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Abstract

:

At a global scale, about three billion people have inadequate zinc (Zn) and iron (Fe) nutrition and 500,000 children lose their lives due to this. In recent years, the interest in adopting healthy diets drew increased attention to mineral nutrients, including Zn. Zn is an essential micronutrient for plant growth and development that is involved in several processes, like acting as a cofactor for hundreds of enzymes, chlorophyll biosynthesis, gene expression, signal transduction, and plant defense systems. Many agricultural soils are unable to supply the Zn needs of crop plants, making Zn deficiency a widespread nutritional disorder, particularly in calcareous (pH > 7) soils worldwide. Plant Zn efficiency involves Zn uptake, transport, and utilization; plants with high Zn efficiency display high yield and significant growth under low Zn supply and offer a promising and sustainable solution for the production of many crops, such as rice, beans, wheat, soybeans, and maize. The goal of this review is to report the current knowledge on key Zn efficiency traits including root system uptake, Zn transporters, and shoot Zn utilization. These mechanisms will be valuable for increasing the Zn efficiency of crops and food Zn contents to meet global needs for food production and nutrition in the 21st century. Furthermore, future research will address the target genes underlying Zn efficiency and the optimization of Zn efficiency phenotyping for the development of Zn-efficient crop varieties for more sustainable crop production under suboptimal Zn regimes, as well food security of the future.
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1. Introduction


It is estimated that global food crop production must double in order to feed the increased world population of 10 billion by the year 2050 [1]. Zinc (Zn) deficiency, together with vitamin A and iron (Fe) deficiencies, are the most common nutritional disorders, especially in developing countries [2]. Research shows that 17.3% of people worldwide are at Zn deficiency risk [3]. Zn is one of the 17 essential mineral nutrients and plays an important role in plant growth, function, gene expression, structures of enzymes, photosynthesis, pollen development, sugar transformation, protein synthesis, membrane permeability, signal transduction, and auxin metabolism [4,5,6]. Plants take up the Zn from the soil and soil Zn deficiency has become a critically important abiotic stress factor, affecting over 49% of arable lands worldwide (Figure 1a) [5,6,7,8]. Zn deficiency negatively affects plant growth, causing stunting short internodes, small leaves, and interveinal leaf chlorosis, as well as delayed maturity and necrotic tissue death in severe cases [4]; therefore, adequate Zn is essential for crop yield and quality. Moreover, the use of synthetic fertilizers is often insufficient to alleviate soil Zn deficiency.



In order to reduce Zn deficiency throughout the susceptible regions, research has been conducted in various countries that are low in Zn, such as Turkey, Australia, Brazil, India, and China [8,9,10,11]. Plants with high Zn efficiency exhibit high yield and significant growth under low Zn supply [9]. Identifying, developing, and growing Zn-efficient crop varieties could provide approaches for managing low-Zn stress in soils to minimize yield and quality losses [4]. Moreover, elucidating the mechanisms of Zn efficiency will provide important information for improving crop nutrition, as well as sustainable global food systems [4,8,11].



Zn is also essential for human nutrition and development, therefore highlighting the importance of improved Zn contents in staple food crops such as rice, wheat, maize, beans, and others [12]. Understanding the mechanisms of Zn transport and distribution within crops could inform efforts to improve the Zn content of key foods. For example, an effective approach in recent years is biofortification (biological fortification), enriching crops using transgenic techniques, agronomic practices, or conventional crop breeding, which offers sufficient levels of Zn via cereals, vegetables, beans, and fruits to the targeted regions worldwide [13].



This review will focus on advances in the strategies of how crop plants respond to low Zn availability to cope with low-Zn stress conditions, as well as current knowledge of Zn efficiency and future research directions.




