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Mineral micronutrient deficiencies are widespread in global food systems and can affect plant growth, crop quality, and human and livestock health. The mapping of soils and soil properties linked to micronutrient supply in food systems is now enabling us to better understand the linkages between soil health and function and its relationship with food quality and human health. Zinc (Zn) deficiencies in Indian soils are of particular concern in the context of crop yields and food quality. This current review aims to understand the data landscapes on soil Zn and related soil properties in India, with a particular focus on three states: Uttar Pradesh (UP), Bihar, and Odisha. The scope of the review is to identify and describe data sets from national and state-wide programmes and research experiments in which soil Zn has been reported, which could be used to provide a framework for integrated surveys and would combine wider agriculture, food systems, nutrition, and public health sectors. The largest data set on soil Zn was collected under a soil health management (SHM) programme, during which the Indian government analysed more than 30 million soil samples for Zn concentration (mg/kg) from 2015 to 2019. This study showed that 39% of Indian soils are considered Zn deficient for crop production (i.e., based on a threshold of <0.6 mg/kg); soil Zn deficiency varied from 2% to 67% across different Indian states. From this survey, soil Zn deficiency was 29%, 67%, and 48% in UP, Bihar, and Odisha, respectively. Individual data points are available for re-use at the Government of India soil health card website (https://www.soilhealth.dac.gov.in/). In addition, the All India Coordinated Research Project on Micro and Secondary Nutrients and Pollutant Elements in Soils and Plants (AICRP-MSPE) programme under the Indian Council of Agricultural Research (ICAR) analysed >240,000 soil samples from 2012 to 2018 from 28 states of India and reported ~38% soil Zn deficiency in the Indian soils. There is no programme in India that currently maps micronutrients in soil and crops together using “GeoNutrition” approaches recently reported in two countries in Africa, Ethiopia, and Malawi. Future co-ordinated soil and crop micronutrient mapping in India can help us to understand better the movement of Zn (and other micronutrients) in food systems and to inform strategies to improve the Zn status in the soil, e.g., the use of Zn fertilisers for yield and agronomic biofortification, and in the edible tissues of crops, e.g., through genetic biofortification.
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Background

Zinc is an essential trace element that plants, animals, and humans require in small quantities for the normal functioning of different metabolic processes (1, 2). Approximately 20% of the human population is estimated to suffer from Zn deficiency globally. In India, dietary Zn deficiency risk has risen to ~30%, based on the Food and Agriculture Organization of the United Nations (FAO) food balance sheets for 2011 (3). At the national scale, based on a plasma/serum Zn concentration, the prevalence of plasma Zn deficiency was 19% in children of age between 1 and 4 years, varying from 1% to 41% across Indian states (n = 8,662), 28.4% in girls of age between 10 and 19 years (n = 5,737), and 35% in boys of age between 10 and 19 years (n = 5,638). Among adolescents (aged between 10 and 19 years), Zn deficiency varied from 4% to 55% across the different Indian states (4). Zinc deficiency risk is greater in people from lower socioeconomic backgrounds who have limited access to a source of high Zn food (animal products, fish, etc.) and depend upon less diversified, low Zn cereal-based diets, mainly wheat and rice, and foods with low Zn bioavailability. For example, a higher Zn deficiency rate was observed in the least wealthy people in both urban and rural areas in Malawi (5, 6).

Wheat and rice combined provide more than 60% of daily calorie intake in the Indian population and are significant sources of daily dietary Zn intake. Wheat alone supplies ~50% of daily Zn needs in India (3, 7, 8). Modern wheat varieties are inherently low in grain Zn concentration. Globally, field-grown modern wheat varieties have typical grain Zn concentrations of 20 to 31 mg/kg, which is 10 to 20 mg/kg less than a notional biofortification target of 40 mg/kg (9). A screen of 36 diverse Indian wheat varieties under marginal soils showed grain Zn concentrations from 25 to 35 mg/kg (10), whilst a screen of 24 advanced wheat lines, derived from Watkins landraces under field conditions in the UK, had 16 to 53 mg/kg Zn in wholegrain wheat flour (11). White wheat flour generally has 2.5 times less Zn than whole wheat flour, and Khokhar et al. (11) found 8 to 15 mg/kg Zn in wheat white flour (after removal of the aleurone layer and embryo). The Indian whole wheat and whole wheat flour are reported to contain 29 mg/kg Zn (69), whole wheat supplies 517 kcal/capita of total calories required per day, and the Weighted Estimated Average Requirement (WtdEAR) of Zn for India is 10.39 mg capita−1 d−1; whole wheat supply is thus 4.6 mg capita−1 d−1, which is 45% of the WtdEAR for India (12, 13).

To improve the grain Zn concentration in Indian wheat germplasm, the HarvestPlus programme has released wheat varieties with higher grain Zn concentrations in India. The HarvestPlus target was to enhance the grain Zn concentration in wheat varieties by 8 to 12 mg/kg, from a notional baseline of 25 mg/kg, without compromising the grain yield. The HarvestPlus programme with Indian partners has now released more than six wheat varieties in India, for example, BHU-3, BHU-6, BHU-25, BHU-31, WB02, and HPBW-01, for different wheat growing zones of India (14–16) and Zincol-2016, Akbar 2019, and Nawab 2021 in Pakistan (17).

