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Abstract

:

Wheat is the leading staple food in the world, particularly in developing countries, which lacks a mechanism of zinc absorption; when compared to pulses, more attention is consequently important to be given to the wheat crop. Micronutrient deficiencies and especially zinc deficiency influences one-third of the world population. In addition to this, it is also essential for the growth and development of plants and animals. A pot and field experiment was conducted to check the effect of foliar application of zinc sulphate on three different wheat varieties at the same time. Treatment consisted of three zinc levels (control, 4%, 6%) in the form of zinc sulphate (21% Zn) applications were applied on various wheat varieties (Zincol, Fakher-e-Bhakkar, Faisalabad-2008) at different growth stages (tillering, booting and heading). Different zinc levels showed different results on wheat varieties in both experiments. Results revealed that var. Fakher-e-Bhakkar was best at 6% zinc application for more plant height, the number of spikelets, spike length, 100-grain weight, biological and grain yield per plant as compared to other varieties and treatments. Antioxidants and nutritional quality (protein, gluten, starch and zinc contents) showed variable behavior both on wheat varieties and zinc application. It is concluded that Fakher-e-Bhakkar was found to be the most responsive cultivar at 6% zinc application for improvement in growth, yield-related traits and nutritional quality. So it is recommended for achieving maximum yield and yield components and grain zinc contents of wheat under agro-climatic conditions of Layyah, Punjab-Pakistan.
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1. Introduction


The recorded growth of the agriculture sector by 2.67% is significantly higher than the last year, which was 0.58. According to the economic survey of Pakistan during 2019–2020, wheat is a major staple food and is grown on an area of 9.1 million hectares. The per capita wheat consumption in Pakistan is higher than other countries of the world.



Wheat (Triticum aestivum L.) is the main strategic cereal crop for almost all of the world’s populations. It is the major staple food around the world for about two billion people (36%) population. Globally, wheat grain provides 55% of the carbohydrates and 20% of the energy in meals. Among the countries of the world, Pakistan rank 8th in wheat production, and it contributes about 3.17% to world wheat production. In Pakistan, it is the leading food grain crop having the main position in the economy. Micronutrients play a vital role in plant physiological processes. The plant’s requirement for micronutrients is low but also has importance equal to macronutrients [1]. In Pakistan, most soils are calcareous in nature, in which nutrients become unavailable because of high pH, low organic matter, salt stress, and an imbalanced application of NPK fertilizers are also responsible for nutrient deficiency in soil [2].



Rice and wheat cultivated soil are deficient in some of the major micronutrients such as zinc, boron, manganese, iron, copper and molybdenum. In the area of southern Punjab, 70% of wheat cultivated soils are deficient in zinc [3]. Zinc plays an important role in the health, the functioning of the immune system, the signaling of the intestine and growth [4]. This is the reason zinc is related to many health issues, such as an increase in infection rate, impaired learning, and abnormal immune system function [4]. Malnutrition is a global problem as almost one-quarter of the world population is affected by one or extra micronutrient malnutrition disorders [5]. In Pakistan, 12 million children are stunted, and 22.1% of women and 18.6% of children (under the age of five) have a deficiency of Zn. In the case of Zn deficiency in women, Punjab has the maximum share (24.1%), observed via way of means of Baluchistan (23.4%), and Sindh (21.4%), while Khyber Pakhtunkhwa has the lowest prevalence (15.9%) [6].



However, the Zn nutritional disorder can be improved by bio-fortification, which is an effective and economical method [7,8]. The agronomic and genetic approaches include appropriate plant and soil fertilizer application for zinc biofortification [9]. Agronomic biofortification is not only important for the development but also in the utilization potential and mobilization of micronutrients [9,10,11,12]. Bouis and Saltzman [13] assert that the crops produced by biofortification are consumed by 20 million people around the world. The deficiencies of this micronutrient can be overcome by introducing these elements by seed, leaf, and soil treatment.



Soils that are based on the cultivation of cereals have a deficiency of Zn, and it is also accepted that it is the most deficient micronutrient. Because of this unavailability, severe economic losses occur, and it also decreases the plant’s development along with its yield. Another option to meet the deficiency of nutrients is the foliar application of them [14]. When the roots are not able to provide nutrients, then the foliar application is helpful [15].



Application of Zn at various growth phases of wheat significantly improved its accumulation in its grain. In recent studies, it was concluded that maximum zinc was accumulated when it was applied at the grain filling stage of the crop, and it has more concentration to accumulate later at a stage known as the milky stage during the grain development. Grain zinc concentration becomes higher at phases such as the dough and the milky stage than initial growth stages of wheat as a result of foliar spray of zinc [16].



The preferred zinc application seems to improve the general overall performance of the plants in the field. Biofortification of wheat is needed to deal with the trouble of micronutrient deficiency in humans [17]. Zinc in fertilizers can substantially enhance the quality and yield of crops.



