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Supplementary Fig. 1. Geographic distribution of major wheat cropping system in China. Wheat-maize rotation (W-M), wheat-rice rotation (W-R) and wheat grown in semi-arid/arid areas (W-S) are the three major systems of wheat cropping in China, and each contributes about 65%, 20% and 10% of total wheat product, respectively. In addition, wheat made up 76.8, 72.5 and 15.1% of staple cereal consumption in regions with W-S, W-M and W-R crop system respectively, according to China National Nutrient and Health Survey in 2002. This figure was generated by the following steps: (1) get information about wheat total yield and wheat cropping system at county level of China from National Bureau of Statistics of China; (2) and then separate these counties with different wheat cropping systems on open-accessed base map at county scale of China (www.gadm.org) by using ArcGis software (desktop vision 9.3, Esri, USA, www.esri.org).
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Supplementary Fig. 2. The gap between current wheat grain Zn and the target in global scale (weighted result). Details of published data source are listed in Supplementary Table 1. The numbers of data points (DP) of each set were showed in parenthesis. The green dash line indicates the target Zn concentration (40 mg kg-1) for wheat biofortification. Because there is only one value for a given region under weighted condition, no error bar could be shown. While error bars for 95% confidence intervals under un-weighted condition are shown only for integrity.
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Supplementary Fig. 3. Height (A) and thousand kernel weight (TKW, B) of historical shift of wheat varieties grown in China. These historical varieties were grown in the same field at the North China Plain. The variety number of each set was showed in parenthesis. Range of solid and red dashed lines in this figure indicate median and mean, respectively. The box boundaries indicate the 75% and 25% quartiles, the whisker caps indicate 90th and 10th percentiles, and the circles indicate the 95th and 5th percentiles. Medians of columns with the different letters indicate significantly different at P<0.05 level by nonparametric test of independent samples via SPSS statistics.
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Supplementary Fig. 4. Correlation between thousand kernel weight (TKW) and grain Zn concentration of historical wheat varieties in China. These historical varieties were grown in the same field at the North China Plain. ***, indicates significant correlation at P<0.01 level by regression analysis via SPSS statistics. The variety number was showed in parenthesis.
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Supplementary Fig. 5. Nitrogen application rate (A) and elevated soil P concentration (measured as Olsen-P) due to continuous application of P fertilizer (B) increase grain N or P in wheat grown in China. For N rate, N0, N94, N155 (optimal N rate), N211 and N300 (N rate of farmers’ practice) indicates the rates of N application at 0, 94, 155, 211 and 300 kg ha-1, respectively. The sample numbers are 32 for each N rate. For elevated soil P concentration, the sample numbers are 51, 44, 18, 11 and 20 for ranges of Olsen-P in soil. Range of solid and red dashed lines in this figure indicate median and mean, respectively. The box boundaries indicate the 75% and 25% quartiles, the whisker caps indicate 90th and 10th percentiles, and the circles indicate the 95th and 5th percentiles. Medians of columns with the different letters indicate significantly different at P<0.05 level by nonparametric test of independent samples via SPSS statistics.
Supplementary Table 1. Appendix of data source in Figure 1. Available published references about grain Zn concentration in field-grown wheat without Zn application, including 109 references with 188 observations of mean value at each site. 
	Region
	Country
	Data point*
	Grain Zn concentration (mg kg-1)
	Reference

	
	