In addition to the genetic biofortification approach to improve the grain Zn concentration in wheat and other crops, there are other factors that affect the grain Zn concentration, for example, spatial variation in soil Zn concentration, soil pH, soil organic carbon, and different geographical factors, together with crop management strategies adopted by farmers. A screen of biofortified and non-biofortified wheat varieties at three locations in Pakistan showed that the biofortified wheat variety (Zincol-2016) did not show greater grain Zn concentration than non-biofortified wheat varieties at the Islamabad and Pir Sabak sites, and both sites were low in soil Zn (12). A survey of wheat grain samples collected from 328 farmers’ fields in Ethiopia (in 2017 and 2018) showed a grain Zn range from 11.8 to 63.9 mg/kg (median of 25.3 mg/kg), a sixfold variation exceeding the biofortified breeding target in some locations. Soil organic carbon and soil pH contributed substantially to this variation (18). More generally, studies in sub-Saharan Africa show that soil and environment may influence grain Zn concentration in cereal crops (19) and, ultimately, human nutrition. Maize grain Zn concentration was 30% greater on Vertisols than on other soils in Malawi (20, 21); this higher grain Zn concentration on Vertisols was linked with the higher dietary Zn supply in the smallholder farmer communities living in these areas in Malawi (22). Thus, soil Zn status, pH, organic carbon, soil types, and other geographical factors affect the Zn content of different food grain crops, particularly cereal crops. Consequently, this spatial variation affects human health.

Interestingly, several recent studies have reported linkages between soil Zn status and public health outcomes. For example, Morton et al. (23), using 27 million soil data points from the Indian soil health card programme, showed a positive association between soil Zn availability [diethylene triamine pentaacetic acid (DTPA) extraction method] and stunting of children in India. Similarly, Bevis et al. (24) correlated DTPA-extractable soil Zn concentration of 11,670 soil samples from the Tarai region of Nepal with anthropometric data of 4,388 children from Nepal’s Demographic Health Survey and showed a positive association between soil Zn deficiency and children stunting in Nepal. De Groote et al. (25) reported a positive relationship between soil Zn deficiency and high serum Zn deficiency in children under 5 years of age in Ethiopia when they combined Ethiopian Soil Zn (Zn extraction by Mehlich 3 extraction method) mapped data with serum Zn data of 1,171 children under 5 years age. However, there is scope to extend and strengthen these approaches to jointly map micronutrients in soil and crops using “GeoNutrition” type approaches, as recently reported in two African countries, Ethiopia and Malawi (18). Specifically in India, there is the potential for soil and crop micronutrient mapping in India to understand better the movement of Zn in food systems and to inform strategies to improve the Zn status in the soil (e.g., use of Zn fertilisers for yield and agronomic biofortification) and crops (e.g., through genetic biofortification).

This current review aims to understand the data landscapes on soil Zn and related soil properties in India, focussing on three states: Uttar Pradesh (UP), Bihar, and Odisha. The scope of the data landscaping exercise is to identify and describe data sets from national and state-wide programmes and research experiments in which soil Zn has been reported, which could be used to provide a framework for integrated surveys and would combine wider agriculture, food systems, nutrition, and public health sectors.





Methodology

Data sets were identified from public sector sources in India. Data were accessed from national and state-wide programmes and research experiments in which soil Zn was reported. Soil Zn and other soil property data at the national scale are available for re-use at the Government of India soil health card website (https://www.soilhealth.dac.gov.in/).




Landscaping of Indian soils for Zn and other properties

The mineral composition of soil depends upon its parent material and other soil properties. Indian soils, based on their origin and other soil properties, are divided into 11 major types of soils, which cover the total geographical area of India (328.7 million ha) (Table 1). Among the three focus states, Uttar Pradesh has red, terai, and black soils; Bihar has alluvial and black soils and some terai soil in eastern Bihar along with the Nepal border; Odisha has alluvial, coastal alluvial, and black soils.


Table 1 | The extent and distribution of the different soil classes of India as represented in the soil maps on a 1:250,000 scale along with their equivalent according to the United States Department of Agriculture, USA nomenclature system (redrawn from 26).



On a national scale, there are two pilot projects in India that map soils for Zn concentration and other properties.




Soil health management data

First, the soil health management (SHM), under the “National Mission for Sustainable Agriculture (NMSA)” programme of the Ministry of Agriculture & Farmers Welfare, Government of India, is one of many interventions to improve soil health by adopting an integrated nutrient management approach. The SHM programme, with the support of state governments, collects and analyses soil samples from farmers’ fields and issues soil health cards (SHCs) to them. The SHC contains information about soil Zn content, other macro- and microelements, and soil properties [soil pH, electrical conductivity (EC), and organic carbon (OC)].

The purpose of SHC is to advise farmers on the judicious use of different fertilising materials and give recommendations to improve soil health using different chemical, biological, and organic fertilisers to improve yield and nutritional quality. The SHM programme is being carried out on a time-scale basis. To date, ~52 million soil samples have been collected and analysed in two cycles across India: Cycle 1 from 2015 to 2017 (n = 25,349,546) and Cycle 2 from 2017 to 2019 (n = 27,431,824). All the data points are available with geospatial references for most states at the Ministry of Agriculture &Farmers Welfare, Government of India website under the Department of Agriculture and Farmers Welfare (27).

A grid of 2.5 ha for irrigated land and 10 ha for rainfed land was used for soil sampling, with four to nine samples collected from each grid. Each composite soil sample was obtained from five subsamples collected from a farmer’s field, which were then mixed thoroughly to get a homogenised sample. However, it varied from state to state (27; https://www.soilhealth.dac.gov.in/Content/Guideline_SoilTestingLab_Project.pdf).

