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Micronutrient malnutrition (e.g., zinc) is one of the major causes of human disease burden in the developing world. Zinc (Zn) deficiency is highly prevalent in the Pakistani population (22.1%), particularly in women and children (under 5 years) due to low dietary Zn intake. In Pakistan, wheat is the primary staple food and is poor in bioavailable Zn. However, the number of malnourished populations has decreased over the last decade due to multiplied public awareness, accelerated use of Zn fertilizers (particularly in wheat and rice), initiation of several national/international research initiatives focusing on Zn biofortification in staple crops and availability of supplements and Zn fortified meals merchandise, nonetheless a large number of people are facing Zn or other micronutrient deficiencies in the country. There are few reports highlighting the significant increase in daily dietary Zn uptake in population consuming biofortified wheat (Zincol-2016) flour; indicating the positive prospect of biofortification interventions up scaling in lowering the risk of dietary Zn deficiency in rural and marginalized communities. Zinc fertilizer strategy has not only helped in enhancing the grain Zn concentration, but it also helped in improving crop yield with high economic return. In addition, Zn biofortified seeds have exhibited strong inherent ability to withstand abiotic stresses and produce higher grain yield under diverse climatic conditions. However, there are many constraints (soil, environment, genetic diversity, antinutrients concentration, socioeconomic factors etc.) that hinder the success of biofortification interventions. This review highlights the status of Zn deficiency in Pakistan, the success of agronomic and genetic biofortification interventions. It also discusses the economics of agronomic biofortification and cost effectiveness of Zn fertilization in field conditions in Pakistan and the potential of Zn biofortified seeds against abiotic stresses. Furthermore, it also highlights the constraints which limit the sustainability of biofortification interventions.
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INTRODUCTION

Micronutrient malnutrition is an eminent problem globally. Many people do not have access to “healthy and nutritious food” to carry out a healthy lifestyle. The daily Zn requirement of adult and pregnant/lactating women ranges from 8 to 11 mg and 11 to 13 mg, respectively (Bhowmik et al., 2010); while, 8–18 mg/day daily iron (Fe) intake is recommend depending on age, gender and body weight, and 27 mg/day Fe intake is advised for pregnant women [National Institutes of Health (NIH), 2019]. The deficiency of any of the essential micronutrient can disrupt the plant growth and causes significant yield losses (Tripathi et al., 2015), as they have very important roles and metabolic functions in plants. Zinc is a vital microelement and its deficiency is highly widespread in plants and humans (Cakmak and Kutman, 2018; Rehman et al., 2018a). Consumption of low Zn diets instigates the Zn deficiency in human body. Cereals are poor in bioavailable Zn and consumption of cereals-based diets is amongst the leading causes of dietary Zn deficiency disorder in developing countries like Pakistan (Cakmak and Kutman, 2018; Rehman et al., 2018a,b,c,d). Soil and plant Zn deficiency represents major micronutrient disorder in >40 countries affecting almost 1/3rd of agricultural soils globally (Alloway, 2008). In Pakistan, rice and wheat growing soils are deficient in major micronutrients including Zn and boron (B), manganese (Mn), iron (Fe), copper (Cu), and molybdenum (Mo) (Rehman et al., 2018a; Nadeem and Farooq, 2019). In Southern Punjab more than 70% of wheat cultivated soils are deficient in plant available Zn (Maqsood et al., 2015). Similarly, the soils of pulses growing areas are also deficient in plant available Zn (Maqsood et al., 2015; Ullah et al., 2020a,b).

Zinc plays many essential roles in reproductive health, immune system functioning, neurotransmission, intestine signaling, and body growth (Herschfinkel et al., 2007; Wessels and Rink, 2020). Therefore, Zn deficiency is associated with several health problems such as impaired learning, abnormal immune system, increased infection rate, and impaired physical growth (Gibson, 2006; Prasad, 2007; Wessels and Rink, 2020). Malnutrition is a global issue as nearly ¼th of world population is suffering from one or more micronutrient malnutrition disorders (Kumssa et al., 2015). The issue of malnutrition is high in the world and progress made to overcome this problem is still at a slow pace. Around the world, 149 M (21.9%) children are stunted, 49.5 M (7.3%) wasted, and 40.1 M (5.9%) overweight due to multifaceted malnutrition (UNICEF, 2020). In South Asia, 60–70% of people are Zn deficient (Gibson, 2006), and it is one of the leading causes of stunted growth in children globally. In Pakistan, 12 M children are stunted and 22.1% of women and 18.6% of children (under- age of five) are Zn deficient. In the case of Zn deficiency in women, Punjab has the highest share (24.1%), followed by Balochistan (23.4%), and Sindh (21.4%), while, Khyber Pakhtunkhwa has lowest prevalence (15.9%) (Ministry of National Health Services Nutrition Wing, 2018).

