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Abstract 

Wild emmer wheat (Triticum turgidum ssp. dicoccoides, WEW) was shown to exhibit high grain protein content 

(GPC) and therefore, possess a great potential for improvement of cultivated wheat nutritional value. A recombinant 

inbred line (RIL) population derived from a cross between T. durum var. Svevo and WEW acc. Y12-3 was used for 

construction of a high-density genetic map and genetic dissection of GPC. Genotyping of 208 F6 RILs with 15K 

wheat SNP array yielded 4,166 polymorphic SNP markers, of which 1,510 were designated as skeleton markers. A 

total map length of 2,169 cM was obtained with an average distance of 1.5 cM between SNPs. A total of 12 GPC 

QTLs with LOD score range of 2.7-35.9, and PEV of 2.6-26.6% were identified under five environments. Major 

QTLs with favorable alleles from WEW were identified on chromosomes 4BS, 5AS, 6BS and 7BL. The QTL region 

on 6BS coincided with the physical position of the previously cloned QTL, Gpc-B1. Comparisons of the physical 

intervals of the GPC QTLs described here with the results previously reported in other durum×WEW RIL 

population led to the identification of four common and two homoeologous QTLs. Exploration of the large genetic 

variation within WEW accessions is a precondition for discovery of exotic beneficial alleles, as we have 

demonstrated here, by the identification of seven novel GPC QTLs. Therefore, our research emphasizes the 

importance of GPC QTL dissection in diverse WEW accessions as a source of novel alleles for improvement of 

GPC in cultivated wheat.  

Key words: high-density genetic map, QTL analysis, grain protein content, wild emmer wheat, Gpc-B1, 

homoeologous QTLs 

 

Key message 

Genetic dissection of GPC in tetraploid durum × WEW RIL population, based on high-density SNP genetic map, 

revealed 12 QTLs, with favorable WEW allele for 11 QTLs.  
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Introduction 1 

Common wheat (Triticum aestivum L.) is one of the most important crops with world production of more than 770 2 

million tons harvested over 220 million hectares of land area in 2017 (OECD/FAO 2018). Wheat is a rich source of 3 

carbohydrates, however wheat grains contain rather moderate amount of proteins, which is ranging from 9 to 15% 4 

only (Shewry and Hey 2015). Grain protein content (GPC) shapes the diet nutritional value important for human 5 

health and partially determines the baking properties of bread wheat, as well as the pasta-making characteristics of 6 

durum wheat (Triticum turgidum L. subsp. durum) (Blanco et al. 2012). Proteins and carbohydrates are the main 7 

components composing grain weight; each has its own limiting environmental conditions, including (i) availability 8 

of utilized nitrogen for protein accumulation, and (ii) sufficient levels of water and sunlight required for CO2 9 

fixation and carbohydrate synthesis. Environmental factors (biotic and abiotic) and their interactions with different 10 

genetic backgrounds (genotypes) were shown to affect significantly the total amount and composition of grain 11 

proteins (Triboï�Blondel et al. 2003). Drought is one of the major abiotic stresses, mainly affecting grain 12 

carbohydrate content (Balla et al. 2011), it also plays an important role as a major environmental factor influencing 13 

GPC (Flagella et al. 2010). Global climate change is intensifying the severity of drought around the word and, thus, 14 

requires breeding of crops for adaptation to this environmental stress (Asseng et al. 2014).  15 

The evolutionary forces that exerted on natural populations of crop wild relative have shaped their genetic structure 16 

leading to their superior adaptation to various environments including those with water-limited 17 

conditions.Therefore, the exploitation of their rich genetic repertoire has an extensive potential for crop 18 

improvement (Henry and Nevo 2014; Krugman et al. 2018; Klymiuk et al. 2019b). Wild emmer wheat (WEW) 19 

(Triticum turgidum L. subsp. dicoccoides) is the tetraploid progenitor of both, tetraploid durum and hexaploid 20 

common wheats. WEW germplasm represents a valuable reservoir of genetic variation for drought resistance and 21 

GPC (Huang et al. 2016; Klymiuk et al. 2019a) that may serve as a promising source of favorable alleles for wheat 22 

breeding. One such WEW genotype is Y12-3, that was shown to be resistant to drought (Peleg et al. 2005) and 23 

confer high GPC and mineral content (Peleg et al. 2008). Transcriptomic and metabolomic profiles of this genotype 24 

were extensively studied under terminal drought stress (Krugman et al. 2010, 2011). Y12-3 was used for the 25 

development of the recombinant inbred line (RIL) population used in the current study. 26 

