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Summary 14 

Dissection of the genetic basis of ionome is crucial for the understanding of the physiological 15 

and biochemical processes underlying mineral accumulation in seeds, as well as for efficient 16 

crop breeding. Most of the elements essential for plants are metals stored in seeds as chelate 17 

complexes with phytic acid or sulfur-containing compounds. We assume that the involvement of 18 

phosphorus and sulfur in metal chelation is the reason for strong phenotypic associations within 19 

ionome. Thus, we adjusted element concentrations for the effect of variation in phosphorus and 20 

sulfur seed content. The genetic architecture of wheat grain ionome was characterize by QTL 21 

analysis using a cross between durum and wild emmer wheat. Adjustment for variation in P and 22 

S drastically changed phenotypic associations within ionome and considerably improved QTL 23 

detection power and accuracy, resulting in identification of 105 QTLs and 437 QTL effects for 24 

11 elements. A search for candidate genes revealed some strong functional associations of genes 25 

involved in transport and metabolism of ions and elements. Thus, we have shown that accounting 26 

for variation in P and S is crucial for understanding of the physiological and genetic regulation of 27 

mineral composition of wheat grain ionome and can be implemented for other plants. 28 

Key words: grain ionome, chelates, QTL analysis, biofortification, wild emmer wheat, GPC 29 

Introduction 30 

Metabolism of mineral nutrients plays a crucial role in regulation of most of the biochemical and 31 

physiological processes in plants. The ionome is defined as the composition of mineral nutrient 32 

and trace elements in a single cell, tissue, organ, or the whole plant (Salt et al., 2008). Seeds 33 

comprise a major part of the plant reproductive structure and represent developmental end point 34 

that can recapitulate genetic and environmental effects that influenced the ionome of a certain 35 

organism during its life cycle (Baxter et al., 2014). Furthermore, mineral nutrients of food crop 36 

seeds are essential part in human nutrition. For example, deficiency in zinc and iron in human 37 

diet was defined as ‘hidden hunger’ and affects about 2 billion people worldwide, mainly in 38 

developing world (Gregory et al., 2017; Cakmak & Kutman, 2018). 39 

The list of mineral elements essential for plants is comprised of macroelements, such as nitrogen 40 

(N), phosphorus (P), potassium (K), sulfur (S), calcium (Ca), magnesium (Mg), and 41 

microelements, such as iron (Fe), manganese (Mn), copper (Cu), zinc (Zn), molybdenum (Mo), 42 
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boron (B), chloride (Cl) and nickel (Ni) (Kirkby, 2012). Plants uptake and accumulate also a 43 

number of non-essential elements, such as aluminum (Al), arsenic (As), cadmium (Cd), cobalt 44 

(Co), selenium (Se), strontium (Sr), and rubidium (Rb) (Kirkby, 2012), which can be toxic at 45 

high concentrations. Ionome homeostasis is regulated by genetic and physiological mechanisms 46 

(Baxter, 2009), which are strongly dependent on the environmental conditions (Asaro et al., 47 

2016), such as soil mineral composition. Understanding of the genetic regulation of the seed 48 

elemental network is a crucial target for basic plant biochemistry and physiology studies, as well 49 

as for crop breeding. 50 

Positive associations within cereal grain ionomes were reported recently (Shakoor et al., 2016; 51 

Pandey et al., 2016), calling for identification of the underlying factors. One of the explanations 52 

of this phenomenon at the genetic level is pleiotropic effect of specific genes (Tester, 1990); 53 

another one is “dilution effect” (Davis, 2009; Shewry et al., 2016) when the increase in 54 

accumulation of carbohydrates dilutes the concentration of minerals in the seeds. From 55 

biochemical point of view, positive associations can be explained by similarity of the chemical 56 

nature of the elements (Pauli et al., 2018). 57 

Homeostasis of the critical elements for plant growth, such as N, P and S, affects all plant 58 

developmental stages (Amtmann & Armengaud, 2009). However, towards the end of the plant’s 59 

life cycle, organic compounds and minerals are remobilized and stored in the seeds to ensure 60 

their successful germination (Galili, 1997; Raboy, 1997). N, P and S are playing crucial role in 61 

seed metal accumulation, since they compose the chelate complexes that are storing the majority 62 

of the essential elements (Rauser, 1999). For example, 80% of P is stored in seeds as phytic acid 63 

known to be a major metal chelator (Lott et al., 2000). N is known as a major element for 64 

building storage proteins in cereal grains (Muench & Okita, 1997), but also play an important 65 

role in metal chelation (Rauser, 1999). Furthermore, S is serving as a major element of S-rich 66 

storage proteins (Shewry et al., 2001), and was found in many compounds that were shown to be 67 

tightly linked to trace element homeostasis (Na & Salt, 2011), such as phytochelatins and 68 

metallothioneins (Cobbett & Goldsbrough, 2002). 69 

Biofortification is the strategy used for improvement of nutritionalquality and mineral content in 70 

food crops through genetic enhancement (Neeraja et al., 2017; Bouis & Saltzman, 2017). 71 

Biofortification is mostly focused on the increase of grain protein (N), Fe and Zn contents, by 72 
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using genetic and agronomic approaches (Cakmak et al., 2010; Tiwari et al., 2016), with less 73 

attention given to the complex relationships between these target element and other elements 74 

(White & Broadley, 2009). The ionomics approach can improve the efficiency of 75 

biofortification, by providing a better understanding of the relationships between elements, and 76 

avoiding the accumulation of antinutrient components (Thompson, 1993) and simultaneously 77 

minimizing the increase of concentration of non-essential elements (Schroeder et al., 2013). 78 

Association analysis is increasingly used for identification of chromosomal regions affecting 79 

mineral accumulations (Alomari et al., 2017; Kumar et al., 2018), and ionomic traits (Shakoor et 80 

al., 2016; Ziegler et al., 2018). Yet, quantitative trait loci (QTL) analysis, based on segregating 81 

mapping populations, remains an important approach for genetic dissection of elemental 82 

accumulation (Gu et al., 2015; Velu et al., 2017; Huang et al., 2017). The recent  development  83 

of wheat high-throughput SNP genotyping assays (Wang et al., 2014) and the assembly of 84 

reference genomes for wild emmer wheat (Triticum turgidum ssp. dicoccoides, WEW) (Avni et 85 

al., 2017) and hexaploid bread wheat (T. aestivum) (Appels et al., 2018) allow linking between 86 

QTL analysis and annotated genome assemblies for the identification of candidate genes (CG). 87 

These advanced resources serve as the basis for fast fine mapping and cloning of target genes, as 88 

well as for understanding of their involvement in physiological and biochemical processes. 89 

WEW is the progenitor of cultivated wheat and its germplasm is an important source for genetic 90 

variation of agronomic traits (Huang et al., 2016; Klymiuk et al., 2019), including nutrient and 91 

mineral quality (Chatzav et al., 2010). Tetraploid durum wheat (T. turgidum ssp. durum, 2n = 4x 92 

= 28, BBAA) is employed as a bridge (Klymiuk et al., 2019) for transferring of exotic alleles 93 

from WEW into hexaploid bread wheat (2n=6x=42, BBAADD). We previously evaluated WEW 94 

genotypes for grain mineral concentrations (Gomez-Becerra et al., 2010a) and identified QTLs 95 

affecting grain mineral content in a RIL population derived from a cross between durum wheat 96 

Langdon (hereafter LDN) and WEW accession G18-16 (L×G) using an old marker systems of 97 

SSRs and DArTs (Peleg et al., 2009a). Recent SNP genotyping of L×G RILs allowed us to 98 

improve the quality of the genetic map with over four-fold higher amount of skeletal 99 

(framework) markers (1,369 vs. 307 in previous map) and five-fold smaller average interval 100 

length between adjacent markers (1.3 cM vs.7.5 cM) (Fatiukha et al., 2019). 101 
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The main goal of this study was to dissect the genetic basis of wheat grain ionome, while 102 

accounting for interdependent factors that can hide possible genetic variation and shape the 103 

elemental composition in grains. Comprehensive phenotyping of 11 grain elements and 17 104 

complex traits related to yield, morphology, phenology and physiology was obtained under 105 

contrasting water regimes for L×G RIL population and allowed us to uncover three factors that 106 

are strongly associated with all elements: i) yield, ii) P, and iii) S concentrations. We assume that 107 

the involvement of P and S in metal chelation is the reason for their associations within ionome, 108 

thus, we propose to use them as estimators of chelators. Mapping of the traits adjusted for 109 

variation in P and S resulted in a considerable improvement of QTL detection power and 110 

accuracy. The obtained results showed that this adjustment is crucial for understanding of the 111 

physiological and genetic regulation of mineral composition of wheat grain ionome. We further 112 

used the whole genome assembly of WEW (Avni et al., 2017) for identification of promising 113 

candidate genes (CGs) that are associated with the ionome traits. 114 

Materials and Methods 115 

Plant material and growth conditions 116 

The RIL L×G population derived from a cross between durum wheat (T. durum, cv. LDN) and 117 

WEW (accession G18-16) has been described previously (Peleg et al., 2009b; Fatiukha et al., 118 

2019)). The population (150 F6 RILs) was grown under three environments across two growing 119 

winter seasons (2004–2005 and 2006–2007) in an insect-proof screen-house at the experimental 120 

farm of the Hebrew University of Jerusalem in Rehovot, Israel. The field soil was brown-red 121 

degrading sandy loam, composed of 76% sand, 8% silt and 16% clay. Two irrigation regimes 122 

were applied using drip water system in a first year of experiment, well-watered (WW05, 750 123 

mm) and water-limited (WL05, 350 mm), and only well-watered regime (WW07, 720mm) was 124 

applied in a second year of experiment (for further details see Peleg et al., 2009). 125 