In Pakistan, wheat, and rice are consumed in a grater quantity to fulfill the daily food requirement. The higher concentrations of Zn and other micronutrients are present in germ and aleurone of wheat and these constituents only ~20% of the total seed and are usually removed during milling leaving the starchy endosperm having low Zn concentration. Human Zn deficiency can be reduced through fortification (Zn enrichment of food products during processing) or supplementation but these are expensive and not sustainable approaches. Nevertheless, biofortification is a viable and economical method to reduce the Zn nutritional disorder and to improve the bioavailable Zn in edible plant parts (Farooq et al., 2018; Ullah et al., 2020a). Genetic (conventional or molecular breeding and transgenic techniques) or agronomic approaches including suitable soil and plant fertilizer application are the major interventions for Zn biofortification of food crops (Cakmak and Kutman, 2018). Agronomic biofortification not only improves crop growth but also increases the crops' micronutrient mobilization and utilization potential (Zuo and Zhang, 2009; Hussain et al., 2012a; Cakmak and Kutman, 2018; Rehman et al., 2018b,c,d). Bouis and Saltzman (2017) reported that biofortified crops are produced and consumed by over 20 M people globally. The deficiency of micronutrients can be corrected by delivery of these microelements via soil, leaf, and seed treatments. The significant improvements in grain nutrients and grain yields have been reported in Pakistan and around the world due to these approaches in both cereals and legumes.

Many review articles have reported the biofortification interventions on cereals and legumes in developing countries (Cakmak, 2008; Rehman et al., 2018a; Ullah et al., 2020a). Nevertheless, this is the first review that describes the progress on Zn biofortification interventions in cereals and legumes in Pakistan. It further highlights the status of genetic and agronomic biofortification, benefits and economics of agronomic biofortification related to crop productivity in field conditions. It also highlights the constraints to the agronomic biofortification interventions in Pakistan.



BENEFITS OF ZINC BIOFORTIFICATION

Zinc fertilization through either method (soil, leaf, or seed treatments) is aimed to enhance the plant Zn uptake (Farooq et al., 2012; Rehman and Farooq, 2016; Rehman et al., 2018b,c). In Pakistan, the agronomic biofortification approach has been successful in improving the grain Zn concentration, crop productivity, and profitability (Tables 1, 2; Rehman et al., 2018a,b,d; Ullah et al., 2019, 2020c,d,e). The agronomic Zn biofortification not only increases the grain Zn bioavailability but it also improves the net economic return with higher grain yield and saves billions of USD by limiting the risk of Zn deficiency.


Table 1. Increase in grain Zn concentration and bioavailable Zn in different cereal and grain legume crops with Zn application.
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Table 2. Economics of Zinc applications in different field crops in Pakistan.
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The agronomic positive effect of Zn fertilization results in improved Zn bioavailability in the human digestive tract (Table 1; Rehman et al., 2018b,c,d). It is noted that enhancing the nutrient concentration in the whole plant or seed is not adequate as the element should be translocated to the edible part of the grain (e.g., endosperm) and must be bioavailable. Phytate is antinutrient and inhibits the Zn bioavailability to the human body; therefore, the Zn:PA molar ratio in the edible seed part is an important indicator of Zn bioavailability. Phytate is usually present in higher concentrations in aleurone and germ in cereals; while very low phytate is present in the endosperm (reviewed in Gupta et al., 2016). Therefore, higher Zn translocation in the endosperm increases the Zn bioavailability. In different pot and field studies, Rehman et al. (2018b,c,d) demonstrated that Zn application through soil, leaf, or seed treatments enhances the Zn concentration in whole grain and seed fractions (endosperm, aleurone, and germ) of wheat and reduces the phytate accumulation and enhanced the bioavailable Zn concentration (>3 mg Zn day−1) (Table 1). Hussain et al. (2012a) also testified that soil Zn fertilization enhances the Zn concentration and bioavailability in wheat grain by 95 and 74% respectively, and substantially reduce the phytate accumulation in grain. Recently, Nadeem et al. (2020a) demonstrated that soil Zn application improved grain quality and grain Zn enrichment of wheat. They further reported the residual effect of soil applied Zn in the succeeding wheat crop with an increase of 72 and 59% in grain Zn concentration during both years, respectively. Yaseen and Hussain (2020) evaluated the effect of soil Zn fertilization on a standard and a Zn biofortified wheat cultivar (Zincol-2016) in a glasshouse experiment, and narrated that soil Zn application (6 mg Zn kg−1 soil) to Zincol-2016 (wheat cultivar having high intrinsic Zn concentration) augmented the Zn concentration by 53 mg kg−1 in wheat grain and also enhanced the estimated bioavailable Zn (~3 mg d−1); while standard wheat cultivar had maximum grain Zn accumulation at plant toxic rate of soil Zn application (24 mg Zn kg−1).

