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25 Abstract

26 Wheat is the major staple food in Western Europe and an important source of energy, protein, 

27 dietary fibre, minerals, B vitamins and phytochemicals. Plant breeders have been immensely 

28 successful in increasing yields to feed the growing global population. However, concerns have 

29 been expressed that the focus on increasing yield and processing quality has resulted in 

30 reduced contents of components that contribute to human health and increases in adverse 

31 reactions. We review the evidence for this, based largely on studies in our own laboratories 

32 of sets of wheats bred and grown between the 18th century and modern times. With the 

33 exception of decreased contents of mineral micronutrients, there is no clear evidence that 

34 intensive breeding has resulted in decreases in beneficial components or increases in proteins 

35 which trigger adverse responses. In fact, a recent study of historic and modern wheats from 

36 the UK showed increases in the contents of dietary fibre components and a decreased content 

37 of asparagine in white flour, indicating increased benefits for health.
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49 Introduction

50 Plant breeding has been immensely successful in increasing the yield and total production of 

51 staple crops, providing food for the growing global population (Fedoroff, 2010). These 

52 increases have been particularly impressive in wheat, rice and maize, the three major cereals 

53 which are the staple foods over much of the globe. In the case of wheat, which is the staple 

54 crop in the UK and Europe, global production has increased by over three-fold between the 

55 1960s and the present day (http://www.fao.org/faostat/en/#data). 

56 The major component in the wheat grain is starch, which accounts for approximately 70% of 

57 the grain dry weight. Hence, increases in yield essentially reflect increase in starch production. 

58 About half of the wheat grown in the UK, and most of the wheat produced globally, is used 

59 for human food, particularly for making bread, other baked products, pasta and noodles. The 

60 quality for these end uses is determined mainly by the gluten proteins and hence selection 

61 for yield in breeding programmes is usually combined with selection for grain protein content 

62 and quality. 

63 It has been suggested that this intensive selection may have two consequences for human 

64 nutrition and health.  Firstly, that selection for high starch and gluten proteins has resulted in 

65 reduced contents of other grain components that contribute to diet and health (including 

66 non-gluten proteins, minerals, vitamins and beneficial phytochemicals). Secondly, that 

67 increases in the content of gluten and changes in gluten protein composition may have 

68 contributed to increases in adverse reactions to the consumption of wheat-based foods 

69 (Morris & Sands, 2006). 

70 There is clear evidence that the concentrations of most mineral micronutrients, including iron, 

71 zinc and magnesium but not calcium, have decreased in the grain of modern wheats, 

72 particularly since the introduction of short types in the 1970s (Fan et al. 2008; Murphy et al. 

http://www.fao.org/faostat/en/#data


73 2008). However, the effect on selenium is less clear, with Murphy et al (2008) reporting a 

74 decrease and Fan et al (2007) no significant change, with differences resulting from variation 

75 in sulphur inputs. The grain accounts for a higher proportion of the total biomass in these 

76 wheats, resulting in higher yields. Hence, the decreased concentrations of minerals may be 

77 partially due to “yield dilution” (i.e. to increased starch accumulation). However, decreases in 

78 mineral concentrations are also observed under growth conditions in which the yield is not 

79 increased (Fan et al. 2008) suggesting that the dwarfing genes used to reduce plant height 

80 may have other effects. We have discussed strategies to increase the concentrations of iron 

81 and zinc (the two most important micronutrients which limit human health) in wheat grain in 

82 a previous article in this journal (Balk et al. 2019) and readers are referred to this for a detailed 

83 discussion.

84 The evidence for effects of modern breeding on other aspects of grain composition is 

85 generally weak. One reason for this is the lack of robust datasets from well-designed 

86 experiments. In particular, most studies have compared small numbers of varieties with a 

87 limited range of release dates. The present article therefore focuses on this topic, highlighting 

88 the results of three studies from our own programmes and referring to other published work 

89 where relevant.

90 Studies included and analysis of data

91 The first study formed part of HEALTHGRAIN, a multinational 5-year (2005-2010) EU 

92 programme which has been discussed previously in this journal (Shewry, 2009). The 

93 “HEALTHGRAIN Diversity Screen” compared the compositions of 150 wheat lines (130 winter 

94 and 20 spring type) grown in Martonvásár in Hungary in 2005. The lines were selected to 

95 represent a wide range of diversity, including geographical distribution and release dates, but 

96 with an emphasis on European varieties from the last 50 years (Ward et al. 2008). The wide 



97 expertise of the multinational partners allowed a range of components to be determined and 

98 it remains the largest study of wheat diversity published to date (Ward et al., 2008). The 

99 concentrations of some components have been reported previously in relation to the release 

100 dates of the varieties (Shewry et al. 2011a) and relationships with further components are 

101 reported here. The 150 HEALTHGRAIN wheats included 5 breeding lines which are not 

102 included in the analysis here because they were not grown commercially. They also include 

103 two landraces (Chinese Spring, Nap Hal) which do not have release dates and Red Fife which 

104 was released in 1842. These three varieties are presented with a release date of 1900 for easy 

105 of viewing of the Figures. Finally, more detailed fibre analyses are presented on a subset of 

106 123 winter varieties. 

107 However, the HEALTHGRAIN study had three weaknesses. Firstly, the lines were grown on a 

108 single site for one year without replication, and it was therefore not possible to partition the 

109 variation between the effects of genotype, environment and genotype x environment 

110 interactions. Secondly, many of the lines were grown outside their area of adaptation, which 

111 could have impacts on grain composition. Thirdly, most of the analyses were carried out on 

112 whole grain, whereas white bread remains the dominant wheat-based food in many 

113 countries.