SNP genotyping and high-density genetic map 126 

Single nucleotide polymorphism (SNP) genotyping of 150 F7 lines was performed using the 127 

Illumina Infinium 15K Wheat platform, developed by TraitGenetics, Gatersleben, Germany 128 

(Muqaddasi et al., 2017), consisting of 12,905 SNPs selected from the wheat 90K array (Wang et 129 
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al., 2014). The genetic map contained 4,015 SNPs that represent 1,369 unique loci (skeleton 130 

markers) and covered 1835.7 cM (for more details see Fatiukha et al., 2019). 131 

Phenotypic traits 132 

Seed samples were digested in a closed microwave system and phenotyped for the elemental 133 

concentrations of Al, Ca, Cu, Fe, K, Mg, Mn, P, S, and Zn using inductively coupled plasma-134 

optical emission spectroscopy (ICP-OES; Vista-Pro Axial; Varian Pty Ltd, Australia). Certified 135 

values of reference grain samples, received from the National Institute of Standards and 136 

Technology (NIST; Gaithersburg, MD, USA), were used for validation of the measurements. 137 

Concentrations of N in the samples were determined using C/N analyzer (TruSpec CN, Leco 138 

Co., USA), while grain protein concentration (GPC) was calculated by multiplying N percentage 139 

with conversion factor of 5.83 (Merrill & Watt, 1973). Phenotypes of 17 complex traits: grain 140 

yield (GY), thousand kernel weight (TKW), kernel number per spike (KNSP), harvest index 141 

(HI), spike dry matter (SpDM), total dry matter (TotDM), carbon isotope ratio (δ13C), osmotic 142 

potential (OP), chlorophyll content (Chl), flag leaf rolling (LR), culm length (CL), days from 143 

planting to heading (DP-H), days from heading to maturity (DH-M), vegetative dry matter 144 

(VegDM), spike length (SpL), flag leaf length (FLL), and flag leaf width (FLW) were collected 145 

in the first year of the experiment, as described in Peleg et al., (2009b) and Fatiukha et al., 146 

(2019). 147 

Adjusted trait values of 11 elements were obtained by calculating the residuals of a linear 148 

regression between the means of the corresponding initial trait values and mean values of 149 

‘adjusting’ factors (subsequently GY, P and S), in order to reduce the biases caused by variations 150 

in productivity and the structural elements P and S. GPC adjusted for variation in GY was 151 

defined, according to Oury & Godin (2007), as grain protein deviation (GPD). QTL analysis was 152 

conducted for four sets of phenotypic traits: the set of initial traits and three sets of adjusted 153 

traits. 154 

Statistical analysis of phenotypic data 155 

The BioVinci software (BioTuring, San Diego, CA, USA) was used for statistical analyses, 156 

including correlation, regression, principal component (PCA) and analyses of variance 157 
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(ANOVA). Phenotypic values of initial and adjusted traits were tested for normal distribution. 158 

Correlation network analysis was conducted with the Software JASP 0.9 (JASP Team). 159 

QTL analysis 160 

QTL analysis was performed with MultiQTL software package (http://www.multiqtl.com) using 161 

the general interval mapping (IM) procedure. Single-QTL and two-linked-QTL models were 162 

used for detection of genetic linkage for each trait in each environment, separately (Korol et al., 163 

2009). Multi-environment analysis (MEA) was conducted by joint analysis of trait values scored 164 

in three environments (WL05, WW05 and WW07). Multiple interval mapping (MIM) was used 165 

for reducing the residual variation for each QTL under consideration, by taking into account 166 

QTLs that reside on other chromosomes (Kao et al., 1999). The significance of the detected QTL 167 

effects was tested with 3000 permutation runs. Significant models were further analyzed by 3000 168 

bootstrap runs to estimate the standard deviations of the chromosomal position and QTL effect. 169 

In the case of overlapping QTL effects, the detected QTL was designated as multi-trait QTL, 170 

while the co-location of effects on the initial and adjusted traits was considered as a single-trait 171 

QTL. 172 

Candidate gene analysis 173 

The annotated gene models of ‘Zavitan’ genome assembly (Avni et al., 2017) were used to 174 

generate a list of genes residing within each QTL interval (1.5 LOD support interval of QTL 175 

effect with the highest LOD score), based on the physical positions of SNP markers that were 176 

previously assigned by Fatiukha et al., (2019). Potential candidate genes were selected from this 177 

list using functional annotations associated with ‘transport’ and ‘metabolism’ of ions and 178 

elements. 179 

Results 180 

Phenotypic variation in GPC and element concentrations 181 

All 11 initial traits exhibited a wide range and transgressive segregation for the RIL population 182 

under three environments (WL05, WW05 and WW07) over 2 years (Figure 1, Figure S1 and 183 

Table S1). Most of the traits approximately fit normal distribution under all environments, except 184 

for Al under WW07 (Figure S1). ANOVA showed highly significant effects (P≤0.001) of 185 
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environments and years for all traits (Table S1). Traits under WW05 showed reduction in 186 

concentrations of most of the elements, except for Mg and Mn, compared to WL05. A 187 

comparison between the two well-watered environments (WW05 and WW07) showed lower 188 

concentrations for most of the elements, except for Al, Cu and Mg, across RILs under WW07 189 

(Figure 1). Interestingly, the wild parent (G18-16) showed higher or similar concentrations of 190 

elements compared to the cultivated parent in well-watered environments for most of the traits, 191 

and lower for some of the elements under water-limited conditions (Table S1). Genotype effect 192 

was highly significant (P≤0.001) for most of the traits across environments, except for Al under 193 

WL05 and WW05 (0.01<P<0.05), and non-significant for Mn under WL05 (Table S1). Traits 194 

adjusted to variation in P and S showed similar ranges, although the traits adjusted to variation in 195 

GY showed more narrow ranges compared to the traits adjusted to variation in P and S (Table 196 

S2). 197 

Phenotypic associations within wheat grain ionome 198 

Correlation analysis within ionome showed strong positive associations between most of the 199 

initial traits under all environments (see correlation networks in Figure 2, Table S3-S5). Three 200 

traits (Mg, P, and Zn) were positively correlated with all of the other traits, and GPC was not 201 

associated only with Al under WL05. In WW05 only Mg displayed significant positive 202 

correlations with all other traits, while Al and Mn showed lower associations with other traits in 203 

WW05 compared to WL05. The correlation analysis revealed two main differences in 204 

associations under WW07 compared to WW05: (i) only three significant correlations between K 205 

and other elements, and (ii) more strong associations of Mn with other traits. Although 206 

significant effects of irrigation and years on traits were obtained by ANOVA, the associations 207 

between elements showed common patterns across all environments. 208 

We have applied adjustment of GY variation to avoid such potential biases associated with 209 

“dilution effect” (Davis, 2009). Unexpectedly, adjustment for variation in GY did not change the 210 

associations within the ionome (Figure 3, Table S6-S7). However, adjustment for variations in P 211 

and S has resulted in a strong reduction in the associations within the ionome (Figure 3, Table 212 

S8-S10), supporting our idea that these two elements play strong unifying effect on other 213 

elements and can be used for estimation of the amount of storage chelators in grains. The 214 

adjustment for variation in P caused a stronger relaxation in correlations than that of S, although 215 

some of the associations continued to be tight, e.g., for Fe-Zn-Cu-GPC. In addition, this 216 
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adjustment uncovered negative associations between K concentrations and some other elements. 217 

In addition, both adjustments showed some environment- and trait-specific associations (Figure 218 

3). 219 

PCA conducted for all 11 elements showed that the first two PCs accounted collectively for 57%, 220 

52.7% and 52.5% of the variations for WL05, WW05 and WW07, respectively (Figure S2). A 221 

clear clustering of three groups was shown for the first year's data: (i) essential microelements 222 

(Cu, Fe and Zn) with GPC and S; (ii) P and Mg with Mn; and (iii) K and Ca with the non-223 

essential Al. The WW07 PCA based on element concentrations s showed strong differences from 224 

the WWO5 data, with Al and K located outside of the group of all other elements. The first two 225 

main components of the adjusted traits PCA explained around 50% of the variation. PCA for 226 

GY- and S-adjusted traits showed a clustering pattern similar to that of the initial traits in WL05 227 

and WW05. On the contrary, PCA for S-adjusted traits under WW07 showed clear clustering 228 

into two groups, where the first group contained Cu, Fe, Mn and Zn, and the second group 229 

included Mg, P, GPC and Al, while Ca and K showed lower associations with the other 230 

elements. PCA for P-adjusted traits showed the strongest change in clustering compared to those 231 

of the initial traits, with more clear environmental differences in the clusters. The major 232 

difference for P-adjusted traits is that K was loaded aside from the other elements. PCA of P-233 

adjusted traits under WL05 showed the following clustering: (i) Fe, Cu and GPC; (ii) Mg, Al and 234 

Mn; and (iii) Zn and S, with Ca loading outgroup. Different associations were observed for these 235 

traits under WW05: (i) Zn, Fe and GPC; (ii) Cu and S; (iii) Mg and Mn; and (iv) Ca and Al. 236 

Three clusters can be seen for the adjusted traits in WW07: (i) Ca and Al; (ii) Cu, Fe, Mn and 237 

Zn; and (iii) Mg, GPC and S. 238 

The effect of the adjustment of the RIL phenotypic variation in the ionome traits s was assessed 239 

using rank correlation (Kendall's Tau) between the initial and the adjusted trait values (Table 240 