So, the main objectives behind our research were to identify the most appropriate concentration of zinc for wheat crops and identify the potential of zinc to improve the productivity, yield, and nutritional quality of grain and increase the zinc contents of bread wheat under a semi-arid climate.




2. Materials and Methods


2.1. Experimental Plot


The current studies were held (1) pot study and (2) field experiment at Agronomy Research Area, College of Agriculture, BZU Bahadur Campus Layyah, Punjab-Pakistan during winter season 2019–2020. The climatic condition of this region is semi-arid to the sub-tropical with hot and dry summer and cool winter (Figure 1). The soil was sandy loam having a pH of (8.3) with a soil organic matter of 0.58%, EC (0.59 dSm−1), available phosphorus and extractable potassium of 5.1 and 53 (mg kg−1), respectively.




2.2. Experimental Design and Treatments


The treatment consisted of three zinc levels (control, 4%, 6%) in the form of zinc sulphate (21% Zn) applications which were applied at different growth stages (tillering, booting, and heading) on various wheat varieties (Zincol, Fakher-e-Bhakkar, Faisalabad-2008). All the treatment mixtures have been randomly allocated to experimental plots using a whole randomized design (CRD) with three replications and 27 general pots.




2.3. Collection of Materials


Wheat seeds of Zincol and Faisalabad-2008 were obtained from Ayyub Agriculture Research Institute (AARI), Faisalabad-Pakistan, while Fakher-e-Bhakkar was taken from Arid Zone Research Institute (AZRI), Bhakkar-Pakistan. The seeds that were healthy, equal in size and had good strength were selected for sowing of the crop. Zinc was obtained from the source zinc sulphate having (21% w/w Zn) and was collected from the Sigma-Aldrich Company Pvt. Islamabad, Pakistan. The soil was taken from Hafizabad Research Farm College of Agriculture, BZU, Bahadur campus Layyah, Punjab-Pakistan. The soil was dried, made porous and then mixed with farmyard manure. Earthen pots were purchased from Green Land Nursery, Layyah, Punjab-Pakistan of appropriate size (Height = 0.5 m, Diameter = 0.45 m) were filled with 15 kg of dry soil.




2.4. Crop Husbandry


In the pot study, the crop was sown on 20 November 2019 at a depth of 3 cm. Ten seeds were sown in each pot, then thinning was performed, and five plants from each pot were maintained. In the field experiment, the crop was sown on 26 November 2019 with a hand seed drill. The row to row distance was 22 cm. Four subsequent irrigations were applied during the whole crop period after seedling emergence. All other agronomic practices were carried out as recommended by the wheat crop. Recommended nitrogen, phosphorus and potassium (100, 50 and 50 kg ha−1) applications were made in the form of urea, potash and DAP. Harvesting of the crop was undertaken on the 20–21 April 2020 in pot and field experiments, respectively.




2.5. Data Recording


In the pot study, tags on the plants were used to measure the various morphological traits (plant height, number of productive tillers, root length, number of spikes per plant, spike length, spikelets per spike, and grains per spike). The 100-seed weight was counted with the help of an automatic seed counter. The tagged plants were harvested from each of the pots and then sun-dried for two weeks. This dried plant was weighed on an electric balance to measure the biological and seed yield per plant. The straw yield was obtained by subtracting the grain yield from the biological yield. In the field experiment, ten plants were selected randomly from each plot to calculate the morphological traits (plant height, number of productive tillers and spikes per plant, spike length and spikelets per spike). The 1000-seed weight was counted with the help of an automatic seed counter. An area of 1 m2 was harvested from each plot and then sun-dried for two weeks. The dried plant was weighed on an electric balance to measure the biological and seed yield. The straw yield was obtained by subtracting the grain yield from the biological yield.



Different quality traits, i.e., superoxide dismutase (µg/g protein), peroxidase (µmol/g FW), catalase (µg/g protein) and MDA (µmol/g FW) were measured spectrophotometrically. For the foliar application treatment, superoxide dismutase (µg/g protein), peroxidase (µmol/g FW), catalase (µg/g protein) and MDA (µmol/g FW) in the leaves were measured; while for the soil Zn treatment, they were measured in the roots. Fresh plant tissues were milled into small pieces in liquid nitrogen. Na3PO4 buffer (0.05 M, pH ¼ 7.2) was used to standardize the solutions and centrifuged at 4 °C for 15 min in superoxide dismutase (SOD) and peroxidase (POD), the activities were measured based on the protocol of Chen et al. [18].