A recent survey of adults consuming wheat flour from Zn treated (soil application of 3.7 kg Zn ha−1) or controlled fields (no Zn application) revealed that rural population consuming agronomically biofortified Zn flour had significantly higher daily dietary Zn intake and estimated bioavailable Zn with reduction in daily phytate intake compared to control group. Moreover, among the gender and age group, the increase was higher in adult and men compared to older adults and women, respectively (Ahsin et al., 2020). Likewise, soil application of ZnO nanoparticles substantially enhanced the Zn accumulation at both vegetative and reproductive growth stages, leading to higher grain Zn concentration (59%) and yield of maize grown under glasshouse and field conditions (Umar et al., 2020). Akram et al. (2019) demonstrated that soil application of Zn (10 kg ha−1) enhanced the grain Zn concentration, Zn bioavailability (4.27 mg d−1), and reduced the phytate accumulation (−32.6%) in rice grains.

In legumes, phytate concentration is lower than cereals but it is uniformly distributed throughout the seed. Zinc fertilization has proved effective in enhancing the grain Zn concentration and estimated bioavailable Zn in legumes (Table 1). In a recent field study, Ullah et al. (2020d) demonstrated that Zn application through seed treatments, soil, and foliar application in combination with plant growth promoting bacteria (PGPB) limited the grain phytate accumulation, and enhanced the grain Zn concentration and estimated bioavailable Zn (3.99–4.45 mg Zn day−1) in desi chickpea. Likewise, Rasheed et al. (2020) applied soil Zn to 16 lentil genotypes and found that soil Zn (9 mg Zn kg−1 soil) application substantially fostered the grain Zn concentration and estimated bioavailable Zn (2.17–2.97 mg day−1) in tested lentil genotypes.

Zinc fertilizer application enhances the Zn translocation to the cereals endosperm and help in reducing the Zn deficiency risk in consumer due to increase Zn bioavailability (Joy et al., 2015; Rehman et al., 2018a,b,c,d). The economic viability of agronomic biofortification is imperative for the sustainability of this strategy and is usually measured in disability adjusted life years (DALYs), which estimates the disease burden based on its mortality and morbidity and quantify the public health strategies on their cost effectiveness (Rehman et al., 2018a). According to a recent estimate, the agronomic biofortification intervention can help in saving and reducing the dietary Zn deficiency risk and decrease the DALYs loss by 30,000 and 80,000 in Sindh and Punjab province. The average value of one DALYs is 416–619 USD and 292–370 USD in Punjab and Sindh, respectively, which can limit the disease burden by 155 and 405 M USD in Sindh and Punjab, respectively (Joy et al., 2017). According to world health organization, Zn biofortification can help in saving the 3 billion USD annually1 and is cost effective strategy in Pakistan according to WHO standards (Joy et al., 2017).

Agronomic Zn biofortification not only helps in reducing the dietary Zn deficiency but it also improves the crop yield and productivity. Zinc fertilization using different methods and sources is aimed to enhance the plant Zn uptake which leads to better plant growth, grain Zn biofortification, yield, and economic returns. In Pakistan, several field studies have reported the increase in grain yield and economic returns with agronomic Zn biofortification in cereals and legumes (Table 2; Arif et al., 2007; Farooq et al., 2018; Rehman et al., 2018b; Ullah et al., 2019, 2020a,d; Nadeem et al., 2020a,b). Rehman et al. (2018b) found that seed priming with Zn using Zn solubilizing PGPB in wheat enhanced the grain Zn concentration, grain yield with the highest benefit cost ratio (BCR) (1.59) and net benefit of 506 USD ha−1. Likewise, in a recent study, Ullah et al. (2020d) reported higher improved grain yield, grain Zn concentration, and high BCR (4.05) and economic returns of 1,518 USD ha−1 in desi chickpea with soil Zn application in combination with PGPB.