S12). High correlation implies low adjustment x genotype interaction and vice versa. Lower 241 

interaction of all adjustments were observed for the adjusted Al, Ca and Mn concentrations and 242 

higher effects were observed for GPC, Mg and Zn. 243 

Phenotypic association of grain ionome with other complex traits 244 

The relationships between the ionome and a set of complex traits were characterized by 245 

estimation of correlations between the 11 elements and 17 complex traits representing yield, 246 

morphology, phenology and physiology, obtained under WL05 and WW05 (Peleg et al., 2009b; 247 
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Fatiukha et al., 2019). Most of the ionome traits, except Mn, showed negative associations with 248 

yield, biomass related traits, and CL, with stronger negative associations obtained under WL05 249 

(Figure 2, Table S12). SpL and leaf morphology traits (FLW and FLL) showed weak positive 250 

associations (0.17-0.28) with some of the ionome traits under WW05. Stronger associations 251 

(0.32-0.33) of SpL with Cu and Fe were observed under WL05. In contrast to WW05, 252 

associations of some of the ionome elements with FLL under WL05 were negative. Most of the 253 

physiological traits showed weak correlations with concentrations of elements under both, WW 254 

and WL, conditions. Phenological traits showed “trade of” in associations with some of the 255 

elemental traits: DP-H was positively and DH-M negatively associated with the ionome traits, 256 

with strongest correlations observed under WW05. Correlations of traits adjusted to GY showed 257 

considerable reduction of the negative associations with most of the yield related traits, whereas 258 

associations between other complex traits remained approximately the same (Figure 2). 259 

Genetic architecture of initial and adjusted traits 260 

The strong interdependence between most of the elements, both with productivity and chelators, 261 

required adjustment of these traits prior to QTL analysis to avoid biases due to unaccounted 262 

phenotypic variation caused by these factors. In total, four sets of traits were used for QTL 263 

analysis: one set of 11 initial traits and three sets of traits adjusted for variation in GY, P or S 264 

concentrations. QTL analysis of all four sets of traits revealed 437 QTL effects distributed along 265 

105 QT loci (Figure 4, Table 2, Table S13-S14). Out of the 105 QTLs, 68 exhibited pleiotropic 266 

effects on two or more traits, while37 of them affected only one trait (co-location of effects on 267 

the initial and the adjusted traits was considered as a single-trait QTL). A total of 33 QTLs 268 

affected only the adjusted traits, whereas the other 72 QTLs represented combinations of effects 269 

on the initial and adjusted traits, of which 38 QTLs displayed pleiotropic effects on the adjusted 270 

traits, despite of no effect on the corresponding initial trait.  271 

The presence/absence of QTL effects on the adjusted traits were used for classification of QTLs 272 

in relation to the “adjusting factor’, i.e. GY, P or S (summarized in Table 1). In case of co-273 

localization of the initial and the adjusted QTL effects, the effect of the QTL was referred to as 274 

“independent” from the corresponding factor. In case of the absence of adjusted QTL effects, 275 

when an effect on the initial trait was detected, QTL was classified as “dependent” on the 276 

corresponding adjusting factor. The detected QTLs were referred to as “hidden” in cases of 277 

detection of significant effects on the adjusted traits only. 278 
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Mapping of the adjusted traits considerably improved the QTL detection power enabling 279 

identification of new QTL effects compared to those detected on initial traits (Figure 4-6, Table 280 

S13). For example, we detected 24 QTLs with effect on Mg concentration. Out of them, 15 281 

QTLs were found for the adjusted traits only (Figure 6), 5 QTLs showed an increase in LOD 282 

score for adjusted traits compared to that of the initial traits (Figure 5), and the remaining 4 283 

QTLs displayed a decrease of the LODs for the adjusted traits. For Cu concentration, 14 QTLs 284 

out of 33 were detected for adjusted traits only (Figure 6), LOD scores were increased for 11 285 

QTLs (Figure 5) and decreased for 8 adjusted traits. 286 

Since one parent of the studied RIL population was WEW, it was interesting to compare positive 287 

effects on concentrations of elements conferred by cultivar vs. wild alleles (Figure 7). A clear 288 

advantage of WEW as a source of positive alleles was shown for GPC and S (see Fig. 7) 289 

indicating that the employed WEW genotype can be considered as a promising source for 290 

increasing protein and S content. The advantage of WEW for other traits (Cu, Mg and Zn) is less 291 

preannounced and may vary upon comparisons to other cultivated genotypes. 292 

Shared genetic basis of wheat grain ionome 293 

We have ranked the ionome elements according to the total number of co-localized QTL effects 294 

with other traits: S (58) > Fe (51) > Ca (48) = Cu (48) > P (47) > Zn (43) > GPC (42) > Mg (38) 295 

> K (37) > Mn (24) > Al (18) (Table S15). The maximum number of common QTLs, providing 296 

an indication for a shared regulation, was found for Fe/Zn (12), and GPC/S (11). On average, 297 

each element has about four common QTLs with other elements, while only Mn and Al exhibited 298 

no shared QTL effects (Table S16). The non-essential element Al showed the weakest QTL co-299 

localization with other elements (on average 1.6), and Mn was found as second in weak co-300 

regulation with other element (2.2 common QTLs on average). The adjustment of element 301 

concentrations for variation in yield, P, and S, allowed us to improve the QTL detectability and 302 

the mapping accuracy, leading to more objective conclusions about co-localization of QTL 303 

effects for different traits. These adjustments resulted in the detection of 24 additional common 304 

QTL effects, on average, for each element, with the lowest number for Mn (10) and the highest 305 

number for S (36) (Table S16). 306 

We have compared the obtained results on common QTLs for the different ionome elements also 307 

with the phenotypic associations of these elements, in the RIL population, based on correlation 308 
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analysis (described in section Phenotypic association within wheat grain ionome) (Table S17). 309 

For most of the combinations, we found rather strong correspondence between the level of co-310 

localization and phenotypic associations. However, some of the combinations showed 311 

unbalanced ranks of phenotypic associations with the obtained genetic architecture (Table S17), 312 

which can be explained by the presence of QTLs with opposite increasing trait value (ITV) 313 

alleles or differences in the effects (e.g. percent of explained variation, PEV) for the associated 314 

traits (Table S15). Yet, some of the elements showed only a minor level of co-localization of 315 

QTL effects, despite the rather strong phenotypic associations, as demonstrated by Mg-P and 316 

GPC-P. 317 

Candidate genes 318 

In our previous study (Fatiukha et al., 2019), we have anchored most of the SNPs used in the 319 

current QTL mapping to the annotated reference genome of WEW (Avni et al., 2017). Thus, we 320 

were able to estimate the physical intervals of the detected QTLs using the relative proportion 321 

between the physical and genetic positions of those SNPs and the 1.5 LOD support interval of 322 

the detected QTLs. The physical interval lengths of the QTLs ranged from 4.4 to 455.6 Mbp with 323 

the number of genes within these intervals varying from 25 to 1740 (Tables S14, S18). The 324 

distribution of the physical lengths of QTLs showed a clear partition into two groups: (i) up to 325 

150 Mbp (with sub-telomeric and mid-arm locations), and (ii) longer than 250 Mbp (located 326 

mostly in pericentromeric regions). According to the gene models described in Avni et al., 327 

(2017), the support intervals of 51 out of the 105 detected QTLs included less than 200 high 328 

confidence (HC) genes per interval, therefore, allowing to conduct a search for the underlying 329 

CGs. 330 

We have focused on genes involved in transport and metabolism of ions and elements as 331 

potential CGs and selected a total of 691 CGs within all of the QTL intervals (Table S19). We 332 

have identified some strong associations of CG with specific function that directly matched the 333 

established QTL effects (Table 2). For example, three QTLs (3A.3, 5B.4 and 7B.1) with strong 334 

effects on Ca concentration (LOD scores 11.2, 14.6 and 20.6, respectively) included CG related 335 

to Ca metabolism: TRIDC3AG040050 (two pore calcium channel protein 1), TRIDC5BG045550 336 

(calcium-transporting ATPase), and TRIDC7BG001820 (cation calcium exchanger 4). Strong 337 

associations for Cu (2B.6, 5A.1, and 7A.6 with LODs 20.1, 17.7, and 6.6, respectively) and Fe 338 
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(1A.2, 2B.4, and 7A.6 with LODs 9.2, 5.2, and 10.0, respectively) included the following genes: 339 

TRIDC2BG062440 (copper-transporting ATPase 1), TRIDC5AG004320 (copper-transporting 340 

ATPase PAA), TRIDC7AG058420 (copper-transporting ATPase 1), TRIDC1AG015400 (4Fe-4S 341 

ferredoxin, iron-sulfur binding protein), TRIDC2BG050320 and TRIDC7AG058580 (vacuolar 342 

iron transporter 1). The strongest QTL affecting K (6A.3 with LOD 9.5) included three genes 343 

related to the potassium transporter family (TRIDC6AG029740, TRIDC6AG044480, and 344 

TRIDC6AG044820).  345 

In addition, we found a few families of genes that were more frequently present within QTL 346 

intervals than representatives of other families. For example, we identified 77 genes related to 347 

heavy metal transport/detoxification superfamily proteins; 14 genes associated with metal 348 

tolerance; 43 genes related to the NAC domain containing proteins; and 46 genes related to the 349 

NRT1/PTR family. Although some of the QTL effects had strong functional associations with 350 

the identified CGs (Table 2), families of genes that are associated with a specific element can be 351 

involved also in metabolism of other elements due to the similarity in the chemical properties. 352 

For example, we have identified 33 and 23 genes involved in Zn and Cu transport, respectively; 353 

similarly, 32 and 26 genes were associated with Ca and Mg transport, respectively. Identification 354 

of CGs associated with P and S metabolism was limited due to the complexity of their genetic 355 

regulations; thus, such candidate genes can be identified in almost each QTL interval. In total, 356 

we have identified 39 CGs associated with phosphate transport, 47 glutathione CGs, and 16 CGs 357 

associated with sulfate transport. The well-known gene Gpc-B1, which is involved in 358 

remobilization of proteins and micronutrients in wheat (Uauy et al. 2006), was found in the 6B.3 359 