114 In order to address these three issues, we have since analysed a further set of samples 

115 (Lovegrove et al., 2020).   This comprises 39 lines grown in three replicate plots in the UK over 

116 three years. The lines were selected to represent a range of release dates, from 1790 to 2012, 

117 and for their adaptation to the UK: all had been grown commercially in the UK and, with four 

118 exceptions, bred by UK-based breeders. Furthermore, white flour was prepared and analysed, 

119 to provide data relevant to the consumption of white bread. We will refer to this set of 

120 samples as the “UK Heritage Wheats”. 



121 Thirdly, in order to specifically address the question of effects on protein content and 

122 composition, we present data from a third set of material comprising 20 Austrian wheats 

123 dating from between 1850 and 2016 which were grown in duplicate plots for two years (Call 

124 et al., 2020). We will refer to this set of samples as the “Austrian Heritage Wheats”.

125 For ease of comparison the datasets are displayed as scatter plots, comparing the dates of 

126 registration of the varieties (called release dates in the text) (x axis) with the concentrations 

127 of components (y axis), with lines fitted where appropriate. 

128 Protein content

129 It is frequently suggested that the emphasis on breadmaking quality has resulted in modern 

130 wheats having higher contents of protein than older types. Comparisons of modern and old 

131 types grown under the same conditions in Europe do not support this. The primary target of 

132 wheat breeders over the past century has been increased yield. Higher yield results mainly 

133 from increased accumulation of starch, which dilutes other grain components including 

134 protein. This is clearly illustrated by the HEALTHGRAIN Diversity samples which show a clear 

135 negative correlation between the contents of starch and protein in the samples (Figure 1A), 

136 while Figure 1 parts B and C show increased starch and decreased protein over time, 

137 respectively. 

138 These results are supported by the analysis of historical datasets from the USA where levels 

139 of fertiliser use remain low. Kasarda (2013) analysed the available datasets for the major 

140 wheat-growing areas in the USA (Kansas and the Northern Plains) and found no evidence of 

141 increased grain protein during the 20th century.   However, two studies have shown small 

142 increases in the protein content of wheat grown in Canada where the yields are lower (about 

143 half) than those from the high input systems used in Western Europe (Hulc et al. 2015; Iqbal 

144 et al. 2016).



145 Proteins which cause adverse reactions

146 The last decade has seen an increasing number of consumers adopting gluten-free or low 

147 gluten diets, due to concerns that wheat, and gluten in particular, has detrimental effects on 

148 health. This trend is, to some extent, a lifestyle choice, driven by the popular press and social 

149 media. However, there are genuine concerns relating to the roles of gluten (or wheat) in three 

150 types of adverse response: allergy, intolerance (principally coeliac disease) and a less well-

151 defined syndrome referred to as non-coeliac gluten sensitivity (NCGS) (Sapone et al. 2012). 

152 The etiology of true (IgE-mediated) allergy to wheat consumption is well understood and the 

153 prevalence is low (about 0.2%, Zuidmeer et al. (2008)). It will therefore not be discussed 

154 further here.

155 Coeliac disease (CD) affects about 1% of the population in the UK and Western Europe 

156 (reviewed by Shewry & Hey, 2016). The etiology of CD is again well understood. It is triggered 

157 by the consumption of wheat gluten and related proteins from barley and rye, and over 30 

158 short amino acid sequences which trigger CD (epitopes) have been identified (Sollid et al. 

159 2012). Gluten proteins are divided into two broad groups, gliadins and glutenins, with each 

160 group comprising multiple components. Analyses of wheat gluten protein sequences (for 

161 example Bromilow et al. 2017) show that gliadins and glutenins vary widely in their contents 

162 of coeliac epitopes, with gliadins, and particularly α-gliadins, being richer in epitopes than 

163 glutenins (Gilissen et al. 2014; Shewry & Tatham, 2016). Hence, increases in the proportions 

164 of gliadins could result in increases in coeliac-toxic epitopes. 

165 Analysis of the Austrian Heritage Wheats showed no statistically significant relationship 

166 between total protein content and release date. (Figure 2A). Analysis of gluten protein 

167 fractions showed significantly increased proportions of glutenin and decreased proportions 

168 of gliadins, resulting in a decrease in the gliadin:glutenin ratio (Figure 2B).  However, no 



169 significant effects on the proportions of the α-gliadins were observed (Figure 2C). These 

170 changes in gluten protein composition may reflect selection by breeders for high dough 

171 strength (which is determined by the glutenin proteins). Hence, analysis of this set of samples 

172 indicates that the relative abundance of coeliac disease epitopes is more likely to have 

173 decreased than increased in modern varieties.

174 Other workers have used monoclonal antibodies to directly determine the abundances of 

175 coeliac epitopes in old and modern wheats. van den Broeck et al. (2010) used immunoblotting 

176 to determine the relative abundances in 36 modern wheat varieties and 50 traditional wheats 

177 (called landraces) of sequences reacting with two monoclonal antibodies which recognise the 

178 minor Gli-A20 coeliac disease epitope and the major Glia-A9 coeliac disease epitope, 

179 respectively. Modern varieties tended to show higher reactivity with the Glia-A9 antibody and 

180 lower reaction with the Glia-A20 antibody, lines showing high and low reactions with both 

181 antibodies were however, present in both sets of wheats. More recently, Ribeiro et al. (2016) 

182 found no relationship between coeliac toxicity and the age of the genotype, by screening 53 

183 modern varieties and 19 landraces with the commercially available R5 monoclonal antibody 

184 which recognises a number of widely distributed coeliac-toxic sequences.  Therefore, there is 

185 no evidence that modern types of wheat are more active in triggering coeliac disease than 

186 older types.