	
	Mean (observation)
	Min
	Max
	

	Australia
	Australia
	8
	9.8 
	-
	-
	1

	Australia
	Australia
	42
	25.2 
	19.9 
	30.9 
	2

	Australia
	Australia
	28
	16.3 
	12.4 
	20.1 
	2

	Australia
	Australia
	8
	12.2 
	10.9 
	14.1 
	3

	Australia
	Australia
	2
	20.2 
	19.9 
	20.5 
	3

	Australia
	Australia
	4
	21.5 
	-
	-
	4

	Australia
	Australia
	4
	15.8 
	-
	-
	4

	Australia
	Australia
	3
	21.1 
	-
	-
	5

	Australia
	Australia
	2
	27.5 
	-
	-
	6

	Australia
	Australia
	78
	28.0 
	14.0 
	46.0 
	7

	Australia
	Australia
	20
	19.2 
	7.0 
	35.4 
	8

	Australia
	Australia
	21
	22.0 
	16.0 
	35.0 
	9

	Australia
	New Zealand
	1
	29.8 
	-
	-
	10

	Australia
	New Zealand
	1
	14.8 
	-
	-
	10

	Australia
	New Zealand
	1
	23.0 
	-
	-
	10

	Africa
	Zambia
	1
	24.3
	-
	-
	28

	East Asia
	China
	1
	31.8 
	-
	-
	11

	East Asia
	China
	1
	26.6 
	-
	-
	12

	East Asia
	China
	1
	25.3 
	-
	-
	12

	East Asia
	China
	1
	35.0 
	-
	-
	12

	East Asia
	China
	1
	20.8 
	-
	-
	12

	East Asia
	China
	1
	24.8 
	-
	-
	12

	East Asia
	China
	19
	27.6 
	21.4 
	33.5 
	13

	East Asia
	China
	23
	25.0 
	19.3 
	37.9 
	13

	East Asia
	China
	1
	24.3 
	-
	-
	14

	East Asia
	China
	8
	28.7 
	26.0 
	30.5 
	15

	East Asia
	China
	76
	22.8 
	17.7 
	30.9 
	16

	East Asia
	China
	48
	26.2 
	20.7 
	31.2 
	16

	East Asia
	China
	62
	23.5 
	16.2 
	31.2 
	16

	East Asia
	China
	1
	34.4 
	-
	-
	17

	East Asia
	China
	1
	25.9 
	-
	-
	17

	East Asia
	China
	1
	26.5 
	16.0 
	28.5 
	18

	East Asia
	China
	3
	29.1 
	-
	-
	19

	East Asia
	China
	265
	32.3 
	21.4 
	58.2 
	20

	East Asia
	China
	43
	28.6 
	21.2 
	34.8 
	21

	East Asia
	China
	10
	24.1 
	-
	-
	22

	East Asia
	China
	10
	31.6 
	-
	-
	22

	East Asia
	China
	10
	19.4 
	-
	-
	22

	East Asia
	China
	40
	27.8 
	12.0 
	80.0 
	23

	East Asia
	China
	1
	27.3 
	-
	-
	24

	East Asia
	China
	4
	30.7 
	-
	-
	25

	East Asia
	China
	28
	26.8 
	21.0 
	38.1 
	25

	East Asia
	China
	32
	29.4 
	20.0 
	44.1 
	26

	East Asia
	China
	5
	28.9 
	-
	-
	27

	East Asia
	China
	2
	28.6 
	-
	-
	28

	East Asia
	China
	2
	19.2 
	-
	-
	28

	East Asia
	China
	69
	30.4 
	-
	-
	29

	East Asia
	China
	586
	30.3 
	-
	-
	29

	East Asia
	China
	126
	41.8 
	20.9 
	108.9 
	30

	East Asia
	China
	2
	21.0 
	-
	-
	31

	East Asia
	China
	240
	29.3 
	19.9 
	43.9 
	32

	East Asia
	China
	3
	24.2
	23.9
	24.4
	33

	East Asia
	China
	2
	22.3
	21.9
	22.7
	34

	East Asia
	China
	4
	25.1
	23.0
	29.3
	35

	East Asia
	Japan
	9
	47.4 
	20.5 
	93.6 
	36

	Europe
	Croatia
	12
	35.1 
	30.5 
	42.5 
	37

	Europe
	Croatia
	12
	30.7 
	23.5 
	41.2 
	37

	Europe
	Croatia
	40
	18.2 
	14.9 
	22.9 
	38

	Europe
	France
	153
	20.5 
	16.1 
	27.2 
	39

	Europe
	France
	18
	21.0 
	16.0 
	28.0 
	39

	Europe
	France
	33
	24.7 
	20.0 
	33.0 
	39

	Europe
	France
	175
	25.0 
	-
	-
	39

	Europe
	Hungary
	150
	21.4 
	13.5 
	34.5 
	40

	Europe
	Poland
	2
	21.6 
	-
	-
	41

	Europe
	Poland
	3
	50.0 
	-
	-
	42

	Europe
	Poland
	3
	32.5 
	-
	-
	43

	Europe
	Russia
	24
	34.2 
	-
	-
	44

	Europe
	Serbia