Gpc-B1 is a high GPC QTL, assigned to chromosome arm 6BS, with GPC increasing allele originated from WEW 27 

(Joppa et al. 1997). It was shown to be associated also with increased grain zinc/iron content and earlier leaf 28 

senescence, and to be controlled by the transcription factor TtNAM-B1 (Uauy et al. 2006). In tetraploid wheat, two 29 

additional copies were found on chromosome arms 6AS (TtNAM-A1, an orthologous copy), and chromosome arm 30 

2BS (TtNAM-B2, paralogous copy, that is 91% identical to TtNAM-B1 at the DNA level), while hexaploid wheat 31 

genome contains four TaNAM copies (TaNAM-A1, D1, B2, and D2; Uauy et al. 2006). WEW allele of Gpc-B1 32 

showed positive effects on GPC and other quality traits, and minor impacts on yield related traits, following its 33 

introgression into various wheat backgrounds (Brevis and Dubcovsky 2010; Tabbita et al. 2017). 34 

High-throughput single nucleotide polymorphism (SNP) genotyping is a powerful tool that can assist in improving 35 

wheat genetic maps and construction of SNP-based consensus maps of tetraploid (Maccaferri et al. 2015) and 36 

hexaploid wheat (Wang et al. 2014). SNP-based arrays developed for bread wheat (e.g. the 90K and 15K arrays) 37 
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were proved to be highly efficient also for construction of genetic maps based on WEW as one of the parents, 38 

including studies related to wheat chromosome evolution (Jorgensen et al. 2017), wheat domestication (Nave et al. 39 

2016; Golan et al. 2018), QTL analysis of drought adaptation (Fatiukha et al. 2019a) and nutrient quality of wheat 40 

grains (Fatiukha et al. 2019b). In addition, high-density genetic map of durum Svevo × WEW Zavitan (S×Z) RIL 41 

population (Avni et al. 2014a) served as a base for anchoring of WEW genome assembly scaffolds (Avni et al. 42 

2017). QTL analysis is a suitable approach for genetic dissection of complex traits such as GPC. The use of SNP-43 

based maps for QTL analysis allows to narrow down the intervals of the detected QTLs compared to previous SSR-44 

based maps (Fatiukha et al. 2019a) and to compare results obtained from different populations, and can serve as a 45 

powerful tool for marker-assisted selection (MAS) of QTLs during crop breeding programs. 46 

In the current study the RIL population (S×Y) derived from a cross between durum wheat Svevo and WEW Y12-3 47 

(S×Y) and genotyped with 15K SNP array, was used for construction of high-density genetic map and further QTL 48 

analysis of GPC. Phenotypic data was obtained from a total of five environments (three locations two of them with 49 

two contrasting water regimes). QTL analysis revealed 12 GPC QTLs, for which 11 favorable QTL alleles were 50 

contributed by WEW. We further used the whole genome assembly of WEW (Avni et al. 2017) for localization of 51 

candidate genes (CGs) associated with GPC, residing within the obtained QTL intervals. In addition, the physical 52 

positions of mapped SNPs and lists of CGs from the QTL intervals were used for identification of common and 53 

homoeologous CGs between the two durum × WEW RIL populations. 54 

 55 

Materials and methods 56 

Plant material, growth conditions, and phenotyping 57 

A RIL population (S×Y) of 208 F6 lines was derived from the cross between an elite durum cultivar Svevo (Arduini 58 

et al. 2006; Maccaferri et al. 2008) and WEW accession Y12-3 (Peleg et al. 2005; Krugman et al. 2010) using the 59 

single seed descend approach. The RIL population was tested under a total of five environments in three sites over 2 60 

years across Israel: i) an open field at Ein-Tamar, during 2013-2014 winter season, (30°56"N, 35°22"E), on calcite 61 

cierozems soil; ii) an open field at Kimaron during 2014-2015 winter season (32°29"N, 35°30"E), on light brown 62 

alluvian and clay-like silt sierozems; iii) water-sheltered green-house at Sharona during 2014-2015 winter season, 63 

(32°43"N, 35°27"E), on rendzina soil. In Ein Tamar (ET) annual rainfall was only 66 mm, therefore additional 430 64 

mm were applied by drip irrigation (in total 496 mm). In Kimaron two water regimes were applied: well-watered 65 

