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17 Abstract

18 Conventional breeding efforts for iron (Fe) and zinc (Zn) biofortification of bread wheat (Triticum 

19 aestivum L.) have been hindered by a lack of genetic variation for these traits and negative correlation 

20 between grain Fe and Zn concentrations and yield. We have employed genetic engineering to 

21 constitutively express (CE) the rice nicotianamine synthase 2 (OsNAS2) gene and upregulate biosynthesis 

22 of two metal chelators – nicotianamine (NA) and 2’-deoxymugineic acid (DMA) – in bread wheat, 

23 resulting in increased Fe and Zn concentrations in wholemeal and white flour. Here we describe multi-

24 location confined field trial (CFT) evaluation of a low-copy transgenic CE-OsNAS2 wheat event (CE-1) 

25 over three years and demonstrate higher concentrations of NA, DMA, Fe and Zn in CE-1 wholemeal 

26 flour, white flour and white bread, and higher Fe bioavailability in CE-1 white flour relative to a null 

27 segregant (NS) control. Multi-environment models of agronomic and grain nutrition traits revealed a 

28 negative correlation between grain yield and grain Fe, Zn, and total protein concentrations, yet no 
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29 correlation between grain yield and grain NA and DMA concentrations. White flour Fe bioavailability 

30 was positively correlated with white flour NA concentration, suggesting that NA-chelated Fe should be 

31 targeted in wheat Fe biofortification efforts.

32

33 Introduction

34 The two major types of wheat, bread wheat (Triticum aestivum L.) and durum wheat (Triticum durum L.), 

35 are produced on more land than any other crop and processed into a variety of foods such as bread, 

36 noodles and pasta to supply ~20% of daily calorie intake to humans1,2. Wheat production exceeded 770 

37 million tons (MT) in 2017 and superseded rice (Oryza sativa L.) as the second most produced crop behind 

38 maize (Zea mays L.) in that year (FAOSTAT, http://www.fao.org/faostat). Within less developed 

39 countries of wheat primary production, such as countries in the MENAP (Middle East, North Africa, 

40 Afghanistan and Pakistan) region, wheat consumption can supply >40% of daily calorie intake and 

41 coincides with high prevalences of human iron (Fe) and zinc (Zn) deficiency3,4. Crop biofortification 

42 represents a sustainable strategy to increase human micronutrient intake5, however, Fe and Zn 

43 biofortification of wheat has been hindered by a lack of genomic resources, significant genotype (G) x 

44 environment (E) effects and a negative association with grain yield under some environmental 

45 conditions6–12. 

46 International breeding efforts over the last two decades have developed elite disease resistant and high 

47 yielding biofortified wheat with increased grain Zn (up to 1.3-fold) by exploiting grain micronutrient 

48 variation in Triticum dicoccoides wild varieties and developing synthetic hexaploids7,13,14. Conventional 

49 breeding efforts to biofortify wheat with Fe have had limited success, with the largest increase in grain Fe 

50 (up to 1.2-fold) achieved by selecting for the functional allele of NAM-B1 (commonly referred to as Gpc-

51 B1) which encodes a transcription factor that regulates flag leaf senescence and the remobilization of Fe 

52 and Zn from leaf tissue to the grain15–20. Cereal biofortification through conventional breeding is also 

53 limited by the presence of dietary compounds such as phytate (inositol hexaphosphate), polyphenols and 

54 fibre that inhibit Fe and Zn absorption (bioavailability) in the human gut21–24. Most Fe and Zn (70-80%) in 

55 wheat grain colocalizes with phytate-containing globoids in outer grain tissues such as the aleurone layer 

56 of the endosperm, and increased Fe and Zn concentrations in wholemeal flour per se may therefore not 

57 improve dietary micronutrient absorption among wheat consuming populations25–29. The limited Fe and 

58 Zn (20-30%) in wheat inner endosperm does not colocalize with phytate and therefore has the potential to 

59 be more bioavailable, and modern plant biotechnology allows researchers to overcome the physiological 

60 barriers to endosperm loading and increase the concentrations of Fe and Zn in white flour30. Using genetic 

http://www.fao.org/faostat
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61 modification (GM) to improve crop nutritional quality and/or processing traits was recently coined 

62 second-generation GM with great potential to benefit human health in less developed countries31.

63 The loading of Fe and Zn into cereal grain is regulated by transporters and chelators with high metal 

64 specificity27,32. In wheat all Fe and Zn enters the grain via the phloem and into the crease, a grain region 

65 comprised of the vascular bundle and nucellar projection, prior to redistribution of Fe to the aleurone and 

66 Zn to embryo and crease tissues26,28,33–36. In the aleurone Fe is loaded and stored in cell vacuoles by 

67 vacuolar iron transporter (VIT) genes37–39 and expression of the wheat TaVIT2 gene under the control of 

68 an endosperm-specific high-molecular-weight glutenin promoter (HMW) redirects Fe from the aleurone 

69 into the endosperm, doubling white flour Fe concentration without increasing total grain Fe27,40. Phloem 

70 Fe is mostly bound to nicotianamine (NA), a non-protein amino acid that chelates Fe, Zn and other 

71 transition metals in higher plants and serves as a biosynthetic precursor to 2’-deoxymugenic acid (DMA), 

72 an endogenous Fe chelator in cereals that is secreted as a phytosiderophore to chelate Fe in the 

73 rhizosphere41–45. The majority of Fe in white wheat flour (representing the inner endosperm) is chelated to 

74 NA and/or DMA46 and constitutive expression (CE) of the rice nicotianamine synthase 2 (OsNAS2) gene 

75 increases both Fe (up to 2-fold) and Zn (up to 4-fold) concentrations in white flour30,47. Multi-location 

76 confined field trial (CFT) evaluation of transgenic biofortified wheat plants such as HMW-TaVIT2 and 

77 CE-OsNAS2 is necessary to determine whether increased grain nutrition is maintained under realistic 

78 farming conditions while maintaining agronomic performance48.

79 We have developed biofortified CE-OsNAS2 wheat that accumulates additional grain NA, DMA, Fe and 

80 Zn and demonstrates no apparent yield penalty under glasshouse and field conditions30. Here we 

81 comprehensively investigate agronomy and wholemeal flour, white flour and white bread nutrition in CE-

82 OsNAS2 wheat in multi-location CFTs over three consecutive seasons.

83 Results

84 Soil properties and environmental conditions varied between confined field environments

85 Three transgenic sibling lines of bread wheat cultivar (cv.) Bobwhite constitutively expressing the rice 

86 nicotianamine synthase 2 (OsNAS2) gene (Figure 1a) and derived from a double-insert transgenic event 

87 (hereafter referred to as CE-1.1, CE-1.2, CE-1.3) were grown alongside a null segregant control derived 

88 from the same event (hereafter referred to as NS). Mace, an elite Australian wheat cv. was included as a 

89 check. Replicated plots of all genotypes were evaluated in CFTs at three representative wheat growing 

90 environments in Australia: Glenthorne in South Australia, and Katanning and Merredin in Western 

91 Australia in 2015, 2016 and 2017 (Supplementary Figures 1, 2). Soil pH, soil conductivity (EC) and the 
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92 concentrations of soil macronutrients including ammonium (NH4), nitrate (NO3), phosphorus (P) 

93 potassium (K), sulfate (SO4), and organic carbon (C) and soil micronutrients including aluminium (Al), 

94 calcium (Ca), magnesium (Mg), sodium (Na), copper (Cu), iron (Fe) manganese (Mn), zinc (Zn) and 