2. Soil Zn Deficiency


Zn, a divalent cation, was established as an essential micronutrient for higher green plants in 1926 by Sommer and Lipman [14]. The type of soils affected by Zn deficiency include all soils with low Zn availability, such as high pH calcareous soils, intensively cropped soils, sandy soils, and high P soils [15]. About half of soils are naturally low in Zn worldwide [5]. When it comes to low-Zn soils, there are many countries with soils extensively deficient in Zn [4,5]. For example, Zn is mostly deficient in the majority of soils in Bangladesh, Brazil, Pakistan, the Philippines, and Sudan. Furthermore, Zn is deficient in approximately 75% of the arable soils in sub-Saharan Africa, 50% of the cultivated soils in India, 50% of the cultivated soils in Turkey, 45% of soils in western Australia, and 33% of the soils in China (Figure 1) [4,5]. It has been reported that there is Zn deficiency in the Great Plains and western regions of the United States [16] and sandy soils in Florida [17]. It appears that the use of synthetic fertilizers is not necessarily sufficient for alleviating sub-soil Zn deficiency. Therefore, identifying, developing, and growing Zn-efficient crop varieties are preferred ways to manage low-Zn stress in soils to minimize yield and quality losses [4,9]. Hundreds of genotypes of wheat (Triticum aestivum) [8], beans (Phaseolus vulgaris) [9], chickpeas (Cicer arietinum) [18,19], and rice (Oryza sativa) [20,21] were screened for Zn efficiency to accomplish this goal. Plant Zn efficiency screening refers to both visual symptom rating systems as well as biomass and yield under low and sufficient Zn conditions [9,10]. More recent high-throughput phenotyping systems will be beneficial for improving plant Zn efficiency assessment and prediction (Figure 1b,c). The development of cereal or vegetable cultivars with higher Zn efficiencies suitable for low-Zn soils is important for sustainable agricultural production and reduced fertilizer input, as well as population growth. Furthermore, the availability of Zn-efficient cultivars will increase the cultivation of them worldwide.




3. Evidence of Natural Genetic Variation for Plant Zn Efficiency: A Large Untapped Resource for Overcoming Low-Zn Stress


Soil Zn deficiency can cause negative impacts on yield and therefore economic losses [7]. One key approach for crop improvement is identifying beneficial natural alleles and using association studies to reveal the mechanisms underlying natural variation in Zn efficiency. Therefore, exploring natural variation can be beneficial for crop breeding and selection. Indeed, many crop species and varieties show considerable variation in Zn efficiency. While plant species such as alfalfa, carrots, oats, peas, rye, and sunflower are considered Zn efficient, apples, beans, citrus, cotton, flax, grapes, lettuce, onions, pecans, rice, soybeans, spinach, and sweet corn are considered Zn inefficient. Moreover, plant species such as barley, canola, potatoes, sorghum, sugar beet, tomato, and wheat display medium-level Zn efficiency (Figure 2a,b) [3,5].



It is well known that if researchers can identify crop traits that improve Zn efficiency, growers could have improved yields in Zn-poor soils worldwide. Significant genotypic differences for Zn efficiency have been observed in many crop species, such as rice (Oryza sativa) [20.21], wheat (Triticum aestivum) [9], common beans (Phaseolus vulgaris) [10], maize (Zea mays) [22], sorghum (Sorghum bicolor) [23], soybeans (Glycine max), tomatoes (Solanum lycopersicum) [24], chickpeas (Cicer arietinum) [18,19], barley (Hordeum vulgare) [25], and pigeon peas (Cajanus cajan) [26]. There is increasing importance for Zn-efficient cultivars that could adapt to and cope with low-Zn soils. Moreover, while the above list is not exhaustive, there are certain staple crop species with a broad screening of a large number of genotypes in low-Zn soil [27,28]. For the past two decades, there has been substantial research into the Zn efficiency of wheat, beans, and rice. Taking wheat (Triticum aestivum) as an example, several studies have shown that wheat genotypes differ widely in their Zn efficiency when grown in low-Zn alkali soils of Central Turkey [29], southern Australia [27], China [30], and Brazil [31]. As a result, there are few Zn-efficient genotypes identified based on extensive field studies [29,32].



Common bean (Phaseolus vulgaris) is a prevalent, protein-rich legume crop that is extremely sensitive to low-Zn stress in soil (Figure 2a). A large number of screenings of common bean genotypes in Zn-deficient soil experiments have identified the most Zn-efficient genotypes [10]. Blair et al. [33] investigated Zn accumulation in common beans, utilizing low-mineral (DOR364) and high-mineral (G19833) genotypes and identified the linkage group B11 as an important locus for the Zn efficiency trait.



Rice (Oryza sativa) is one of the most important staple food crops for humans and feeds over half of the world population. In the U.S. alone, rice is an economically important commodity with a yearly economic value of USD 3 billion [34]. Zn deficiency in rice was first reported in the 1960s in the U.S. [35]. Furthermore, rice is mainly cultivated in soils with low Zn availability (Figure 1a and Figure 2a). Recent studies showed have revealed that there is a wide genetic variation in Zn efficiency in rice, and Zn in seeds is negatively correlated with yield [21]. Recently developed high-throughput phenotyping systems will improve the assessment and prediction of Zn efficiency.