(230 of rain, supplemented with 622 mm by drip irrigation, a total of 852 mm; K_WW) and water-limited (230 of 66 

rain, supplemented with 208 mm by drip irrigation, a total of 438 mm; K_WL). In Sharona taking into account high 67 

level of ground water two water regimes were applied: well-watered (supplemented with 448 mm by drip irrigation; 68 

S_WW) and water-limited (supplemented with 144 mm by drip irrigation; S_WL). Each of the 208 RILs and 69 

parental lines were represented by four plants in each plot (15x20 cm) with three replicates, considered as an 70 

experimental unit with randomize block design. Grain protein concentrations were measured using Leco N x 5.7 71 

(Leco Corp., St. Joseph. MI) (Am. Assoc. Cereal Chem. Method 46–30). 72 

DNA extraction and SNP genotyping 73 
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The fresh leaf tissues of the parental genotypes (Svevo and Y12-3) and each of the 208 F6 RILs were used for DNA 74 

extraction following a standard CTAB protocol (Doyle 1991). DNA was normalized to 50 ng/µl. SNP genotyping 75 

was performed using the Illumina Infinium 15K Wheat platform, developed by TraitGenetics, Gatersleben, 76 

Germany (Muqaddasi et al. 2017), consisting of 12,905 SNPs selected from the wheat 90K array (Wang et al. 2014). 77 

Statistical analysis of phenotypic data 78 

Statistical analysis that included ANOVA and testing for normal distribution was performed using the BioVinci 79 

software (BioTuring, San Diego, CA, USA). 80 

Construction of high-density genetic map 81 

The genetic map was constructed using MultiPoint software, version «UltraDense» (http://www.multiqtl.com) 82 

(Ronin et al. 2017). The best candidate skeleton markers representing groups of co-segregating markers with size of 83 

≥2 were selected using the function "bound together" after filtering for missing data (removing markers with more 84 

than 10% missing data points) and large segregation distortion (χ2 > 38). The threshold of recombination fraction 85 

(RF=0.2) was applied for clustering of candidate markers into linkage groups (LG). Marker ordering and testing of 86 

the local map stability and monotonicity were performed for each LG (Mester et al. 2003; Korol et al. 2009). The 87 

final number of LGs was reduced to 14, in accordance with the haploid number of chromosomes of tetraploid wheat, 88 

by merging the LGs with minimum pairwise RF values. The correspondence of the mapped markers with those on 89 

the consensus maps of hexaploid (Wang et al. 2014) and tetraploid wheat (Maccaferri et al. 2015) were used for 90 

orientation of each LG in relation to the short (S) and long (L) chromosome arms. 91 

QTL analysis 92 

QTL analysis was performed using the general interval mapping (IM) procedure of MultiQTL software package 93 

(http://www.multiqtl.com). Single-QTL and two-linked-QTL models (Korol et al. 2009) were employed for 94 

screening of genetic linkage for GPC in each environment separately. Multi-environment analysis (MEA) was 95 

performed by joint analysis of trait values scored in five environments. After independent analysis for each 96 

chromosome, multiple interval mapping (MIM) was used to reduce the residual variation for each QTL under 97 

consideration, while taking into account QTLs that reside on other chromosomes (Kao et al. 1999). The significance 98 

of the detected QTL effects was tested using 10000 permutation runs. Significant models were further analyzed by 99 

10000 bootstrap runs to estimate the standard error of the QTL effect. 100 

Identification of the physical intervals of QTLs and CGs 101 

The physical positions of SNP markers were obtained by BLAST search of probe sequences  (Wang et al. 2014) 102 

against the whole-genome assembly of WEW accession ‘Zavitan’ (Avni et al. 2017). Annotated gene models of the 103 

‘Zavitan’ genome assembly (Avni et al. 2017) were used for identification of genes residing within QTL intervals 104 

(1.5 LOD support interval of QTL). 105 

 106 

Results 107 

High-density genetic map 108 

Genotyping of the S×Y RIL population yielded 4,537 segregating SNP markers, out of these, 4,164 SNPs 109 

represented 1,510 unique loci (skeleton markers) were clustered into 14 LGs (Fig. 1). The constructed genetic map 110 
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covered 2,168.6 cM with approximately equal length for the A (1,091.7 cM) and B genomes (1,076.9 cM) (Table 1, 111 