Similarly, soil Zn application to wheat grown in conventional and conservation rice-wheat cropping system substantially improved grain Zn biofortification, seed yield, with higher BCR (2.23) and economic returns of 973 USD ha−1 (Nadeem et al., 2020a). In another study, Nadeem et al. (2020b) reported that residual Zn applied to wheat improves the grain Zn concentration and yield of succeeding rice crop in conservation rice-wheat cropping system. They further reported high BCR and economic returns (877 USD ha−1) with soil Zn fertilization. In several field studies, Zn delivery through seed treatments (seed priming and seed coating) have reported better grain yield and high economic returns compare to soil and foliar Zn application under diverse soil and climatic conditions (Arif et al., 2007; Farooq et al., 2018; Rehman et al., 2018a,b; Ullah et al., 2020d). However, seed treatments are less effective in improving grain Zn concentration (Farooq et al., 2018; Yousaf et al., 2019). For instance, Farooq et al. (2018) demonstrated in a field study at different locations in RWCS of Punjab that Zn application through either method (soil application, seed treatment, and foliar spray) increased the paddy yield and economic return in both puddled and transplanted rice. However, seed coating did not enhance the grain Zn concentration (Farooq et al., 2018). Seed treatments are more economical than other Zn fertilizer application methods due to low cost of applied fertilizer (very small quantity is need) and better crop stand due to increased availability of Zn during early stages of plant growth (Farooq et al., 2012). In Zn deficient salt affected or drought stress soils, seed priming is better method of Zn delivery compare to soil Zn application.

The increase use of Zn fertilizers can help in gaining higher monetary benefits to the farmers as recently, Joy et al. (2017) projected the potential economic benefits with agronomic Zn biofortification in wheat and reported that Zn fertilizer application can boost wheat yield 0.6–3.1 Mt year−1 with an average increase of 0.4 and 0.34 t ha−1 in Sindh and Punjab respectively. The monetarist benefits of Zn fertilizer application in wheat are estimated to be 200 and 700 M USD in Sindh and Punjab, respectively. In conclusion, agronomic Zn biofortification not only enhances the grain Zn enrichment but also augments the crop productivity through increased yield with high monetary benefits.

Seedling vigor and growth during the early crop development stage are strongly linked with the inherent seed Zn level (review in Rehman et al., 2018a). Improving the seed Zn enrichment through Zn fertilization enhances the crop performance, and yield in succeeding crop (Yilmaz et al., 1998; Faran et al., 2019; Farooq et al., 2020). Therefore, agronomic biofortification can help in improving the crop performance on Zn deficient soils or soils having suboptimal growth conditions (arid or salt affected soils) (Rehman et al., 2018a). In Pakistan, we conducted several studies regarding the role of intrinsic Zn concentration in environmental stress tolerance in wheat. In one of our pot studies, we used biofortified wheat seed having high intrinsic Zn (49 mg kg−1) and found that wheat plants grown from high intrinsic Zn seed performed better under different abiotic stresses (drought, waterlogging, and salinity) (Faran et al., 2019).

The plants originated from seed having a high Zn level had lower oxidative damage, better antioxidant capacity, higher seed yield, and had more Zn concentration (21–48%) compared to plant grown from low Zn seeds (Faran et al., 2019). Cultivation of Zn biofortified wheat having high intrinsic Zn concentration can also help in alleviating the adverse effects of heavy metal stress on plant growth. Recently, Farooq et al. (2020) reported that soil Zn application integrated with biochar using high intrinsic Zn seed improved the productivity and grain Zn concentration and decreased the Cd uptake in Cd contaminated soil compared to control or plants grown from low Zn seeds. In a pot study, Qaswar et al. (2017) grown Zincol-2016 (biofortified wheat cultivar) and standard wheat cultivar (Faisalabad-2008) on heavy metal contaminated soil. They found that biofortified wheat cultivar accumulated more Zn and heavy metals (Pd and Cd). However, Zn fertilization reduced the Pd and Cd uptake and translocation in grain compared to standard wheat cultivar. Rashid et al. (2019) reported an increase in seedling emergence, population density, grain yield and seed Zn concentration with Zn biofortified seeds (50 mg kg−1) under diverse soil and climatic conditions. Zinc biofortified seeds are by product of Zn biofortification and the use of high intrinsic Zn seeds is a cost-effective strategy and improves crop productivity. Moreover, Zn biofortified seeds are more tolerant to environmental stresses and can help in successful crop production on diverse soil and climatic conditions.



STATUS OF ZINC BIOFORTIFICATION

According to the 2011 national survey of nutrition, the Zn deficiency was 47.6 and 41.3% in pregnant and non-pregnant women, while 39.2% children were suffering from Zn deficiencies [Government of Pakistan (GOP), 2011]. However, in a recent report by the national nutritional survey, the deficiency of Zn has decreased to 22.1 and 18.6% in women and children, respectively (Ministry of National Health Services Nutrition Wing, 2018). This decrease in Zn malnourished population is outcome of several factors including public awareness through electronic and print media, farmers training and awareness (Zn fertilizers applications in wheat & rice), increased availability of Zn fortified food products and supplements in the market and initiation of projects like “Harvest plus” and “BiZiFED” which are focused to reduce the micronutrient disorders in staple food crops. The projected dietary Zn supply in Punjab (12.6 mg capita −1 d−1) and Sindh (12.6 mg capita −1 d−1) would increase to 14.5 mg capita−1 d−1 with increased use of Zn fertilizer in wheat (Joy et al., 2017).