GPC QTL interval. In addition, Vrn-B3 was found to reside in the the 7B.1 QTL, which showed 360 

effects on eight ionome traits, making it a strong CG conferring these traits. 361 

Discussion  362 

The recent plant ionomics studies show a substantial progress in the understanding of the genetic 363 

regulations of elemental metabolism (Huang & Salt, 2016). Although rich ionome data is now 364 

available for different plant species (Baxter et al., 2007), the extent of ionome studies in wheat is 365 

still limited. A major advance in plant iomonics was achieved by the analysis of the elemental 366 

composition as a network that enables to dissect the relationships and interdependence between 367 

the elements (Baxter, 2015). Some of the associations between elements can be explained by the 368 
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common biochemical nature and biological function they share in plants (Pauli et al., 2018). Yet, 369 

other elements, also showing strong phenotypic associations, for example, between P and Mg in 370 

cereal grains (Shakoor et al., 2016), cannot be explained using this hypothesis due to their 371 

different chemical nature and metabolic roles in plants. Overlooking these differences can lead to 372 

wrong interpretations, where, for example, association between two elements can be induced by 373 

a third one. Furthermore, when applying genetic analyses, such as QTL and GWAS, this can lead 374 

to biases in mapping due to incorrect (biased) phenotypes. The working hypothesis of our study 375 

was based on the assumption that two major structural elements of chelators, P and S, shape the 376 

elemental composition of wheat grain ionome. Although variation in chelate accumulation was 377 

proposed earlier as an important factor that can alter element level in plants (Baxter, 2009), we 378 

did not encounter studies that implement this idea in genetic analysis. In this study, our main 379 

goal was to dissect the genetic architecture of wheat grain ionome. Thus, we conducted QTL 380 

analysis of both, the initial elemental grain concentrations, as well as of the traits adjusted for P 381 

and S, in order to reduce the biases caused by their phenotypic associations with other elements. 382 

Furthermore, we adjusted the element concentrations for the variation in productivity in order to 383 

avoid  the “dilution effect” (Davis, 2009), as another source of biases. 384 

The approach of adjusted traits based on residuals from regression was previously demonstrated 385 

for accounting variation in weight of grains in ionome studies (Shakoor et al., 2016), as well as 386 

for accounting for the negative correlations commonly observed between yield and GPC (Oury 387 

& Godin, 2007).. In the current study, the adjustments for variation in P and S showed 388 

considerable effects on the phenotypic associations, while accounting for the “dilution effect” 389 

did not show obvious effects on the associations within ionome. Since phytates represent 60-80% 390 

of the total P content in seeds (Lott et al., 2000) and S compounds are intensely involved in 391 

metal chelation (Na & Salt, 2011), we used P and S concentrations as estimators for the 392 

corresponding chelators. Although, S concentration might be considered as a weak chelate 393 

estimator in comparison to P, since a high proportion of S is stored in grains as a part of storage 394 

proteins (Galili, 1997), nevertheless, a considerable improvement in QTL detectability was 395 

observed after S adjustment. Obviously, the use of direct measurement of chelators would 396 

provide a better accounting for their effects, however, practically, it cannot replace ionomics as a 397 

high-throughput phenotypic approach (Baxter, 2010). Although our approach seems to be 398 
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efficient in accounting for P and S, it cannot be used for adjusting  the variation in N containing 399 

chelators (Leitenmaier & Küpper, 2013), since most of the N is stored in grain storage proteins. 400 

The phenotypic associations, observed in our study, corroborate well with what we know about 401 

the biochemical composition of cereal grains and are in agreement with other studies of 402 

phenotypic associations within grain ionome of major cereals, such as sorghum (Shakoor et al., 403 

2016), maize (Baxter et al., 2013; Gu et al., 2015), rice (Stangoulis et al., 2007), and wheat 404 

(Morgounov et al., 2007; Gomez-Becerra et al., 2010b; Pandey et al., 2016). Most of these 405 

studies reported positive associations of the essential metal microelements- Cu-Fe-Zn with GPC 406 

and S, and the essential metal macroelements Ca-K-Mg with P in cereal grains. Phytates serve as 407 

a major storage for Mg, Ca and K in seeds (Lott et al., 2000), although other metals also can be 408 

stored in combination with phytic acid (Xue et al., 2015), especially in wheat (Ficco et al., 409 

2009). Moreover, we can assume that some negative associations of K after adjustment for P 410 

concentration can result from the competition between divalent Mg and Ca with monovalent K 411 

(Lott et al., 1985). It is also important to mention that in cereal crops, most of the plant K (over 412 

70 %) is accumulated in the straw and less K is allocated to grain (Zörb et al., 2014), thus adding 413 

another  factor that may contribute to the mentioned negative association. The strong phenotypic 414 

correlation between GPC and P is probably associated with the balance between the 415 

macroelements needed for the globoid crystal formations (Lott et al., 1985), where storage 416 

proteins may be associated with chelate complexes (Raboy et al., 1991). In the current study, we 417 

have obtained strong associations between S and GPC, which can be explained by the strong 418 

coordination of N and S metabolisms in wheat that are affecting amino acid metabolism 419 

(Howarth et al., 2008) and grain proteome (Dai et al., 2015; Bonnot et al., 2017) . Moreover, 420 

similar linkage was observed in barley when N deprivation affected also cysteine biosynthesis 421 

(Carfagna et al., 2011). The strong pleiotropic/linkage QTL effects on S and some metals 422 

observed in the current study are supported by previous publications showing that genes 423 

involved in the metabolism of S compounds affected also metal accumulation. For example, 424 

expression of wheat phytochelatin synthase gene (TaPCS1) in rice resulted in increased Cd 425 

sensitivity (Wang et al., 2012); metallothionein related genes influenced Cu accumulation in 426 

Arabidopsis (Benatti et al., 2014) and zinc accumulation in barley (Hegelund et al., 2012). In 427 

addition, S nutrition level can affect Fe accumulation in durum wheat seeds (Astolfi et al., 2018). 428 

The strong genetic associations between Fe and Zn, previously shown also in other studies 429 
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(Cakmak et al., 2010), can be explained by the shared transporters (Kobayashi & Nishizawa, 430 

2012). 431 

The elemental spatial distribution maps within cereal grains, obtained from X-ray fluorescence 432 

microscopy provide another layer of support for the consideration of P and S concentrations as 433 

estimators of chelators. Most of the published maps showed co-localization of P and S with Cu, 434 

Fe, Zn and Mn in barley and wheat grains (Lombi et al., 2011; Ajiboye et al., 2015; De Brier et 435 

al., 2016). Although, element- and tissue-specific localizations were found for different metals, 436 

the aleurone layer showed the highest co-localization of P and S with metals. In contrast, some 437 

barley genotypes showed higher accumulation of Zn in the endosperm where it can create a 438 

complex with S ligands (Detterbeck et al., 2016). The N and S nutrition levels have shown  439 

strong effects on the deposition and spatial distribution of Zn in the endosperm of wheat grain 440 

(Persson et al., 2016); similar results were obtained for biofortified wheat grains under different 441 

nutrient concentrations (Ramos et al., 2016). 442 

Ionome relationships with other complex traits, such as morphology and phenology, can alter the 443 

concentrations of elements. However, according to our data most of the other complex traits 444 

showed weak environment- and trait-specific associations with element concentrations. Only 445 

yield related traits showed a common pattern of negative association with ionome traits. 446 

Therefore, we selected GY as an integrative dilution factor that can account for the effects of 447 

most of the productivity components. Although, adjustment of variation in GY mostly did not 448 

affect phenotypic association as well as genetic architecture, the obtained results of QTL 449 

classification in relation to productivity can serve as a source of selection of more promising 450 

QTL alleles for marker assistant breeding. 451 

Although the improvement of the nutritional quality of staple crops is an important agronomic 452 

challenge (White & Broadley, 2009), most of the studies dealing with the genetic analyses of 453 

elemental composition in wheat are focused on Fe and Zn (Borrill et al., 2014) as the major 454 

malnutrition factors (Younis et al., 2015). Some studies showed strong effect of the metabolism 455 

of the structural elements (N, P and S) on plant ionome (Na & Salt, 2011; Ding et al., 2017), 456 

accounting for these effects in biofortification programs is limited and thus our approach can 457 

improve their efficiency. WEW was previously shown as a source for improvement of nutrition 458 

quality of modern wheat (Gomez-Becerra et al., 2010a; Chatzav et al., 2010; Klymiuk et al. 459 
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2019). Our results also show the potential of using WEW beneficial alleles for increasing of GPC 460 

and S grain concentrations. This is highly valuable for wheat breeding since S metabolism plays 461 

a crucial role in S-rich and S-poor storage proteins that strongly affect wheat baking quality 462 

(Shewry et al., 2001). 463 

Identification of CGs involved in regulation of elemental accumulations is an important part of 464 

grain ionomics. While QTL analysis cannot provide resolution at the level of a single gene, 465 

recent advantages in wheat genomics (Avni et al., 2017; Appels et al., 2018) allowed us to 466 

directly translate genetic intervals to sequence intervals on wheat pseudomolecules and identify 467 

CGs within chromosome segments that represent these QTL intervals. These results can serve as 468 

a solid base for future works combining transcriptome studies, allele mining and even cloning of 469 

the strong CGs. We believe that despite the relatively large number of genes that reside within 470 

ionome QTL intervals, the functional annotations of the CGs can be used for identification of the 471 

most promising ones, as demonstrated in Table 2. Obviously, the limitations caused by 472 

insufficient mapping resolution of QTL analysis may be considerably relaxed by applying our 473 