Table S1). The length of the individual chromosome maps ranged, from 114.2 cM (1A) to 188.5 (5A) and the 112 

number of skeletal markers ranged from 78 (4B) to 148 (2B). In total 117 (4.04%) non-recombinant chromosomes 113 

were observed among 208×14=2,912 RIL × chromosome combinations (Table 2), of which 50 were homogeneous 114 

for the WEW parental alleles and 67 for the durum parental alleles. The highest numbers of non-recombinant 115 

chromosomes were found for chromosomes 1B (28) and the lowest for 7A (2). Genome A showed significant 116 

(P≤0.05) higher number of non-recombinant chromosomes compare to the B genome. A significant negative 117 

correlation, R=-0.78 (P<0.05), was found between the proportion of non-recombinant chromosomes and the length 118 

of the individual chromosome maps (Fig. S1). A total of 505 (33%) skeletal loci showed significant (P≤0.05) 119 

segregation distortion (Fig. S2), 71 loci in favor of Y12-3 and 434 loci for Svevo. Moreover, an extremely higher 120 

number of these loci was from the B genome than the A genome (351 vs 154). The highest number of distorted 121 

markers (87) was found for chr. 2B, while chr. 4B did not show any distorted marker. More than 93% of the markers 122 

(3882 out of 4164) mapped in the S×Y population were anchored to the reference genome of tetraploid WEW (Avni 123 

et al., 2017) (Table S1). High collinearity with average rank correlation coefficient of 0.98 was observed between 124 

the genetic and the physical positions of the mapped SNPs (Fig. S3).  125 

GPC of the RIL population 126 

The wild parent Y12-3 showed on average ~42 % higher GPC than Svevo (21.4 vs. 15.1), under all five 127 

environments (ET, K_WL, K_WW, S_WL, and S_WW) (Table 3), while the RILs exhibited a wide range 128 

(13.9─29.2) under the five environments over 2 years (Fig. 2, Table 3). GPC of parental lines and RILs was lower 129 

under the green-house conditions (S_WL and S_WW) compared to the field conditions (ET, K_WL, and K_WW). 130 

The highest GPC values for the RILs was obtained under ET (21.8), while the lowest GPC was detected under 131 

S_WL (17.9) (Fig. 1, Table 3). Transgressive segregation of GPC was obtained for the RIL population only under 132 

K_WL environment, whereas under other four environments GPC of Svevo was lower than that of RILs (Fig. S4). 133 

GPC values across the five environments approximately fits normal distribution under all environments (Fig. S4). 134 

Analyses of variance (ANOVA) showed highly significant effects (P≤0.001) for genotype, irrigation regimes, and 135 

environments for GPC (Table 3), while the genotype × environment interactions were not significant. Heritability 136 

(h2) calculated across environments was relatively high (0.77) (Table 3).  137 

Identification of GPC QTLs 138 

A total of 12 significant GPC QTLs were detected in the S×Y RIL population with LOD scores range of 3.6-27.8 139 

and percent of explained variation (PEV) range of 0.6-24.4% (Table 4). Y12-3 allele contributed to increasing of 140 

GPC at 11 QTLs, while Svevo allele contributed only to one (QGpc.uhw-1B). Most of the QTLs had significant 141 

effects under all environments, although three QTLs (QGpc.uhw-5A.2, QGpc.uhw-6A, and QGpc.uhw-7B.1) were 142 

significant only under the greenhouse conditions. QGpc.uhw-4B, QGpc.uhw-5A.1, QGpc.uhw-6B, and QGpc.uhw-143 

7B.2 seems to be major GPC QTLs with the highest LOD scores and relatively high and stable PEV for most of the 144 

environments. Interestingly, seven of the detected QTLs resided on chromosomes of genome A, and only five on 145 

genome B (Table 4).  146 

Candidate gene analysis 147 
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The anchoring of the genetically mapped SNP markers into the physical position of WEW Zavitan pseudomolecules 148 

(Table S1) enabled us to define the physical intervals for each QTL (Table 5) and reveal genes residing within each 149 

interval (Table S2). We have estimated the physical intervals of the detected QTLs (1.5 LOD support interval) based 150 

on the proportion between the physical and genetic positions of the SNPs and of QTLs. The physical intervals of 151 

QTLs were ranged from 1.39 to 154.42 Mbp and the number of genes within these intervals varied from 5 to 653 152 

(Table 5, Table S2). Of special interest are genes that are involved in transport and metabolism of nitrogen as 153 

potential CGs (Table S3). We have detected a total of 53 such CGs for the 12 detected QTL intervals (Table S3). 154 