95 boron (B) at Glenthorne, Katanning and Merredin across the three field seasons are provided in 

96 Supplementary Table 1. Total rainfall across the three field seasons varied between 493 to 949 mm at 

97 Glenthorne, 291 to 504 mm at Katanning, and 284 to 517 mm at Merredin (Supplementary Figure 3). 

98 Merredin and Katanning have more temperate climates relative to Glenthorne with warmer temperatures 

99 in the summer months and cooler temperatures in the winter months. Daily temperatures 

100 (minimum/maximum) at Glenthorne varied from 12.6/21.8 °C in 2015, 12.7/21.4 °C in 2016, and 

101 13.1/22.0 °C in 2017, at Katanning from 9.3/23.5 °C in 2015, 9.3/21.9 °C in 2016, and 9.5/22.9 °C in 

102 2017, and at Merredin from 12.5/26.0 °C in 2015, 10.8/23.8 °C in 2016, and 12.0/25.9 °C in 2017 

103 (Supplementary Figure 3). Significant G x E components between CFTs were detected for all agronomic 

104 performance, wholemeal flour nutrition, white flour nutrition or leaf nutrition traits (Supplementary Table 

105 2). Across all CFTs, the Bobwhite genotypes had lower (p < 0.05) agronomic performance and higher 

106 wholemeal flour, white flour and bran nutrition relative to the check cv. Mace, apart from wholemeal and 

107 white flour K concentrations (Figures 1-3, Supplementary Tables 3-8).

108 Constitutive OsNAS2 expression had variable effects on agronomic performance and improved the 

109 nutritional composition of wholemeal flour, white flour and bran across multiple field environments

110 Glenthorne

111 Over three years of CFTs at Glenthorne (Figure 1b), soil pH varied from 7.1 – 7.6 and the concentrations 

112 of soil Fe and Zn varied from 4.5 – 32 mg/Kg (Figure 1c). Plant height (cm) was lower (p < 0.05) in all 

113 CE-1 sibling lines over three field seasons, and thousand grain weight was lower in CE-1.1 (p ≤ 0.001) 

114 and CE-1.3 (p < 0.05) in 2017 relative to NS (Figure 1d-e). Grain yield (kg ha-1) was lower (p < 0.05) in 

115 all CE-1 sibling lines relative to NS, apart from CE-1.3 in 2016 and CE-1.2 in 2017 (Figure 1f). Grain 

116 number (m2) was lower (p ≤ 0.01) in all CE-1 sibling lines in 2015, and grain number (m2), tiller number 

117 (m2) and harvest index (%) were lower (p < 0.05) in CE-1.1 in 2016 relative to NS (Supplementary Table 

118 3). Wholemeal and white flour Fe concentrations were higher (p ≤ 0.01) in CE-1.1 over three field 

119 seasons, and wholemeal Fe concentrations were higher (p ≤ 0.001) in CE-1.2 and CE-1.3 in 2016 relative 

120 to NS (Figure 1g). Wholemeal and white flour Zn concentrations (p < 0.05), and nicotianamine (NA) and 

121 2’-deoxymugineic acid (DMA) concentrations (p ≤ 0.01) were higher in all CE-1 sibling lines over three 

122 field seasons relative to NS, apart from white flour DMA concentrations in CE-1.1 and CE-1.3 in 2015 

123 (Figure 1h-j). Bran Fe concentrations were higher (p ≤ 0.01) in all CE-1 sibling lines in 2016 and CE-1.1 
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124 in 2017, and bran Zn concentrations were higher (p ≤ 0.01) in all CE-1 sibling lines over three field 

125 seasons relative to NS (Supplementary Table 4). Sibling line CE-1.1 had higher (p ≤ 0.01) wholemeal 

126 flour P concentrations in 2016, white flour P and total protein concentrations in 2015 and 2016, and 

127 wholemeal flour total protein concentrations across three field seasons relative to NS (Supplementary 

128 Table 5). In 2016, wholemeal Cu, Mg, Mn and S concentrations, white flour S concentrations, and bran 

129 Cu and S concentrations were higher (p < 0.05) in all CE-1 sibling lines relative to NS (Supplementary 

130 Tables 6-8).

131

132 Figure 1. Agronomic performance of bread wheat constitutively expressing the rice nicotianamine 

133 synthase 2 (OsNAS2) gene (CE-1.1, CE-1.2, and CE-1.3) alongside the null segregant and cv. Mace over 

134 three field seasons at Glenthorne. a) Schematic representation of the T‐DNA construct. RB and LB: right 

135 and left borders, respectively; UBI‐1: maize ubiquitin 1 promoter; OsNAS2: rice nicotianamine synthase 2 
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136 gene (LOC_Os03 g19420); NOS: nopaline synthase terminator; 2 x 35S: dual promoter of 35S 

137 cauliflower mosaic virus gene; hyg: hygromycin phosphotransferase gene; 35S: terminator of 35S 

138 cauliflower mosaic virus gene. b) an image of replicated plots at Glenthorne during the 2017 field season. 

139 c) Soil pH (green circles), as well as soil Fe (red bars) and Zn (dark grey bars) concentrations (mg / Kg) 

140 are provided for the three field seasons. d-j) Bars indicate best linear unbiased estimators of the null 

141 segregant (light grey), CE-1.1 (light brown), CE-1.2 (orange), CE-1.3 (dark brown), and Mace (black) for 

142 d) plant height (cm), e) thousand grain weight (g), f) grain yield (kg ha-1) and the concentrations of g) Fe 

143 (µg / g), h) Zn (µg / g), i) NA (µmol / g), and j) DMA (µmol / g) in wholemeal flour (left panel) and 

144 white flour (right panel). A minimum of three replicates per genotype were included for each field season 

145 and asterisks represent significant differences to the NS for p < 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***) as 

146 determined by Wald test. n.a = not applicable.

147 Katanning

148 Over three years of CFTs at Katanning (Figure 2a), soil pH varied between 4.4 – 5.3, soil Fe 

149 concentrations varied between 41.5 – 85.6 mg/Kg, and soil Zn concentrations varied between 1.4 – 13.6 

150 mg/Kg (Figure 2b). Plant height (cm) and grain yield (kg ha-1) were lower (p < 0.05) in CE-1.1 and CE-

151 1.2 in 2015, and plant height (cm) was lower (p ≤ 0.01) in all CE-1 sibling lines in 2016 relative to NS 

152 (Figure 2c-e). Tiller number (m2), harvest index (%), biomass (kg ha-1) and grain number (m2) were lower 

153 (p < 0.05) in CE-1.1 and CE-1.2 in 2015 relative to NS (Supplementary Table 3). Wholemeal and white 

154 flour Fe, Zn, NA and DMA concentrations were higher (p < 0.05) in all CE-1 sibling lines over three field 

155 seasons relative to NS, apart from wholemeal flour Fe and Zn in CE-1.2 in 2015, white flour Fe in CE-1.2 

156 in 2017, and wholemeal flour Zn in CE-1.3 in 2015 and CE-1.2 in 2016 (Figure 2f-i). Bran Fe 

157 concentrations were higher in CE-1.1 (p ≤ 0.001) in 2015, CE-1.1 and CE-1.3 (p ≤ 0.01) in 2016 and all 

158 CE-1 sibling lines (p < 0.05) in 2017 relative to NS (Supplementary Table 4). Bran Zn concentrations 

159 were higher (p < 0.05) in all CE-1 sibling lines over three field seasons relative to NS, apart from CE-1.2 