Maize (Zea mays) is the third most important cereal crop globally and the first crop with reported Zn deficiency symptoms [36]. It was reported that there is significant genotypic variation among maize cultivars in Brazil [37].




4. Zn Efficiency Strategies in Crop Plants


Zn is a critical nutrient for plants [4] and certain plant species and varieties have developed strategies for securing an adequate supply or maximizing utilization of Zn. Zn-efficient crops and plant varieties are able to achieve sustainable growth and production as well as yield, especially in alkali soils, and could therefore be used to address the Zn deficiency problem. However, it is necessary to better understand the mechanisms of Zn efficiency, as well as natural variation in Zn efficiency traits in food crop plants. Although natural variation in Zn efficiency has been extensively studied in wheat, beans, rice, and chickpeas, the underlying physiological and genetic mechanisms are still not well understood [4,5,6,7]. Zn efficiency is a complex trait with two major mechanisms at a number of levels (Figure 1b). Furthermore, Zn efficiency could be explained with other potential mechanisms, as well as the combined effect of more than one mechanism.



4.1. Plant Zn efficiency Mechanism Candidate 1—Zn Uptake Systems and Transporters of Zn


In the uptake process, Zn2+ ions travel through the root epidermis, cortex, endodermis, pericycle, and xylem and are then translocated to the stem, leaves, phloem, and seeds [38]. In the past three decades, many attempts have been made to reveal the mechanisms of Zn-efficient plants in response to low-Zn stress in order to determine effective crop breeding strategies [39]. There have been various Zn efficiency mechanisms proposed for food crops in the literature; however, considerable experimental evidence comes from root uptake studies [4,9,15,39,40]. A number of recent uptake studies in crop plants found no strong correlation between root Zn2+ influx and Zn efficiency, especially in wheat [6,11,40]. This indicates that Zn efficiency in higher plants is likely not a root-focused trait but a shoot-focused trait. Furthermore, this was supported by the findings that the availability of Zn in soil solution may be an important cause of low-Zn stress compared to total Zn in the soil [15].



Zn uptake can be facilitated by root hairs that increase the availability of Zn from the soil [2]. It is well known that soil type and pH are important determinants of how much Zn is available for crop plants to use [2,9]. Soil pH is important for Zn because it can form insoluble complexes, especially in alkaline (high pH and high CaCO3) soils [41]. Zn deficiency is also common in sandy soils with low total Zn availability [2]. Furthermore, biological factors such as phytosiderophores could affect Zn availability by exudation. As an example, Rengel and Graham [42] found that Zn deficiency caused Fe deficiency may be the major factor that leads to phytosiderophore release by Zn-efficient wheat varieties.



The uptake of Zn into the root follows a biphasic pattern of the high affinity transport system (HATS) and low affinity transport system (LATS) before remobilization [4]. While the LATS mechanism functions when Zn is at high concentrations, the HATS mechanism functions at low external Zn concentrations [25,43]. In wheat, our previous studies demonstrated that Km values were 0.6 to 2nM for HATS and 2 to 5 µM for LATS [4,25]. Milner et al. [43] further suggested a widespread role of the high affinity pathway within plants.



Zn is transported across the root plasma membrane into root cells by transporter proteins such as ZRT-IRT-like protein (ZIP) family, HMA (heavy metal ATPase) family (P-type ATPase), MTP (metal tolerance protein) family cation diffusion facilitators (CDFs), vacuolar iron transporter (VIT) family, and plant cadmium resistance family (PCR) proteins [44,45]. There are transporter genes such as NAS2, NAS4, ZIP4, and IRT3 that act as free Zn2+ sensors in the Arabidopsis genome [46]. There are Zn transporters such as MTP and HMA that are affected by Zn deficiency [47]. Zn transporter genes have been shown to have their expression regulated by transcription factors, such as bZIP19 and bZIP3, depending on cytoplasmic free Zn changes [48]. Other transporters involved in Zn uptake include OsHMA2 (in pericycle), OsZIP9, and OsZIP7 (in xylem) [49]. Additionally, it was hypothesized that phytosiderophores, which are organic substances produced by plants, including nicotinamine, mugeniec acid, and avenic acid, may promote Zn uptake, especially in rice in waterlogged soils with high Fe and low Zn levels [50]. Other Zn transporter families included P-type ATPase (metal transporting ATPases), cation diffusion facilitators (CDFs), CAX (cation exchangers) proteins, and natural resistance-associated macrophage protein (NRAMP) [38]. Future research on the characterization of Zn transporter proteins will help to understand how crop plants tolerate low-Zn soils.