The 20 most promising CGs are presented in Table 6. 155 

Comparison of GPC QTLs from two T. durum x WEW RIL populations  156 

We have compared the results of the GPC QTL analysis obtained in the current study for the S×Y population with 157 

our previous result obtained for another T. durum (Langdon) × WEW (G16-18) population (L×G) (Fatiukha et al. 158 

2019a) in order to identify possible common QTLs based on co-location of QTL physical intervals. A total of 4 out 159 

of 12 QTLs identified in the current study (QGpc.uhw-5A.1, QGpc.uhw-6A, QGpc.uhw-6B, and QGpc.uhw-7B.2) 160 

were co-localized with QTLs identified in L×G population (Fig. 3). The major QTLs in both populations coincided 161 

with the position of Gpc-B1 gene on chromosome 6B. Bearing in mind the allopolyploid nature of wheat genome we 162 

have search for homoeologous QTLs between populations using a list of homologous genes from Avni et al. (2017). 163 

We consider QGpc.uhw-3A and QGpc.uhw-5A.1 in S×Y population as possible homoeologous for 3B.3 and 5B.2 164 

QTLs in L×G population, respectively (Table S2). Interestingly, QTL QGpc.uhw-5A.1 located on 5AS was co-165 

localized with QTL 5A.2 and showed potential homoeology with QTL 5B.2 in L×G population. 166 

 167 

Discussion 168 

Increased protein content is one of the major objectives of grain quality improvement in wheat breeding. However, 169 

genetic improvement of wheat cultivars for many traits is limited due to genetic bottleneck (Peng et al. 2011), which 170 

is the result of early domestication events and subsequent selection in favor of yield related traits, thus, improving 171 

GPC requires broadening of wheat genetic diversity. This goal can be achieved by exploitation of wild crop relatives 172 

in breeding programs and genetic dissection of complex traits in order to upgrade food quality (Longin and 173 

Würschum 2016). The rich genepools of WEW (Krugman et al. 2018; Klymiuk et al. 2019b), emmer wheat T. 174 

dicoccum (Fedak 2015), and other wild relatives (Alvarez and Guzman 2018) were shown to be promising sources 175 

for genetic improvement of wheat. The detection of chromosomal regions responsible for increasing GPC is the first 176 

step towards this goal, followed by subsequent introgression of favorable alleles, cloning of promising genes, and 177 

revealing the underlying molecular mechanisms. The current study presents the construction of a high-density 178 

genetic map and QTL analysis of GPC for T. durum×WEW RIL population that demonstrated a high potential of 179 

WEW genepool for improvement of wheat quality. 180 

Recent advantages in the development of high-throughput SNP genotyping in wheat (Wang et al. 2014; Winfield et 181 

al. 2016) led to a considerable improvement in construction of consensus maps (Wang et al. 2014; Maccaferri et al. 182 

2015). Furthermore, the availability of reference genome assemblies of tetraploid (Avni et al. 2017) and hexaploid 183 

wheat (Appels et al. 2018) made it possible to compare the genetic and physical positions of markers and identify 184 
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the genes residing within the intervals of interest. The high collinearity of the S×Y genetic map, constructed in the 185 

current study, with wheat consensus maps, as well as with the assembly of WEW pseudomolecules, highlights the 186 

quality and reliability of this map. Furthermore, genotyping of two RIL populations, derived from crosses of T. 187 

durum x WEW, using the 15K SNP array, resulted in comparable numbers of skeletal markers: 1,369 for L×G 188 

(Fatiukha et al. 2019a) and 1,510 for S×Y populations. The total length of the presented genetic map for S×Y (2,168 189 

cM) is slightly longer than the map constructed for the L×G population (1,836 cM), and approximately equal to the 190 

length of the genetic map of the S×Z RIL population (2,111 cM), which is another T. durum x WEW cross, 191 

genotyped using the 90K SNP array (Avni et al. 2014a). Recent development in bioinformatics pipelines allows 192 

simple conversion of mapped SNPs to competitive allele-specific PCR (KASP) markers (Uauy et al. 2015) that can 193 

be used as flanking or even functional molecular markers (Klymiuk et al. 2019b), for marker-assisted breeding or 194 

fine mapping of the target QTLs.  195 

GPC QTLs were reported previously for each chromosome of tetraploid and hexaploid wheat (Quraishi et al. 2017). 196 

Similarly, we detected GPC QTLs in 10 out of 14 chromosomes of tetraploid wheat. Our results showed clear 197 

advantage of WEW alleles for increasing GPC, compared to the corresponding durum allele, although Svevo is 198 

showing above average GPC for elite durum cultivars (Blanco et al. 2012). It is important to note that although 199 