160 and CE-1.3 in 2015. Sibling line CE-1.1 had higher (p < 0.05) wholemeal flour P concentrations in 2016 

161 and 2017 and white flour P concentrations in 2015, and sibling line CE-1.3 had higher (p < 0.05) white 

162 flour P concentrations in 2015 and 2017 relative to NS (Supplementary Table 5). All CE-1 sibling lines 

163 had higher (p ≤ 0.01) white flour total protein and S concentrations in 2015, white flour Ca concentrations 

164 in 2016, and white flour Mg concentrations over three field seasons relative to NS (Supplementary Tables 

165 5, 7).
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166

167 Figure 2. Agronomic performance, wholemeal and white flour nutritional composition of null segregant, 

168 CE-1.1, CE-1.2, CE-1.3 and Mace over three field seasons at Katanning. a) An image of 18m2 replicated 

169 plots for the 2017 field season is provided. b) Soil pH (green circles), as well as soil Fe (red bars) and Zn 

170 (dark grey bars) concentrations (mg / Kg) are provided for the three field seasons. c-i) Bars indicate best 

171 linear unbiased estimators of the null segregant (light grey), CE-1.1 (light brown), CE-1.2 (orange), CE-

172 1.3 (dark brown), and Mace (black) for c) plant height (cm), d) thousand grain weight (g), e) grain yield 

173 (kg ha-1) and the concentrations of f) Fe (µg / g), g) Zn (µg / g), h) NA (µmol / g), and i) DMA (µmol / g) 

174 in wholemeal flour (left panel) and white flour (right panel). A minimum of three replicates per genotype 

175 were included for each field season and asterisks represent significant differences to the NS for p < 0.05 

176 (*), p ≤ 0.01 (**), p ≤ 0.001 (***) as determined by Wald test. n.a = not applicable.

177

178 Merredin
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179 Over three years of CFTs at Merredin (Figure 3a), soil pH varied between 4.6 – 4.8, soil Fe 

180 concentrations varied between 51.0 – 124.0 mg/Kg, and soil Zn concentrations varied between 1.4 – 2.3 

181 mg/Kg (Figure 3b). Plant height (cm) and thousand grain weight were lower (p ≤ 0.01) in CE-1.1 in 2016, 

182 plant height (cm) was lower (p < 0.05) in all CE-1 sibling lines in 2017, and grain yield (kg ha-1) was 

183 lower (p ≤ 0.01)  in CE-1.1 in 2017 relative to NS (Figure 3c-e). Tiller number (m2) was lower (p < 0.05) 

184 in CE-1.2 in 2015, biomass (kg ha-1) was lower (p ≤ 0.01) in CE-1.1 in 2016 and harvest index (%) was 

185 lower (p < 0.05) in CE-1.1 in 2017 relative to NS (Supplementary Table 3). Wholemeal flour Fe 

186 concentrations were higher (p ≤ 0.001) in CE-1.1 in 2015, and wholemeal flour Fe and Zn concentrations 

187 were higher (p < 0.05) in CE-1.1 and CE-1.2 in 2016 and all CE-1 sibling lines in 2017 relative to NS 

188 (Figure 3f-g). White flour Fe concentrations were higher (p ≤ 0.01) in CE-1.1 in 2015 and 2016, and 

189 white flour Zn concentrations were higher (p ≤ 0.001) in all CE-1 sibling lines in 2016 and CE-1.1 in 

190 2017 relative to NS. Wholemeal and white flour NA and DMA concentrations were higher (p < 0.05) in 

191 all CE-1 sibling lines over three field seasons relative to NS, apart from white flour DMA concentrations 

192 in CE-1.3 in 2016 (Figure 3h-i). Bran Fe concentrations were higher in CE-1.1 (p ≤ 0.001) in 2015 and 

193 CE-1.3 (p < 0.05) in 2016 relative to NS (Supplementary Table 4). Bran Zn concentrations were higher (p 

194 < 0.05) in CE-1.1 over three field seasons and CE-1.3 in 2017 relative to NS. Sibling line CE-1.1 had 

195 higher (p < 0.05) wholemeal flour P and Mn concentrations in 2016 and 2017, total protein concentrations 

196 in 2015 and 2016, and Mg and S concentrations over three field seasons relative to NS (Supplementary 

197 Tables 5, 6). All CE-1 sibling lines had higher (p < 0.05) white flour Cu concentrations in 2016, white 

198 flour Mg concentrations in 2015 and 2017, white flour S concentrations in 2015 and 2016 relative to NS 

199 (Supplementary Tables 5, 7). All CE-1 sibling lines had lower (p < 0.05) bran Mg concentrations in 2016 

200 relative to NS (Supplementary Table 8). 
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201

202 Figure 3. Agronomic performance, wholemeal and white flour nutritional composition of null segregant, 

203 CE-1.1, CE-1.2, CE-1.3 and Mace over three field seasons at Merredin. a) An image of 18m2 replicated 

204 plots for the 2017 field season is provided. b) Soil pH (green circles), as well as soil Fe (red bars) and Zn 

205 (dark grey bars) concentrations (mg / Kg) are provided for the three field seasons. c-i) Bars indicate best 

206 linear unbiased estimators of the null segregant (light grey), CE-1.1 (light brown), CE-1.2 (orange), CE-

207 1.3 (dark brown), and Mace (black) for c) plant height (cm), d) thousand grain weight (g), e) grain yield 

208 (kg ha-1) and the concentrations of f) Fe (µg / g), g) Zn (µg / g), h) NA (µmol / g), and i) DMA (µmol / g) 

209 in wholemeal flour (left panel) and white flour (right panel). A minimum of three replicates per genotype 

210 were included for each field season and asterisks represent significant differences to the NS for p < 0.05 

211 (*), p ≤ 0.01 (**), p ≤ 0.001 (***) as determined by Wald test. n.a = not applicable.

212

213 Constitutive OsNAS2 expression had variable effects on leaf nutrition across multiple environments
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214 Flag leaf Fe concentrations were lower (p < 0.05) in CE-1.1 at Katanning in 2016 and Merredin in 2015, 

215 in CE-1.2 at Katanning in 2015 and Merredin over three field seasons, and in CE-1.3 in Katanning and 

216 Merredin in 2016 (Supplementary Table 9). All CE-1 sibling lines had higher (p < 0.05) flag leaf P 

217 concentrations at Glenthorne in 2016 and Merredin in 2015, higher (p ≤ 0.01) flag leaf K concentrations 

218 at Glenthorne in 2016 and Merredin in 2017, and higher (p < 0.05) flag leaf and leaf S concentrations at 

219 Merredin in 2015 relative to NS (Supplementary Tables 9-11). Leaf Fe and S were negatively correlated 

220 with leaf P (r < -0.80, p < 0.01) and leaf Fe was negatively correlated with flag leaf Zn (r < -0.80, p < 

221 0.05) (Supplementary Figure 4). Leaf Cu and K were positively correlated (r > 0.90, p ≤ 0.001) and 

222 negatively correlated with leaf Ca (r < -0.90, p ≤ 0.001), Mg, Mn, and P (r < -0.70, p < 0.05). Flag leaf 

223 removal at anthesis did not affect the concentration of grain Fe in CE-1.2, CE-1.3 and NS at Katanning, 

224 yet in the glasshouse, flag leaf removal reduced grain Fe concentrations in CE-1.2 and CE-1.3 and not NS 

225 (Supplementary Figure 5). Flag leaf removal at anthesis resulted in a higher (p ≤ 0.01) concentration of 

226 grain Zn in CE-1.2 and CE-1.3 relative to NS at Katanning.