Soil mineral content and other soil properties were measured according to the Indian government guidelines, documented in a manual “Soil Testing in India” (https://agriculture.uk.gov.in/files/Soil_Testing_Method_by_Govt_of_India.pdf), briefly, soil pH (1:2, soil/water suspension solutions), electrical conductivity (1:2 soil/water suspension solution), and organic carbon, by wet chemical or dry combustion methods, depending on the availability of facilities in different labs. Plant-available micronutrients, for example, copper (Cu), iron (Fe), manganese (Mn), and Zn, were extracted using DTPA methods and followed by atomic absorption spectrophotometry (AAS) analysis. Soil samples with plant-available Zn concentration ≥0.6 mg/kg have been reported sufficient, and soil samples with Zn concentration <0.6 mg/kg have been reported to be soil Zn deficient.

Out of 52 million soil samples, 45 million were analysed for plant-available soil Zn concentration in two cycles over a 4-year period (2015 to 2019). It showed that 39.1% of Indian soils are Zn deficient (<0.06 mg/kg), and between states, soil Zn deficiency varied greatly, ranging from 2% (Delhi) to 67% (Bihar) (27; https://www.soilhealth.dac.gov.in/NewHomePage/StateWiseNPKChart).

In Cycle 1 (2015 to 2017), the mean soil Zn deficiency was 40% (N = 22.76 million soil samples), and it varied from 7.1% to 88.4% across different Indian states (Table 2). Out of 34, five states showed more than 50% soil Zn deficiency. The highest soil Zn deficiency was in Telangana (88%), followed by Bihar (85%), Gujrat (59%), Karnataka (54%), and Maharashtra (51%) (27).


Table 2 | Zinc deficiency in Indian state soils over a period of 4 years in Cycle 1 (2015 to 2017) and Cycle 2 (2017 to 2019).



In Cycle 2 (2017 to 2019), mean soil Zn deficiency was 38% (N = 22.48 million soil samples), ranging from 1% to 62% across different Indian states. Four states showed more than 50% soil Zn deficiency: these were Karnataka (62%), followed by Maharashtra (53%), Bihar (51%), and Rajasthan (48%) (27) (Table 2).





All India coordinated research project on micro and secondary nutrients and pollutant elements in soils and plants

The second-largest national programme is the All India Coordinated Research Project on Micro and Secondary Nutrients and Pollutant Elements in Soils and Plants (AICRP-MSPE), initiated by the Indian Council of Agricultural Research (ICAR). This programme aims to understand the micronutrient status of Indian soils and crops. This programme has 21 centres across the country conducting research, sampling, and analysis of plant and soil samples. Mandates of ICAR-AICRP-MSPE programmes are mapping micronutrients in soil and crops and defining/revising the critical and toxic limits of micronutrients in soil and crops, including vegetables (28). The critical limit of any nutrients in the soil is the level below which crops respond after their application. The critical limit for zinc in Indian soils is 0.60 mg/kg; however, for Gujrat and Tamil Nadu soils, it is 0.50 and 1.20 mg/kg, respectively (29).

The ICAR-AICRP-MSPE programme collected geo-referenced soil samples (n = 242,827) from 28 Indian states covering 615 districts over 6 years, from 2012 to 2018. Soil samples were collected according to each district’s agricultural land size holdings. For example, up to four soil samples were collected from a landholding of less than 1 ha, six to seven subsamples from 1–3 ha of land, and 9–10 subsamples from a landholding of more than 3 ha.

Plant-available soil Zn was extracted using the DTPA method, and soil Zn concentration was measured using AAS (30). Based on plant-available Zn concentration in the soil, soils were grouped into five categories: 1) acute deficient (≤0.3 mg/kg), deficient (>0.30 to ≤0.6 mg/kg), latent deficient (>0.6 to ≤0.90 mg/kg), adequate (>1.20 to ≤1.80 mg/kg), and high (>1.80 mg/kg).

This programme reported that 36.5% of the total soil samples (n = 242,827) were Zn deficient (acute + deficient). The mean plant-available soil Zn concentration was 1.40 mg/kg (SD ± 1.60) and varied from 0.01 to 59.8 mg/kg in the Indian soils. Among the Indian states, Tamil Nadu (63.3%) and Mizoram (2%) showed the highest and lowest soil Zn deficiency, respectively. Out of 28 states, 13 states showed that more than 25% of the total soil samples were Zn deficient (Figure 1). Among the three soil surveys (Figure 1), Cycle 1 showed higher soil Zn deficiency in Bihar, Gujrat, Telangana, and West Bengal than Cycle 2 and AICRP-MSPE; it could be due to soil sampling in Zn-deficient field sites in Cycle 1 than other soil surveys.




Figure 1 | Plant available soil available Zn [diethylene triamine pentaacetic acid (DTPA)-extractable] deficiency of Indian states. Data represented here were collected during three different soil surveys: Cycle 1 from 2015 to 2017, Cycle 2 from 2017 to 2019 [Table 2; (27)], and AICRP-MSPE (All India Coordinated Research Project on Micro and Secondary Nutrients and Pollutant Elements in Soils and Plants) from 2012 to 2018 [redrawn from (30)]. AN, Andaman & Nicobar; AP, Andhra Pradesh; ArP, Arunachal Pradesh; HP, Himachal Pradesh; J&K, Jammu & Kashmir; MP, Madhya Pradesh; DH & DD, Dadra and Nagar Haveli and Daman and Diu.