WEW genepool was shown to be a valuable source for improving wheat GPC (Chatzav et al. 2010), only a few 200 

studies regarding genetic mapping of GPC in WEW were published. Among them, the identification of Gpc-B1 201 

QTL (Joppa et al. 1997) represents a great example for the exploitation of WEW genepool for GPC improvement, 202 

followed by the cloning of the NAC transcription factor, NAM-B1, underlying this QTL (Uauy et al. 2006). QTL 203 

analysis of the L×G RIL population revealed 8 loci with WEW alleles that conferred increased GPC, using low-204 

density SSR-based map (Peleg et al. 2009). Further analysis, using high resolution SNP-based map, expanded the 205 

number of loci with contribution of WEW alleles from 8 to 14 (Fatiukha et al. 2019b). The identification of common 206 

or meta-QTLs between independent populations can help to improve QTL interval confidence, as demonstrated by 207 

Quraishi et al. (2017), and can be used for confirmation of detected effects in different genetic backgrounds. 208 

Nevertheless, the identification of co-located QTLs among the large number of publications is restricted by the 209 

absence of consensus positions for many of the published markers. In the current study, we were able to compare the 210 

physical QTL intervals, and the CGs that reside there, between the L×G and the S×Y GPC QTL maps, since the 211 

genetic markers were efficiently anchored to the reference Zavitan assembly of WEW. We found four possible 212 

common and two possible homoeologous QTLs between these two populations, as well as seven QTLs from S×Y 213 

population that were novel compared to L×G population. Since these two populations were developed using distant 214 

WEW genotypes, as well as different durum cultivars (Avni et al. 2014a), it is possible that the detected WEW 215 

alleles are absent or rare in cultivated wheat gene pool. Interestingly, the major QTLs identified in both populations 216 

were located on chromosome arm 6BS and were co-localized with the putative position of Gpc-B1. While the 217 

detected co-locations can be used as confirmation of QTL effects in different genetic backgrounds, such QTLs can 218 

still represent different alleles or even different CGs, conferring higher potential of broadening the GPC allele 219 

repertoire available for wheat improvement by exploitation of WEW genepool. 220 
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Many potential genes can be associated with GPC due to the complexity of the trait, and therefore, the proposed 221 

CGs should be treated carefully in further studies. Nevertheless, some of the CGs that showed strong functional 222 

association with GPC can be used as a basis for fine mapping, cloning and allele mining analysis. QTL analysis in 223 

RIL populations cannot provide single-gene resolution, however, we have identified two QTLs (QGpc.uhw-4B and 224 

QGpc.uhw-7B.1) with physical intervals around 1Mbp and only 5 and 23 genes residing within these intervals, 225 

respectively. Only one QTL interval in our study spanned over 154 Mbp that contain 653 genes, thus making it 226 

highly challenging to search for CG within this extremely large chromosome segment. The Gpc-B1, a known gene 227 

for increasing GPC in wheat (Tabbita et al. 2017), was found within the interval of a major GPC QTL (QGpc.uhw-228 

6B) in the S×Y population. This gene is responsible for more efficient remobilization of nutrients from the senescing 229 

leaves to the grains during filling stage, thus, increasing protein and mineral accumulation in wheat grains (Uauy et 230 

al. 2006). Although, four Gpc-B1 homoeologous and paralogous (Gpc-A1, Gpc-B1, Gpc-A2, and Gpc-B2 on chr. 231 

6A, 6B, 2A, and 2B respectively) genes were identified in tetraploid wheat (Uauy et al. 2006) and showed effect on 232 

nutrient remobilization (Avni et al. 2014b), we did not detect copies of this gene within other QTL intervals in the 233 

S×Y population. Interestingly, a major dwarfing gene Rht-B1 (Pearce et al. 2011) was identified within the shortest 234 

QTL interval with only five CGs. Taking into account that the cultivated parental line Svevo is a semi-dwarf cultivar 235 

carrying the dwarf allele of this gene (De Santis et al. 2018) and Y12-3 is a tall WEW (Peleg et al. 2005), we assume 236 

that this gene may exhibit a strong effect on all agronomical traits. Moreover, other studies in wheat also showed a 237 

possible effect of this gene on GPC, which makes Rht-B1 a strong CG for the detected QTL (Fowler et al. 2016; Zou 238 

et al. 2017). Members of NRT1/PTR family of proton-coupled transporters, which are involved in nitrogen 239 

metabolism in different plant species (Fang et al. 2013; Naz et al. 2017; Castro-Rodriguez et al. 2017; Corratge-240 