The baseline Zn fertilizer (ZnSO4. H2O) use in Pakistan according to industry and published data source is 7.3 kt y−1 (Joy et al., 2017). The increase in grain yield of 8% (Punjab) and 14% (Sindh) were reported with Zn fertilizers use in wheat areas (survey of >2,500 farmers) (Joy et al., 2017). The Consultative Group on International Agricultural Research (CGIAR) initiated the Harvest plus challenge program on “Biofortified Crops for Improved Human Nutrition” with funding from Bill and Melinda Gates Foundation, the World Bank, and USAID in 2004. The target of this program was to enhance the micronutrients (Zn, Fe, and vitamin A) level in staple food crops of the developing world. This program has seven target crops which are staple in developing countries. In Pakistan, this program was focused to develop “nutrient dense wheat genotypes” as wheat which is the primary staple food crop of the country and is low in micronutrients particularly Zn and Fe. The Harvest plus target of wheat grain Zn concentration is 37 mg kg−1 (Bouis and Saltzman, 2017). Pakistan Agriculture Research Council (PARC) with the collaboration of Harvest plus and International Maize and Wheat Improvement Centre (CIMMYT) has developed the first Zn wheat cultivar Zincol-2016 having grain Zn concentration of ~37 mg kg−1 (http://www.parc.gov.pk/index.php/en/wheat-achievements) which is 30% more than most of the cultivated wheat varieties in Pakistan (Hussain et al., 2012b; Rehman et al., 2018d) and is being consumed by ~0.2 M households.

Harvest plus is supporting PARC and National Agricultural Research Centre (NARC) to develop more Zn dense wheat cultivars with high yield potential. The work on biofortification of Zn dense cereals (rice and wheat) and legumes (lentil and chickpea) is being carried out in different universities and research organizations across Pakistan. Harvest plus is a partner with several public universities, research institutes, and private companies for seed multiplication, research, and development1. The use of transgenes has also shown promising results in enhancing the Zn bioavailability. Abid et al. (2017) demonstrated that wheat plants showing overexpression of Aspergillus japonicus gene “phy A” exhibited high phytase activity and enhanced Zn bioavailability in wheat endosperm. Moreover, many studies have reported the genetic diversity for grain Zn concentration in cereals (Hussain et al., 2012b; Rehman et al., 2018d) and legumes (Rasheed et al., 2020; Ullah et al., 2020c).

The Biotechnology and Biological Sciences Research Council (BBSRC), Global Challenges Research Fund (GCRF) has also launched the project “The Biofortified Zinc Flour to Eliminate Deficiency (BiZiFED) in Pakistan” from 2017 to 2019 to address the issue of Zn deficiency. The programme is working (i) to evaluate the role of Zincol-2016 in improving the Zn and Fe status in children and girls living in low resource communities (ii) spatial modeling using soil and crop data to predict the grain Zn concentration variations due to soil properties and farm management practices, and (iii) to study the socio economic and market constraints in uptake of biofortified wheat cultivars. The BiZiFED project survey reported that more than half of the females were Zn deficient from the randomized controlled trial (Ohly et al., 2019). In Pakistan, the research on agronomic biofortification interventions to enhanced grain Zn deposition and bioavailability in cereals (wheat and rice) has been done by many scientists (Hussain et al., 2012a,b; Farooq et al., 2018; Rehman et al., 2018b,c,d; Rashid et al., 2019; Nadeem et al., 2020a,b). However, recently, the research on legumes (chickpea and lentil) biofortification has also got attention (Rasheed et al., 2020; Ullah et al., 2020a,c,d,e). Farooq and colleagues have optimized several seed treatments (seed coating and seed priming) protocols for micronutrients delivery in rice, wheat, and chickpea along with soil and foliar fertilization in both Laboratory and field environments (Rehman et al., 2015, 2018b,c,d; Rehman and Farooq, 2016; Ullah et al., 2019, 2020a,c,d,e). The seed treatments along with foliar and soil Zn application proved effective in enhancing the productivity and grain Zn concentration in tested crops. Further, the PGPB (Zn solubilizing) alone and in combination with soil application, foliar spray, and seed treatments has also proved effective in enhancing the seed Zn accumulation and bioavailability.