Protein content was determined by the Kjeldahl method (Instruction manual VELP Scientific Model: HM-IV) manufactured by Bio base Industry (Jinan, China) Co., Ltd. Two grams’ sample was taken, and then added a tablet of digestion mixture and 10 mL sulphuric acid. The digested sample was diluted. The proteins are ‘digested’ (wet oxidized) in sulfuric acid with a catalyst (mercury and selenium tablets now succeed by the much safer potassium and copper sulfate tablets). After the distillation, the sample was titrated against sodium hydroxide. Protein was determined after multiplying the correction factor with nitrogen percentage. Starch was measured by NIR instrument (instruction Manual Omeg Analyzer G). The wheat sample was taken in a hopper which used an 18 mm sample spacer for the reading of the starch content value [19]. Gluten content was determined by the glutomatic apparatus used in an ISO-17025 certified CT Lab [20]. A 10 g sample of flour was weighed and placed into the glutomatic washing chamber on top of the polyester screen. The sample was mixed and washed with a 2% salt solution for 5 min. The wet gluten was removed from the washing chamber, placed in the centrifuge holder, and centrifuged. The Zn concentration in grains was measured according to Rashid [21], who revealed that wet ashing of grains harvested at the final stage was finished. Samples were ground through a grinder and then weighed after drying in an oven at 70 °C for 24 h. Digestion was conducted on a digestion plate (Heidolph, Chicago, IL, USA model, R3003) in a di-acid (HClO4:HNO3 at 3:10 v/v ratio). Zn concentration in grains and shoots was measured by using the atomic absorption spectrophotometer (Shimadzu, UV-1201, Kyoto, Japan).




2.6. Statistical Analysis


The collected data on the parameters were statistically analyzed by the application software, “Statistix 8.1”. The least significant difference (LSD) test at a 5% probability level was applied to compare the treatment means [22].





3. Results


3.1. Morphological Traits


In the pot experiment, the different wheat morphological traits, i.e., plant height, spikelets per spike, spike length, grain per spike and root length, were significantly (p < 0.05) affected by the wheat varieties (Table 1 and Table 2) but under the field investigation these remained non-significant (Table 1). Among the wheat varieties, maximum plant height, spikelets per spike, grain per spike, root length and spike length were recorded in the Fakher-e-Bhakkar as compared to other varieties. Improvement in morphological traits was observed with increasing the Zn level. The highest level of foliar applied zinc (6%) produced the maximum spikelets per spike, grain per spike and spike length, followed by control treatment as compared to the Zn levels of 4%.




3.2. Yield Related Traits


Different wheat yield traits, i.e., biological/grain yield and straw yield, were significantly (p < 0.05) influenced by the wheat varieties and application of Zn fertilization (Table 3). Among the wheat varieties, maximum biological/grain yield and straw yield were recorded in Fakher-e-Bhakkar under pot study conditions, while in the field experiment, the maximum yield attributes were in Fasialabd-2008 as compared to other varieties. Improvement was observed with increasing the Zn level. The highest level of foliar applied zinc (6%) produced maximum biological/grain yield and straw yield compared to the control plot.




3.3. Antioxidants Traits


Different antioxidants traits, i.e., superoxide dismutase SOD (µg/g protein), peroxidase POD (µmol/g FW), catalase CAT (µg/g protein), and malondialdehyde MDA (µmol/g FW) were significantly (p < 0.05) influenced by the varieties and application of Zn (Figure 2).



Among the zinc levels, the maximum amount of superoxide dismutase (µg/g protein) was recorded in the Fakher-e-Bhakkar wheat variety as compared to other varieties. Regarding the zinc levels, the highest superoxide dismutase (µg/g protein) were produced under (4%) zinc application as compared to the control and zinc (6%). The highest peroxidase (µmol/g FW) was noted under the zincol wheat cultivar. While among zinc levels, the maximum for peroxidase (µmol/g FW) was produced under controlled conditions. Among the wheat cultivars, zincol produced maximum catalase (µg/g protein); however, under the zinc application, the highest of the catalase (µg/g protein) was recorded under (4%) foliar-applied zinc. Figure 2 shows that the highest of MDA (µmol/g FW) was produced by the wheat cultivar Fakher-e-Bhakkar as compared to other varieties. While regarding the foliar-applied zinc maximum of MDA (µmol/g FW) was recorded under highest level for foliar-applied zinc (6%).




3.4. Quality Variables


Analysis of variance shows that among the wheat cultivars, the maximum protein percentage was recorded in zincol, while regarding the zinc level when (4%) zinc was applied through foliar application, the highest protein was calculated. It is reported that the maximum starch percentage was recorded in the wheat cultivar Fakher-e-Bhakka under (4%) zinc application. Wheat gluten fulfills an essential biological role in the major grain storage protein fraction. Among the wheat cultivars, the maximum gluten percentage was noted in Faisalabad-2008 when (4%) zinc was applied (Figure 3). Results of this revealed that maximum grain zinc contents were observed in the zincol cultivar where 6% zinc sulphate was foliarly applied while minimum gain zinc contents were recorded in Faislabad-2008 where no zinc was applied (Figure 4).