“adjustment” approach in GWAS. Following the idea of shared genetic regulation of metals, we 474 

have identified numerous heavy metal transport/detoxification superfamily genes within the 41 475 

QTL intervals. This family is involved in the regulation of the accumulation of many metals, 476 

including the essential ones (de Abreu-Neto et al., 2013). An obvious CG for the major GPC 477 

QTL identified in the current study on chromosome arm 6BS is Gpc-B1 that belongs to the NAC 478 

family of transcription factors (TFs), and was shown to be involved in the regulation of nutrient 479 

remobilization (Uauy et al., 2006). Genes related to glutathione S-transferase family were shown 480 

to be involved in Cu tolerance in rice (Li et al., 2018) and were identified in the current study 481 

within 25 QTL intervals, therefore, supporting our hypothesis that S metabolism is associated 482 

with the genetic regulation of metal accumulation. 483 

Conclusions 484 

The functional basis for the physiological, biochemical and genetic regulations of accumulation, 485 

transport, and up-take of elements in plants is an important target for fundamental and applied 486 

research studies. In this work, we have demonstrated the influence of the variation in P and S 487 

concentrations, as estimators of the corresponding chelators, on the phenotypic associations, as 488 

well as on the genetic architecture of grain ionome. We have applied a new approach for 489 
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adjustment of these effects in genetic analysis that resulted in considerable increase of the QTL 490 

detection power leading to the identification of new ionome QTLs. The obtained results showed 491 

improved correspondence between the genetic basis and the phenotypic associations, confirming 492 

the importance of understanding of the interdependence of the ionome. Our approach can be 493 

utilized in a wide range of physiological and genetic studies that are focused on the regulation of 494 

ionome or certain elements. The identification of CGs within QTL intervals provides an 495 

important basis for future studies on the genetic and molecular mechanisms controlling wheat 496 

grain ionome. In addition, the identified WEW QTL alleles leading to increase in GPC and 497 

essential elements, such as Zn and Fe, emphasize the potential of wild relatives for improvement 498 

of nutrition quality of crops. 499 

Acknowledgements 500 

The research leading to these results has received funding from the European Community's 501 

Seventh Framework Programme (FP7/ 2007-2013) under the grant agreement n°FP7- 613556, 502 

Whealbi project; the Israeli Ministry of Agriculture and Rural Development, Chief Scientist 503 

Foundation (Grants 837-0079-10 and 837-0162-14); the US-Israel Binational Agricultural 504 

Research & Development Fund (US-4916-16); and ISF grant for equipment (grant no. 2289/16 505 

and 2342/18), YS is the incumbent of the Haim Gvati Chair in Agriculture. 506 

Author Contribution 507 

A.F., A.B.K., T.K, Y.S. and T.F. designed the research; A.F. and V.K. performed the data 508 

analysis; A.F performed QTL analysis; and Z.P. performed field phenotyping; I.C. performed 509 

elemental analysis, A.F., V.K., A.B.K., and T.F. wrote the manuscript. 510 

References 511 

de Abreu-Neto JB, Turchetto-Zolet AC, de Oliveira LFV, Zanettini MHB, Margis-Pinheiro 512 

M. 2013. Heavy metal-associated isoprenylated plant protein (HIPP): characterization of a 513 

family of proteins exclusive to plants. The FEBS journal 280: 1604–1616. 514 

Ajiboye B, Cakmak I, Paterson D, de Jonge M, Howard D, P. Stacey S, alkan torun A, 515 

Aydin N, McLaughlin M. 2015. X-ray fluorescence microscopy of zinc localization in wheat 516 

grains biofortified through foliar zinc applications at different growth stages under field 517 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 17, 2019. ; https://doi.org/10.1101/580423doi: bioRxiv preprint 

https://doi.org/10.1101/580423
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 

 

conditions. Plant Soil 392: 357–370. 518 

Alomari DZ, Eggert K, von Wirén N, Pillen K, Röder MS. 2017. Genome-wide association 519 

study of calcium accumulation in grains of european wheat cultivars. Frontiers in Plant Science 520 

8. 521 

Amtmann A, Armengaud P. 2009. Effects of N, P, K and S on metabolism: new knowledge 522 

gained from multi-level analysis. Current opinion in plant biology 12: 275–283. 523 

Appels R, Eversole K, Feuillet C, Keller B, Rogers J, Stein N, Pozniak CJ, Stein N, Choulet 524 

F, Distelfeld A, et al. 2018. Shifting the limits in wheat research and breeding using a fully 525 

annotated reference genome. Science 361: eaar7191. 526 

Asaro A, Ziegler G, Ziyomo C, Hoekenga OA, Dilkes BP, Baxter I. 2016. The interaction of 527 

genotype and environment determines variation in the maize kernel ionome. G3 (Bethesda, Md.) 528 

6: 4175–4183. 529 

Astolfi S, Pii Y, Terzano R, Mimmo T, Celletti S, Allegretta I, Lafiandra D, Cesco S. 2018. 530 

Does Fe accumulation in durum wheat seeds benefit from improved whole-plant sulfur nutrition? 531 

Journal of Cereal Science 83: 74–82. 532 

Avni R, Nave M, Barad O, Baruch K, Twardziok SO, Gundlach H, Hale I, Mascher M, 533 

Spannagl M, Wiebe K, et al. 2017. Wild emmer genome architecture and diversity elucidate 534 

wheat evolution and domestication. Science 357: 93–97. 535 

Baxter I. 2009. Ionomics: studying the social network of mineral nutrients. Current opinion in 536 

plant biology 12: 381–386. 537 

Baxter I. 2010. Ionomics: The functional genomics of elements. Briefings in Functional 538 

Genomics 9: 149–156. 539 

Baxter I. 2015. Should we treat the ionome as a combination of individual elements, or should 540 

we  be deriving novel combined traits? Journal of experimental botany 66: 2127–2131. 541 

Baxter I, Ouzzani M, Orcun S, Kennedy B, Jandhyala SS, Salt DE. 2007. Purdue ionomics 542 

information management system. An integrated functional genomics platform. Plant Physiology 543 

143: 600 LP-611. 544 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 17, 2019. ; https://doi.org/10.1101/580423doi: bioRxiv preprint 

https://doi.org/10.1101/580423
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 

 

Baxter IR, Ziegler G, Lahner B, Mickelbart M V, Foley R, Danku J, Armstrong P, Salt DE, 545 

Hoekenga OA. 2014. Single-kernel ionomic profiles are highly heritable indicators of genetic 546 

and environmental influences on elemental accumulation in maize grain (Zea mays). PLOS ONE 547 

9: e87628. 548 

Bonnot T, Bancel E, Alvarez D, Davanture M, Boudet J, Pailloux M, Zivy M, Ravel C, 549 

Martre P. 2017. Grain subproteome responses to nitrogen and sulfur supply in diploid wheat 550 

Triticum monococcum ssp. monococcum. The Plant journal� 91: 894–910. 551 

Borrill P, Connorton JM, Balk J, Miller AJ, Sanders D, Uauy C. 2014. Biofortification of 552 

wheat grain with iron and zinc: integrating novel genomic resources and knowledge from model 553 

crops. Frontiers in plant science 5: 53. 554 

Bouis HE, Saltzman A. 2017. Improving nutrition through biofortification: a review of evidence 555 

from HarvestPlus, 2003 through 2016. Global Food Security 12: 49–58. 556 

De Brier N, Gomand S V, Donner E, Paterson D, Smolders E, Delcour JA, Lombi E. 2016. 557 

Element distribution and iron speciation in mature wheat grains (Triticum aestivum L.) using 558 

synchrotron X-ray fluorescence microscopy mapping and X-ray absorption near-edge structure 559 

(XANES) imaging. Plant, cell & environment 39: 1835–1847. 560 

Cakmak I, Pfeiffer WH, McClafferty B. 2010. Biofortification of durum wheat with zinc and 561 

iron. Cereal Chemistry 87: 10–20. 562 

Cakmak I, Kutman UB. 2018. Agronomic biofortification of cereals with zinc: a review. 563 

European Journal of Soil Science 69: 172–180. 564 

Carfagna S, Vona V, Di Martino V, Esposito S, Rigano C. 2011. Nitrogen assimilation and 565 

cysteine biosynthesis in barley: Evidence for root sulphur assimilation upon recovery from N 566 

deprivation. Environmental and Experimental Botany 71: 18–24. 567 

Chatzav M, Peleg Z, Ozturk L, Yazici A, Fahima T, Cakmak I, Saranga Y. 2010. Genetic 568 

diversity for grain nutrients in wild emmer wheat: potential for wheat improvement. Annals of 569 

botany 105: 1211–1220. 570 

Cobbett C, Goldsbrough P. 2002. Phytochelatins and metallothioneins: roles in heavy metal 571 

detoxification and homeostasis. Annual Review of Plant Biology 53: 159–182. 572 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 17, 2019. ; https://doi.org/10.1101/580423doi: bioRxiv preprint 

https://doi.org/10.1101/580423
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 

 

Dai Z, Plessis A, Vincent J, Duchateau N, Besson A, Dardevet M, Prodhomme D, Gibon Y, 573 

Hilbert G, Pailloux M, et al. 2015. Transcriptional and metabolic alternations rebalance wheat 574 

grain storage protein  accumulation under variable nitrogen and sulfur supply. The Plant journal 575 

83: 326–343. 576 

Detterbeck A, Pongrac P, Rensch S, Reuscher S, Pecovnik M, Vavpetic P, Pelicon P, 577 

Holzheu S, Kramer U, Clemens S. 2016. Spatially resolved analysis of variation in barley 578 

(Hordeum vulgare) grain micronutrient accumulation. The New phytologist 211: 1241–1254. 579 