CONSTRAINTS


Low Genetic Diversity and High Phytate

Breeding approach focusing on the development of new crop genotypes with high grain Zn concentration, firstly requires the presence of valuable genetic variation among selected germplasm for grain nutrient accumulation (White and Broadley, 2005; Rehman et al., 2018a; Ludwig and Slamet-Loedin, 2019). Hussain et al. (2012b) in a field study reported that grain Zn concentration in 65 wheat genotypes developed after the green revolution ranged from 24 to 36 mg kg−1. However, the grain phytate and bioavailable Zn ranged from 7.1 to 11.1 mg g−1 and 1.52 to 2.15 mg Zn day−1 respectively. Later, Rehman et al. (2018d) investigated the pool of 28 wheat genotypes (under field conditions) developed in Pakistan and found very low genetic diversity among the tested genotypes and only two genotypes “Fareed-2006” and “GA-02” exhibited maximum genetic diversity, which is the result of inbreeding and sharing common gene pool. Moreover, the tested genotypes have grain Zn concentration from 21.2 to 33.3 mg kg−1; while grain phytate and bioavailable Zn concentration ranged from 7.15 to 10.3 mg g−1 and 1.74 to 2.47 mg Zn day−1 respectively. The seed fraction analysis of wheat genotypes of Pakistani origin revealed grain Zn concentration in the embryo (89–117 mg kg−1), aleurone (34–66 mg kg−1), and endosperm (9.95–15.7 mg kg−1).

In a recent study, Ullah et al. (2020c) characterized 16 chickpea genotypes (under field environment) for grain Zn biofortification potential and found that the tested genotypes have low to moderate genetic diversity and very narrow diversity for grain Zn concentration (37.5–48.6 mg kg−1) and bioavailable Zn (3.72–4.42 mg day−1). However, Rasheed et al. (2020) reported great variation for grain Zn and phytate concentration in lentil genotypes as the grain Zn and phytate concentrations ranged from 40 to 75 and 6.21 to 28.59 mg kg−1, respectively, while 1.49–4.02 mg Zn day−1 estimated bioavailable Zn was present in grains of lentil genotypes.

In Pakistan, cultivated cereal and legume genotypes are genetically less diverse (having a narrow range of grain Zn and high phytate level), as currently plant breeding approaches are more focused to develop wheat, rice, and legumes varieties with high economic yield with minimal emphasis on nutritional quality (Rehman et al., 2018a; Ullah et al., 2020a,c). Moreover, uptake, translocation, and accumulation of micronutrient are governed by genetic control (Yang et al., 2007) thus, there is a need to identify genotypes having high nutrient density.



Soil Related Constraints

Plant micronutrients availability is controlled by several soil factors including soil pH, organic matter (OM) and fertility status. Most of the Pakistani soils are developed from calcareous, alluvial deposit having high pH, low OM, and inherently low in plant available micronutrients.

Soil pH is considered as major factor which affect the micronutrient availability and uptake. In general, soil pH controls the concentration, movement, solubility of ions in soil solution, and their uptake by plants (Nadeem and Farooq, 2019). Cereals cultivated on alkaline calcareous soils may experience Zn deficiency (Rehman et al., 2018a; Nadeem and Farooq, 2019). Rice-wheat cropping system (RWCS) is the major cropping system of Pakistan and most of the soils of RWCS are calcareous (rendzinas, calcisols, and calicic) (Rashid, 2006), having high soil pH, [image: image], and P level due to flooded and puddled conditions in rice and high pH and chemisorption in wheat crop which lead to plant Zn deficiency in this cropping system (Rashid, 2006; Alloway, 2009; Rehman et al., 2018a). Similarly, legumes are mostly cultivated on sandy or marginal soil having poor Zn status (Ullah et al., 2019, 2020a). In Pakistan, around 2/3rd of agricultural soils are poor in plant available Zn (Rashid, 1996). Few years back, Maqsood et al. (2015) also reported Zn deficiency in 3/4th of South Punjab soils.

The success of breeding program for cereals/legumes biofortification or other crops is also dependent on the size of plant available Zn pools in soil. However, cereal and legumes cropping system is often practiced on high pH, calcareous, and marginal soils, low in plant available Zn, B, Fe (Rehman et al., 2018b; Nadeem and Farooq, 2019; Singh et al., 2020; Ullah et al., 2020a) that greatly reduce the solubility and impair root absorption of micronutrients (Cakmak, 2008). In Pakistan, most of the soils under cereals cultivation are calcareous and have low micronutrient availability thus, the genetic potential of newly developed biofortified-cultivars to uptake sufficient Zn from soil and translocate it to edible part for better quality may not express to the full extent.