227 White flour Fe bioavailability was positively correlated with grain NA and DMA concentrations and 

228 grain yield, and negatively correlated with grain Fe, Zn, P and protein concentrations

229 Iron bioavailability determined through the coupled in vitro digestion/Caco-2 cell model was higher (p < 

230 0.05) in white flour of all CE-1 sibling lines at Glenthorne and Katanning in 2015, CE-1.3 at Glenthorne 

231 in 2016, CE-1.1 and CE-1.2 at Katanning in 2016, and CE-1.3 at Glenthorne and Katanning in 2017 

232 relative to NS (Supplementary Figure 6). At Merredin, Fe bioavailability was higher (p < 0.01) in white 

233 flour of CE-1.2 relative to NS in 2015 and did not differ between Bobwhite genotypes in 2016 and 2017. 

234 Across all CFTs white flour Fe bioavailability was positively correlated with white flour NA 

235 concentration (r = 0.77, p < 0.05) (Figure 4). Wholemeal and white flour Fe, Zn and total protein 

236 concentrations were positively correlated (r ≥ 0.93, p ≤ 0.001), and negatively correlated with tiller 

237 number (r ≤ -0.75, p < 0.05), plant height (r < -0.95, p ≤ 0.001), plant biomass (r ≤ -0.86, p ≤ 0.001), grain 

238 number (r ≤ -0.93, p ≤ 0.001), and grain yield (r ≤ -0.92, p ≤ 0.001). All wholemeal and white flour 

239 nutrition traits clustered separately from agronomic performance traits except for wholemeal and white 

240 flour NA, DMA and Cu concentrations, white flour K concentrations and white flour Fe bioavailability 

241 (Supplementary Figure 7).
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242

243 Figure 4. Multi-trait correlation of empirical best linear unbiased estimators (eBLUEs) obtained from the 

244 multi-environment models of agronomic performance, grain nutrition and white flour nutrition of NS, 

245 CE-1, and Mace over three field seasons at all locations. Agronomic performance variables include grain 

246 yield (YLD), harvest index (HI), thousand grain weight (TGW), total biomass (BIO), tiller number per m2 

247 (TN.m2), grain number per m2 (GN.m2), plant height (HGT). Wholemeal (WG) and white flour (WF) 

248 nutrition variables include Fe, Zn, P, NA, and DMA concentrations, total protein (Pro) and Caco-2 cell 

249 ferritin production (Fer). Each circle represents a positive (blue) or negative (red) pairwise Pearson 

250 correlation coefficient between variables, with the diameter of the circle proportional to the absolute 

251 value. Asterisks denote significant correlations for p < 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***).

252



This article is protected by copyright. All rights reserved

253 Constitutive OsNAS2 expression improved grain fraction and white bread nutritional composition across 

254 multiple field environments

255 Iron, Zn, NA and DMA concentrations were higher (p < 0.05) in all CE-1 grain fractions relative to NS at 

256 Merredin in 2017, except for Fe and Zn in break 1 and 2 and Fe in reduction 1 (Table 1). Phytate 

257 concentrations were higher (p < 0.05) in break 3, reduction 2 and bran of CE-1 grain relative to NS, and 

258 in CE-1.3 white flour relative to the NS at Katanning in 2017 (Table 1, Supplementary Figure 8). White 

259 bread Fe, Zn, NA and DMA concentrations were higher (p ≤ 0.01) in all CE-1 sibling lines relative to NS 

260 at all field locations in 2016, apart from Fe concentrations in all CE-1 sibling lines at Glenthorne (Figure 

261 5a-d). 

262

263 Table 1. The concentrations of Fe (µg / g), Zn (µg / g), NA (µmol / g), DMA (µmol / g), and phytate (mg 

264 / g) in null segregant (NS) and CE-1 grain fractions at Merredin in 2017. Values represent mean ± SEM 

265 of three biological replicates with three technical replicates for Fe and Zn, four biological replicates for 

266 NA and DMA, and two biological replicates with three technical replicates for phytate. Asterisks denote 

267 significant differences for p < 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***) as determined by Student’s t-test. 

268
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269

270

271
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272

273 Figure 5. White bread nutritional composition of NS and CE-1 sibling lines at Glenthorne, Katanning and 

274 Merredin. Bars indicate best linear unbiased estimators for the concentrations of a) Fe (µg / g), b) Zn (µg 

275 / g), c) NA (µmol / g), and d) DMA (µmol / g) at each field site in 2016. Three replicates per genotype 

276 were included in the analysis and asterisks represent significant differences to the NS for p < 0.05 (*), p ≤ 

277 0.01 (**), p ≤ 0.001 (***) as determined by Wald test. Photos show representative cross sections of NS 

278 and CE-1 loaves from Katanning prior to analysis. Scale bar = 1cm.

279

280

281 Discussion
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282 A key component of biofortified crop development involves multi-location CFTs to determine if target 

283 micronutrient concentrations are affected by genotype x environment (G x E) interactions and/or have 

284 impacts on yield5,49. Previous field evaluation of Zn biofortified wheat cultivars at nine different locations 

285 highlighted significant G x E interactions on grain Fe and Zn concentrations, and confirmed that grain 

286 nutrition was more affected by environment than genotype15. More recent multi-location CFT evaluation 

287 of two leading Fe and Zn biofortified rice transgenic events overexpressing the OsNAS2 gene in 

288 combination with endosperm-specific expression of the soybean (Glycine max L.) ferritin (Sfer-H1) gene 

289 uncovered that one event (termed NASFer-274) exhibited no yield penalty relative to the null control48. 

290 We previously reported that CE-1 wheat plants exhibited no apparent agronomic difference to NS plants 

291 when grown under glasshouse and field conditions, however, the field component of that research was 

292 limited to two sites and one season30. In this study we comprehensively evaluated three CE-1 sibling lines 

293 in multi-location CFTs over three field seasons and detected a small but consistently significant reduction 

294 in plant height for all three CE-1 sibling lines relative to NS (Figures 1-3). Increased NAS gene activity 

295 may reduce plant height through altered biosynthesis of the phytohormone ethylene, given that S-

296 adenosyl methionine (SAM) is the biosynthetic precursor to both ethylene and NA, and ethylene plays 

297 fundamental roles in leaf development, senescence and fruit ripening50. Modifying ethylene biosynthesis 

298 and the downstream targets of ethylene improves crop yield and abiotic stress tolerance in corn (Zea 

299 mays, L.) and rice51,52 and determining whether altered ethylene biosynthesis is responsible for the 

300 reduced plant height in CE-1 sibling lines warrants further investigation. Nevertheless, the slight 

301 reduction in plant height observed in all three CE-1 sibling lines could be advantageous by helping to 

302 prevent lodging. Variability in agronomic performance, wholemeal flour nutrition and white flour 

303 nutrition (Figures 1-3 and Supplementary Tables 3, 5-7) between CE-1 sibling lines is likely due to 

304 somaclonal variation53 and backcrossing of CE-1 lines to wild-type wheat will be required to remove this 

305 variation prior to dissemination. Similar findings were documented during field trial evaluation of barley 

306 (Hordeum vulgare L.), where agronomic performance varied between sibling lines of the same transgenic 

307 event at the second (T2) and fourth (T4) generations54. Together these results suggest that CFT evaluation 

308 of transgenic plants should occur over multiple generations and utilize multiple sibling lines per 

309 transgenic event. Importantly although we detected significant G x E components in our study 

310 (Supplementary Table 2), between field sites all CE-1 sibling lines exhibited similar agronomic 

311 performance and grain nutrition relative to the NS suggesting that CE-OsNAS2 exhibits the same effect 

312 regardless of field condition.