Ding Z, Jia S, Wang Y, Xiao J, Zhang Y. 2017. Phosphate stresses affect ionome and 580 

metabolome in tea plants. Plant physiology and biochemistry� 120: 30–39. 581 

Fatiukha A, Deblieck M, Klymiuk V, Merchuk-Ovnat L, Peleg Z, Ordon F, Fahima T, 582 

Korol AB, Saranga Y, Krugman T. 2019. Genomic architecture of phenotypic plasticity of 583 

complex traits in tetraploid wheat in response to water stress. bioRxiv: 565820. 584 

Ficco DBM, Riefolo C, Nicastro G, De Simone V, Di Gesù AM, Beleggia R, Platani C, 585 

Cattivelli L, De Vita P. 2009. Phytate and mineral elements concentration in a collection of 586 

Italian durum wheat cultivars. Field Crops Research 111: 235–242. 587 

Galili G. 1997. The prolamin storage proteins of wheat and its relatives bt  - cellular and 588 

molecular biology of plant seed development. In: Larkins BA, Vasil IK, eds. Cellular and 589 

molecular biology of plant seed development. Dordrecht: Springer Netherlands, 221–256. 590 

Gomez-Becerra HF, Yazici A, Ozturk L, Budak H, Peleg Z, Morgounov A, Fahima T, 591 

Saranga Y, Cakmak I. 2010a. Genetic variation and environmental stability of grain mineral 592 

nutrient concentrations in Triticum dicoccoides under five environments. Euphytica 171: 39–52. 593 

Gomez-Becerra HF, Erdem H, Yazici A, Tutus Y, Torun B,  Ozturk L, Cakmak I. 2010b. 594 

Grain concentrations of protein and mineral nutrients in a large collection of spelt wheat grown 595 

under different environments. Journal of Cereal Science 52: 342–349. 596 

Gregory PJ, Wahbi A, Adu-Gyamfi J, Heiling M, Gruber R, Joy EJM, Broadley MR. 2017. 597 

Approaches to reduce zinc and iron deficits in food systems. Global Food Security 15: 1–10. 598 

Gu R, Chen F, Liu B, Wang X, Liu J, Li P, Pan Q, Pace J, Soomro A-A, Lubberstedt T, et 599 

al. 2015. Comprehensive phenotypic analysis and quantitative trait locus identification for grain 600 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 17, 2019. ; https://doi.org/10.1101/580423doi: bioRxiv preprint 

https://doi.org/10.1101/580423
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 

 

mineral concentration, content, and yield in maize (Zea mays L.). Theoretical and applied 601 

genetics. 128: 1777–1789. 602 

Hegelund JN, Schiller M, Kichey T, Hansen TH, Pedas P, Husted S, Schjoerring JK. 2012. 603 

Barley metallothioneins: MT3 and MT4 are localized in the grain aleurone layer and show 604 

differential zinc binding. Plant Physiology 159: 1125–1137. 605 

Howarth JR, Parmar S, Jones J, Shepherd CE, Corol D-I, Galster AM, Hawkins ND, 606 

Miller SJ, Baker JM, Verrier PJ, et al. 2008. Co-ordinated expression of amino acid 607 

metabolism in response to N and S deficiency during wheat grain filling. Journal of experimental 608 

botany 59: 3675–3689. 609 

Huang D, Fan Y, Hu B, Xiao Y, Chen D, Zhuang J-Y. 2017. Assessment and genetic analysis 610 

of heavy metal content in rice grain using an Oryza sativa × O. rufipogon backcross inbred line 611 

population. J Sci Food Agric 7: 17704. 612 

Huang L, Raats D, Sela H, Klymiuk V, Lidzbarsky G, Feng L, Krugman T, Fahima T. 613 

2016. Evolution and adaptation of wild emmer wheat populations to biotic and abiotic stresses. 614 

Annual review of phytopathology 54: 279–301. 615 

Huang XY, Salt DEE. 2016. Plant ionomics: from elemental profiling to environmental 616 

adaptation. Molecular Plant 9: 787–797. 617 

Kao C-H, B Zeng Z, D Teasdale R. 1999. Multiple Interval Mapping for Quantitative Trait 618 

Loci. Genetics 152:1203–1216. 619 

Kirkby E. 2012. Introduction, Definition and Classification of Nutrients. In: Marschner P, ed. 620 

Marschner’s Mineral Nutrition of Higher Plants. San Diego: Academic Press, 3–5. 621 

Klymiuk V, Fatiukha A, Huang L, Wei Z, Kis-Papo T, Saranga Y, Krugman T, Fahima T. 622 

2019. Durum wheat as a bridge between wild emmer wheat genetic resources and bread wheat. 623 

In: Miedaner T, Korzun V, eds. Woodhead Publishing Series in Food Science, Technology and 624 

Nutrition. Woodhead Publishing, 201–230. 625 

Kobayashi T, Nishizawa NK. 2012. Iron uptake, translocation, and regulation in higher plants. 626 

Annual review of plant biology 63: 131–152. 627 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 17, 2019. ; https://doi.org/10.1101/580423doi: bioRxiv preprint 

https://doi.org/10.1101/580423
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 

 

Korol A, Mester D, Frenkel Z, Ronin Y. 2009. Methods for Genetic Analysis in the Triticeae. 628 

In: Feuillet C, Muehlbauer GJ, eds. Genetics and genomics of the Triticeae. New York: Springer 629 

Science + Business Media, 163–199. 630 

Kumar J, Saripalli G, Gahlaut V, Goel N, Meher PK, Mishra KK, Mishra PC, Sehgal D, 631 

Vikram P, Sansaloni C, et al. 2018. Genetics of Fe, Zn, β-carotene, GPC and yield traits in 632 

bread wheat (Triticum aestivum L.) using multi-locus and multi-traits GWAS. Euphytica 214. 633 

Leitenmaier B, Küpper H. 2013. Compartmentation and complexation of metals in 634 

hyperaccumulator plants. Frontiers in plant science 4: 374. 635 

Li L, Hou M, Cao L, Xia Y, Shen Z, Hu Z. 2018. Glutathione S-transferases modulate Cu 636 

tolerance in Oryza sativa. Environmental and Experimental Botany 155: 313–320. 637 

Lombi E, Smith E, Hansen TH, Paterson D, de Jonge MD, Howard DL, Persson DP, 638 

Husted S, Ryan C, Schjoerring JK. 2011. Megapixel imaging of micronutrients in mature 639 

barley grains. Journal of experimental botany 62: 273–282. 640 

Lott JNA, Randall PJ, Goodchild DJ, Craig S. 1985. Occurrence of globoid crystals in 641 

cotyledonary protein bodies of Pisum sativum as influence by experimentally induced changes in 642 

Mg, Ca, and K contents of seeds. Australian Journal of Plant Physiology 12: 341–353. 643 

Lott1 JNA, Ockenden I, Raboy V, Batten GD. 2000. Phytic acid and phosphorus in crop seeds 644 

and fruits: a global estimate. Seed Science Research 10: 11–33. 645 

Merrill AL WB. 1973. Energy value of food—basis and derivation. Agricultural Handbook No. 646 

74. Washington, DC: Human Nutrition Research Branch, Agricultural Research Service, US 647 

Department of Agriculture.  648 

Morgounov A, Gomez Becerra HF, Abugalieva A, Dzhunusova M, Yessimbekova M, 649 

Muminjanov H, Zelenskiy Y, Ozturk L, Cakmak I. 2007. Iron and zinc density in common 650 

wheat grown in Central Asia. Euphytica 155: 193-203. 651 

Muench DG, Okita TW. 1997. The storage proteins of rice and oat. In: Larkins BA, Vasil IK, 652 

eds. Cellular and molecular biology of plant seed development. Dordrecht: Springer Netherlands, 653 

289–330. 654 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 17, 2019. ; https://doi.org/10.1101/580423doi: bioRxiv preprint 

https://doi.org/10.1101/580423
http://creativecommons.org/licenses/by-nc-nd/4.0/


24 

 

Muqaddasi QH, Brassac J, Börner A, Pillen K, Röder MS. 2017. Genetic architecture of 655 

anther extrusion in spring and winter wheat. Frontiers in plant science 8: 754. 656 

Na G, Salt DE. 2011. The role of sulfur assimilation and sulfur-containing compounds in trace 657 

element homeostasis in plants. Environmental and Experimental Botany 72: 18–25. 658 

Neeraja CN, Babu V, Ram S, Hossain F, K H, Rajpurohit BS, Longvah T, Prasad KS, 659 

Sandhu JS, Datta SK. 2017. Biofortification in cereals: Progress and prospects. Curr Sci 113: 6. 660 

Oury F-X, Godin C. 2007. Yield and grain protein concentration in bread wheat: how to use the 661 

negative relationship between the two characters to identify favourable genotypes? Euphytica 662 

157: 45–57. 663 

Pandey A, Khan MK, Hakki EE, Thomas G, Hamurcu M, Gezgin S, Gizlenci O, Akkaya 664 

MS. 2016. Assessment of genetic variability for grain nutrients from diverse regions: potential 665 

for wheat improvement. SpringerPlus 5: 1912. 666 

Pauli D, Ziegler G, Ren M, Jenks MA, Hunsaker DJ, Zhang M, Baxter I, Gore MA. 2018. 667 

Multivariate analysis of the cotton seed ionome reveals a shared genetic architecture. G3 668 

(Bethesda, Md.) 8: 1147–1160. 669 

Peleg Z, Cakmak I, Ozturk L, Yazici A, Jun Y, Budak H, Korol AB, Fahima T, Saranga Y. 670 

2009a. Quantitative trait loci conferring grain mineral nutrient concentrations in durum wheat x 671 

wild emmer wheat RIL population. Theoretical and applied genetics 119: 353–369. 672 

