutanen, 

2012) and very little to no portion of total bran and germ is 

included in the final flour (Dewettinck et al., 2008). 

Although both Zn and phytate concentration decreased at 

lower extraction rates, the [phytate]:[Zn] ratio increased 

progressively with decreasing flour extraction rate from 100 

to 65% (Table 2). Therefore, 100% extraction (whole-grain 

flour) is most suitable for human consumption based on Zn 

concentration (Doblado-Maldonado et al., 2012), 

[phytate]:[Zn] ratio and estimated Zn bioavailability (Table 

2). These results confirmed the importance of whole grain 

consumption for improved Zn nutrition of human population. 

 The commercially available flours tested in this study 

had lower phytate concentration than control flour of similar 

flour extraction rate (Fig. 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 al., 

2010). Moreover, wheat grains processed for grain milling 

also have inherently low Zn concentration (Hussain et al., 

2012b, c). This is particulary true when soils are not 

supplied with Zn (Hussain et al., 2013). Net intestinal 

absorption of about 3 mg Zn is required daily bases to 

ensure appropriate functioning of human organisms 

(Institute of Medicine, 2001; Hotz and Brown, 2004). 

However, the tested control and commercial flours of 80% 

extraction rate had lower Zn bioavailability than the 

required level. 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 (Table 2). Therefore, the 

study characterized the importance of biofortified whole 

grains for enhanced Zn nutrition of humans. 

In conclusion, 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. Zn bioavailability was greater in the biofortified 

compared to control flour and commercially available flours 

of similar flour extraction rates. Only biofortified whole 

grain flour can ensure optimum Zn bioavailability for the 

human population groups reliant on wheat grains. 
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