Similarly, a soil survey was carried out by AICRP-MSPE over a period of 5 years (2009 to 2014) across 16 states of the country, covering 210 districts out of 748 districts in India. More than 95,000 soil samples were collected and analysed for plant-available soil Zn concentration using the DTPA extraction method. It showed that 43% of the total soil sample analysed were Zn deficient, and soil Zn concentration varied from 0.01 to 52.93 mg/kg (29). Shukla et al. (29) further reported Zn deficiency in Indian soil over two different time scales: from 1980 to 2008 and from 2009 to 2014, soil Zn deficiency decreased from 49 to 43%, respectively, in Indian soils (Figure 2).




Figure 2 | Soil zinc deficiency in different zones of India during a period from 1980 to 2008 and from 2009 to 2014 (29).



The prevalence of soil Zn deficiency declined in the North and Eastern zones of India, whilst it increased in the West Zone of India. In the Western zone, Gujrat (23%), Maharashtra (54%), and parts of Madhya Pradesh (62%) showed higher soil Zn deficiency.






Overview of soil Zn data and other properties for Uttar Pradesh, Bihar, and Odisha




Uttar Pradesh

The SHM programme analysed ~10 million soil samples over a 4-year period (2015–2019) in UP and reported that 29% of soil samples were deficient in plant-available Zn content. From 75 districts, there were 20 with more than 50% of samples being Zn deficient (27). The AICRP-MSPE programme analysed 4,788 soil samples for plant-available soil Zn concentration (DTPA extractable) in UP over a period of 5 years (2009 to 2014) and reported a prevalence of 33% soil Zn deficiencies (29). Shukla et al. (30), under the AICRP-MSPE programme, analysed more than 240,000 soil samples across India over a 6-year period (2012 to 2018) and reported 39% soil Zn deficiency in Uttar Pradesh. Singh et al. (31) analysed 2,500 surface soil samples (0–15 cm) for DTPA-extractable plant-available soil Zn in four districts, Varanasi, Mirzapur, Sant Ravidas Nagar, and Chandauli, reporting 46%, 30%, 16%, and 32% soil Zn deficiency, respectively.

Phyto-availability of Zn in the soil depends upon various soil properties, for example, pH, organic carbon, cation exchange capacity, and other soil textural properties (32). In UP, the SHM programme reported that 47% of soils are alkaline, and the pH varied from 7.9 to 8.3. The SHM also reported that 69% and 11% of soils were low (0.2 to 0.4%) and very low (<0.2%) in OC content, respectively (27, 33). Singh et al. (31) analysed 2,500 soil samples from four districts in UP (Varanasi, Mirzapur, Sant Ravidas Nagar, and Chandauli) and reported that the mean pH varied from 7.2 (Chandauli) to 8.1 (Varanasi). In the Varanasi district, 80% and 73% of soil samples were slightly alkaline (pH = 7.5 to 8.5) and low in organic content, respectively. In Mirzapur, 60% and 40% of soil samples were slightly alkaline and low in organic content, respectively. In Sant Ravidas Nagar, 61% and 11% of soil samples were slightly alkaline and low in OC, respectively. In Chandauli, 40% and 57% of soil samples were slightly alkaline and low in OC, respectively.





Bihar

In Bihar, more than 400,000 samples were analysed by the SHM programme over a 4-year period (2015 to 2019), and it was reported that 68% of soil samples were deficient (soil Zn < 0.6 mg/kg) in plant-available soil Zn content. Out of 38 districts, 16 had a prevalence of more than 65% soil Zn deficiency (27; https://soilhealth.dac.gov.in/PublicReports/DistrictMicroNS). Similarly, the AICRP-MSPE programme analysed 7,304 soil samples for plant-available soil Zn (DTPA-extractable) content in Bihar over 5 years (2009 to 2014) and reported 41% soil Zn deficiencies in the state (29).

In Bihar, the SHM programme reported that 64% of soils are moderately alkaline in nature. The SHM also reported that 28%, out of 447,940 soil samples of Bihar soil, were low (OC between 0.2% and 0.4%) in organic carbon content (27; https://soilhealth.dac.gov.in/PublicReports/DistricPHPercentagewise).

Sherpa et al. (34) collected 3,182 georeferenced soil samples from rice–wheat farming fields in 21 districts of Bihar as part of the Soil Intelligence System India project (SIS). Samples were collected over a period of three seasons (2018 to 2021), and available nutrients and other soil properties were measured as per SHC guidelines for the state. Of the 3,182 SIS soil samples, 48% were Zn deficient, 49% were calcareous, and 34% had low organic carbon. The SIS also developed 250-m-resolution gridded digital soil maps (https://sisindia.isric.org/) using legacy SHC and AICRP-MSPE data for the Bihar and Andhra Pradesh states. In Bihar, maps were generated using 13,429 AICRP-MSPE samples for boron (B), Cu, EC, Fe, potassium (K), Mn, OC, phosphorus (P), S, Zn, and pH, whilst nitrogen (N) maps were based on 14,118 sample points from SHC Cycle 2 (2017 to 2019).





Odisha

In Odisha, approximately 52,000 samples were analysed for plant-available soil Zn concentration by the SHM programme (2015 to 2019), and it was reported that 48% of the soil samples were Zn deficient. Out of 30 districts, 12 showed more than 50% soil Zn deficiency (27; https://soilhealth.dac.gov.in/PublicReports/DistrictMicroNS). Jena et al. (35) collected 6,991 soil samples from 22 districts of Odisha over a period of 6 years (2012 to 2018) and analysed for soil Zn concentration using the DTPA extraction method. The mean plant-available soil Zn concentration was 1.1 mg/kg and varied from 0.08 to 32 mg/kg. They reported that 33% of the soil samples tested were Zn deficient, and Zn deficiency varied from 4% (Sambalpur) to 68% (Malkangiri) across the 22 districts of Odisha.