4. Discussion


Wheat growth is an important parameter, but the final and improved wheat yield is determined by different factors if they are not affected by any stress or negative environmental influence. So, the growth parameters of wheat might have been influenced by different zinc applications, either foliar- or soil-applied or both. Esfandiari et al. [23] reported that timing of foliar zinc application to wheat is a highly responsible factor for increasing zinc content in wheat crop, most important in the endosperm part that is the predominant grain fraction used in many countries and a large pool of Zn in vegetative tissues of plants the during grain filling stage (e.g., via foliar Zn spray) is an important practice to increase grain Zn and contribute to human nutritional health.



Wheat is reported to be a poor source of zinc, having less than 20 mg kg−1 in most of the cultivars, which should be more than 50 mg kg−1 in the dry weight of wheat grains [24]. The levels of Zn in plants usually range between 10 and 100 mg kg−1 of DW, and toxicity symptoms usually become visible in crop species at Zn > 300 mg kg−1 leaf DW. Zinc is not only responsible for wheat growth and yield components, but it is also very useful in increasing crop water-use efficiency [18]. At higher temperatures, grain development is reported to be reduced during dry matter accumulation and the duration of reproductive growth and the grain filling stage [25]. Zinc application might also be in contest with this yield-limiting stress with the increased thermo-tolerance of the photosynthetic apparatus of wheat during high temperatures during the ripening stage and maturation of wheat crop [26].



Oxidative stress appears to also have essential poisonous results on wheat [18], as antioxidative structures play critical roles in plant responses to outside stressors. To lessen oxidative strain, wheat flowers undertake antioxidant shielding mechanisms that contain enzymatic and non-enzymatic antioxidant structures [27]. From the results of this study, it was revealed that antioxidant enzyme activities such as SOD, POD, CAT and MDA were improved with zinc application. This improvement is due to Zn application that alleviated the ROS induced damage in plants. These findings corroborate with the recent results observed in different plants where the Zn lowered the levels of MDA and H2O2 in plants under situations of adverse conditions [28,29]. One of the main processes underlying stress to plants is increased formation of ROS but produce oxidative bursts by interfering with the antioxidant defense system [30] that promotes the MDA contents due to lipid peroxidation [31]. During the evolution, the plants have established well-organized defense mechanisms to detoxify the ROS [32]. For example, plants possess antioxidant enzymes that eliminate ROS accumulation. Our results revealed enhanced activity of CAT and SOD in the tissues of foliage under Zn treated plants, and these results clearly demonstrated that Zn treatment maximized the activities of SOD and CAT. SOD converts the O2—to less toxic H2O2, and it forms the first line of defense in the antioxidant plant system; to this end, CAT scavenges the H2O2 [33,34]. Zn mediated the antioxidant enzyme activities enhancement in the wheat leaves under Cd stress [29]. Foliar application of Zn had a significant positive effect on wheat grain yield and its components, as well as quality of grains [23,35]. El-Habbasha et al. [35] reported a significant impact of foliar-applied Zn on wheat protein content and plays an important role in protein synthesis and protein functions.



In the present study, foliar application of zinc helps in improving many of the vegetative as well as yield components of the wheat. This could be related to the improved physiology of plants as seen in photosynthesis, enhanced nutrient uptake, auxin activity, thermo-tolerance, and water use efficiency. So, by increased zinc application, wheat grain zinc content could accumulate in high amounts. Liu et al. [36] also recommended that foliar application of zinc was more preferable as it could increase yield attributes and grain zinc content up to 80%. Ram et al. [37] reported a simultaneous increase in wheat yield and grain zinc content in wheat.



Zinc foliar application at the early milk stage of grain filling is reported to significantly increase zinc concentration in wheat grain [38]. Velu et al. [39] also emphasized that frequent application of zinc at the early milk stage (up to 10 or every third day) increased grain yield. In our experiments using pots and a field, the effect of zinc levels on wheat varieties were observed; the calculated results showed significant results for morphological as well as for yield traits such as plant height, the number of tillers, spikelets per spike, spike length, root length, biological yield, grain yield and hundred or thousand seed weight, all these parameters were calculated with maximum values in wheat variety Fakher-e-Bhakkar as compared with the other two varieties; similarly, the highest values were recorded for 6% if the zinc levels that were applied on the wheat crop compared to the control and 4% [15]. Zinc content increased considerably along with a progressive increase in seed size and weight. Foliar application of zinc at the milk and dough stage has also been reported to accumulate more zinc in grains than its application at earlier stages such as the stem elongation and booting stage [16].



So different results are found for wheat varieties and zinc application levels from pot and field experiments. This might be due to the fact that different varieties have a different genetic make-up and hence respond differently to different zinc application methods [24]. Furthermore, it is reported that zinc application methods increased the grains yield of wheat significantly.