	14
	33.2 
	26.6 
	44.3 
	45

	Europe
	Serbia
	36
	21.2 
	-
	-
	46

	Europe
	Sweden
	6
	28.2 
	25.0 
	54.0 
	47

	Europe
	Sweden
	3
	30.5 
	-
	-
	48

	Europe
	Sweden
	120
	27.4 
	-
	-
	49

	Europe
	Sweden
	606
	27.0 
	-
	-
	49

	Europe
	Sweden
	5
	25.0 
	-
	-
	49

	Europe
	UK
	4
	21.1 
	18.9 
	23.5 
	50

	Europe
	UK
	6
	18.4 
	11.6 
	29.3 
	8

	Europe
	UK
	5
	21.4 
	19.6 
	24.0 
	51

	Europe
	UK
	24
	36.2 
	-
	-
	52

	Middle East
	Egypt
	18
	42.0 
	-
	-
	53

	Middle East
	Egypt
	2
	22.0 
	-
	-
	54

	Middle East
	Egypt
	4
	43.7 
	40.7 
	46.7 
	55

	Middle East
	Iran
	1
	22.0 
	-
	-
	56

	Middle East
	Iran
	10
	44.0 
	36.0 
	57.0 
	57

	Middle East
	Iran
	137
	31.6 
	11.7 
	64.0 
	58

	Middle East
	Iran
	5
	13.9 
	-
	-
	59

	Middle East
	Iran
	5
	14.3 
	-
	-
	59

	Middle East
	Iran
	1
	31.2 
	-
	-
	60

	Middle East
	Iran
	1
	31.2 
	-
	-
	60

	Middle East
	Iran
	4
	32.8 
	-
	-
	58

	Middle East
	Iran
	60
	9.9 
	-
	-
	61

	Middle East
	Iran
	60
	18.6 
	-
	-
	61

	Middle East
	Iran
	4
	13.5 
	-
	-
	62

	Middle East
	Iran
	20
	19.0 
	-
	-
	63

	Middle East
	Iran
	100
	30.7
	12.8
	48.7
	64

	Middle East
	Israel
	16
	27.0 
	15.0 
	61.0 
	65

	Middle East
	Turkey
	2
	10.5 
	-
	-
	66

	Middle East
	Turkey
	1
	34.5 
	-
	-
	67

	Middle East
	Turkey
	1
	11.1 
	-
	-
	67

	Middle East
	Turkey
	1
	26.0 
	-
	-
	67

	Middle East
	Turkey
	1
	6.1 
	-
	-
	68

	Middle East
	Turkey
	1
	8.4 
	-
	-
	68

	Middle East
	Turkey
	1
	7.9 
	-
	-
	68

	Middle East
	Turkey
	1
	13.2 
	-
	-
	68

	Middle East
	Turkey
	30
	7.0 
	-
	-
	69

	Middle East
	Turkey
	30
	9.0 
	-
	-
	69

	Middle East
	Turkey
	4
	10.0 
	-
	-
	70

	Middle East
	Turkey
	2
	9.8 
	-
	-
	71

	Middle East
	Turkey
	8
	26.0 
	23.0 
	28.0 
	65

	Middle East
	Turkey
	2
	25.8 
	-
	-
	28

	Middle East
	Turkey
	2
	12.9 
	-
	-
	28

	Middle East
	Turkey
	64
	22.5 
	10.4 
	38.2 
	72

	North America
	Canada
	10
	32.2 
	22.4 
	45.8 
	73

	North America
	Canada
	15
	35.0 
	-
	-
	74

	North America
	Canada
	15
	30.2 
	-
	-
	74

	North America
	Canada
	15
	30.5 
	-
	-
	74

	North America
	Canada
	15
	28.5 
	-
	-
	74

	North America
	Canada
	15
	24.6 
	-
	-
	74

	North America
	Canada
	15
	30.2 
	-
	-
	74

	North America
	Canada
	605
	32.8 
	-
	-
	75

	North America
	Canada
	591
	32.7 
	-
	-
	75

	North America
	Canada
	408
	34.9 
	-
	-
	75

	North America
	Canada
	6
	37.4 
	29.5 
	44.8 
	76

	North America
	Canada
	4
	29.1 
	26.1 
	32.8 
	8

	North America
	Canada
	8
	20.0
	16.0
	25.2
	77

	North America
	Mexico
	33
	30.4 
	16.9 
	60.8 
	78

	North America
	Mexico
	132
	35.0 
	25.2 
	53.3 
	79

	North America
	Mexico
	40
	26.8 
	-
	-
	80

	North America
	Mexico
	40
	34.0 
	-
	-
	80

	North America
	Mexico
	1
	21.0 
	-
	-
	28

	North America
	USA
	8
	38.0 
	33.0 
	48.0 
	81

	North America
	USA
	1
	36.0 
	31.0 
	45.0 
	81

	North America
	USA
	112
	33.8 
	23.0 
	43.0 
	82

	North America
	USA
	14
	27.0 
	24.0 
	29.0 
	82

	North America
	USA
	6
	20.9 
	-
	-
	83

	North America
	USA
	250
	30.5 
	14.9 
	43.3 
	84