The SHM programme reported that 31% and 46% of soils are highly acidic (pH < 4.5) and moderately acidic (pH = 4.5 to 5.5), respectively. The SHM also reported that 40% out of 500,000 soil samples of Odisha were low in organic carbon content (OC between 0.2% and 0.4%) and that 20% of soil samples were very low (OC < 0.2%) in organic carbon content (27; https://soilhealth.dac.gov.in/PublicReports/DistricPHPercentagewise). The AICRP programme on Soil Test Crop Response (STCR), collaborating with the Odisha state government, analysed more than one million soil samples across 30 districts of the state over a 6-year period (2002 to 2008). This programme reported that 40% of soil samples tested were low in organic carbon (OC < 0.50%) and that 60% were medium in organic carbon (OC = 0.05%–0.75%) (36).






Grain Zn concentration data for Indian wheat and rice

Indian food and nutrition security mainly depend upon two crops, wheat and rice, which constitute 76% of India’s total food grain production (37). Compared to the vast archive of soil data available from the programmes described above (27, 28), there is a paucity of grain Zn concentration data, especially from on-farm settings. These data have immense value in supporting the understanding of the nutritional value of the grain for those living on low-diversity diets, but also whether food systems dominated by local consumption may create a geospatial control on dietary adequacy of Zn and other nutrients (10, 18).




Grain Zn concentration in wheat

Wheat is inherently low in grain Zn. A panel of 20 wheat genotypes was evaluated at 14 field locations in the eastern Gangetic plains of India over a 3-year period (2004 to 2007). It showed a range of mean grain Zn concentration from 32 to 34 mg/kg (38). Fifteen wheat varieties were evaluated for grain Zn concentration under a field experiment at the Punjab Agriculture University, Ludhiana (India), over a 2-year period (2007 to 2009). The mean grain Zn concentration of 15 wheat varieties was 30.2 mg/kg and varied from 27.7 to 32.5 mg/kg (39). A screen of 36 Indian commercial wheat varieties showed grain Zn concentration from 25 to 35 mg/kg, under Zn-deficient soil field conditions in India over a period of 2 years (2013 to 2015; 10). A panel of 121 advanced wheat genotypes was evaluated under the All India Coordinated Research Project (AICRP) on wheat for grain Zn concentration at 19 locations under five different wheat growing zones in India from 2020 to 2021. The mean grain Zn concentration was 38.2 mg/kg and varied from 30 to 50 mg/kg. Soil Zn data of all the locations were not reported (40; www.iiwbr.icar.gov.in).

A panel of 75 Pakistani wheat lines showed a mean grain Zn concentration of 24.9 mg/kg under low soil Zn field conditions in Pakistan (41), whilst a later screen of 28 Pakistani wheat varieties showed grain Zn concentration from 21 to 33 mg/kg (mean 27.5 mg/kg) under field conditions (42). Velu et al. (43) evaluated 40 wheat genotypes at five different locations in India for grain Zn concentration and reported a mean grain Zn concentration of 33.5 mg/kg (range 28.5 to 44.1 mg/kg). In this study, they showed significant genotype × environment interaction; however, they showed similar performance of genotypes across different locations due to the high heritability of the Zn trait. Grain samples of a panel of 121 Indian wheat genotypes were taken from Sam Higginbottom Institute of Agriculture, Technology and Sciences, Allahabad, India, which were originally collected from different wheat-growing regions in the northern part of India, then analysed for grain Zn concentration, and showed grain Zn concentration from 10.7 to 59.4 mg/kg (mean 29 mg/kg) (44). Similarly, Saha et al. (45) screened 80 commercial Indian wheat varieties under field conditions and showed grain Zn concentration from 21 to 29 mg/kg (mean 25.3 mg/kg). A set of 18 commercial Indian wheat cultivars were evaluated for grain Zn concentration in a pot experiment, which showed grain Zn concentration from 22 to 35.9 mg/kg (46).





Grain Zn concentration in rice

Rice typically has a lower grain Zn concentration than wheat, ranging from 12 to 16 mg/kg in polished (white) rice grains (47). Rao et al. (48) reported grain Zn concentration of 12 to 32 mg/kg in unpolished (brown) rice of a panel of 170 rice advance lines under field conditions, and most of the lines showed grain Zn concentration from 15 to 25 mg/kg in brown rice. Recently, the HarvestPlus programme has increased their target threshold for breeding for increased grain Zn concentration in polished rice from 24 to 28 mg/kg (48, 49).

Grain Zn concentration in the white rice kernel of five scented rice varieties varied from 7.8 to 12.4 mg/kg, grown under field conditions in India over a 2-year period (2013 to 2014) (50). Five aromatic rice varieties, grown under low soil Zn conditions at the research farm of the Indian Agricultural Research Institute, New Delhi, India, showed grain Zn concentration from 32 to 35 mg/kg over a 2-year period (2004 to 2005) (51). Saha et al. (45) evaluated a panel of 12 commercial rice varieties under field conditions and reported grain Zn concentration from 15 to 34 mg/kg. Similarly, Saha et al. (52) reported grain Zn concentrations in six Indian rice varieties from 19 to 28 mg/kg under field conditions in India.