187 The third type of adverse reaction to wheat, NCGS, is less well defined in terms of its 

188 prevalence, symptoms, etiology and causative agent(s) (Sapone et al. 2012). In fact, even the 

189 relationship with gluten has not been established and it is perhaps more properly called non-

190 coeliac wheat sensitivity (NCWS). The most likely triggers for NCWS are a group of proteins 

191 known as ATIs (amylase trypsin inhibitors). These are the major group of soluble proteins in 

192 wheat, accounting for about 3.5-4% of the total grain protein (Geisslitz et al. 2018).  They have 



193 molecular weights of between 12 and 16 kD and comprise about 15 distinct subunits, some 

194 of which also occur in multiple forms. Most are inhibitors of α-amylases from insect pests, 

195 and they are generally considered to contribute to plant protection. The contents of ATIs 

196 varied widely in the Austrian Heritage Wheats, with no statistically significant relationship to 

197 the age of the variety (Figure 2D). Hence, the impact of ATIs on NCWS should not differ 

198 between old and recent varieties.

199 Dietary Fibre

200 Wheat is an important source of fibre in the western diet, with bread alone providing between 

201 17% and 21% (depending on age group) of the daily intake in the UK (Lockyer & Spiro, 2020). 

202 Wheat fibre is concentrated in the bran layers, and wholemeal flour has a higher fibre content 

203 than white flour.  

204 The contents of individual dietary fibre components in wholemeal flours of 129 of the winter 

205 wheat varieties in the HEATHGRAIN sample set were reported by Andersson et al. (2013) 

206 using the Uppsala method (Theander et al., 2005).  Total dietary fibre ranged from 11.5-15.5% 

207 dry wt. and arabinoxylan (the major component) from 5.53 to 7.42% dry wt. Other 

208 components were cellulose (1.67-3.05% dry wt.), Klason lignin (0.74-2.03% dry wt.), fructans 

209 (0.84-1.85%) and β-glucan (0.51-0.96%, from previous analyses of the same samples by 

210 Gebruers et al., 2008). Two other components which contribute to dietary fibre, resistant 

211 starch and arabinogalactan peptide, were not measured and are discussed below in relation 

212 to white flour. 

213 The registration dates of 123 of the samples were known and are plotted against the 

214 concentration of the DF components in Figure 3. A statistically significant increase of fructan 

215 content with registration date was observed (Figure 3E) though this only accounted for 2% of 



216 the observed variation. Hence, it can be concluded that there was little or no relationship 

217 between the fibre content and age of these cultivars.

218 The concentration of dietary fibre is lower in white flour than in wholemeal. The major 

219 component is again arabinoxylan (up to about 3% dry wt.) with lower concentrations of β-

220 glucan (about 0.5% dry wt.), fructans (about 1.5% dry wt.), and arabinogalactan peptide (up 

221 to 0.4% dry wt.) (as discussed by Hazard et al. 2020). Cellulose and Klason lignin are not 

222 present in white flour as they occur only in the outer layers of the grain. In addition to the 

223 fibre components discussed above, both wholegrain and white flour also contain resistant 

224 starch. This may account for up to 1% of total starch (about 0.8% dry wt. of white flour). 

225 Hence, the total content of dietary fibre in white flour ranges up to about 5% dry wt.

226 Statistically significant increases in the concentrations of both arabinoxylan and β-glucan in 

227 white flour are observed with year of registration for the UK Heritage samples (Figure 4), 

228 explaining 21% and 10% of the variation in the datasets, respectively.  

229 A smaller study of eight modern and seven older durum wheat varieties adapted to and grown 

230 in Italy showed no differences in the content of arabinoxylan and β-glucan in wholemeal or 

231 white flour (called semolina for durum wheat) (De Santis et al, 2018).

232 Amino acids, sugars and betaine

233 Wheat grain and flour contain a range of soluble metabolites, including amino acids and 

234 sugars, which are readily quantified by high throughput metabolomic screens. 

235  1H NMR spectroscopy of white flours (Shewry et al. 2017) from the UK Heritage wheats 

236 quantified 10 individual amino acids. A clear decrease in the total concentrations of these 

237 amino acids was observed (Figure 5A), with similar decreases in the concentrations of most 

238 individual components including asparagine (Figure 5B) (Lovegrove et al. 2020). Asparagine is 

239 a precursor of acrylamide, a neurotoxin and potential carcinogen which is formed by Maillard 



240 reactions with reducing sugars during food processing, and the concentration of asparagine 

241 is usually the limiting factor for acrylamide formation in cereal products (Curtis & Halford, 

242 2016).

243 Sugars determined comprise monosaccharides (glucose, fructose, arabinose, galactose), 

244 disaccharides (maltose, sucrose) and the trisaccharide raffinose. The total concentrations of 

245 these components have increased significantly in the more recent varieties, particularly those 

246 introduced after 1950 (Figure 5C). The concentrations of the individual sugars also increased, 

247 except for arabinose and galactose (Lovegrove et al. 2020). 

248 It is not known why the concentrations of some individual metabolites have increased or 

249 decreased, but it is possible that the decreased concentration of total amino acids is 

250 associated with the decrease in protein, and the increases in concentrations of sugars with 

251 the increase in starch (see Figure 1).