	North America
	USA
	162
	31.5 
	19.5 
	53.3 
	85

	North America
	USA
	14
	20.9 
	16.0 
	26.3 
	86

	North America
	USA
	14
	29.3 
	26.1 
	33.9 
	86

	North America
	USA
	40
	36.3 
	17.0 
	70.5 
	87

	North America
	USA
	26
	20.0 
	16.0 
	35.2 
	8

	South America
	Argentina
	1
	37.7 
	-
	-
	88

	South America
	Argentina
	1
	36.9 
	-
	-
	88

	South America
	Argentina
	1
	37.2 
	-
	-
	89

	South America
	Argentina
	1
	52.5 
	-
	-
	89

	South America
	Argentina
	80
	26.7 
	-
	-
	90

	South America
	Argentina
	34
	29.2 
	7.8 
	56.4 
	91

	South America
	Brazil
	1
	30.8 
	-
	-
	92

	South America
	Brazil
	1
	26.3 
	-
	-
	92

	South America
	Brazil
	20
	59
	40
	85
	93

	South and Central Asia
	Central Asia
	123
	29.0 
	22.0 
	39.0 
	94

	South and Central Asia
	Central Asia
	100
	28.0 
	23.0 
	33.0 
	94

	South and Central Asia
	India
	12
	37.4 
	23.8 
	66.7 
	95

	South and Central Asia
	India
	4
	51.5 
	42.3 
	55.6 
	96

	South and Central Asia
	India
	2
	38.7 
	-
	-
	97

	South and Central Asia
	India
	2
	39.5 
	-
	-
	97

	South and Central Asia
	India
	1
	9.6 
	-
	-
	98

	South and Central Asia
	India
	1
	25.6 
	-
	-
	98

	South and Central Asia
	India
	2
	24.1 
	-
	-
	99

	South and Central Asia
	India
	2
	24.7 
	-
	-
	100

	South and Central Asia
	India
	40
	28.5 
	-
	-
	80

	South and Central Asia
	India
	40
	32.1 
	-
	-
	80

	South and Central Asia
	India
	40
	31.3 
	-
	-
	80

	South and Central Asia
	India
	40
	32.3 
	-
	-
	80

	South and Central Asia
	India
	40
	44.1 
	-
	-
	80

	South and Central Asia
	India
	1
	38.4 
	-
	-
	101

	South and Central Asia
	India
	2
	31.1 
	-
	-
	102

	South and Central Asia
	India
	1
	29.0 
	-
	-
	28

	South and Central Asia
	India
	2
	40.2 
	-
	-
	28

	South and Central Asia
	India
	2
	26.4 
	-
	-
	28

	South and Central Asia
	India
	2
	24.4 
	-
	-
	103

	South and Central Asia
	India
	100
	37.0 
	26.6 
	47.1 
	104

	South and Central Asia
	Kazakhstan
	504
	28.0 
	23.0 
	33.0 
	94

	South and Central Asia
	Kazakhstan
	2
	21.5 
	-
	-
	28

	South and Central Asia
	Pakistan
	11
	32.2 
	24.0 
	36.0 
	105

	South and Central Asia
	Pakistan
	9
	29.8 
	24.0 
	36.0 
	105

	South and Central Asia
	Pakistan
	9
	27.3 
	24.0 
	36.0 
	105

	South and Central Asia
	Pakistan
	11
	27.3 
	24.0 
	36.0 
	105

	South and Central Asia
	Pakistan
	3
	27.8 
	-
	-
	106

	South and Central Asia
	Pakistan
	65
	28.8 
	23.7 
	36.0 
	107

	South and Central Asia
	Pakistan
	40
	34.2 
	-
	-
	80

	South and Central Asia
	Pakistan
	40
	29.3 
	-
	-
	80

	South and Central Asia
	Pakistan
	10
	27.0 
	-
	-
	108

	South and Central Asia
	Pakistan
	1
	27.0 
	-
	-
	28

	South and Central Asia
	Pakistan
	1
	29.0 
	-
	-
	28

	South and Central Asia
	Pakistan
	2
	42.9 
	-
	-
	28

	South and Central Asia
	Pakistan
	2
	32.7 
	-
	-
	28

	South and Central Asia
	Pakistan
	60
	20.4 
	16.0 
	23.0 
	109

	South and Central Asia
	Pakistan
	60
	21.7 
	18.0 
	25.0 
	109


* Data point defines as the product of cultivar, site and crop season.