4.2. Plant Zn Efficiency Mechanism Candidate 2—Shoot Internal Zn Utilization


Zn is regarded as the only metal that is involved in all enzyme classes, including lyases, transferases, isomerases, oxidoreductases, and hydrolases [4], which subsequently may affect Zn efficiency. Moreover, it was reported that Zn deficiency caused the inhibition of carbonic anhydrase in crop plants [4,15]. Therefore, it is required for the efficient functioning of more than 300 enzymes [4,5]. The use of more Zn-efficient crops will help to maintain crop yields in the future. It has been suggested that Zn efficiency points to the existence of a shoot-coordinated pathway [32,51,52]. One of the complex Zn efficiency mechanisms is the internal biochemical utilization of Zn in the shoot system. Considering the fact that Zn-efficient and Zn-inefficient crop plants have similar leaf Zn concentrations, Zn-efficient varieties have to be using their greater internal utilization efficiency mechanisms. There are several key enzymes that require Zn as part of their essential components [9]. As a result, considerable recent experimental evidence has been presented that plant shoot internal Zn utilization is based on enzymes requiring Zn [4,5,32,53,54]. It has been proposed that greater activities of carbonic anhydrase and Cu/Zn superoxide dismutase enzymes may be responsible for the increased utilization of cytoplasmic Zn in Zn-efficient wheat genotypes compared with inefficient genotypes [53]. Finally, this was further supported by higher expression of the genes for Zn-requiring enzymes, including Cu/Zn superoxide dismutase [4,51]. A study was carried out with wheat that reported that physiological Zn utilization plays an important role in Zn efficiency and grain Zn concentration was correlated with superoxide dismutase and carbonic anhydrase activities [55]. Additional future research will help further our understanding of Zn efficiency by discovering novel genes on shoot internal Zn utilization with regard to Zn enzymes in crop plants.




4.3. Other Mechanisms


Additional Zn efficiency mechanisms may be operating in crop plants (e.g., root system architecture or seed Zn) and future studies are needed to identify and characterize these [56]. Furthermore, it has been reported that soil conditions, together with the environmental conditions of geographic locations, can impact micronutrient contents, such as Zn in seeds [4,8,33]. For example, Zn concentration in plant parts such as seeds is an important parameter for human nutrition. Previous research reported seed Zn content QTLs (quantitative trait loci) in wheat [57], rice [58], maize [59], and beans [60] that can be used in the marker-assisted selection and breeding of Zn-biofortified crop varieties. There are 22 QTLs of concentration of Zn, copper (Cu), and cadmium (Cd) identified in brown rice [61]. There are two major QTLs of Zn efficiency and seed Zn accumulation identified in wheat [62]. Moreover, there are grain Zn and iron (Fe) QTLs on chromosome 1, 4, 7, and 11 in rice [63]. This will increase our understanding of plant Zn efficiency physiology and molecular genetics and contribute greatly to improving crop tolerance to low-Zn soils around the world.





5. Conclusions, Future Challenges, and Perspectives


Zn impacts not only plant growth and function but also human nutrition since plants are a dominant part of diets. Our understanding of the impact of Zn in living organisms continues to advance in Zn-efficient crop varieties that can cope with low-Zn stress in soils. A comprehensive understanding of plant Zn efficiency strategies, cellular mechanisms, and genes can facilitate opportunities for increasing agricultural sustainability, improving human nutrition, and reducing synthetic fertilizer usage. In turn, Zn efficiency could enhance crop production and nutritional quality for the increasing population of the 21st century.



There is a need for more research and some of the suggested research approaches to further explore Zn efficiency may include the following: (1) Identifying the target genes and pathways for Zn efficiency in plants; (2) investigating potential genome editing technologies (CRISPR-Cas9) [64]; (3) developing new methods to advance Zn efficiency phenotyping for food crops in the field; (4) metabolomic profiling of Zn efficiency responses under low-Zn stress in crop plants; and (5) genome-wide association studies (GWASs) to detect the genetic basis of Zn efficiency and seed Zn accumulation under low Zn stress environments.







Funding


No external funding was received for this study.