313 Plant Fe is mostly stored as phytoferritin in leaf tissues and during grain filling metal chelators such as 

314 NA and/or DMA facilitate long-distance remobilization of Fe from leaf tissues to the developing 
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315 grain41,55. To determine the proportion of Fe and Zn that is remobilized from CE-1 and NS leaves to the 

316 grain during grain filling, we removed flag leaves and leaves from CE-1 and NS plants at anthesis when 

317 grown in the glasshouse (soil pH ~ 6.0) and at Katanning (soil pH ~4.8). Flag leaf removal reduced grain 

318 Fe and Zn concentrations in CE-1 plants more than in NS plants when grown in the glasshouse but not at 

319 Katanning, suggesting that soil pH influences the remobilization of micronutrients from CE-1 leaves to 

320 the developing grain (Supplementary Figure 5). We hypothesize that under glasshouse conditions of 

321 higher soil pH, CE-1 plants remobilize a greater proportion of leaf Fe and Zn to the developing grain, as 

322 higher soil pH limits the availability of soil Fe and Zn for plant uptake56,57. By contrast, the lower soil pH 

323 at Katanning increases the availability of soil Fe and Zn (Figure 1c, Supplementary Table 1) and may 

324 therefore allow more direct remobilization from below ground sources to the grain during CE-1 grain 

325 filling. Furthermore, soil micronutrient concentrations varied between field locations and across seasons 

326 (for example, Katanning and Merredin soil Fe concentrations were between 1.7- to 2.4-fold higher in 

327 2015 relative to 2016 and 2017) and likely influenced final grain Fe and Zn concentrations, further 

328 highlighting the importance of conducting multi-location CFTs across multiple generations (Figures 1-3). 

329 Mature CE-1 flag leaves contained lower (p < 0.05) Fe than NS leaves (Supplementary Table 9), 

330 suggesting that CE-1 plants remobilize additional Fe from leaf tissue to the grain during grain filling 

331 relative to NS plants. It is likely that this remobilization is mediated by increased NA concentrations in 

332 CE- leaves given that CE-1 shoots contain higher NA concentrations relative to NS shoots30. As NA 

333 chelates other micronutrients such as Cu and Mn43, increased NA-mediated remobilization from CE-1 

334 leaves could explain increased concentrations of Cu and Mn in wholemeal and white flour of CE-1 

335 relative to NS (Supplementary Tables 6-8). Grain Cu concentrations were negatively correlated with all 

336 other grain nutrients (apart from white flour K) and positively correlated with agronomic performance 

337 traits, although whether or not breeding for higher grain NA-chelated Cu concentration may indirectly 

338 improve grain yield requires further investigation (Supplementary Figure 7). The positive correlation of 

339 white flour K with agronomic traits is likely the result of lower white flour K concentrations in Bobwhite 

340 relative to the check (Supplementary Table 7). Both NA and DMA are synthesized from S-adenosyl-

341 methionine (a S-containing cosubstrate)44, and upregulated biosynthesis of NA and/or DMA in CE-1 

342 grain could explain the higher wholemeal and white flour S concentrations measured in all CE-1 sibling 

343 lines relative to the NS (Supplementary Tables 6, 7). Throughout our study we measured higher 

344 wholemeal and white flour Mg concentrations in all CE-1 sibling lines relative to NS, a result that was 

345 demonstrated in glasshouse grown wheat constitutively overexpressing OsNAS247, and suggests that NA 

346 may be capable of chelating and remobilizing Mg2+ ions. Future radioisotope and metabolomic studies are 

347 required to elucidate these hypothetical nutrient dynamics in CE-1 plants and to confirm the contribution 

348 of increased leaf NA and/or DMA concentrations to wheat grain nutrition35.
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349 At Glenthorne, Katanning and Merredin over three field seasons we measured significantly higher 

350 concentrations of Fe, Zn, NA and DMA in CE-1 wholemeal flour, and significantly higher concentrations 

351 of Zn, NA and DMA in CE-1 white flour relative to NS (Figures 1-3). White flour Fe concentrations were 

352 higher (p < 0.05) in all CE-1 sibling lines over three field seasons at Katanning (apart from CE-1.2 in 

353 2017) yet were only higher (p ≤ 0.01) in sibling line CE-1.1 at Glenthorne and Merredin. To further 

354 determine whether both Fe and Zn concentrations were higher throughout all CE-1 grain regions relative 

355 to NS, we performed industrial-scale milling (>30 kg per genotype) and obtained eight grain fractions: 

356 three break, three reduction, pollard, and bran, that represent the innermost and outermost grain layers 

357 (Table 1). We detected significantly higher Fe and Zn concentrations in CE-1 break, reduction, pollard 

358 (aleurone), and bran fractions relative to NS, providing strong evidence to suggest that Fe and Zn 

359 concentrations are higher throughout CE-1 grain (Table 1, Supplementary Table 4). Synchrotron X-ray 

360 fluorescence microscopy (XFM) analysis of glasshouse-grown CE-1 and NS grain demonstrated that CE-

361 1 grain contained enhanced Fe and Zn in aleurone tissues and only an enhanced Fe signal in endosperm 

362 tissues30. Together these results indicate that break/reduction flour Fe and Zn concentrations measured in 

363 our study are most likely derived from endosperm and crease tissues, respectively that are retained during 

364 roller milling58. We detected significantly (p ≤ 0.001) higher NA and DMA concentrations in all CE-1 

365 grain fractions relative to NS, suggesting that constitutive OsNAS2 expression increases NA and DMA 

366 throughout the wheat grain (Table 1). Increased NA and DMA concentrations in break and reduction 

367 fractions would likely increase Fe bioavailability given that these fractions contain low concentrations of 

368 phytate (< 3.5 mg/g) and that these chelators are strong enhancers of Fe bioavailability59. The high 

369 concentrations of phytate (> 7.0 mg/g) within CE-1 outer grain fractions would likely counteract the 

370 effect of increased NA and DMA concentrations on Fe bioavailability, given that in vitro analyses 

371 demonstrated no difference in CE-1 and NS wholemeal flour Fe bioavailability30. White flour Fe 

372 bioavailability was higher in all CE-1 sibling lines relative to the NS throughout our study and positively 

373 correlated with white flour NA and DMA concentrations (Figure 4, Supplementary Figures 6, 7). We 

374 have previously reported on improved white flour Fe bioavailability independent of Fe concentration30 

375 and similar results were observed in this study for sibling line CE-1.3 (Figure 1g, Supplementary Figure 

376 6). These results provide additional evidence that NA and DMA are phytonutrients that strongly enhance 

377 Fe bioavailability in white flour and mediate the uptake of Fe into human cells60,61. In our study we 

378 demonstrate that wholemeal flour and white flour Fe and Zn concentrations were negatively correlated (r 

379 ≤ -0.92, p ≤ 0.001) with grain yield and uncover for the first time that white flour NA and DMA 

380 concentrations had a modest positive correlation (r ≥ 0.42) with grain yield (Figure 4, Supplementary 

381 Figure 7). In some instances (e.g. Merredin, 2017) CE-1 sibling lines only had higher grain NA and DMA 

382 concentrations relative to the control, and may explain why grain yield was negatively correlated with 
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383 grain Fe, Zn and total protein concentrations and not with grain NA and DMA concentrations across all 

384 genotypes (Figure 4). Together these results suggest that a shift in focus towards breeding for increased 

385 grain NA and/or DMA concentrations could improve both grain Fe bioavailability without compromising 

386 agronomic performance within wheat biofortification programs.