Supplementary Table 2. The summary of wheat yield response to foliar Zn fertilizer treatment from previous studies and current study.
	Country for field trials
	Yield response to foliar Zn application (%)
	Reference

	China
	0.0
	28

	China
	2.8
	112

	China
	4.9
	113

	China
	1.6
	Current study

	India
	0.0
	28

	India
	0.8
	114

	Kazakhstan
	1.8
	28

	Mexico
	3.8
	28

	Pakistan
	10.9
	28

	Turkey
	2.8
	28


Supplementary Table 3. Breeding achievement of biofortified varieties with zinc in field trials.
	Country for field trials
	Yield level (t ha-1)
	Grain Zn concentration (mg kg-1)
	Increase (mg kg-1)
	Reference

	
	
	Local checks
	Biofortified varieties
	Min
	Max
	Mean
	

	
	
	
	Min
	Max
	Mean
	
	
	
	

	India
	3.0-5.0
	-
	-
	-
	-
	5.0
	10.0
	8.5
	110

	Pakistan
	3.0-5.0
	-
	-
	-
	-
	7.0
	14.0
	10.0
	110

	India, 
	3.0-5.0
	32.8
	29.0
	39.5
	32.5
	0.0
	8.0
	0.0
	80

	Pakistan and Mexico
	-
	21.7
	14.1
	53.0
	28.2
	0.0
	23.8
	6.5
	111


Supplementary Table 4. Complete data source list in Supplementary Table 1, Supplementary Table 2, and Supplementary Table 3.

	Reference number
	Reference (Author list, title, journal, volume and pages, year published)

	
	

	1
	Graham, R. D. et al. Selecting zinc-efficient cereal genotypes for soils of low zinc status. Plant Soil 146, 241-250 (1992).

	2
	McDonald, G. K. et al. A simple method to evaluate genetic variation in grain zinc concentration by correcting for differences in grain yield. Plant Soil 306, 49-55 (2008).

	3
	Peck, A. W. et al. Zinc nutrition influences the protein composition of flour in bread wheat (Triticum aestivum L.). J. Cereal Sci. 47, 266-274 (2008).

	4
	Ryan, M. H. et al. Grain mineral concentrations and yield of wheat grown under organic and conventional management. J. Sci. Food Agr. 84, 207-216 (2004).

	5
	Zubaidi, A. et al. Nutrient uptake and distribution by bread and durum wheat under drought conditions in South Australia. Aust. J. Exp. Agr. 39, 721-732 (1999).

	6
	Fernando, N. et al. Rising atmospheric CO2 concentration affects mineral nutrient and protein concentration of wheat grain. Food Chem. 133, 1307-1311 (2012).

	7
	Murphy, G. M. ＆ Law, D. P. Some mineral levels in Australian wheat. Aust. J. Exp. Agric. Animal Hus. 14, 663-665 (1974).

	8
	Batten, G. Concentrations of elements in wheat grains grown in Australia, North America, and the United Kingdom. Aust. J. Exp. Agr. 34, 51-56 (1994).

	9
	White, C. L., Robson, A. D. ＆ Fisher, H. M. Variation in nitrogen, sulfur, selenium, cobalt, manganese, copper and zinc contents of grain from wheat and 2 lupin species grown in a range of Mediterranean environments. Aust. J. Exp. Agr. 32, 47-59 (1981).

	10
	Curtin, D., Martin, R. J. ＆ Scott, C. L. Wheat (Triticum aestivum) response to micronutrients (Mn, Cu, Zn, B) in Canterbury, New Zealand. New Zeal. J. Crop Hort. Sci. 36, 169-181 (2008).

	11
	Yang, X. et al. Impacts of phosphorus and zinc levels on phosphorus and zinc nutrition and phytic acid concentration in wheat (Triticum aestivum L.). J. Sci. Food Agr. 91, 2322-2328 (2011).

	12
	Zhang, Y. Q. et al. Zinc biofortification of wheat through fertilizer applications in different locations of China. Field Crops Res. 125, 1-7 (2012).

	13
	Hou, N., Li, B. ＆ Tong, Y. Study on the effects of nitrogen deficiency on grain iron and zinc concentrations of landrace and bred wheat varieties in China. J. Plant Nutr. 34, 830-838 (2011).

	14
	Karim, M. R. et al. Alleviation of drought stress in winter wheat by late foliar application of zinc, boron, and manganese. J. Plant Nutr. Soil Sci. 175, 142-151(2012).

	15
	Dang, H. et al. Absorption, accumulation and distribution of zinc in highly-yielding winter wheat. Agr. Sci. China 9, 965-973 (2010).

	16
	Schroeder, J. I. et al. Using membrane transporters to improve crops for sustainable food production. Nature 497, 60-66 (2013).
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