5. Conclusions


It is concluded from the above findings that different zinc application levels have different impacts on different yield parameters of wheat in different study environments, i.e., field and pot experiments. Amongst wheat varieties, the Fakher-e-Bhakkar variety produced more plant height, number of spikes per plant, spike length, root length, biological and grain yield and nutritional quality as compared to other varieties and treatments. It is concluded that Fakher-e-Bhakkar was most beneficial at 6% zinc application for improvement in growth, yield-related traits and nutritional quality of the wheat crop. Therefore, it is recommended for achieving maximum yield and yield components of wheat under agro-climatic conditions of Layyah, Punjab-Pakistan.







Author Contributions


A.S. (Ahmad Sher) conceived the idea. B.S. conducted the experiment. A.S. (Abdul Sattar) and M.I. collected the literature review. S.U.-A., M.T.H., A.M., A.Z., J.I. and A.Q. provided technical expertise to strengthen the basic idea. B.H.E., A.E.A., A.F.G., K.A.I., A.S. (Abdul Sattar) and A.Q. helped in statistical analysis. A.S. (Ahmad Sher) and A.Q. proofread and provided intellectual guidance. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by Taif University Researchers Supporting Project number (TURSP-2020/127), Taif University, Taif, Saudi Arabia.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data presented in this study are available on fair request to the corresponding author.




Conflicts of Interest


All other authors declare no conflicts of interest.




References


	



Bharti, K.; Pandey, N.; Shankhdhar, D.; Srivastava, P.C.; Shankhdhar, S.C. Improving nutritional quality of wheat through soil and foliar zinc application. Plant Soil Environ. 2013, 59, 348–352. [Google Scholar] [CrossRef]

	



Hafeez, B.M.K.Y.; Khanif, Y.M.; Saleem, M. Role of zinc in plant nutrition. Am. J. Exp. Agric. 2013, 3, 374–391. [Google Scholar]

	



Maqsood, M.A.; Hussain, S.; Aziz, T.; Ahmad, M.; Naeem, M.A.; Ahmad, H.R.; Kanwal, S.; Hussain, M. Zinc indexing in wheat grains and associated soils of Southern Punjab. Pak. J. Agric Sci. 2015, 52, 431–438. [Google Scholar]

	



Wessels, I.; Rink, L. Micronutrients in autoimmune diseases: Possible therapeutic benefits of zinc and vitamin D. J. Nutr. Biochem. 2019, 77, 108240. [Google Scholar] [CrossRef]

	



Kumssa, D.; Joy, E.; Ander, E.L.; Watts, M.; Young, S.D.; Walker, S.; Broadley, M.R. Dietary calcium and zinc deficiency risks are decreasing but remain prevalent. Sci. Rep. 2015, 5, 10974. [Google Scholar] [CrossRef]

	



Ministry of National Health Services Nutrition Wing. National Nutritional Survey 2018, Key Finding Report. Available online: https://www.unicef.org/Pakistan/national-nutrition-survey-2018 (accessed on 12 July 2020).

	



Farooq, M.; Ullah, A.; Rehman, A.; Nawaz, A.; Nadeem, A.; Wakeel, A.; Nadeem, F.; Siddique, K. Application of zinc improves the productivity and biofortification of fine grain aromatic rice grown in dry seeded and puddled transplanted production systems. Field Crop. Res. 2018, 216, 53–62. [Google Scholar] [CrossRef]

	



Ullah, A.; Farooq, M.; Rehman, A.; Hussain, M.; Siddique, K.H.M. Zinc nutrition in chickpea (Cicer arietinum): A review. Crop Pasture Sci. 2020, 71, 199. [Google Scholar] [CrossRef]

	



Cakmak, I.; Kutman, U.B. Agronomic biofortification of cereals with zinc: A review. Eur. J. Soil Sci. 2018, 69, 172–180. [Google Scholar] [CrossRef]

	



Rehman, A.; Farooq, M.; Nawaz, A.; Al-Sadi, A.; Al-Hashmi, K.S.; Nadeem, F.; Ullah, A. Characterizing bread wheat genotypes of Pakistani origin for grain zinc biofortification potential. J. Sci. Food Agric. 2018, 98, 4824–4836. [Google Scholar] [CrossRef]

	



Rehman, A.; Farooq, M.; Naveed, M.; Nawaz, A.; Shahzad, B. Seed priming of Zn with endophytic bacteria improves the productivity and grain biofortification of bread wheat. Eur. J. Agron. 2018, 94, 98–107. [Google Scholar] [CrossRef]

	



Rehman, A.; Farooq, M.; Naveed, M.; Ozturk, L.; Nawaz, A. Pseudomonas-aided zinc application improves the productivity and biofortification of bread wheat. Crop Pasture Sci. 2018, 69, 659. [Google Scholar] [CrossRef]

	



Bouis, H.E.; Saltzman, A. Improving nutrition through biofortification: A review of evidence from HarvestPlus, 2003 through 2016. Glob. Food Secur. 2017, 12, 49–58. [Google Scholar] [CrossRef] [PubMed]