387 Higher concentrations of Fe, NA, and DMA in CE-1 white bread relative to NS white bread at Katanning 

388 and Merredin, coupled with no difference in bread phytate/Fe ratios (Supplementary Figure 8), suggests 

389 that NA and DMA are thermostable and persist the breadmaking process and that CE-1 white bread will 

390 demonstrate enhanced Fe bioavailability (Figure 5). Given these findings, it is also worth investigating 

391 the effect of enhanced NA and DMA concentrations on wholemeal bread Fe bioavailability, given that 

392 wholemeal breads contain higher concentrations of Fe bioavailability inhibitors such as phytate, 

393 polyphenols and dietary fibre21,24. Due to a lack of in vitro screening tools we could not determine 

394 whether consistently higher concentrations of Zn in CE-1 wholemeal and white flour translates into 

395 higher Zn bioavailability. Future analysis of CE-1 flour and bread may therefore involve more 

396 comprehensive in vivo studies that have the capacity to simultaneously evaluate Fe and Zn 

397 bioavailability62. White bread Fe concentrations were higher in NS relative to CE-1 only at Glenthorne, 

398 suggesting that properties of the soil (particularly soil pH) indirectly influence white bread Fe nutrition 

399 (Figure 5a). The high soil pH at Glenthorne likely results in greater biosynthesis of NA and DMA in CE-1 

400 plants relative to NS plants and higher molar ratios of NA/DMA to Fe45. We hypothesize that a greater 

401 proportion of NA and/or DMA-chelated Fe in CE-1 white bread relative to NS white bread at Glenthorne 

402 results in a lower proportion of Fe localised to the crumb relative to the crust (which was not sampled in 

403 this study). Furthermore, higher white flour S and total protein concentrations in CE-1 white flour relative 

404 to NS white flour (Supplementary Tables 5 and 7) likely affected dough rheology given that S and protein 

405 play important roles in the gluten complex, and may also contribute to altered Fe distribution in CE-1 

406 white bread63,64. Future experiments will comprehensively determine the localization and speciation of Fe 

407 bound to NA and/or DMA within both the crumb and crust of CE-1 and NS white bread via synchrotron-

408 based analyses65. Altogether our study further demonstrates the potential of NA biofortified, high-yielding 

409 wheat crops (such as CE-OsNAS2) for improving human micronutrient intakes in less developed 

410 countries.

411 Materials and methods

412 Generation of iron and zinc biofortified wheat

413 Vector construction, plant transformation and the initial selection of our lead transgenic event CE-1 is 

414 previously described30. In brief, the full-length coding sequence of OsNAS2 (LOC_Os03g19420) was 
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415 PCR amplified from rice (Orzya sativa L.) cultivar (cv.) Nipponbare and recombined into a modified 

416 pMDC32 vector under transcriptional control of the maize (Zea mays L.) ubiquitin 1 promoter with a 

417 hygromycin phosphotransferase plant-selectable marker (Figure 1a). Bombardment of the construct into 

418 immature wheat (Triticum aestivum L.) cv. Bobwhite embryos was performed at the University of 

419 Adelaide (Adelaide, Australia) to generate six independent CE-OsNAS2 transgenic events, and one 

420 double-insert event termed CE-1 was selected for additional analyses based on no difference in plant 

421 phenotype and increased grain Fe and Zn concentrations. Three sibling lines of CE-1 (termed CE-1.1, CE-

422 1.2 and CE-1.3) and the corresponding null segregant control (NS) were selected for confined field trial 

423 (CFT) evaluation and were grown at the T5, T6 and T7 generations consecutively alongside the check cv. 

424 Mace, an elite Australian bread wheat cultivar.

425 Confined field trials (CFTs)

426 Confined field trials were conducted from May to December in 2015, 2016 and 2017 at Glenthorne 

427 (35.0543° S, 138.5524° E) in South Australia and at the New Genes for New Environment facilities 

428 located in Merredin (31.4837°S, 118.2771°E) and Katanning (33.6894°S, 117.5551°E) in Western 

429 Australia. Grain were sown in 1 m2 plots at Glenthorne across all three seasons and in 1.8 m2 plots in 

430 2015, 8.5 m2 plots in 2016, and 18 m2 plots in 2017 at Katanning and Merredin (Supplementary Figures 1, 

431 2). At least three replicate plots per genotype were grown in 2015, five replicate NS and CE-1 sibling line 

432 plots and four replicate Mace plots were grown in 2016, and five replicate plots per genotype were grown 

433 in 2017. All plots were arranged in a randomized block design at each site. Rows were spaced 30 cm 

434 apart and grain were sown at a density of 60 kg ha-1 in 2015 and 2016, and 75 kg ha-1 in 2017 at all three 

435 sites. Fertilizers were applied as urea and/or AGRAS (CSBP limited, Kwinana, WA, Australia) at a rate 

436 of 40 – 100 kg ha-1 as needed for each field site. Leaves and flag leaves were harvested post-anthesis from 

437 each plot, cleaned with 0.1% Tween®20 (Sigma Aldrich, St. Louis, MO, USA), rinsed with dH2O and 

438 oven dried for 48 h at 60°C before homogenization. At maturity, plant height and tiller number were 

439 determined from three representative measurements per plot and biomass, TGW, and harvest index were 

440 determined from subsamples of each plot as previously described30. Grain yield was calculated from the 

441 amount of grain harvested per m2 and extrapolated to kg/ha. Soil analysis was performed at sowing at 

442 CSBP Soil and Plant Analysis Laboratory (Perth, WA, Australia). Soil phosphorus (P) and potassium (K) 

443 concentrations were determined using the Colwell P and K extraction methods66,67. A 

444 diethylenetriaminepentaacetic acid (DTPA) extraction method was used to calculate soil copper (Cu), iron 

445 (Fe), manganese (Mn), and zinc (Zn) concentrations68. Soil properties of each site for each season are 

446 shown in Supplementary Table 1 and field environmental conditions are shown in Supplementary Figure 

447 3.
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448 Analysis of iron and zinc remobilization post anthesis

449 Plants were grown under glasshouse conditions at The University of Melbourne (Victoria, Australia) as 

450 previously described30. At flowering, plants grown in the glasshouse and in the field at Katanning 

451 received one of three treatments: 1) all tillers apart from the main tiller removed (detillered), 2) detillered 

452 and main stem flag leaf removed (detillered - flag leaf), 3) detillered and all leaves removed (detillered - 

453 all leaves). Grain was harvested at maturity, cleaned, oven dried for 48 h at 60°C and ground into a 

454 powder. A subsample (20 mg) was digested with 300 µL aqua regia (1 HNO3: 3 HCl) heated (80°C, 90 

455 min), diluted to 10 mL with deionized H2O (18 MΩ) and centrifuged (5,000 rpm, 5 min) prior to analysis 

456 by inductively coupled plasma mass spectrometry (ICP-MS) at Deakin University (Burwood, Australia)69.