Socio-Economic Factors

Prices in wheat are controlled by the federal government and the food department does not give preference to certain wheat cultivars and don't pay to farmers for wheat with high nutritious value. There is no market incentive for farmers to switch the nutritious wheat cultivars with existing one; creating a significant barrier for uptake of biofortified Zn wheat cultivar (e.g., Zincol-2016). In general, clean, healthy and low moisture wheat is preferred for procurement by the government or private agencies. Apart from the government, there is little or no willingness among consumers to pay for nutritious food. Recently, Mahboob et al. (2020) concluded that flour cost is key factor which influence the purchasing of biofortified flour in rural and marginalized communities in Pakistan.

Farmers preference for certain traits is also one of the barriers in adoption of biofortified wheat cultivar. Zincol-2016 has higher grain Zn concentration, better rust resistance but have slightly lower grain yield compared to some of the widely cultivated wheat varieties (e.g., Faisalabad-2008; Zia et al., 2020). However, high nutritious value and disease resistance are not the preferred traits which determine the farmers choice of wheat cultivar; instead farmers select cultivars based on their grain yield potential, bold grain size and better chapati taste. Furthermore, provision of true to type quality seed (seed with high genetic purity) is also one of the key barriers in adoption of high Zn wheat varieties as a large number of the farmers in Pakistan don't use certified seed from registered seed companies or corporations due to high seed prices and lack of awareness. Many small farmers use their previous season harvested seed or exchange it with neighboring farmers and often don't have the idea of genetic purity of their cultivar.

Application of micronutrients is not widely practiced in Pakistan and the current use of Zn products is low. Moreover, Zn fertilizers are mostly used in Punjab and Sindh. Joy et al. (2017) estimated that annually 7,300 ton of Zn fertilizer products are applied to wheat in the country and the application rate is even below 1 kg ha−1 in many districts. The major reasons for lower application of Zn products by farmers include the scientific knowledge gap about balance crop fertilization, lack of availability and access of quality products, high cost of Zn fertilizers as the subsidies from government are only focused on macronutrients (N and P).




CONCLUSIONS

Zinc deficiency is one of the major micronutrient malnutrition in Pakistan, particularly in children and women of reproductive age. Soil Zn deficiency and consumption of cereal (rice and wheat) based diets (inherently low in bioavailable Zn) further exacerbates the incidence of Zn deficiency in crops and humans. In last decade, the research on Zn biofortification interventions in field crops has excelled in Pakistan and agronomic Zn biofortification strategy has shown promising results in enhancing the Zn bioavailability in field crops in Pakistan along with higher grain yield and economic returns and has potential to reduce the disease burden by saving millions of DALYs. In addition, Zn biofortified seeds helped in harvesting higher seed yield under abiotic stresses and diverse climatic conditions. Nevertheless, policies such as financial incentive to the farmers for switching to the biofortified crop cultivars; capacity building and awareness programmes for farmers, seed multipliers and rural communities to raise awareness about balance crop fertilization [macro and micronutrients (e.g., Zn)] and benefits of cultivating biofortified crop cultivars; subsidize on Zn fertilizer products to farmers and biofortified flours for marginalize communities are crucial for the widespread success of biofortification interventions.
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Crop Condition  Zinc application Increase in Decrease in Estimated References