Faillie and Lacombe 2017) and, hence, influencing protein accumulation, were identified within five QTL intervals 241 

in the S×Y population and were selected as promising CGs. Sulfur metabolism was shown to be an important factor 242 

that can alter nitrogen accumulation (Howarth et al. 2008; Dai et al. 2015; Bonnot et al. 2017), following this idea 243 

glutamate and glutathione related CGs were identified within intervals of seven QTLs in the S×Y population and 244 

also was shown for QTLs in the L×G population (Fatiukha et al. 2019b). 245 

 246 

Conclusions and future perspectives 247 

In the present study, we reported a QTL analysis study of GPC, based on a high-density SNP-based genetic map for 248 

the S×Y (durum×WEW) RIL population. We detected novel GPC QTLs that were not previously reported for 249 

durum×WEW populations and identified potential CGs for each of the 12 detected QTLs. Physical intervals of GPC 250 

QTLs in two durum×WEW populations were used for identification of four common and two homoeologous QTLs 251 

between them. Gpc-B1 was characterized as a CG for a major GPC QTL confirming that this gene serves as one of 252 

the major sources of variation in GPC for wheat. The obtained results will serve as a basis for future introgression of 253 

favorable WEW alleles into bread and durum wheat, fine mapping, and cloning of promising QTLs.  254 

Our results showed an advantage of WEW alleles for increasing GPC that emphasize the high potential of WEW 255 

genepool for improvement of modern wheat quality. 256 

 257 
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Table 1 Summary of the genetic map constructed based on S×Y RIL population 

Linkage 
group 

 
Total markers Skeletal 

 markers 
Co-segregated  

markers Length (cM) 
Average 
interval  

(cM)/locus 
1A  230 81 149 114.2 1.43 

1B  381 135 246 137.5 1.03 

2A  240 88 152 178.3 2.05 

2B  423 148 275 183.4 1.25 

3A  254 94 160 153.2 1.65 

3B  365 130 235 163.9 1.27 

4A  162 80 82 153.9 1.95 

4B  169 78 91 119.2 1.55 

5A  287 113 174 188.5 1.68 

5B  408 149 259 178.7 1.21 

6A  310 90 220 129.8 1.46 

6B  358 106 252 141.0 1.34 

7A  295 114 181 173.9 1.54 

7B  284 104 180 153.4 1.49 

Group 1  611 216 395 251.7 1.23 

Group 2  663 236 427 361.6 1.65 

Group 3  619 224 395 317.1 1.46 

Group 4  331 158 173 273.1 1.75 

Group 5  695 262 433 367.1 1.44 

Group 6  668 196 472 270.8 1.40 

Group 7  579 218 361 327.3 1.51 

A genome  1778 660 1118 1091.7 1.68 

B genome  2388 850 1538 1076.9 1.30 

Total  4166 1510 2656 2168.6 1.49 
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Table 2 Number of RILs with parental (non-recombinant) chromosomes in S×Y RIL population 

Chromosome Svevo Y12-3 Total % RILs 

1A 14 14 28 13.53 

1B 8 2 10 4.83 

2A 5 1 6 2.90 

2B 2 2 4 1.93 

3A 4 4 8 3.86 

3B 4 2 6 2.90 

4A 5 6 11 5.31 

4B 7 8 15 7.25 

5A 3 1 4 1.93 

5B 2 1 3 1.45 

6A 8 5 13 6.28 

6B 2 1 3 1.45 

7A 1 1 2 0.97 

7B 2 2 4 1.93 

Genome A 40 32 72 4.97 

Genome B 27 18 45 3.11 

Total 67 50 117 4.04 
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Table 3 Analyses of variance (ANOVA), means and ranges for grain protein content (GPC) in S×Y RIL population under five environments. 

Environment RIL Mean  RIL Range  Svevo Y12-3 

Ein-Tamar 21.8 16.3─29.2 16.3 24.8 

Kimaron WL 20.2 15.6─24.8 16.2 21.8 

Kimaron WW 20.2 16.4─24.6 15.6 21.4 

Sharona WL 17.9 13.9─22.6 12.9 19.5 

Sharona WW 19.2 15.3─25.3 14.3 19.4 

All env. 19.8 13.9─29.2 15.1 21.4 

MS (gen) MS (ir) MS (env) MS (gen×env) h2 
10.36 
*** 

213.46 
*** 

364.35 
*** 

2.42 
n.s. 