457 White flour and white bread production

458 Whole grain samples were conditioned to 13% moisture content for 24 h prior to milling using a 

459 Quadrumat Junior laboratory mill (Brabender, Duisburg, Germany) as previously described30 and using a 

460 Buhler MLU-202 laboratory mill at The Commonwealth Scientific and Industrial Research Organisation 

461 (CSIRO, ACT, Australia) for grain fraction analysis of NS and a combined sample of CE-1.2 and CE-1.3 

462 at Merredin, 2017. Flour extraction across all samples was between 70-75%. White bread was produced 

463 using a baker’s yeast protocol as previously described70 with minor modifications. White flour (500 g) 

464 was mixed with H2O (325 g), 10 g of dry baker’s yeast (Lowan® whole foods, NSW, Australia) and 10 g 

465 of cooking salt (Black & Gold, NSW, Australia) in a BM2500 Compact Bakehouse (Sunbeam, NSW, 

466 Australia) for 25 min, prior to fermentation for at least 1 hr. Dough was divided into 150 g pieces, shaped 

467 and placed into loaf tins (14.6 x 7.6 cm) for proofing (30 min, 30°C) and baking (20 min, 200°C) in a 

468 commercial oven (Convotherm 4 EasyDial 10.10, Moffat, VIC, Australia). Loaves were cooled (1 hr) 

469 before the crumb was separated from the crust as described in71, lyophilized and ground to a powder for 

470 analysis.

471 Inductively coupled plasma optical emission spectrometry (ICP-OES)

472 Plant tissues were cleaned and ground using an IKA tube mill (www.ika.com) prior to inductively 

473 coupled plasma optical emission spectrometry (ICP-OES) analysis at the CSBP Soil and Plant Analysis 

474 Laboratory (Perth, WA, Australia) as previously described30. White flour and white bread micronutrient 

475 concentrations were determined by nitric / perchloric acid digestion as previously described72 followed by 

476 ICP-OES using a Thermo iCAP 6500 series (Thermo Jarrell Ash Corp., Franklin, MA, USA). Nitrogen 

477 analysis of white flour was performed using the Dumas combustion method at CSBP Soil and Plant 

478 Analysis Laboratory (Perth, WA, Australia) and total protein concentration of white flour and bran were 

http://www.ika.com
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479 determined as: white flour total protein (%) = N concentration x 5.70, and bran total protein (%) = N 

480 concentration x 6.3173.

481 Quantification of nicotianamine and 2’-deoxymugineic acid

482 Quantification of 9-fluorenylmethoxycarboxyl chloride (FMOC-Cl) derivatized NA and DMA was 

483 performed via RP LC-MS on a 1290 Infinity II and 6490 Triple Quadrupole LC/MS system (Agilent 

484 Technologies Inc., Santa Clara, CA) as previously described30,74. Briefly, sequential methanol (100%) and 

485 deionized H2O (18MΩ) extractions of pulverized wheat material (25 mg) were combined and derivatized 

486 with fresh FMOC-Cl solutions (50 mM, 40 µL). After incubation (60°C, 700 rpm, 15 min), the 

487 derivatization reaction was quenched by adding formic acid (FA; pH = 4, 5%, 8.9 µL) and run through a 

488 Zorbax Eclipse XDB-C18 Rapid Resolution HS 2.1 x 100 mm, 1.8 µm particle size column (Agilent 

489 Technologies Inc.) using aqueous (0.1% v/v FA in dH2O) and organic (0.1% v/v FA in acetonitrile) 

490 mobile phases and NA and DMA quantified using a stock calibration set (Toronto Research Chemicals, 

491 Toronto, ON, Canada).

492 In vitro Fe bioavailability bioassay

493 White flour samples (500 mg) were subjected to the Caco-2 cell bioassay as previously described30,48,75. 

494 Caco-2 cells were maintained in supplemented Dulbecco’s modified Eagle medium (DMEM) for 11 days 

495 post-seeding and replaced with supplemented minimum essential media (MEM) solution containing less 

496 than 80 µg Fe/L at 48 hr prior to the experiment. Gastric-digested samples (1.5 mL) were added to 

497 cylindrical Transwell inserts (Corning Life Sciences, Corning, NY) fitted with a semipermeable (15,000 

498 Da MWCO) basal membrane (Spectra/Por 2.1, Spectrum Medical, Gardena, CA) and placed within wells 

499 containing Caco-2 cell monolayers. After incubation for 2 hr (37 °C) the inserts were removed and 

500 additional MEM (1 mL) was added to the cells before incubation for 22 hr (37 °C). Cells were washed 

501 twice with a solution (pH = 7.0) containing NaCl (140 mmol/L), KCl (5 mmol/L) and PIPES (10 

502 mmol/L), harvested and analysed for ferritin (FER-IRON II Ferritin Assay, Ramco Laboratories, 

503 Houston, TX) and total protein contents (Bio-Rad DC Protein Assay, Bio-Rad, Hercules, CA). Caco-2 

504 cell ferritin synthesis occurs in response to increases in intracellular Fe and we used the ratio of 

505 ferritin/total protein (expressed as ng ferritin/mg protein) as an index of cellular Fe uptake.  

506 Statistical Analysis

507 Agronomic, grain nutrition, white flour nutrition, and leaf nutrition traits for each environment were 

508 analysed using a multi-environment linear mixed model (LMM) that partitioned and accounted for 

509 genetic and non-genetic sources of variation. The LMM had the form: 
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510 � = �� + ���� + ���� + ���� + �
511 and a vector of observed responses across the nine environments had the form: . The  � = (��1…��9)�
512 vectors of fixed effects ( ) were conformably partitioned to be  where   and  were � � = [��� ���  ����]� ��, ��
513 vectors of genotype and environment main effects and  was a vector of genotype by environment ���
514 interaction fixed effects, with associated explanatory matrix . For  each of � = [�� �� ���] � = (�, �, �)

515 the random effects were also partitioned where  and  is the direct �� = [���1…���9]� �� ∼ �(�, ⨁9� = 1�2���) ⨁ 

516 sum operator76 used to indicate block diagonality of the associated variance matrix. Identical to , the �
517 multi-environment LMM error term was also conformably partitioned  and assumed to be � = [��1…��9]�
518 distributed . From this full model the genotype (G) x environment (E) interaction was � ∼ �(�, ⨁9� = 1�2� �)
519 tested and if the interaction was not statistically significant it was removed. The multi-environment model 

520 was then refitted with fixed effects  and , and eBLUEs for each genotype extracted and compared �� ��
521 against NS using a single degree of freedom Wald test. Single and multi-environment linear mixed 

522 modelling was computationally conducted using the functionality of the R package ASReml-R76. 

523 ASReml-R uses the Residual Maximum Likelihood (REML) algorithm77 for estimation of model 

524 parameters and provides a suite of functions for diagnostic assessment of models.

525 To visualize relationships between traits eBLUEs were extracted from each of the full multi-environment 

526 models, compared pairwise using a Pearson correlation and hierarchically clustered. Significant 

527 correlations were determined by forming a set of 5,000 permutations of each trait eBLUE, storing the 

528 maximum Pearson correlation and calculating p-values based on the number of maximum correlations 

529 exceeding the observed pairwise correlation78. Hierarchical clustering and graphical visualization of 

530 correlation matrices were conducted using the R package corrplot79. Other graphs were generated using 

531 SigmaPlot v13 (Systat Software Inc., San Jose) software and data are presented as mean ± SEM with 

532 biological replicate numbers noted in table and figure legends. Student’s t-test was used to determine 

533 significant differences between means and was conducted using Minitab 17 Statistical software (Minitab, 

534 State College, PA).
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560 Figure S3. Temperature and rainfall at Glenthorne, Katanning and Merredin.

561 Figure S4. Multi-trait correlation from multi-environment models of leaf nutrition.

562 Figure S5. Grain Fe and Zn concentrations (µg / g) in the glasshouse and at Katanning following 

563 detillering and leaf removal.