Acknowledgments


G.H. is grateful to colleagues researching plant zinc efficiency as well as Hacisalihoglu G. lab members at Florida A & M University (USA). Our sincere apologies to the authors whose work could not be mentioned due to limited space. We would like to thank “Plants” and Assistant Editor Leo Zou for their excellent help with the “Unraveling the Mechanisms of Zn Efficiency in Crop Plants: From Lab to Field Applications” Special Issue.




Conflicts of Interest


The author declares no conflict of interest.




References


	



FAO. FAO Statistical Databases. Available online: http://apps.fao.org/ (accessed on 20 September 2020).

	



Welch, R.M.; Graham, R.D. Agriculture: The real nexus for enhancing bioavailable micronutrients in food crops. J. Trace Elem. Med. Biol. 2005, 18, 299–307. [Google Scholar] [CrossRef]

	



Wessels, K.R.; Brown, K.H. Estimating the global prevalence of zinc deficiency: Results based on zinc availability in national foods supplies and prevalence of stunting. PLoS ONE 2012, 7, e50568. [Google Scholar] [CrossRef] [PubMed]

	



Marschner, H. Mineral Nutrition of Higher Plants; Academic Press: London, UK, 1995; p. 889. [Google Scholar]

	



Alloway, B.J. Soil factors associated with zinc deficiency in crops and humans. Environ. Geochem. Health 2009, 31, 537–548. [Google Scholar] [CrossRef] [PubMed]

	



Hacisalihoglu, G.; Kochian, L.V. How do some plants tolerate low levels of soil zinc? Mechanisms of zinc efficiency in crop plants. New Phytol. 2004, 159, 341–350. [Google Scholar] [CrossRef]

	



Hacisalihoglu, G.; Blair, M. Current advances in zinc in soils and plants: Implications for zinc efficiency and biofortification studies. Achiev. Sustain. Crop Nutr. 2020, 76, 337–353. [Google Scholar]

	



Hacisalihoglu, G.; Hart, J.J.; Kochian, L.V. High and low affinity Zn transport systems and their possible role in Zn efficiency in bread wheat. Plant Physiol. 2001, 125, 456–463. [Google Scholar] [CrossRef]

	



Cakmak, I.; Torun, B.; Erenoglu, B.; Oztürk, L.; Marschner, H.; Kalayci, M.; Ekiz, H.; Yilmaz, A. Morphological and physiological differences in the response of cereals to zinc deficiency. Euphytica 1998, 100, 349–357. [Google Scholar] [CrossRef]

	



Hacisalihoglu, G.; Ozturk, L.; Cakmak, I.; Welch, R.M.; Kochian, L.V. Genotypic variation in common bean in response to Zn deficiency in calcareous soil. Plant Soil 2004, 259, 71–83. [Google Scholar] [CrossRef]

	



Broadley, M.R.; White, P.J.; Hammond, J.P.; Zelko, I.; Lux, A. Zinc in plants. New Phytol. 2007, 173, 677–702. [Google Scholar] [CrossRef]

	



Grusak, M.A.; DellaPenna, D. Improving the nutrient composition of plants to enhance human nutrition and health. Annu. Rev. Plant Biol. 1999, 50, 133–161. [Google Scholar] [CrossRef]

	



Cakmak, I. Enrichment of cereal grains with zinc: Agronomic or genetic biofortification. Plant Soil 2008, 302, 1–17. [Google Scholar] [CrossRef]

	



Sommer, A.L.; Lipman, C.B. Evidence on indispensable nature of zinc and boron for higher green plants. Plant Physiol. 1926, 1, 231–249. [Google Scholar] [CrossRef]

	



Kochian, L.V. Zinc absorption from hydroponic solutions by plant roots. In Zinc in Soils and Plants; Kluwer Academic Publishers: Berlin, Germany, 1993; pp. 45–57. [Google Scholar]

	



Neilsen, G.H.; Neilsen, D. Tree Fruit Zinc Nutrition; GoodFruit Grower: Yakima, WA, USA, 1994; pp. 85–93. [Google Scholar]

	



Koo, R.C.J. Fertilization and Irrigation Effects on Fruit Quality. Factors Affect. Fruit Qual. Citrus Short Course Proc. 1988, 97, 35–42. [Google Scholar]

	



Khan, H.R.; McDonald, G.K.; Rengel, Z. Chickpea genotypes differ in their sensitivity to Zn deficiency. Plant Soil 1998, 198, 11–18. [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, 199–218. [Google Scholar] [CrossRef]

	



Fageria, N.K. Screening method of lowland rice genotypes for zinc uptake efficiency. Sci. Agric. 2001, 58, 623–626. [Google Scholar] [CrossRef]