252 Metabolite profiling by 1H NMR spectroscopy also quantified the concentrations of choline 

253 and betaine (which is more correctly called glycine betaine). These biosynthetically related 

254 components act as “methyl donors” in humans, being able to donate methyl groups for the 

255 conversion of homocysteine to methionine in the homocysteine cycle, and hence reduce the 

256 risk of cardio-vascular disease (Ueland et al. 2005; Chiuve et al. 2007). Wheat is one of the 

257 richest known sources of betaine in the diet (Zeisel et al. 2003).  Betaine is generally present 

258 at about x10 the concentration of choline in wheat grain (Corol et al. 2012) with both betaine 

259 and choline being concentrated in the bran (Zeisel et al. 2003). 

260 Analysis of white flours of the UK Heritage wheats showed significantly higher concentrations 

261 of betaine in the varieties released from 1980, compared with the older varieties (Figure 5D), 

262 with no significant differences in the concentration of choline (Lovegrove et al, 2020). By 



263 contrast, no relationship was found between betaine content and release date in the 

264 HEALTHGRAIN lines (not shown). 

265 Phytochemicals and Vitamins

266 Cereals are rich sources of phytochemicals, most of which fall into two major classes: 

267 phenolics and terpenoids. Individual components may differ in their distributions between 

268 grain tissues, as discussed by Piironen et al (2009), but all are more abundant in wholemeal 

269 flour than in white flour. Hence, most analyses, including those discussed below, have been 

270 carried out on wholemeal rather than white flour.

271 Phenolics: Phenolics contain at least one aromatic ring bearing at least one hydroxyl group. 

272 They are the most abundant phytochemicals in wheat grain, with phenolic acids being the 

273 major class. Phenolic acids occur in three forms in the wheat grain: as free compounds, as 

274 soluble conjugates bound to sugars and other low molecular weight components and as 

275 bound forms which are linked to arabinoxylan in the cell wall by ester bonds. The 

276 concentrations of phenolic acids vary widely between wheat samples, but bound forms 

277 generally account for about 80% of the total, with the major individual component being 

278 bound ferulic acid (Li et al. 2008). 

279 Phenolics from plant-based foods have been shown to improve vascular function and hence 

280 reduce the risk of cardio-vascular disease (Vauzour et al. 2010), and similar activity has been 

281 demonstrated for ferulic acid released from arabinoxylan in wheat bread (Turner et al. 2020). 

282 Minor phenolic components in wheat include lignans which are derived from the combination 

283 of two phenylpropanoid (C6-C3) units and alkylresorcinols which are phenolic lipids. Lignans 

284 act as phytoestrogens while the restriction of alkylresorcinols to the testa layer of the grain 

285 has led to their use as biomarkers to monitor the consumption of wholegrain (Piironen et al. 

286 2009). 



287 Analysis of wholegrain samples of the HEALTHGRAIN wheats showed a statistically significant 

288 increase in the concentration of total phenolic acids with release date (Fig 6A) but not of total 

289 alkylresorcinols (Fig 6B). However, release date only accounted for 5% of the variation in the 

290 concentration of total phenolic acids. Similarly, comparisons of small numbers of “old and 

291 recent” varieties adapted to and grown in Italy showed no difference in the total 

292 concentrations of phenolic compounds in durum or bread wheats, although the composition 

293 was more diverse in the older varieties (Dinelli et al. 2011; Heimler et al. 2010). By contrast, 

294 Dinelli et al. (2007) showed higher mean contents of lignans, by about 2-fold, in 6 old bread 

295 wheat varieties than in 4 modern varieties.

296 Terpenoids: Terpenoids are based on 5-carbon isoprene units which are assembled to form 

297 larger structures and subject to a range of modifications, including cyclisation. Terpenoids in 

298 wheat include sterols, tocols and carotenoids (Piironen et al. 2009). 

299 Sterols comprise a tetracyclic cyclopenta[α]phenanthrene ring with a hydroxyl group at the 

300 C3 position and a flexible side chain at the C17 carbon position. Cereals contain significant 

301 amounts of saturated sterols, which are called stanols, and a substantial proportion of the 

302 sterols and stanols present in wheat are modified, either esterified to a fatty acid or phenolic 

303 acid to form sterol esters, or β-linked to a carbohydrate to form a sterol glycoside, with the 

304 latter also sometimes being acylated. Plant sterols and stanols have well established health 

305 benefits, in the maintenance of normal blood cholesterol concentrations (Kritchevsky & Chen, 

306 2005; EFSA Panel on Dietetic Products, Nutrition and Allergy, 2010).

307 The total concentrations of sterols (including stanols) in wholemeal flours of the 

308 HEALTHGRAIN lines ranged from 670-959 μg/g, with a mean of 844 μg/g (Nurmi et al. 2008). 

309 There was a marginally but statistically significant (p=0.068) correlation between the 



310 concentration of total sterols plus stanols in the samples and the release date. However, the 

311 date of registration only accounted for 2% of the variation in the dataset (Figure 6F).

312 Tocols comprise a chromanol ring with a C16 phytol side chain, which can be either saturated 

313 (tocopherols) or unsaturated (tocotrienols) Tocopherols and tocotrienols each exist in four 

314 forms in wheat, which differ in the number and positions of methyl groups on the chromanol 

315 ring and are called α, β, γ and δ. Although the name “Vitamin E” has been applied to all tocols, 

316 that they differ in their activity with α-tocopherol being the most active form (Bramley et al., 

317 2000). Currently, only α-tocopherol is considered to possess vitamin E activity (EFSA Panel on 

318 Dietetic Products, Nutrition, and Allergies 2015).

319 The total concentration of tocols in the HEALTHGRAIN lines ranged from 27.6 to 79.7 μg/g 

320 (mean 49.8 μg/g) and the concentration of α-tocopherol from 9.1 to 19.9 μg/g (Lampi et al., 

321 2008). A statistically significant correlation between the concentration of total tocols and the 

322 release dates of the varieties was observed, though this only accounted for 4% of the variation 

323 in the dataset (Figure 6D). No correlation was observed between the concentration of α-

324 tocopherol (Vitamin E) and release date (Figure 6C). Hussein et al. (2012) similarly reported 

325 that there were no differences in the contents and compositions of tocols between a smaller 

326 sample set of landraces (8 genotypes), old cultivars (13) and modern cultivars (2) of bread 

327 wheat.