Micronutrient fertilisers in India

Among micronutrients, Zn is considered the fifth most important nutrient after N, P, K, and S in India, whilst in lowland crops (e.g., rice), it is second only to N (53). From 2019 to 2020, India consumed 211,275 tonnes of Zn fertiliser, 35,745 tonnes of ferrous sulphate, 25,559 tonnes of boric acid/borax, 17,396 tonnes of manganese sulphate, and 3,815 tonnes of copper sulphate.

Despite the high prevalence of Zn deficiency in Indian soils, Zn fertilisers in the Indian cropping systems are not used at the required level. The limited use of Zn fertilisers in India may be due to inadequate availability, the cost of fertilisers, and the lack of perceived benefit of using Zn fertilisers, particularly for marginal farmers (landholding of less than 1 ha). However, in recent years, the application of Zn fertiliser has increased from 130,974 tonnes in 2010 to 211,275 tonnes in 2019. It has been estimated that ~70% of total zinc sulphate fertiliser used in India is consumed by only five states (Punjab, Haryana, Uttar Pradesh, Karnataka, and Maharashtra) (53).

Many Zn fertiliser products are available for soil and foliar application in India. For example, zinc sulphate heptahydrate (ZnSO4.7H2O; 21% Zn), zinc sulphate monohydrate (ZnSO4.H2O; 33% Zn), zinc oxide suspension (ZnO; 39.5% Zn), and chelated zinc (Zn-EDTA, 12% Zn; Zn-HEDP, 17% Zn). Zinc sulphate is the main Zn fertiliser due to its solubility in water and used in both soil and foliar application; lower cost makes it the first choice among the farmers over the more expensive Zn chelated and other Zn fertilisers in the Indian market (30). It has been estimated that Zn fertiliser application contributes more than 18 Mt of extra to the Indian food grain and 15 Mt to wheat and rice only (54).

The current demand for Zn fertilisers, based on Zn deficiency in Indian soil and its mining from the soil, is 285,000 tonnes, and it will increase to 347,000 tonnes by 2035. The future demand for Zn fertilisers can be seen by the fact that out of 30 Mha area under wheat cultivation in India, only 30% of the area is receiving Zn fertilisers, and for rice, out of ~45 Mha, 50% of the area is receiving Zn fertiliser application (54). The wheat-rice cropping rotation covers approximately 10 million ha and is dominant in north-western India; the application of Zn fertiliser in rice has a residual effect on the grain Zn content, not on the grain yield, on the following wheat crop (55).

The application of micronutrient fertilisers has shown improvement in both grain yield and quality in different crops, particularly under micronutrient-deficient soil conditions. In a pilot study, 4,144 Zn fertiliser trials were carried out on farmer’s fields in different states of India to study the response of Zn fertilisers to the crop yield of different crops during a period from 1967 to 1984. The soil was considered responsive to Zn fertiliser (2 to 5 kg/ha Zn) when it gave more than 200 kg/ha economic yield above the control (no Zn fertiliser). This study showed that 58% of trials were Zn fertiliser-responsive (56, 57).

Zinc fertiliser-responsive trials increased to 63% from 1985 to 2000, 72% from 2000 to 2010, and 80% from 2011 to 2016. In addition to crop yield, Zn fertiliser application has also shown improvement in grain Zn concentration in different crops.

Prasad et al. (58) reported 62% and 51% higher grain Zn concentrations in rice and wheat varieties, respectively, with Zn fertiliser application (granular) than control (without Zn fertiliser). Wheat grain yield increased by 8% and 14% in the Punjab and Sindh regions, Pakistan, respectively, by applying ~5 kg of ZnSO4.H2O fertiliser per hectare, in a survey of more than 2,500 farmers (41). Application of Zn fertiliser (ZnSO4.7H2O at 5 kg/ha) increased wheat grain yield from 4 to 5.6 tonne/ha in Haryana under Zn-deficient soil conditions (<0.6 mg/kg) (28). Similarly, three wheat varieties (C 306, JW 14, and HW 2004) showed an increase in grain yield from 2.27 to 3.96 tonne/ha, and grain Zn concentration increased from 43 to 64 mg/kg, with the application of 5 to 10 kg/ha of ZnSO4.7H2O fertiliser under field condition in Bhopal, India (28). A screen of three wheat varieties in Pakistan at three locations showed grain Zn concentration increased by 6.9 to 18 mg/kg by application of foliar Zn fertiliser (ZnSO4.H2O at1.58 kg/ha at the booting stage) compared to control treatments (12). Dhaliwal et al. (59) showed that foliar application of Zn fertiliser (ZnSO4.7H2O @ 2.5 zinc sulphate in 500 L solution ha−1) increased grain Zn concentration in 16 wheat genotypes from 48% to 69% under field conditions compared to control treatment (no application of Zn fertiliser).





Soil properties can guide human nutrition studies

Many soil properties influence the plant available zinc concentration in soils, which in turn influences the uptake of zinc by food crops and, in turn, the dietary intake of zinc by people consuming these crops. For example, soil pH influences the strength of Zn adsorption and Zn in the solution. Increasing soil pH has shown higher exchangeable Zn in soil, which is available to plants (60). When considered together, studies by Gashu et al. (18) and Botoman et al. (61) in Ethiopia and Malawi showed that soil pH, organic carbon, and temperature were linked to spatial variation in crop grain zinc concentration. Wood et al. (21) proposed that increasing soil carbon by 1 g/kg of soil could increase 0.15 mg/kg Zn concentration in wheat grain and can support human health improvement. Quantifying the links between soil properties and the spatial variation in the Zn composition of staple crops is, therefore, undoubtedly an important factor to consider in understanding the prevalence of Zn deficiency (reviewed by Lowe et al., 2023).