	



Naik, S.M.; Raman, A.K.; Nagamallika, M.; Venkateshwarlu, C.; Singh, S.P.; Kumar, S.; Singh, S.K.; Tomizuddin, A.; Das, S.P.; Prasad, K.; et al. Genotype × environment interactions for grain iron and zinc content in rice. J. Sci. Food Agric. 2020, 100, 4150–4164. [Google Scholar] [CrossRef]

	



Shukla, U.C.; Raj, H. Zinc response in corn as influenced by genetic variability. Agron. J. 1976, 68, 20–22. [Google Scholar] [CrossRef]

	



Shukla, U.C.; Arora, S.K.; Singh, Z.; Prasad, K.G.; Safaya, N.M. Differential susceptibility of some sorghum genotypes to zinc deficiency in soil. Plant Soil 1973, 39, 423–427. [Google Scholar] [CrossRef]

	



Graham, R.D.; Rengel, Z. Genotypic variation in zinc uptake and utilization by plants. In Zinc in Soils and Plants; Robson, A.D., Ed.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 1993; pp. 107–118. [Google Scholar]

	



Genc, Y.; McDonald, G.K.; Rengel, Z.; Graham, R.D. Genotypic variation in the response of barley to Zn deficiency. In Plant Nutrition-Molecular Biology and Genetics; Gissel-Nielsen, G., Ed.; Kluwer Publishers: Dordrecht, The Netherlands, 1999; pp. 205–221. [Google Scholar]

	



Behera, S.K.; Shukla, A.K.; Tiwari, P.K.; Tripathi, A.; Singh, P.; Trivedi, V.; Patra, A.K.; Das, S. Classification of Pigeonpea (Cajanus cajan (L.) Millsp.) Genotypes for Zinc Efficiency. Plants 2020, 9, 952. [Google Scholar] [CrossRef]

	



Genc, Y.; Humphries, J.M.; Lyons, G.H.; Graham, R.D. Exploiting genotypic variation in plant nutrient accumulation to alleviate micronutrient deficiency in populations. J. Trace Elem. Med. Biol. 2005, 18, 319–324. [Google Scholar] [CrossRef] [PubMed]

	



Gao, X.; Zou, C.; Zhang, F.; vander Zee, E.; Hoffland, E. Tolerance to zinc deficiency in rice correlates with zinc uptake and translocation. Plant Soil 2005, 278, 253–261. [Google Scholar] [CrossRef]

	



Cakmak, O.; Ozturk, L.; Karanlik, S.; Ozkan, H.; Kaya, Z.; Cakmak, I. Tolerance of 65 durum wheat genotypes to zinc deficiency in a calcareous soil. J. Plant Nutr. 2001, 24, 1831–1847. [Google Scholar] [CrossRef]

	



Lu, X.C.; Cui, J.; Tian, X.H.; Ogunniyi, J.E.; Gale, W.J.; Zhao, A.Q. Effects of zinc fertilization on zinc dynamics in potentially zinc-deficient calcareous soil. Agron. J. 2012, 104, 963–969. [Google Scholar] [CrossRef]

	



Siqueira, O.J.F. Response of Soybeans and Wheat to Limestone Application on Acid Soils in RioGrande do Sul, Brazil; Digital Repository Iowa State University: Ames, IA, USA, 1977; p. 224. [Google Scholar]

	



Genc, Y.; McDonald, G.K.; Graham, R.D. Contribution of different mechanisms to zinc efficiency in bread wheat during early vegetative stage. Plant Soil 2006, 281, 353–367. [Google Scholar] [CrossRef]

	



Blair, M.; Astudillo, C.; Grusak, M.; Graham, R.; Beebe, S. Inheritance of seed iron and zinc concentrations in common bean (Phaseolus vulgaris L.). Mol. Breed. 2009, 23, 197–207. [Google Scholar] [CrossRef]

	



QuickStats. USDA-NASS, State Agriculture Overview: Arkansas. 2019. Available online: https://www.nass.usda.gov/Quick_Stats/Ag_Overview/stateOverview.php?state=ARKANSAS (accessed on 20 September 2020).