328 B Vitamins. The B vitamin complex comprises eight water-soluble components which often 

329 occur together in the same foods. Although they were initially considered to be a single 

330 compound, the individual vitamins are not related. Cereals, including wheat, are important 

331 sources of B vitamins, providing  about a third of the total daily intake of thiamine (B1), 27% 

332 of the intake of niacin (B3) and 33%  of the intake of folate (B9) by adults in the UK (Lockyer 

333 & Spiro 2020). 



334 Wide variation has been reported in the contents of B vitamins in wheat (Piironen et al., 2009; 

335 Shewry et al., 2011b; Shewry and Hey, 2015).  Six forms of folate, called vitamers, were 

336 determined in wheat and their total concentrations in wholemeal flours of the HEALTHGRAIN 

337 lines ranged from 0.32 to 0.77 μg/g (mean 0.56 μg/g). The proportions of the individual 

338 vitamers varied between lines but contributed on average from 6 to 41% of the total (Piironen 

339 et al. 2008).  No relationship between the total concentration of folate and the age of the 

340 varieties was observed (Figure 6F).

341

342 Discussion

343 It is clear from the studies discussed above that intensive wheat breeding has resulted in 

344 increased accumulation of starch, which is generally associated with a decrease in the 

345 concentration of protein. Analysis of the Austrian Heritage lines also indicates that there have 

346 not been increases in proteins known to trigger adverse reactions. Other effects of breeding 

347 on grain composition are less clear, and the studies discussed in detail here demonstrate the 

348 challenges.

349 One major challenge is that grain composition is strongly affected by the environment 

350 (Shewry et al., 2010). Hence, it is essential to compare material grown in replicated multi-

351 environment field trials. Furthermore, the varieties compared should be adapted to the area 

352 of growth, to avoid the effects of environmental stress. The HEALTHGRAIN study clearly did 

353 not fulfil these criteria and it is not surprising that few correlations were observed, and, with 

354 the exception of starch and protein, these were marginal in significance (accounting for 

355 between 2% and 5% of the variation observed in the analyses). Nevertheless, the analyses are 

356 of interest in that they show no major changes in composition.



357 By contrast, the UK Heritage Wheat samples were from replicated multi-site trials with an 

358 emphasis on flour composition. Statistical analyses of these samples showed positive 

359 correlations of release date with the contents of arabinoxylan fibre (accounting for 21% of 

360 the total variation), total sugars (41%) and betaine (19%), and negative correlations with total 

361 amino acids (15%) and individual amino acids including asparagine (Lovegrove et al., 2020). 

362 These changes have clear implications for human health.

363 Wheat is the most important single source of dietary fibre in many diets, including the UK and 

364 Western Europe, and the increased content of arabinoxylan (the major fibre component) in 

365 white flour is certainly desirable. The decreased concentration of asparagine in modern 

366 wheats is also desirable as it reduces the potential for the formation of acrylamide during 

367 processing. 

368 By contrast, the increases in fermentable monosaccharides, disaccharides and 

369 oligosaccharides (sucrose, mannitol, fructans) may be of concern to consumers suffering from 

370 irritable bowel syndrome (IBS), as these form part of the FODMAP fraction (fermentable 

371 oligosaccharides, disaccharides, monosaccharides and polyols) that exacerbate IBS symptoms 

372 (Gibson and Shepherd, 2010). However, wheat is already recognised as a major source of 

373 FODMAPs in the diet (Biesiekierski et al., 2011, Whelan et al. 2011) and excluded by many IBS 

374 patients.

375 To conclude, the analyses discussed provide no evidence that modern types of wheat have 

376 lower quality for human nutrition and health, with the exception of decreased levels of some 

377 minerals (including iron, zinc and magnesium) which are discussed elsewhere. In fact, there 

378 is evidence that that they may be superior in some respects, particularly in fibre content of 

379 white flour. However, the analyses also show the challenges facing researchers and the need 

380 for more datasets from well-designed field trials.



381 Acknowledgements

382 Rothamsted Research receives grant-aided support from the Biotechnology and Biological 

383 Sciences Research Council (BBSRC) of the UK and the work reported here forms part of the 

384 Designing Future Wheat Institute Strategic Programme [BB/P016855/1]. The HEALTHGRAIN 

385 project (FOOD-CT-2005-514008) was funded by the European Commission in the 

386 Communities 6th Framework Programme

387 Conflicts of interest

388 The authors have no conflicts of interest to disclose.

389

390 References.

391 Andersson AAM, Piironen V, Lampi AM et al. (2013) Contents of dietary fibre components and 

392 their relation to associated bioactive components in whole grain wheat samples from 

393 the HEALTHGRAIN diversity screen. Food Chemistry 136: 1243-1248.

394 Balk J, Connorton JM, Wan Y et al. (2019) Improving wheat as a source of iron and zinc for 

395 global nutrition. Nutrition Bulletin 44: 53-59.

396 Biesiekierski JR, Rosella O, Rose R, et al. (2011) Quantification of fructans, galacto-

397 oligosacharides and other short-chain carbohydrates in processed grains and cereals. 