method/rate grain Zn phytate content bioavailable
concentration (%)  over control (%) 2Zn (mg day~")
Wheat Pot Soil application (3mg Zn kg™ soi) 519 18 23 Yaseen and Hussain,
Zincol-2016 2020
Zincol-2016 Pot Sol application (6mg Zn kg~ soil 9.0 206 28 Yaseen and Hussain,
2020
Zincol-2016 Pot Soil application (12mg Zn kg~ soil) 185 275 33 Yaseen and Hussain,
2020
Zincol-2016 Pot 24.0mg Zn kg™" sol 174 333 38 Yaseen and Hussain,
2020
Zincol-2016 Pot Foliar applcation (0.5% ZnSO5 233 139 43 Yousaf et al., 2019
solutior)
Zincol-2016 Pot Soil application 20mg ZnSOs kg~ 9.44 108 441 Yousaf et al., 2019
soil
Faisalabad-2008  Field Seed priming (0.5M Zn) 198 978 239 Rehman et al., 2018b
Faisalabad-2008 Field Seed coating (1.25g kg’1 seed) 143 8.7 230 Rehman et al., 2018b
Faisalabad-2008  Field Soil application (10kg zn ha™") 372 12 2561 Rehman et al., 2018b
Faisalabad-2008 Field Foliar application (0.025M Zn) 384 128 265 Rehman et al., 2018b
Faisalabad-2008  Field Seed priming (0.5M Zn) + 229 10 243 Rehman et al., 2018b
Pseudomona ssp. MN12
Faisalabad-2008 Field Seed coating (1.25g kg" seed) + 143 8.7 231 Rehman et al., 2018b
Pseudomona ssp. MN12
Faisalabad-2008  Field Soil application (10kg Zn ha~") + 442 126 271 Rehman et al., 2018b
Pseudomona ssp. MN12
Faisalabad-2008  Field Foliar application (0.025M Zn) + 43 16.1 275 Rehman et al., 2018b
Pseudomona ssp. MN12
Faisalabad-2008 Field Foliar application (0.25% Zn solution) 1158 295 2.50 Khan et al., 2018
Faisalabad-2008  Field Soil application (10kg ha™" Zn) 319 7.29 279 Rehman et al., 2018d
Millat-2011 Field Soil application (10Kg Zn ha™') 60.1 7.2 2.90 Rehman et al., 2018d
Lasani-2008 Field Soil application (10Kg Zn ha™") 136 494 2.40 Rehman et al., 2018d
Ufaq-2002 Field Soll application (10Kg Zn ha™") 37.9 479 265 Rehman et al., 2018d
Punjab-2011 Field Soil application (10Kg Zn ha™") 34.0 447 2.41 Rehman et al., 2018d
Sehar-2006 Field Sol application (10Kg Zn ha™") 392 116 2.82 Rehman et al., 2018d
AARI-2011 Field Sol application (10Kg Zn ha™") 201 386 254 Rehman et al., 2018d
Fareed-2006 Field Soil application (10Kg Zn ha™") 3.7 5.11 249 Rehman et al., 2018d
Maira}-2008 Field Soil application (10Kg Zn ha™") 18.4 749 224 Rehman et al., 2018d
Bakhar-2002 Field Soil application (10Kg Zn ha™") 15.1 4.42 2.43 Rehman et al., 2018d
AAS-2011 Field Soil application (10Kg Zn ha™") 580 620 247 Rehman et al., 2018d
Shafaq-2006 Pot Soil application of Zn (9mg Zn kg~" 183.3 30.4 301 Hussain et al., 2012a
soi) + seed treatment (6.75 % Zn
solutior) + Foliar application of Zn
(0.05 % Zn at jointing and heading)
Rice Field Root dipping (0.5% Zn solution) 10.0 0.70 125 Imran et al., 2015
Basmati-515
Basmati-515 Field Soil application (20kg Zn ha™") 550 9.46 1.30 Irran et al., 2015
Basmati-515 Field Foliar application (0.5% Zn solution) 200 9.46 1.40 Iroran et al., 2015
Basmati-515 Field Soil application (20kg Zn ha~")+ 59 142 1.50 Irran et al., 2015
Foliar application (0.5% Zn solution)
MC-24 Field Soil application (10Kg Zn ha™") %7 +10 3.10 Akram et al., 2019
MC-50 Field Sol application (10Kg Zn ha™") 202 +184 265 Algam et al., 2019
MC-53 Field Soil application (10Kg Zn ha™") 123 352 445 Akram et al., 2019
MC-57 Field Soil application (10Kg Zn ha™") 239 1.4 416 Akram et al., 2019
MC-84 Field Soil application (10Kg Zn ha™") 115 +4.76 230 Akram et al., 2019
MC-90 Field Soil application (10Kg Zn ha™") 165 +182 220 Akram et al., 2019
MC-95 Field Soil application (10Kg Zn ha~") 180 +20.7 2.90 Akram et al,, 2019
MC-98 Field Soil application (10Kg Zn ha™") 303 136 427 Akram et al,, 2019
MC-101 Field Soil application (10Kg Zn ha~") 156 100 4.00 Akram et al,, 2019
MC-109 Field Sol application (10Kg Zn ha™") 142 219 2.90 Akram et al,, 2019
Chickpea Field Soil application (10Kg Zn ha~") 253 205 437 Uliah et al., 2020d
(NIAB-CH-2016)
NIAB-CH-2016 Field Seed coating (5 mg kg seed™") 220 23.1 423 Uliah et al., 2020d
NIAB-CH-2016 Seed priming (0.001 M Zn) 106 150 3.98 Uliah et al., 2020d
NIAB-CH-2016 Foliar application (0.025M) 9.24 173 3.99 Uliah et al., 2020d
Noor2013 Field Seed coating (5mg ha") 17.2 352 464 Ullah et al., 20208

Noor2013 Field Osmopriming (0.001 M Zn solution) 1.9 20.7 4.38 Ullah et al., 2020e
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321
529.2
13.1
554.6
336.8
511.7
176.6
5715
208.2
116.8
228.4

79
239.4
2445
2349
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DSR, direct seeded aerobic rice; PuTR, Puddled transplanted rice.
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