Discussion

There is substantial variation in Zn concentration in Indian soils, combined with variations in soil pH and organic carbon. The largest Indian soil sampling and testing programme “Soil Health Card” under the government of India analysed ~52 million soil samples. Soil Zn concentration varied from 0.08 to 21 mg/kg and showed that 39% of Indian soils are Zn deficient (DTPA extractable; soil Zn content <0.6 mg/kg). This survey also reported that 64% of soil samples were deficient in organic carbon (OC < 0.5%) and that 21% of samples contained a medium level of organic carbon (0.5%–0.75%). Similarly, 71% of samples were moderately alkaline (pH = 7.9–8.3) (27, 62).

Zinc concentration and its availability in soil are affected by different factors, for example, soil pH, organic matter, soil types, and environmental factors (63). Shukla et al. (64) reported significant negative relations between soil pH and plant available Zn concentration (DTPA extractable) and a positive relationship between soil Zn concentration and soil organic carbon. They showed soil Zn concentration <0.6 mg/kg in South-Western Haryana than in Northern Haryana; the reason was low organic carbon and of sandy nature of the soil in South-Western Haryana. Zia et al. (65) reported negative relationships between soil pH and Zn concentration in the soil solution. A study by Khokhar et al. (10) showed that plant-available soil Zn [Ca(NO3)2-extractable] concentration was lower (0.03 mg/kg) in alkaline soil at Kumarganj site in Uttar Pradesh (pH = 9.8) than normal soils (0.1 mg/kg) at Karnal site in Haryana (pH = 7.5). Zinc adsorption on soil particles increases with increasing soil pH, which decreases the Zn phyto-availability in the soil (32).

There are few studies to our knowledge that have reported spatial variation in grain Zn concentration in farmer-grown cereal crops in India. A panel of 36 Indian commercial wheat varieties was evaluated at six field sites in India under hostile soils. The authors of this study reported that the mean grain Zn concentration of 36 wheat varieties was greater (35 mg/kg) in normal soil at Karnal (pH = 7.8) than in sodic soils (26 mg/kg) at the Kumarganj-sodic site (pH = 9.5) (10, 66).

However, there is evidence showing that spatial variation in soil Zn concentration, soil pH, and environmental factors affect the grain Zn concentration in cereal grain crops (11, 18, 21, 61). For example, the GeoNutrition survey reported by Gashu et al. (18) reported wheat grain samples, collected from >1,000 different field sites in Ethiopia over a 2-year period (2017 and 2018), for grain Zn concentration and reported a positive significant relationship between wheat grain Zn concentration and soil organic carbon. The Zn concentration in wheat grain samples varied from 11.8 to 63.9 mg/kg. Soil organic carbon contributed substantially to the variation in wheat grain Zn concentration at different locations in Ethiopia. Khokhar et al. (10) reported higher grain Zn concentration in a panel of 36 Indian wheat varieties in normal soil (pH = 7.8) at Karnal (35 mg/kg) than in sodic soils at Kumarganj-sodic (26 mg/kg) site (pH = 9.5). Zia et al. (12) screened a biofortified wheat variety, “Zincol-2016” with locally grown wheat varieties at three locations in Pakistan and found no difference in grain Zn concentration between Zincol-2016 and locally grown wheat varieties at two locations. Zincol-2016 showed greater grain Zn concentration than other varieties only at one site where soil Zn concentration (DTPA extractable) was greater than in soil Zn level of the other two sites.

Spatial variations in grain Zn concentration in different crops are linked with dietary Zn intake and affect human health. The  AICRP-MSPR project conducted an experiment in Nalgonda and Ranga Reddy districts in Andhra Pradesh, India, that plants and grains grown on Zn-deficient soil showed lower Zn concentration and that people fed on these vegetation and grains showed lower blood plasma Zn concentration than those people who were fed with grain and vegetation that were grown on sufficient soil Zn areas (67).

Wheat is a major source of daily dietary Zn intake in India. Wheat alone supplies ~50% of daily Zn needs in India (8). There is an unmet need for an evidence-based study in India, which explores spatial variation for soil Zn concentration, soil properties, and environmental factors known to affect wheat grain Zn concentration. Given the dietary importance of wheat, this is expected to affect human and animal nutrition, especially where local foods are consumed and soil-crop deficiencies exist. At present, there is no programme in India that maps micronutrients in soil and crops together using the GeoNutrition approaches recently reported in Africa; the existing soil fertility monitoring systems in India could be a vehicle to achieve this. There is potential for soil and crop micronutrient mapping in India to understand better the movement of Zn (and other micronutrients) in food systems and understand the prevalence of human Zn deficiency (68). This can inform, and later monitor the success of, strategies to improve the Zn status in the soil (e.g., use of Zn fertilisers for yield, agronomic biofortification, and soil organic matter management) and crops (e.g., through genetic biofortification) and thus into diets. This evidence in a dietary evaluation framework is particularly needed because Zn grain (or flour) concentration is an invisible trait that cannot be evaluated by the farmer or the consumer but can vary to such an extent that it can alter the dietary adequacy of Zn.
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Sufficient Deficient Total (N) Deficiency Sufficient Deficient Total (N) Deficiency