398 Journal of Human Nutrition and Dietetics 24: 154-176.

399 Bramley PM, Elmadfa I, Kafatos EA et al. (2000) Vitamin E. Journal of the Science of Food and 

400 Agriculture 80: 913-938.

401 Bromilow S, Gethings LA, Buckley M et al. (2017) A curated gluten protein sequence database 

402 to support development of proteomics methods for determination of gluten in gluten-

403 free foods. Journal of Proteomics 163: 67-75. 



404 Call L, Kapeller M, Grausgruber, H et al. (2020) Effects of species and breeding on wheat 

405 protein composition, Journal of Cereal Science. doi: 

406 https://doi.org/10.1016/j.jcs.2020.102974.

407 Chiuve SE, Giovannucci EL, Hankinson SE et al. (2007) The association between betaine and 

408 choline intakes and the plasma concentrations of homocysteine in women. American 

409 Journal of Clinical Nutrition 86: 1073-1081.

410 Corol DI, Ravel C, Raksegi M et al. (2012) Effects of genotype and environment on the contents 

411 of betaine, choline, and trigonelline in cereal grains. Journal of Agricultural and Food 

412 Chemistry 60: 5471-5481.

413 Curtis TY & Halford NG (2016) Reducing the acrylamide-forming potential of wheat. Food and 

414 Energy Security 5: 153-164 (2016).

415 De Santis MA, Kosik O, Passmore D et al. (2018) Comparison of the dietary fibre composition 

416 of old and modern durum wheat (Triticum turgidum spp. durum) genotypes. Food 

417 Chemistry 244: 304-310.Dinelli G, Marotti I, Bosi S et al. (2007) Lignan profile in seeds 

418 of modern and old Italian soft wheat (Triticum aestivum L.) varieties as revealed by CE-

419 MS analyses. Electrophoresis 28: 4212-4219.

420 Dinelli G, Segura-Carretero A, Di Silvestro R et al. (2011) Profiles of phenolic compounds in 

421 modern and old common wheat varieties determined by liquid chromatography 

422 coupled with time-of-flight mass spectrometry. Journal of Chromatography A 1218: 

423 7670-7681.

424 EFSA Panel on Dietetic Products, Nutrition and Allergy (NDA) (2010) Scientific opinion on the 

425 substantiation of health claims related to plant sterols and plant stanols and 

426 maintenance of normal blood cholesterol concentrations (ID 549, 550, 567, 713, 1234, 

427 1235, 1466, 1634, 1984, 2909, 3140), and maintenance of normal prostate size and 

https://doi.org/10.1016/j.jcs.2020.102974


428 normal urination (ID 714, 1467, 1635) pursuant to article 13(1) of regulation (EC) No 

429 1924/2006. EFSA Journal 8: 1813-1835.

430 EFSA Panel on Dietetic Products, Nutrition and Allergy (ND) (2015) Scientific Opinion on 

431 Dietary Reference Values for vitamin E as α-tocopherol. EFSA Journal 13: 4149-4221.

432 Fan MS, Zhao F-J, Poulton P et al. (2007) Historical changes in the concentrations of selenium 

433 in soil and wheat grain from the Broadbalk experiment over the last 160 years. Science 

434 of the Total Environment. 389: 532-538.

435 Fan MS, Zhao FJ, Fairweather-Tait SJ et al. (2008) Evidence of decreasing mineral density in 

436 wheat grain over the last 160 years. Journal of Trace Elements in Medicine and Biology 

437 22: 315-324.

438 Fedoroff N (2010) The past, present and future of crop genetic modification. New 

439 Biotechnology 27: 461-465.

440 Gebruers K, Dornez E, Boros D et al. (2008) Variation in the content of dietary fiber and 

441 components thereof in wheats in the HEALTHGRAIN diversity screen. Journal of 

442 Agricultural and Food Chemistry 56: 9740-9749.

443 Geisslitz S, Ludwig C, Scherf KA, Koehler P (2018) Targeted LC–MS/MS reveals similar contents 

444 of α-amylase/trypsin-inhibitors as putative triggers of nonceliac gluten sensitivity in all 

445 wheat species except Einkorn. Journal of Agricultural and Food Chemistry 66: 12395-

446 12403. 

447 Gibson P & Shepherd SJ (2010) Evidence-based dietary management of functional 

448 gastrointestinal symptoms: The FODMAP approach. Journal of Gastroenterology and 

449 Hepatology 25: 252-258.

450 Gilissen LJWJ, van der Meer IM, Smulders MJM (2014) Reducing the incidence of allergy and 

451 intolerance to cereals. Journal of Cereal Science 59:337-353.



452 Hazard B, Trafford K, Lovegrove A et al. (2020) Improving the Content and Composition of 

453 Starch and Fibre in White Wheat Flour and bread. Nature Food In press

454 Heimler D, Vignolini P, Isolani L et al. (2010) Polyphenol content of modern and old varieties 

455 of Triticum aestivum L. and T. durum Desf. grains in two years of production. Journal of 

456 Agricultural and Food Chemistry 58: 7329-7334.

457 Hucl P, Briggs C, Graf RJ & Chibbar RN (2015) Genetic gains in agronomic and selected end-use 

458 quality traits over a century of plant breeding of Canada Western Red Spring Wheat. 

459 Cereal Chemistry 92: 537-543

460 Hussein A, Larsson H, Olsson ME et al. (2012) Is organically produced wheat a source of 

461 tocopherols and tocotrienols for health food? Food Chemistry 132: 1789-1795

462 Iqbal M, Moakhar NP Strenzke K et al. (2016) Genetic improvement in grain yield and other 

463 traits of wheat  grown in Western Canada. Crop Science 56: 613-624.