	



Norman, R.J.; Wilson, C.E.; Slaton, N.A. Soil fertilization and mineral nutrition in US mechanized rice culture. In Rice: Origin, History, Technology, and Production; Wiley: Hoboken, NJ, USA, 2003; pp. 331–412. [Google Scholar]

	



Maze, P. Influences respective des elements de la solution minérale sur le development du mais. Ann. Inst. Pasteur 1914, 28, 21–68. [Google Scholar]

	



Furlani, A.M.C.; Furlani, P.R.; Meda, A.R.; Durate, A.P. Efficiency of maize cultivars for zinc uptake and use. Sci. Agric. 2005, 62, 264–273. [Google Scholar] [CrossRef]

	



Haslett, B.S.; Reid, R.J.; Rengel, Z. Zinc mobility in wheat: Uptake and distribution of zinc applied to leaves or roots. Ann. Bot. 2001, 87, 379–386. [Google Scholar] [CrossRef]

	



Welch, R.M. Micronutrient nutrition of plants. Crit. Rev. Plant Sci. 1993, 14, 49–87. [Google Scholar] [CrossRef]

	



Rengel, Z. Physiological mechanisms underlying differential nutrient efficiency of crop genotypes. In Mineral Nutrition of Crops; Food Products Press: Binghamton, NY, USA, 1999; pp. 231–261. [Google Scholar]

	



Barber, S. Soil Nutrient Bioavailability: A Mechanistic Approach; John Wiley & Sons: New York, NY, USA, 1984. [Google Scholar]

	



Rengel, Z.; Graham, R.D. Uptake of zinc from chelate-buffered nutrient solutions by wheat genotypes differing in zinc efficiency. J. Exp. Bot. 1996, 47, 217–226. [Google Scholar] [CrossRef]

	



Milner, M.J.; Craft, E.; Yamaji, N.; Ma, J.F.; Kochian, L.V. Characterization of the high affinity Zn transporter from Noccaea caerulescens, NcZNT1, and dissection of its promoter for its role in Zn uptake and hyperaccumulation. New Phytol. 2012, 195, 113–123. [Google Scholar] [CrossRef] [PubMed]

	



Tiong, J.; McDonald, G.K.; Genc, Y.; Pedas, P.; Hayes, J.E.; Toubia, J.; Langridge, P.; Huang, C.Y. HvZIP7 mediates zinc accumulation in barley (Hordeum vulgare) at moderately high zinc supply. New Phytol. 2014, 201, 131–143. [Google Scholar] [CrossRef]

	



Guerinot, M.L. The ZIP family of metal transporters. Biochim. Biophys. Acta 2000, 1465, 190–198. [Google Scholar] [CrossRef]

	



Assuncao, A.G.L.; Herrero, E.; Lin, Y.F.; Huettel, B.; Talukdar, S.; Smaczniak, C.; Immink, G.H.; van Eldik, M.; Fiers, M.; Schat, H.; et al. Arabidopsis thaliana transcription factors bZIP19 and bZIP23 regulate the adaptation to zinc deficiency. Proc. Natl. Acad. Sci. USA 2010, 107, 10296–10301. [Google Scholar] [CrossRef]

	



Fujiwara, T.; Kawachi, M.; Sato, Y.; Mori, H.; Kutsuna, N.; Hasezawa, S.; Maeshima, M. A high molecular mass zinc transporter MTP12 forms a functional heteromeric complex with MTP5 in the Golgi in Arabidopsis thaliana. FEBS J. 2015, 282, 1965–1979. [Google Scholar] [CrossRef]

	



Kramer, U.; Talke, I.N.; Hanikenne, M. Transition metal transport. FEBS Lett. 2007, 581, 2263–2272. [Google Scholar] [CrossRef]

	



Huang, S.; Sasaki, A.; Yamaji, N.; Okada, H.; Mitani-Ueno, N.; Ma, J.F. The ZIP Transporter Family Member OsZIP9 Contributes to Root Zinc Uptake in Rice under Zinc-Limited Conditions. Plant Physiol. 2020, 183, 1224–1234. [Google Scholar] [CrossRef]

	



Zhang, X.K.; Zhang, F.S.; Mao, D.R. Effect of iron plaque outside roots on nutrient uptake by rice (Oryza sativa L.): Zinc uptake by Fe-deficient rice. Plant Soil 1998, 202, 33–39. [Google Scholar] [CrossRef]

	



Hacisalihoglu, G.; Hart, J.J.; Vallejos, C.E.; Kochian, L.V. The Role of shoot-localized processes in the mechanism of Zn efficiency in common bean. Planta 2004, 218, 704–711. [Google Scholar] [CrossRef]

	