(n) (n) (%) (n) (n) (%)
Andaman & Nicobar 7,053 2,225 9,278 24 2,400 421 2,821 15
Andhra Pradesh 537,281 366,359 903,640 41 942,483 521,676 1,464,159 36
Arunachal Pradesh 10,970 8,230 19,137 43 7,492 5477 12,969 42
Assam 181,241 13,971 195212 7 243,287 21,759 265,046 8
Bihar 32,395 178,762 211,157 85 111,523 116,685 228,208 51 1
Chhattisgarh 405,023 241,313 646,336 37 533,824 408,811 942,635 43
Delhi 99 16 115 14 1,079 10 1,089 1
Goa 2,050 524 2,574 20 5,027 981 6,008 16
Gujarat 919,150 1,340,316 2,259,466 59 1,155,150 535,139 1,690,289 32
Haryana 1,016,773 282,659 1,299,432 22 904,522 385,225 1,289,747 30
Himachal Pradesh 81,174 9,849 91,023 11 86,386 9,306 95,692 10
Jammu & Kashmir 48,039 38,207 86,246 44 77,016 41,121 118,137 35
Jharkhand 29,147 14,803 43,950 34 36,460 14,239 50,699 28
Karnataka 738,705 856,701 1,595,406 54 624,101 1,017,286 1,641,387 62
Kerala 169,909 19,961 189,870 1r 119,785 9,979 129,764 8
Ladakh 2,325 706 3,031 23 3,416 1,399 4,815 29
Madhya Pradesh 697,111 567,459 1,264,570 45 1,064,639 790,553 1,855,192 43
Maharashtra 1,190,839 1,215,946 2,406,785 51 1,301,289 1,477,271 2,778,560 53
Manipur 43 17 60 28 511 292 803 36
Meghalaya 1314 407 1,721 24 13,302 7,497 20,799 36
Mizoram 302 23 325 7 13 3 16 19
Nagaland 11,838 7,556 19,394 39 8,053 3,950 12,003 33
Odisha 7,990 7,218 15,208 47 19,301 18,121 37,422 48
Puducherry 4,199 455 4,654 10 5,460 470 5,930 8
Punjab 510,482 48,747 559,229 9 666,020 103,850 769,870 13
Rajasthan 2,378,889 1,843,284 4,222,173 44 738,131 764,965 1,503,096 51
Sikkim 8,347 2,789 11,136 25 6,924 3,300 10,224 32
Tamil Nadu 883,975 339,145 1,223,120 28 930,426 402,441 1,332,867 30
Telangana 14,184 108,096 122,280 88 580,238 391,962 972,200 40
The Dadra and Nagar 1,973 2,227 11 2,241 187 2428 8
Haveli and Daman
and Diu 254
Tripura 23,487 2,963 26,450 11 24,608 6,246 30,854 20
Uttar Pradesh 3,501,697 1,435,951 4,937,648 29 3,560,221 1,504,552 5,064,773 30
Uttarakhand 96,619 28,115 124,734 23 113,947 26472 140,419 19
‘West Bengal 140,358 130,425 270,783 48 1,095 56 1151 5

A “sufficient” or “deficient” number of soil samples are reported based on the plant available soil Zn concentration and proportional deficiency calculated (27).
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Major soils

(traditional
name)

Alluvial

Coastal alluvial

Red

Laterites

Brown forest

Hill

Terai

Mountain meadow
Sub-montane

Black

Dessert
Others

Total

Soil orders
US soil taxon

Inceptisols, Entisols, Alfisols, Aridisols

Aridisols, Inceptisols, Entisols

Alfisols, Ultisols, Entisols, Inceptisols,
Mollisols, Aridisols

Alfisols, Ultisols, Inceptisols
Mollisols, Inceptisols
Inceptisols, Entisols
Mollisols, Entisols

Mollisols

Alfisols

Vertisols, Mollisols, Inceptisols,
Entisols, Aridisols

Aridisols, Inceptisols, Entisols

100,006

10,049

87,989

18,094
540
2,262
326
60
104

54,682

26,283

28,305

328,700

Distribution in states

J&K, HP, Punjab, Haryana, Delhi, UP, Gujrat, Goa, MP, MS, AP, Karnataka, TN, Kerala,
Puducherry, Bihar, Odisha, WB, ArP, Assam, Nagaland, Manipur, Mizoram, Tripura,
Meghalaya, A&N

AP, Karnataka, TN, Kerela, WB, Gujrat, Odisha, Puducherry, Lakshadweep, A&N

AP, Karnataka, Kerala, TN, Puducherry, Rajasthan, MP, MS, Gujrat, Goa, ArP, Assam,
Manipur, Meghalaya, Nagaland, Mizoram, Tripura, Delhi, Uttar Pradesh, HP, A&N

AP, Karnataka, Kerala, TN, Puducherry, MS, Odisha, WB
Karnataka, Maharashtra

Manipur, Odisha, WB, Tripura, Nagaland

Uttar Pradesh, Sikkim

J&K

J&K

MP, MS, Rajasthan, Puducherry, TN, Uttar Pradesh, Bihar, Odisha, AP, GJ

Rajasthan, Gujrat, Haryana, Punjab

J&K, Jammu and Kashmir; HP, Himachal Pradesh; MP, Madhya Pradesh; MS, Maharashtra; TN, Tamil Nadu; AP, Andhra Pradesh; ArP, Arunachal Pradesh; WB, West Bengal; A&N, Andaman

and Nicobar Islands.