	



van der Bom, F.; Magid, J.; Jensen, L.S. Long-term fertilisation strategies and form affect nutrient budgets and soil test values, soil carbon retention and crop yield resilience. Plant Soil 2018, 434, 47–64. [Google Scholar] [CrossRef]

	



Zain, M.; Khan, I.; Qadri, R.W.K.; Ashraf, U.; Hussain, S.; Minhas, S.; Siddiquei, A.; Jahangir, M.M.; Bashir, M. Foliar Ap-plication of Micronutrients Enhances Wheat Growth, Yield and Related Attributes. Am. J. Plant Sci. 2015, 6, 864–869. [Google Scholar] [CrossRef]

	



Das, S.; Jahiruddin, M.; Islam, M.R.; Al Mahmud, A.; Hossain, A.; Laing, A.M. Zinc Biofortification in the Grains of Two Wheat (Triticum aestivum L.) Varieties Through Fertilization. Acta Agrobot. 2020, 73, 7312. [Google Scholar] [CrossRef]

	



Das, S.; Chaki, A.K.; Hossain, A. Breeding and agronomic approaches for the biofortification of zinc in wheat (Triticum aestivum L.) to combat zinc deficiency in millions of a population: A Bangladesh perspective. Acta Agrobot. 2019, 72, 1770. [Google Scholar] [CrossRef]

	



Chen, X.X.; Zhang, W.; Wang, Q.; Liu, Y.M.; Liu, D.Y.; Zou, C.Q. Zinc nutrition of wheat in response to application of phos-phorus to a calcareous soil and an acid soil. Plant Soil 2019, 434, 139–150. [Google Scholar] [CrossRef]

	



Alina, T.; Lazureanu, A. The influence of dose fertilizer on the qualitative corn hybrid Pr35P12. J. Hortic. Biotechnol. 2011, 15, 215–217. [Google Scholar]

	



Methods Technical Leadership Committee. Approved Methods of the American Association of Cereal Chemists, Method 38-12A, 11th ed.; American Association for Clinical Chemistry: St. Paul, MN, USA, 2010. [Google Scholar]

	



Rashid, A. Mapping Zinc Fertility of Soils Using Indicator Plants and Soil Analyses. Ph.D. Thesis, University of Hawaii, Manoa, HI, USA, 1986. [Google Scholar]

	



Steel, R.G.D.; Torrie, J.H.; Dicky, D.A. Principles and Procedures of Statistics, A Biometrical Approach, 3rd ed.; McGraw Hill, Inc. Book Co.: New York, NY, USA, 1997; pp. 352–358. [Google Scholar]

	



Esfandiari, E.; Abdoli, M.; Mousavi, S.-B.; Sadeghzadeh, B. Impact of foliar zinc application on agronomic traits and grain quality parameters of wheat grown in zinc deficient soil. Indian J. Plant Physiol. 2016, 21, 263–270. [Google Scholar] [CrossRef]

	



Ghasal, P.C.; Shivay, Y.S.; Pooniya, V.; Choudhary, M.; Verma, R.K. Response of wheat genotypes to zinc fertilization for improving productivity and quality. Arch. Agron. Soil Sci. 2017, 63, 1597–1612. [Google Scholar] [CrossRef]

	



Li, M.; Wang, S.; Tian, X.; Li, S.; Chen, Y.; Jia, Z.; Liu, K.; Zhao, A. Zinc and iron concentrations in grain milling fractions through combined foliar applications of Zn and macronutrients. Field Crop. Res. 2016, 187, 135–141. [Google Scholar] [CrossRef]

	



Chattha, M.U.; Hassan, M.U.; Khan, I.; Chattha, M.B.; Mahmood, A.; Chattha, M.U.; Nawaz, M.; Subhani, M.N.; Kharal, M.; Khan, S. Biofortification of Wheat Cultivars to Combat Zinc Deficiency. Front. Plant Sci. 2017, 8, 281. [Google Scholar] [CrossRef] [PubMed]

	



Yildiztugay, E.; Ozfidan-Konakci, C.; Elbasan, F.; Yildiztugay, A.; Kucukoduk, M. Humic acid protects against oxidative damage induced by cadmium toxicity in wheat (Triticum aestivum) roots through water management and the antioxidant defence system. Bot. Serbica 2019, 43, 161–173. [Google Scholar] [CrossRef]

	



Rizwan, M.; Ali, S.; Ali, B.; Adrees, M.; Arshad, M.; Hussain, A.; Zia ur Rehman, M.; Waris, A.A. Zinc and iron oxide nanoparti-cles improved the plant growth and reduced the oxidative stress and cadmium concentration in wheat. Chemosphere 2019, 214, 269–277. [Google Scholar] [CrossRef] [PubMed]

	