Peleg Z, Fahima T, Krugman T, Abbo S, Yakir D, Korol AB, Saranga Y. 2009b. Genomic 673 

dissection of drought resistance in durum wheat x wild emmer wheat recombinant inbreed line 674 

population. Plant, cell & environment 32: 758–779. 675 

Persson DP, de Bang TC, Pedas PR, Kutman UB, Cakmak I, Andersen B, Finnie C, 676 

Schjoerring JK, Husted S. 2016. Molecular speciation and tissue compartmentation of zinc in 677 

durum wheat grains with contrasting nutritional status. The New phytologist 211: 1255–1265. 678 

R. Baxter I, Gustin J, Settles AM, Hoekenga O. 2013. Ionomic Characterization of Maize 679 

Kernels in the Intermated B73 × Mo17 Population. Crop Sci 53: 208–220. 680 

R. Davis D. 2009. Declining fruit and vegetable nutrient composition: what is the evidence? 681 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 17, 2019. ; https://doi.org/10.1101/580423doi: bioRxiv preprint 

https://doi.org/10.1101/580423
http://creativecommons.org/licenses/by-nc-nd/4.0/


25 

 

HortScience 44: 15–19. 682 

R Benatti M, Yookongkaew N, Meetam M, Guo W-J, Punyasuk N, AbuQamar S, 683 

Goldsbrough P. 2014. Metallothionein deficiency impacts copper accumulation and 684 

redistribution in leaves and seeds of Arabidopsis. The New phytologist 202: 940–951. 685 

Raboy V. 1997. Accumulation and storage of phosphate and minerals. In: Larkins BA, Vasil IK, 686 

eds. Cellular and molecular biology of plant seed development. Dordrecht: Springer Netherlands, 687 

441–477. 688 

Raboy V, Noaman M, Allan Taylor G, G. Pickett S. 1991. Grain phytic cid and protein are 689 

highly correlated in winter wheat. Crop Science 31: 631– 635. 690 

Ramos I, Pataco IM, Mourinho MP, Lidon F, Reboredo F, Pessoa MF, Carvalho ML, 691 

Santos JP, Guerra M. 2016. Elemental mapping of biofortified wheat grains using micro X-ray 692 

fluorescence. Spectrochimica Acta Part B: Atomic Spectroscopy 120: 30–36. 693 

Rauser WE. 1999. Structure and function of metal chelators produced by plants. Cell 694 

Biochemistry and Biophysics 31: 19–48. 695 

Salt DE, Baxter I, Lahner B. 2008. Ionomics and the study of the plant ionome. Annual Review 696 

of Plant Biology 59: 709–733. 697 

Schroeder JI, Delhaize E, Frommer WB, Guerinot M Lou, Harrison MJ, Herrera-Estrella 698 

L, Horie T, Kochian L V, Munns R, Nishizawa NK, et al. 2013. Using membrane transporters 699 

to improve crops for sustainable food production. Nature 497: 60–66. 700 

Shakoor N, Ziegler G, Dilkes BP, Brenton Z, Boyles R, Connolly EL, Kresovich S, Baxter I. 701 

2016. Integration of experiments across diverse environments identifies the genetic determinants 702 

of variation in Sorghum bicolor seed element composition. Plant Physiology 170: 1989 LP-1998. 703 

Shewry PR, Pellny TK, Lovegrove A. 2016. Is modern wheat bad for health? Nature Plants 2: 704 

16097. 705 

Shewry PR, Tatham AS, Halford NG. 2001. Nutritional control of storage protein synthesis in 706 

developing grain of wheat and barley. Plant Growth Regulation 34: 105–111. 707 

Stangoulis JCR, Huynh B-L, Welch RM, Choi E-Y, Graham RD. 2007. Quantitative trait 708 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 17, 2019. ; https://doi.org/10.1101/580423doi: bioRxiv preprint 

https://doi.org/10.1101/580423
http://creativecommons.org/licenses/by-nc-nd/4.0/


26 

 

loci for phytate in rice grain and their relationship with grain micronutrient content. Euphytica 709 

154: 289–294. 710 

Tester M. 1990. Plant ion channels: whole�cell and single channel studies. New Phytologist 711 

114: 305–340. 712 

Thompson LU. 1993. Potential health benefits and problems associated with antinutrients in 713 

foods. Food Research International 26: 131–149. 714 

Tiwari C, Wallwork H, Arun B, Mishra VK, Velu G, Stangoulis J, Kumar U, Joshi AK. 715 

2016. Molecular mapping of quantitative trait loci for zinc, iron and protein content in the grains 716 

of hexaploid wheat. Euphytica 207: 563–570. 717 

Uauy C, Distelfeld A, Fahima T, Blechl A, Dubcovsky J. 2006. A NAC Gene regulating 718 

senescence improves grain protein, zinc, and iron content in wheat. Science  314: 1298–1301. 719 

Velu G, Tutus Y, Gomez-Becerra HF, Hao Y, Demir L, Kara R, Crespo-Herrera LA, 720 

Orhan S, Yazici A, Singh RP, et al. 2017. QTL mapping for grain zinc and iron concentrations 721 

and zinc efficiency in a tetraploid and hexaploid wheat mapping populations. Plant and Soil 411: 722 

81–99. 723 

Wang F, Wang Z, Zhu C. 2012. Heteroexpression of the wheat phytochelatin synthase gene 724 

(TaPCS1) in rice enhances cadmium sensitivity. Acta biochimica et biophysica Sinica 44: 886–725 

893. 726 

Wang S, Wong D, Forrest K, Allen A, Chao S, Huang BE, Maccaferri M, Salvi S, Milner 727 

SG, Cattivelli L, et al. 2014. Characterization of polyploid wheat genomic diversity using a 728 

high-density 90,000 single nucleotide polymorphism array. Plant biotechnology journal 12: 787–729 

796. 730 

White PJ, Broadley MR. 2009. Biofortification of crops with seven mineral elements often 731 

lacking in human diets--iron, zinc, copper, calcium, magnesium, selenium and iodine. The New 732 

phytologist 182: 49–84. 733 

Xue Y-F, Xia H-Y, McGrath SP, Shewry PR, Zhao F-J. 2015. Distribution of the stable 734 

isotopes 57Fe and 68Zn in grain tissues of various wheat lines differing in their phytate content. 735 

Plant and Soil 396: 73–83. 736 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 17, 2019. ; https://doi.org/10.1101/580423doi: bioRxiv preprint 

https://doi.org/10.1101/580423
http://creativecommons.org/licenses/by-nc-nd/4.0/


27 

 

Younis K, Ahmad S, Badpa A. 2015. Malnutrition: Causes and Strategies. J. Food Process. 737 

Technol. 434: 2 738 

Ziegler G, Nelson R, Granada S, Krishnan HB, Gillman JD, Baxter I. 2018. Genomewide 739 

association study of ionomic traits on diverse soybean populations from germplasm collections. 740 

Plant Direct 2: e00033. 741 

Zorb C, Senbayram M, Peiter E. 2013. Potassium in agriculture - status and perspectives. 742 

Journal of Plant Physiology 171: 656–669. 743 

 744 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 17, 2019. ; https://doi.org/10.1101/580423doi: bioRxiv preprint 

https://doi.org/10.1101/580423
http://creativecommons.org/licenses/by-nc-nd/4.0/


28 

 

Table 1 Summary of QTLs associated with grain nutrient content traits, under water limited (WL) and well-watered (WW05 and WW07) conditions. 45 
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specificity 
Relation to the factor used for adjustment 

GY Phosphorus Sulfur 

T
ot

al
 

M
ul

ti
-t

ra
it

 

Si
ng

le
-t

ra
it

 

G
18

-1
6 

L
D

N
 

W
L

05
 

W
W

05
 

W
W

07
 

In
de

pe
nd

en
t 

D
ep

en
de

nt
 

H
id

de
n 

In
de

pe
nd

en
t 

D
ep

en
de

nt
 

H
id

de
n 

In
de

pe
nd

en
t 

D
ep

en
de

nt
 

H
id

de
n 

 
GPC 19 18 1 2.2—11.3 14 5 2 1 7 4 6 0 5 7 5 3 9 3 
Aluminum, (Al) 10 8 2 2.0—3.8 3 7 3 3 1 3 2 3 3 2 3 2 3 2 
Calcium, (Ca) 22 19 3 2.3—19.6 15 7 1 1 5 5 5 4 7 4 7 8 3 7 
Copper, (Cu) 33 21 12 2.4—26.3 20 13 3 2 5 8 9 4 10 9 5 9 10 9 
Iron, (Fe) 24 19 5 2.2—14.6 7 17 2 1 3 5 10 2 10 5 2 7 8 5 
Potassium, (K) 21 18 3 2.0—9.5 9 12 3 1 3 6 6 2 6 7 6 9 4 5 
Magnesium, (Mg) 24 19 5 2.2—12.9 12 12 2 1 1 5 4 2 5 4 10 5 4 5 
Manganese, (Mn) 13 10 3 2.2—7.7 5 8 0 0 4 4 6 0 9 1 3 8 2 2 
Phosphorus, (P) 17 17 0 2.0—10.7 11 6 2 2 4 3 6 1 - - - 3 6 7 
Sulfur, (S) 26 26 0 2.5—18.9 19 7 2 0 4 6 7 3 8 9 9 - - - 
Zinc, (Zn) 21 18 3 2.2—17.2 10 11 1 4 5 3 6 0 6 4 8 6 4 4 
All 105 68 37 2.0—26.3 65** 66** 4 3 8 - - - - - - - - - 

* the total number of QTLs is lower than the total sum of QTLs effects on traits due to pleiotropic QTLs 46 

** the sum of alleles is higher than the total number of QTLs due to 26 QTLs with opposite ITV alleles for some traits 47 