564 Figure S6. White flour Fe bioavailability at Glenthorne, Katanning and Merredin.

565 Figure S7. Multi-trait correlation from multi-environment models of agronomic performance, wholemeal 

566 flour nutrition and white flour nutrition.
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567 Figure S8. White flour and white bread phytate concentrations (g / 100g).

568 Table S1. Soil properties at Glenthorne, Katanning and Merredin.

569 Table S2. Plant trait G x E interactions at Glenthorne, Katanning and Merredin.

570 Table S3. Tiller number (m2), biomass (kg ha-1), harvest index (%), and grain number (m2) at Glenthorne, 

571 Katanning and Merredin.

572 Table S4. Bran Fe, Zn, and P (µg / g) and total protein (%) at Glenthorne, Katanning and Merredin.

573 Table S5. Wholemeal and white flour P (µg / g) and total protein (%) at Glenthorne, Katanning and 

574 Merredin.
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576 Table S7. White flour Ca, Cu, K, Mg, Mn, and S (µg / g) at Glenthorne, Katanning and Merredin.

577 Table S8. Bran Ca, Cu, K, Mg, Mn, and S (µg / g) at Glenthorne, Katanning and Merredin.

578 Table S9. Leaf Fe, Zn, and P (µg / g) at Glenthorne, Katanning and Merredin.

579 Table S10. Flag leaf Ca, Cu, K, Mg, Mn, and S (µg / g) at Glenthorne, Katanning and Merredin.
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759 Figure/Table Legends

760 Figure 1. Agronomic performance of bread wheat constitutively expressing the rice nicotianamine 

761 synthase 2 (OsNAS2) gene (CE-1.1, CE-1.2, and CE-1.3) alongside the null segregant and cv. Mace over 

762 three field seasons at Glenthorne. a) Schematic representation of the T‐DNA construct. RB and LB: right 

763 and left borders, respectively; UBI‐1: maize ubiquitin 1 promoter; OsNAS2: rice nicotianamine synthase 2 

764 gene (LOC_Os03 g19420); NOS: nopaline synthase terminator; 2 x 35S: dual promoter of 35S 

765 cauliflower mosaic virus gene; hyg: hygromycin phosphotransferase gene; 35S: terminator of 35S 

766 cauliflower mosaic virus gene. b) an image of replicated plots at Glenthorne during the 2017 field season. 

767 c) Soil pH (green circles), as well as soil Fe (red bars) and Zn (dark grey bars) concentrations (mg / Kg) 

768 are provided for the three field seasons. d-j) Bars indicate best linear unbiased estimators of the null 

769 segregant (light grey), CE-1.1 (light brown), CE-1.2 (orange), CE-1.3 (dark brown), and Mace (black) for 

770 d) plant height (cm), e) thousand grain weight (g), f) grain yield (kg ha-1) and the concentrations of g) Fe 

771 (µg / g), h) Zn (µg / g), i) NA (µmol / g), and j) DMA (µmol / g) in wholemeal flour (left panel) and 

772 white flour (right panel). A minimum of three replicates per genotype were included for each field season 

773 and asterisks represent significant differences to the NS for p < 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***) as 

774 determined by Wald test. n.a = not applicable.

775 Figure 2. Agronomic performance, wholemeal and white flour nutritional composition of null segregant, 

776 CE-1.1, CE-1.2, CE-1.3 and Mace over three field seasons at Katanning. a) An image of 18m2 replicated 

777 plots for the 2017 field season is provided. b) Soil pH (green circles), as well as soil Fe (red bars) and Zn 

778 (dark grey bars) concentrations (mg / Kg) are provided for the three field seasons. c-i) Bars indicate best 

779 linear unbiased estimators of the null segregant (light grey), CE-1.1 (light brown), CE-1.2 (orange), CE-

780 1.3 (dark brown), and Mace (black) for c) plant height (cm), d) thousand grain weight (g), e) grain yield 

781 (kg ha-1) and the concentrations of f) Fe (µg / g), g) Zn (µg / g), h) NA (µmol / g), and i) DMA (µmol / g) 

782 in wholemeal flour (left panel) and white flour (right panel). A minimum of three replicates per genotype 

783 were included for each field season and asterisks represent significant differences to the NS for p < 0.05 

784 (*), p ≤ 0.01 (**), p ≤ 0.001 (***) as determined by Wald test. n.a = not applicable.

785 Figure 3. Agronomic performance, wholemeal and white flour nutritional composition of null segregant, 

786 CE-1.1, CE-1.2, CE-1.3 and Mace over three field seasons at Merredin. a) An image of 18m2 replicated 

787 plots for the 2017 field season is provided. b) Soil pH (green circles), as well as soil Fe (red bars) and Zn 

788 (dark grey bars) concentrations (mg / Kg) are provided for the three field seasons. c-i) Bars indicate best 

789 linear unbiased estimators of the null segregant (light grey), CE-1.1 (light brown), CE-1.2 (orange), CE-

790 1.3 (dark brown), and Mace (black) for c) plant height (cm), d) thousand grain weight (g), e) grain yield 
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791 (kg ha-1) and the concentrations of f) Fe (µg / g), g) Zn (µg / g), h) NA (µmol / g), and i) DMA (µmol / g) 

792 in wholemeal flour (left panel) and white flour (right panel). A minimum of three replicates per genotype 

793 were included for each field season and asterisks represent significant differences to the NS for p < 0.05 

794 (*), p ≤ 0.01 (**), p ≤ 0.001 (***) as determined by Wald test. n.a = not applicable.

795 Figure 4. Multi-trait correlation of empirical best linear unbiased estimators (eBLUEs) obtained from the 

796 multi-environment models of agronomic performance, grain nutrition and white flour nutrition of NS, 

797 CE-1 and Mace. Agronomic performance variables include grain yield (YLD), harvest index (HI), 

798 thousand grain weight (TGW), total biomass (BIO), tiller number per m2 (TN.m2), grain number per m2 

799 (GN.m2), plant height (HGT). Wholemeal (WG) and white flour (WF) nutrition variables include Fe, Zn, 

800 P, NA, and DMA concentrations, total protein (Pro) and Caco-2 cell ferritin production (Fer). Each circle 

801 represents a positive (blue) or negative (red) pairwise Pearson correlation coefficient between variables, 

802 with the diameter of the circle proportional to the absolute value. Asterisks denote significant correlations 

803 for p < 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***).

804 Figure 5. White bread nutritional composition of NS and CE-1 sibling lines at Glenthorne, Katanning and 

805 Merredin. Bars indicate best linear unbiased estimators for the concentrations of a) Fe (µg / g), b) Zn (µg 

806 / g), c) NA (µmol / g), and d) DMA (µmol / g) at each field site in 2016. Three replicates per genotype 

807 were included in the analysis and asterisks represent significant differences to the NS for p < 0.05 (*), p ≤ 

808 0.01 (**), p ≤ 0.001 (***) as determined by Wald test. Photos show representative cross sections of NS 

809 and CE-1 loaves from Katanning prior to analysis. Scale bar = 1cm.

810 Table 1. The concentrations of Fe (µg / g), Zn (µg / g), NA (µmol / g), DMA (µmol / g), and phytate (mg 

811 / g) in null segregant (NS) and CE-1 grain fractions at Merredin in 2017. Values represent mean ± SEM 

812 of three biological replicates with three technical replicates for Fe and Zn, four biological replicates for 

813 NA and DMA, and two biological replicates with three technical replicates for phytate. Asterisks denote 

814 significant differences for p < 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***) as determined by Student’s t-test. 
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