Frei, M.; Wang, Y.; Ismail, A.M.; Wissuwa, M. Biochemical factors conferring shoot tolerance to oxidative stress in rice grown in low zinc soil. Funct. Plant Biol. 2010, 37, 74–84. [Google Scholar] [CrossRef]

	



Hacisalihoglu, G.; Hart, J.J.; Cakmak, I.; Wang, Y.; Kochian, L.V. Zinc Efficiency is correlated with enhanced expression and activities of of Cu/Zn-SOD and carbonic anhydrase in wheat. Plant Physiol. 2003, 131, 595–602. [Google Scholar] [CrossRef]

	



Cakmak, I.; Ozturk, L.; Eker, S.; Torun, B.; Kalfa, H.I.; Yilmaz, A. Concentration of Zn and activity of copper/zinc superoxide dismutase in leaves of rye and wheat cultivars differing in sensitivity to zinc deficiency. J. Plant Physiol. 1997, 151, 91–95. [Google Scholar] [CrossRef]

	



Singh, P.; Shukla, A.K.; Behera, S.K.; Tiwari, P.K. Zinc applicationenhances super oxide dismutase and carbonic anhydrase activities in zinc efficient and inefficient wheat genotypes. J. Soil. Sci. Plant Nutr. 2019, 19, 477–487. [Google Scholar] [CrossRef]

	



Blair, M.W.; Izquierdo, P. Use of the advanced backcross-QTL method to transfer seed mineral accumulation nutrition traits from wild to Andean cultivated common beans. Theor. Appl. Genet. 2012, 125, 1015–1031. [Google Scholar] [CrossRef] [PubMed]

	



Shi, R.; Li, H.; Tong, Y.; Jing, R.; Zhang, F.; Zou, C. Identification of quantitative trait locus of zinc and phosphorus density in wheat (Triticum aestivum L.) grain. Plant Soil 2008, 306, 95–104. [Google Scholar] [CrossRef]

	



Stangoulis, J.C.R.; Huynh, B.L.; Welch, R.M.; Choi, E.Y.; Graham, R.D. Quantitative trait loci for phytate in rice grain and their relationship with grain micronutrient content. Euphytica 2007, 154, 289–294. [Google Scholar] [CrossRef]

	



Simic, D.; Mladenovic Drinic, S.; Zdunic, Z.; Jambrovic, A.; Ledencan, T.; Brkic, J.; Brkic, A.; Brkic, I. Quantitative trait Loci for biofortification traits in maize grain. J. Hered. 2012, 103, 47–54. [Google Scholar] [CrossRef]

	



Gelin, J.R.; Forster, S.; Grafton, K.F.; McClean, P.; Rojas-Cifuentes, G.A. Analysis of seed-zinc and other nutrients in a recombinant inbred population of navy bean (Phaseolus vulgaris L.). Crop Sci. 2007, 47, 1361–1366. [Google Scholar] [CrossRef]

	



Huang, F.; Wei, X.; He, J.; Sheng, Z.; Shao, G.; Wang, J.; Tang, S.; Xia, S.; Xiao, Y.; Hu, P. Mapping of quantitative trait loci associated with concentrations of five trace metal elements in rice (Oryza sativa). Int. J. Biol. 2018, 20, 554–560. [Google Scholar]

	



Velu, G.; Tutus, Y.; Gomez-Becerra, H.F.; Hao, Y.; Demir, L.; Kara, R. QTL mapping for grain zinc and iron concentrations and zinc efficiency in a tetraploid and hexaploid wheat mapping populations. Plant Soil 2017, 411, 81–99. [Google Scholar] [CrossRef]

	



Jeong, O.Y.; Bombay, M.; Ancheta, M.B.; Lee, J.H. QTL for the iron and zinc contents of the milled grains of a doubled-haploid rice (Oryza sativa L.) population grown over two seasons. J. Crop Sci. Biotechnol. 2020. [Google Scholar] [CrossRef]

	



Doudna, J.A.; Charpentier, E. Genome editing. The new frontier of genome engineering with CRISPR-Cas9. Science 2014, 346. [Google Scholar] [CrossRef]








[image: Plants 09 01471 g001 550] 





Figure 1. Overview of Zn deficiency and plant Zn efficiency. (a) Zn deficiency world map showing major countries and regions with low-Zn soils; (b) potential plant Zn efficiency approaches; and (c) word cloud of plant Zn efficiency keywords from the literature. 
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Figure 2. Venn diagram showing the Zn-inefficient plant species (a) and Zn-efficient plant species (b); overlap area: mildly Zn-efficient plant species. 
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