# the sum of environment-specific QTLs and sums of QTLs in relation to productivity are lower than the sum of environment-specific QTL effects 48 

and the sum of QTL effects in relation to productivity due to multitrait QTLs 49 

## Increasing trait value allele 0 
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Table 2 A list of selected CGresiding within the detected QTL regions for 11 grain ionome traits. IDs and Annotation of CGs is according to WEW 1 

reference genome (Avni et al, 2017). 2 

Traits Chr. QTLs IDs of candidate genes Annotated function 

GPC 4B 
5B 
6B 
7A 

4B.2 
5B.2 
6B.3 
7A.6 

TRIDC4BG004570, TRIDC4BG004920 
TRIDC5BG006450, TRIDC5BG006510 
TRIDC6BG019590 
TRIDC7AG059770 

Protein NRT1/ PTR FAMILY 8.3, Protein NRT1/ PTR FAMILY 2.11 
Protein NRT1/ PTR FAMILY 2.11 
NAC domain protein (Gpc-B1) 
High affinity nitrate transporter 2.7 

Aluminum, 
(Al) 

1A 
 

1A.2 
1A.8 

TRIDC1AG019270 
TRIDC1AG057390 

Calcium-transporting ATPase 
PLANT CADMIUM RESISTANCE 2 

Calcium,  
(Ca) 

3A 
5B 
7B 

3A.3 
5B.4 
7B.1 

TRIDC3AG040050 
TRIDC5BG045550 
TRIDC7BG001820 

Two pore calcium channel protein 1 
calcium-transporting ATPase, putative 
cation calcium exchanger 4 

Copper,  
(Cu) 

1A 
2B 
5A 

1A.3 
2B.6 
5A.1 

TRIDC1AG037690, TRIDC1AG038820 
TRIDC2BG062440 
TRIDC5AG004320 

Cation-transporting ATPase 5, Heavy metal transport/detoxification superfamily protein 
Copper-transporting ATPase 1 
Copper-transporting ATPase PAA1, chloroplastic 

Iron,  
(Fe) 

1A 
6A 
7A 

1A.2 
6A.2 
7A.6 

TRIDC1AG028130, TRIDC1AG026830 
TRIDC6AG005140 
TRIDC7AG058580 

Heavy metal transport/detoxification superfamily protein 
Heavy metal transport/detoxification superfamily protein 
vacuolar iron transporter 1 

Potassium,  
(K) 

2B 
6A 
6B 
7A 

2B.4 
6A.3 
6B.4 
7A.5 

TRIDC2BG048260 
TRIDC6AG029740, TRIDC6AG044480 
TRIDC6BG028640 
TRIDC7AG031680, TRIDC7AG050040 

Potassium channel SKOR 
Potassium transporter family protein 
Potassium channel KAT1 
Potassium transporter 26, Glutathione-regulated potassium-efflux system protein 

Magnesium,  
(Mg) 

2A 
4A 
7A 

2A.2 
4A.3 
7A.5 

TRIDC2AG032490 
TRIDC4AG044250 
TRIDC7AG031890, TRIDC7AG047050 

Magnesium transporter MRS2-B 
Magnesium transporter MRS2-B 
Heavy metal transport/detoxification superfamily protein 

Manganese,  
(Mn) 

2A 
3A 
5A 

2A.1 
2A.1 
5A.5 

TRIDC2AG011890, TRIDC2AG011900 
TRIDC3AG027860, TRIDC3AG030720 
TRIDC5AG049910 

NAC domain protein 
Divalent metal cation transporter MntH, Heavy metal transport/detoxification superfamily protein 
NAC domain protein 

Phosphorus,  
(P) 

4A 
4B 
7A 

4A.7 
4B.1 
7A.4 

TRIDC4AG062110, TRIDC4AG062150 
TRIDC4BG001410, TRIDC4BG002220 
TRIDC7AG022170, TRIDC7AG022180 

phosphate transporter 1;5, phosphate transporter 1;1 
phosphate transporter 4;1, phosphate transporter 1;1 
Phosphate-responsive 1 family protein 

Sulfur,  
(S) 

3A 
4A 
7A 

3A.2 
4A.7 
7A.6 

TRIDC3AG010550 
TRIDC4AG058580 
TRIDC7AG052360, TRIDC7AG054490 

cysteine synthase D1 
sulfate transporter 3;4 
Glutathione S-transferase family protein, glutamine dumper 4 

Zinc,  
(Zn) 

1A 
3B 
7A 

1A.2 
3B.4 
7A.6 

TRIDC1AG014690, TRIDC1AG019100 
TRIDC3BG057740 
TRIDC7AG058500 

Zinc transporter 6, Zinc transporter ZupT 
Metal tolerance protein 5 
Zinc transporter 10 
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Figure legends 754 

Fig. 1 Distribution of 11 wheat grain ionome traits in G×L RIL population. The violin plots are 755 

showing the distribution of protein and elemental concentrations in wheat grains measured across 756 

three environments WL05, WW05 and WW07 757 

Fig. 2 Correlation networks of initial and adjusted to variation in GY ionome traits with 17 758 

complex traits. Networks were obtained for the initial traits under WL05 (A) and WW05 (B) and 759 

for the adjusted traits under WL05 (C) and WW05 (D).  760 

Fig. 3 Correlation networks within wheat grain ionome for the initial and the adjusted traits. The 761 

networks were obtained for the initial traits under WL05 (A), WW05 (B) and WW07 (C); for the 762 

traits adjusted to variation in P under WL05 (D), WW05 (E) and WW07 (F); for the traits 763 

adjusted to variation in S under WL05 (G), WW05 (H) and WW07 (I); and for the traits adjusted 764 

to variation in GY under WL05 (J), WW05 (K) and WW07 (L). 765 

Fig.4 Genomic architecture of wheat grain ionome. LOD scores, significance of QTL models, 766 

increased trait value of QTL alleles and the detected QTLs are shown for 11 initial and three sets 767 

of grain ionome traits adjusted to variations in GY, P and S for the 14 chromosomes of tetraploid 768 

wheat. 769 

Fig.5 Improvements of LOD scores and confidential intervals (represented by1.5 LOD support 770 

intervals) of QTL effects for the adjusted traits compared to the intial traits. (A) Percent of 771 

increasing of LOD scores: ΔLOD=100· (LODadjusted-LODinitial)/LODinitial. (B) Percent of 772 

decreasing of confidential intervals (CI) ΔCI=100·(CIadjusted-CIinitial)/CIinitial. 773 

Fig. 6 Total number of QTL effects identified for 11 elemental ionome traits. QTL effects for the 774 

adjusted traits were counted in this illustration only in cases of no significant effect on the 775 

corresponding initial trait. 776 

Fig. 7 Comparisons of the parental ITV allele contribution in the genetic regulation of 11 grain 777 

ionome traits detected in RIL population grown under three environments. These comparisons 778 

are based on percent of explained variation of the detected QTL effects. 779 
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Supporting Information 780 

Additional supporting information can be found in the online version of this article. 781 

Fig. S1 Phenotypic distribution of 11 ionome traits under three environments (WL05, WW05 782 

and WW07) in G×L RIL population. 783 

Fig. S2 Principal Component Analysis (PCA) of the initial and the adjusted (to variation in GY, 784 

P and S) ionome traits obtained for the G×L RIL population under three environments WL05, 785 

WW05 and WW07. 786 

Table S1 Analyses of variance (Anova), means and ranges for the 11 ionome traits. 787 

Table S2 Ranges of the adjusted ionome traits to variation in GY, P and S under the three 788 

environments WL05, WW05 and WW07. 789 

Table S3 Coefficients of correlation (r) between ionome traits under WL05.  790 

Table S4 Coefficients of correlation (r) between ionome traits under WW05. 791 

Table S5 Coefficients of correlation (r) between ionome traits under WW07. 792 

Table S6 Coefficients of correlation (r) between the adjusted ionome traits to variation in GY 793 

under Wl05 and WW05. 794 

Table S7 Coefficients of correlation (r) between the adjusted ionome traits to variation in GY 795 

under WW07. 796 

Table S8 Coefficients of correlation (r) between the adjusted ionome traits to variation in P and 797 

coefficients of correlation (r) between the adjusted ionome traits to variation S under WL05. 798 

Table S9 Coefficients of correlation (r) between the adjusted ionome traits to variation in P and 799 

coefficients of correlation (r) between the adjusted ionome traits to variation S under WW05. 800 

Table S10 Coefficients of correlation (r) between the adjusted ionome traits to variation in P and 801 

coefficients of correlation (r) between the adjusted ionome traits to variation S under WW07. 802 

Table S11 Kendall's tau coefficients of rank correlations between the initial and the adjusted 803 

traits under the three environments WL05, WW05 and WW07. 804 
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Table S12 Coefficients of correlation (r) between 17 initial traits and ionome traits in two 805 

treatments (WL05 and WW05) and GY in WW07. 806 

Table S13 Parameters of QTL effects for the 11 initial ionome traits and the adjusted to variation 807 

in GY, P and S traits in G×L RIL population under the three environments WL05, WW05 and 808 

WW07. 809 

Table S14 Summary of QTLs detected for the initial ionome traits and the adjusted to variation 810 

in GY, P and S in G×L RIL population under the three environments (WL05, WW05 and 811 

WW07). 812 

Table S15 Genetic associations between the ionome traits based on the total number of common 813 

QTLs. 814 

Table S16 Number of QTLs detected for the initial and the adjusted traits that share co-815 

localization with other traits. 816 

Table S17 Comparisons of genetic and phenotypic associations between the ionome traits. 817 

Table S18 A list of HC genes within QTL intervals. 818 

Table S19 Summary of selected CGs. 819 
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