Hussain, A.; Ali, S.; Rizwan, M.; Zia ur Rehman, M.; Javed, M.R.; Imran, M.; Chatha, S.A.S.; Nazir, R. Zinc oxide nanoparticles alter the wheat physiological response and reduce the cadmium uptake by plants. Environ. Pollut. 2018, 242, 1518–1526. [Google Scholar] [CrossRef] [PubMed]

	



Foyer, C.H.; Noctor, G. Redox homeostasis and antioxidant signaling: A metabolic interface between stress perception and physiological responses. Plant Cell 2005, 17, 1866–1875. [Google Scholar] [CrossRef] [PubMed]

	



Krantev, A.; Yordanova, R.; Janda, T.; Szalai, G.; Popova, L. Treatment with salicylic acid decreases the effect of cadmium on pho-tosynthesis in maize plants. J. Plant Physiol. 2008, 165, 920–931. [Google Scholar] [CrossRef] [PubMed]

	



Noman, A.; Aqeel, M. miRNA-based heavy metal homeostasis and plant growth Environ. Sci. Pollut. Res. 2017, 24, 10068–10082. [Google Scholar] [CrossRef]

	



Venkatachalam, P.; Jayaraj, M.; Manikandan, R.; Geetha, N.; Rene, E.R.; Sharma, N.C.; Sahi, S.V. Zinc oxide nanoparticles (ZnONPs) alleviate heavy metal-induced toxicity in Leucaena leucocephala seedlings: A physiochemical analysis. Plant Physiol. Biochem. 2017, 110, 59–69. [Google Scholar] [CrossRef]

	



Noman, A.; Ali, Q.; Naseem, J.; Javed, M.T.; Kanwal, H.; Islam, W.; Aqeel, M.; Khalid, N.; Zafar, S.; Tayyeb, M.; et al. Sugar beet extract acts as a natural bio-stimulant for physio-biochemical attributes in water stressed wheat (Triticum aestivum L.). Acta Physiol. Plant. 2018, 40, 110. [Google Scholar] [CrossRef]

	



El-Habbasha, E.S.; Badr, E.A.; Latef, E.A. Effect of zinc foliar application on growth characteristics and Grain Yield of some wheat varieties under Zn deficient sandy soil condition. Int. J. Chem. Res. 2015, 8, 452–458. [Google Scholar]

	



Liu, D.Y.; Zhang, W.; Pang, L.L.; Zhang, Y.Q.; Wang, X.Z.; Liu, Y.M.; Chen, X.P.; Zhang, F.S.; Zou, C.Q. Effects of zinc application rate and zinc distri-bution relative to root distribution on grain yield and grain Zn concentration in wheat. Plant Soil 2017, 411, 167–178. [Google Scholar] [CrossRef]

	



Ram, H.; Rashid, A.; Zhang, W.; Duarte, A.Á.; Phattarakul, N.; Simunji, S.; Kalayci, M.; Freitas, R.; Rerkasem, B.; Bal, R.S.; et al. Biofortification of wheat, rice and common bean by applying foliar zinc fertilizer along with pesticides in seven countries. Plant Soil 2016, 403, 389–401. [Google Scholar] [CrossRef]

	



Nikolic, M.; Nikolic, N.; Kostic, L.; Pavlovic, J.; Bosnic, P.; Stevic, N.; Savić, J.; Hristov, N. The assessment of soil availability and wheat grain status of zinc and iron in Serbia: Implications for human nutrition. Sci. Total Environ. 2016, 553, 141–148. [Google Scholar] [CrossRef] [PubMed]

	



Velu, G.; Ortiz-Monasterio, I.; Cakmak, I.; Hao, Y.; Singh, R. Biofortification strategies to increase grain zinc and iron concentrations in wheat. J. Cereal Sci. 2014, 59, 365–372. [Google Scholar] [CrossRef]








[image: Agronomy 12 00734 g001 550] 





Figure 1. Meteorological data of the experimental site. 
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Figure 2. Interactive effect of varieties × zinc sulphates on the antioxidants of bread wheat grains grown under a semi-arid environment. (a)superoxide dismutase; (b) peroxidase; (c) catalase and (d) MDA. Error bars represent the standard error (n = 5). 
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Figure 3. Interactive effect of varieties × zinc sulphates on the nutritional quality of bread wheat grains grown under a semi-arid environment. (a), protein; (b), starch; (c), gluten. Error bars represent the standard error (n = 5). 
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Figure 4. Interactive effect of varieties × zinc sulphates on the grain zinc contents of bread wheat grains grown under a semi-arid environment. Error bars represent the standard error (n = 5). 
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Table 1. Plant height, number of productive tillers, number of spikes, number of spikelet per spikes, and spike length as affected by different foliar applied zinc and wheat varieties grown under controlled environment.
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Sources

	
Plant Height (cm)

	
Number of Productive Tillers

	
Spikelets Spike−1

	
Spike Length (cm)




	
Pots

	
Field

	
Pots

	
Field

	
Pots

	
Field

	
Pots

	
Field






	
Wheat varieties (Var)