464 Kasarda DD (2013) Can an increase in celiac disease be attributed to an increase in the gluten 

465 content of wheat as a consequence of wheat breeding? Journal of Agricultural and Food 

466 Chemistry 61: 1155-1159.

467 Kritchevsky D & Chen SC (2005) Phytosterols - health benefits and potential concerns: a 

468 review.  Nutrition Research (NY) 25: 413-428.

469 Lampi A-M, Nurmi T, Ollilainen V et al.  (2008) Tocopherols and tocotrienols in wheat 

470 genotypes in the HEALTHGRAIN diversity screen. Journal of Agriculture and Food 

471 Chemistry 56: 9716-9721.

472 Li L, Shewry PR, Ward JL (2008) Phenolic acids in wheat varieties in the HEALTHGRAIN 

473 Diversity Screen. Journal of Agriculture and Food Chemistry 56: 9732-9739.

474 Lockyer S & Spiro A (2020) The role of bread in the UK diet: An update. Nutrition Bulletin 

475 45:133-164.



476 Lovegrove A, Pellny TK, Hassall K et al. (2020) Historical changes in the contents and 

477 compositions of fibre components and polar metabolites in white flour. Scientific 

478 Reports 10: 5920 .

479 Morris CE & Sands DC (2003) The breeder’s dilemma – yield or nutrition? Nature 

480 Biotechnology 24: 1078-1080.

481 Murphy KM, Reeves PG & Jones SS (2008) Relationship between yield and mineral nutrient 

482 concentrations in historical and modern spring wheat varieties. Euphytica 163: 381-390.

483 Nurmi T, Nyström L, Edelmann M et al. (2008) Phytosterols in wheat genotypes in the 

484 HEALTHGRAIN diversity screen. Journal of Agricultural and Food Chemistry 56: 9710-

485 9715.

486 Piironen V, Edelmann M, Kariluoto S, et al. (2008) Folate in wheat genotypes in the 

487 HEALTHGRAIN diversity screen. Journal of Agricultural and Food Chemistry 56: 9726-

488 9731.

489 Piironen V, Lampi AM & Ekholm P (2009) Micronutrients and phytochemicals in wheat grain. 

490 In Wheat Chemistry and Technology, 4th ed.; Khan K, Shewry PR (Eds) AACC 

491 International: St. Paul, MN, 2009 pp 179-222.

492 Rakszegi, M., Lang, L., Bedo, Z., and Shewry, P. R. (2008) Composition and end-use quality of 

493 150 wheat lines selected for the HEALTHGRAIN diversity screen. Journal of Agricultural 

494 and Food Chemistry 56: 9750–9757.

495 Ribeiro M, Martinez-Quijano M, Nunes et al.  (2016) New insights into wheat toxicity: 

496 breeding did not seem to contribute to a prevalence of potential coeliac disease’s 

497 immunostimulatory epitopes. Food Chemistry 213: 8-18.

498 Sapone A, Bai JC, Ciacci C et al. (2012) Spectrum of gluten-related disorders: consensus on 

499 new nomenclature and classification. BMC Medicine 10: 13.



500 Shewry PR (2009) The HEALTHGRAIN programme opens new opportunities for improving 

501 wheat for nutrition and health. Nutrition Bulletin 34: 225-231. 

502 Shewry PR & Tatham AS (2016) Improving wheat to remove coeliac epitopes but retain 

503 functionality. Journal of Cereal Science 67: 12-21.

504 Shewry PR, Piironen V, Lampi AM et al. (2010) The HEALTHGRAIN wheat diversity screen: 

505 effects of genotype and environment on phytochemicals and dietary fiber components. 

506 Journal of Agricultural and Food Chemistry 58: 9291–9298.

507 Shewry PR, Gebruers K, Andersson AAM et al. (2011a) Relationship between the contents of 

508 bioactive components in grain and the release dates of wheat lines in the HEALTHGRAIN 

509 diversity screen. Journal of Agricultural and Food Chemistry 59: 928–933.

510 Shewry PR & Hey S (2015) The contribution of wheat to human diet and health. Food and 

511 Energy Security: doi: 10.1002/fes3.64.

512 Shewry PR, Van Schaik F, Ravel C et al. (2011b) Genotype and environment effects on the 

513 contents of vitamins B1, B2, B3 and B6 in wheat grain. Journal of Agricultural and Food 

514 Chemistry 59: 10564-10571.

515 Shewry PR, Corol D, Jones HD et al. (2017) Defining genetic and chemical diversity in wheat 

516 grain by 1H-NMR spectroscopy of polar metabolites. Molecular Nutrition & Food 

517 Research 61: 1600807.

518 Shewry PR & Hey S (2018) Do we need to worry about eating wheat? Nutrition Bulletin 41: 6-

519 13.

520 Sollid LM, Qiao S-W, Anderson RP et al. (2012) Nomenclature and listing of celiac disease 

521 relevant gluten T-cell epitopes restricted by HLA-DQ molecules. Immunogenetics 64: 

522 455-460.Theander O, Åman P, Westerlund E. et al. (1995).  Total dietary fibre 



523 determined as neutral sugar residues, uronic acid residues, and klason Lignin (The 

524 Uppsala Method): collaborative study. Journal of AOAC International 78: 1030-1044.

525 Turner AL, Lovegrove A, Michaelson LV et al. (2020) Increased bioavailability of phenolic acids 

526 and enhanced vascular function following intake of feruloyl esterase-processed 

527 wholemeal bread: a randomized, controlled, single blind, crossover human intervention 

528 trial. Clinical Nutrition In press.

529 Ueland PM, Holm PI & Hustad S (2005) Betaine: a key modulator of one-carbon metabolism 

530 and homocysteine status. Clinical Chemistry and Laboratory Medicine 43: 1069-1075.