	
Zincol

	
88.1A

	
78.7

	
13

	
10

	
44B

	
17

	
9.8B

	
9.9




	
Fakher-e-Bhakkar

	
91.5A

	
81.2

	
11

	
10

	
53A

	
18

	
12A

	
10.7




	
Faisalabad 2008

	
72.0B

	
79.7

	
12

	
9

	
33C

	
18

	
9.5B

	
10.8




	
LSD (p ≤ 0.05)

	
3.86

	
ns

	
ns

	
ns

	
1.53

	
ns

	
1.26

	
ns




	
Zinc levels (Zn)




	
Control

	
84.2

	
81.4A

	
12

	
9B

	
43AB

	
18AB

	
10.7

	
10.8A




	
4%

	
83.5

	
76.9B

	
12

	
10B

	
42B

	
19A

	
9.7

	
10.7AB




	
6%

	
83.8

	
81.2A

	
12

	
11A

	
44A

	
17A

	
10.8

	
9.9B




	
LSD (p ≤ 0.05)

	
ns

	
2.08

	
ns

	
0.71

	
1.53

	
1.05

	
ns

	
0.81




	
Significance




	
Zinc levels

	
ns

	
*

	
ns

	
*

	
*

	
*

	
ns

	
*




	
Varieties

	
*

	
ns

	
ns

	
ns

	
*

	
ns

	
*

	
ns




	
Var × Zn

	
ns

	
ns

	
ns

	
*

	
ns

	
*

	
ns

	
*








Means sharing the same case letter do not differ significantly at p ≤ 0.05; * = significant at p ≤ 0.05; ns = non-significant.
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Table 2. Grain per spike and root length as affected by different foliar applied zinc and wheat varieties grown under controlled environment.
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	Sources
	Grains Spike−1
	Root Length (cm)





	Zincol
	39B
	13.7B



	Fakher-e-Bhakkar
	55A
	15.9A



	Faisalabad 2008
	31B
	12.8B



	LSD (p ≤ 0.05)
	7.67
	1.27



	Control
	45
	14.5A



	4%
	40
	13.1B



	6%
	40
	14.7A



	LSD (p ≤ 0.05)
	ns
	1.27



	Significance
	
	



	Zinc levels (Zn)
	ns
	*



	Varieties
	*
	*



	Var × Zn
	ns
	ns







Means sharing the same case letter do not differ significantly at p ≤ 0.05; * = significant at p ≤ 0.05; ns = non-significant.
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Table 3. Yield and yield related traits as affected by different foliar applied zinc and wheat varieties grown under controlled environment.
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Sources

	
1000-Seed Weight (g)

	
Biological Yield

	
Grain Yield

	
Straw Yield




	
Pots

	
Field

	
Pots

(g plant−1)

	
Field

(Kg ha−1)

	
Pots

(g plant−1)

	
Field

(Kg ha−1)

	
Pots

(g plant−1)

	
Field

(Kg ha−1)






	
Wheat Varieties (var)




	
Zincol

	
50.9

	
74.1

	
58.7B

	
5307.5AB

	
26.7B

	
1695.2A

	
32.9AB

	
3612.3B




	
Fakher-e-Bhakkar

	
70.2

	
79.2

	
78.4A

	
4987.1B

	
43.5A

	
1101.4C

	
39.4A

	
3885.7AB




	
Faisalabad 2008

	
70.1

	
77.2

	
47.1C

	
5551.0A

	
27.8B

	
1492.0B

	
26.7B

	
4058.0A




	
LSD (p ≤ 0.05)

	
ns

	
ns

	
2.60

	
356.3

	
1.98

	
93.3

	
7.40

	
294.87




	
Zinc levels (Zn)




	
Control

	
70.0

	
77.9

	
57.7C

	
4615.3B

	
31.9B

	
1416.1

	
33.4

	
3199.2B




	
4%

	
60.7

	
77.3

	
60.6B

	
5561.2A

	
31.4B

	
1368.0

	
32.6

	
4193.2A




	
6%

	
60.6

	
75.3

	
66.0A

	
5669.1A

	
34.7A

	
1505.6

	
33

	
4163.5A




	
LSD (p ≤ 0.05)

	
ns

	
ns

	
2.60

	
232.8

	
1.98

	
ns

	
ns

	
220.36




	
Significance




	
Zinc levels (Zn)

	
ns

	
ns

	
**

	
*

	
**

	
ns

	
ns

	
*




	
Varieties

	
ns

	
ns

	
**

	
*

	
**

	
*

	
*

	
*




	
Var × Zn

	
ns

	
ns

	
**

	
*

	
**

	
ns

	
ns

	
*








Means sharing the same case letter do not differ significantly at p ≤ 0.05; * = significant at p ≤ 0.05; ** = highly significant at p ≤ 0.05 and p ≤ 0.01; ns = non-significant.
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