531 Vauzour D, Rodriguez-Mateos A, Corona G et al. (2010) Polyphenols and human health: 

532 prevention of disease and mechanisms of action. Nutrients 2: 1106-31.

533 van den Broeck HC, de Jong HC, Salentijn EMJ et al. (2010) Presence of celiac disease epitopes 

534 in modern and old hexaploid wheat varieties: wheat breeding may have contributed to 

535 increased prevalence of celiac disease. Theoretical and Applied Genetics 121: 1527-

536 1539.

537 Ward JL, Poutanen K, Gebruers K et al. (2008) The HEALTHGRAIN cereal diversity screen: 

538 concept, results and prospects. Journal of Agricultural and Food Chemistry, 56: 9699-

539 9709.

540 Whelan K, Abrahmsohn O, David GJP et al. (2011) Fructan content of commonly consumed 

541 wheat, rye and gluten-free breads. International Journal of Food Sciences and Nutrition 

542 62: 498-503.

543 Zuidmeer L, Goldhahn K, Rona RJ et al. (2008) The prevalence of plant food allergies: a 

544 systematic review. Journal of Allergy and Clinical Immunology 121: 1210–1218.



545 Zeisel SH, Mar MH, Howe RC et al. (2003) Concentrations of choline-containing compounds 

546 and betaine in common foods. Journal of Nutrition 133: 1302−1307; (erratum) 133, 

547 2918−2919.

548

549 Figure Legends 

550 Figure 1. The relationships between the contents of starch (determined by NIR), protein 

551 (determined as Kjeldahl N x 5.7) and variety registration dates in wholegrain samples from 

552 the HEALTHGRAIN Diversity survey.  

553 Orthogonal regression was used to fit the line drawn in Panel A in order to take account of 

554 experimental errors in both starch and protein measurements. The fitted line explained 87% 

555 of the variation. Simple linear regression was used to fit the lines drawn in Panels B and C 

556 allowing experimental errors only in the y-axis. The fitted lines explained 8% and 13% 

557 (adjusted r2 values) of the variation respectively. Despite the small r2, both regression lines 

558 explained a statistically significant amount of the variation (p=0.00018 and p<0.0001 

559 respectively). Data are from Rakszegi et al. (2008).

560 Figure 2.  Concentration of total protein (determined as Dumas N x 5.7) (A), the ratio of 

561 gliadins to glutenins (B) and the concentrations of α-gliadin (C) and ATIs (D), in wholegrain 

562 samples from the Austrian Heritage wheats grown in 2017 (red squares) and 2018 (blue 

563 circles).  Simple linear regression lines were fitted to each variable and are included in the 

564 figure where they explained a significant amount of the variation (i.e. where p > 0.05). The 

565 line shown in Panel C explains 54% of the variation (adjusted r2) and is statistically significant 

566 p < 0.0001. Data from Call et al. (2020). 



567 Figure 3.  The contents of dietary fibre components in wholegrain samples of 123 winter 

568 wheats from the HEALTHGRAIN diversity trial. Total dietary fibre is determined by the Uppsala 

569 method with the addition of fructans. 

570 Simple linear regression lines are only shown where they are found to be significant. For 

571 fructans, this was p=0.051 explaining 2% of the variation according to the adjusted r2. Data 

572 from Andersson et al. (2013) and Gebruers et al. (2008).

573 Figure 4. The concentrations of arabinoxylan (A) and β-glucan (B) in white flour of the UK 

574 Heritage Wheats. 

575 Data are expressed in units determined by HPLC analysis of oligosaccharides released by 

576 enzyme digestion. Hence, the analyses are comparative between samples but do not provide 

577 precise concentration. Data are means of samples from three replicate plots grown for each 

578 of 3 years. Lines drawn are from simple linear regression and for arabinoxylan, back-

579 transformed from the line originally fitted on the log scale to ensure homogeneity of variance.  

580 The lines shown are statistically significant (p=0.002, p=0.032) explaining 21% (A) and 10% (B) 

581 of the variation. Data from Lovegrove et al. (2020).

582 Figure 5. The concentrations of soluble metabolites in white flour samples from the UK 

583 Heritage lines.

584 Data are means of samples from three replicate plots grown for each of 3 years. Lines are 

585 from simple linear regression. In the case of asparagine, total sugars and betaine, the lines 

586 shown are the back-transformed line originally fitted on the log scale to ensure homogeneity 

587 of variance.  Lines are shown when the estimated trend was statistically significant (p=0.010, 

588 p=0.0045, p<0.0001 and p=0.0037, for total amino acids, asparagine, total sugars and betaine, 

589 respectively) explaining 15%, 19%, 41% and 19% of the variation according to the adjusted r2, 

590 respectively. Data from Lovegrove et al. 2020.



591 Figure 6. Contents of phytochemicals, including Vitamin E (α-tocopherol) (D) and Vitamin B9 

592 (folate) (F) in wholegrain samples from the HEALTHGRAIN Diversity trial. 

593 Lines are from simple linear regression, where the trend was statistically significant. In the 

594 case of total phenolic acids, the line shown is the back-transformed line originally fitted on 

595 the log scale to ensure homogeneity of variance. Lines are shown where the estimated trend 

596 was statistically significant (p=0.004, p=0.008 and p=0.068, for total phenolic acids, total 

597 tocols and total stanols and sterols, respectively) explaining 5%, 4% and 2% of the variation 

598 according to the adjusted r2, respectively. Data from Li et al (2008), Lampi et al (2008), Nurmi 

599 et al (2008) and Piironen et al (2008).

600