0.77 

 

.
C

C
-B

Y
-N

C
-N

D
 4.0 International license

a
certified by peer review

) is the author/funder, w
ho has granted bioR

xiv a license to display the preprint in perpetuity. It is m
ade available under 

T
he copyright holder for this preprint (w

hich w
as not

this version posted A
pril 7, 2019. 

; 
https://doi.org/10.1101/601773

doi: 
bioR

xiv preprint 

https://doi.org/10.1101/601773
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 

 

Table 4 Summary of the QTLs associated with GPC in S×Y RIL population across five environments. 

Chr. QTL LOD Position,  
cM 

Interval, cM 
Length, 
cM 

Nearest marker 
Percent of explained variation (PEV) of QTL ITV*  

allele ET K_WL K_WW S_WL S_WW 
1A QGpc.uhw-1A 6.3 75.96 72.4—78.4 6.0 TA002402-1350 3.0 0.6 3.7 4.1 1.7 Y 

1B QGpc.uhw-1B 5.8 102.62 101.4—106.6 5.2 RAC875_c818_1185 4.1 4.2 6.9 6.2 2.3 S 

2A QGpc.uhw-2A 6.7 95.09 93.8—96.2 2.5 RAC875_c39665_175 5.3 4.2 3.4 1.2 1.9 Y 

3A QGpc.uhw-3A 7.8 63.80 59.7—65.6 5.9 Excalibur_c6501_477 6.5 3.8 3.8 1.8 1.3 Y 

4A QGpc.uhw-4A 8.1 35.27 33.4—37.9 4.5 BS00022125_51 4.2 2.2 6.1 0.8 1.8 Y 

4B QGpc.uhw-4B 26.9 30.84 30.4—31.4 1.0 TG0010b 13.4 15.3 8.0 14.1 1.2 Y 

5A QGpc.uhw-5A.1 14.2 33.27 30.0—42.5 12.5 RAC875_rep_c106118_339 5.6 12.2 6.3 7.0 2.3 Y 

5A QGpc.uhw-5A.2 3.8 122.10 118.5—131.0 12.5 Tdurum_contig55097_601 -//- -//- -//- 7.2 1.8 Y 

6A QGpc.uhw-6A 3.8 70.96 67.6—89.6 22.0 wsnp_Ex_c15268_23489498 -//- -//- -//- 7.1 1.8 Y 

6B QGpc.uhw-6B 27.8 47.07 46.1—48.6 2.4 Tdurum_contig9860_281 8.4 15.9 24.4 8.7 3.7 Y 

7B QGpc.uhw-7B.1 3.6 8.21 6.1—9.5 3.5 Tdurum_contig10861_942 -//- -//- -//- 6.0 2.6 Y 

7B QGpc.uhw-7B.2 10.7 98.33 95.3—101.2 5.8 Kukri_c14766_484 3.2 7.0 5.0 3.5 0.8 Y 
* - increase trait value allele (ITV) 
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Table 5 Physical intervals and number of genes within GPC QTLs in S×Y RIL population. 

Chr. QTL Interval start , Mbp Interval end , Mbp Interval length , Mbp Number of HC genes 

1A QGpc.uhw-1A 514.70 519.74 5.04 56 

1B QGpc.uhw-1B 645.57 650.73 5.16 60 

2A QGpc.uhw-2A 527.17 558.54 31.37 180 

3A QGpc.uhw-3A 486.17 517.08 30.91 206 

4A QGpc.uhw-4A 38.49 53.25 14.76 112 

4B QGpc.uhw-4B 28.83 29.70 0.86 5 

5A QGpc.uhw-5A.1 33.43 187.85 154.42 653 

5A QGpc.uhw-5A.2 568.67 591.69 23.02 276 

6A QGpc.uhw-6A 535.52 583.20 47.68 441 

6B QGpc.uhw-6B 89.06 138.52 49.46 286 

7B QGpc.uhw-7B.1 4.34 5.74 1.39 23 

7B QGpc.uhw-7B.2 629.25 649.71 20.46 148 
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Table 6 Information about selected CG that reside within the intervals of the detected QTLs 

Chr. QTLs IDs of candidate genes Annotated function 

1A QGpc.uhw-1A TRIDC1AG048050 Sulfite reductase [NADPH] hemoprotein beta-component 

1B QGpc.uhw-1B TRIDC1BG066150 
TRIDC1BG066600 

glutamate receptor 3.4 
Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein 

2A QGpc.uhw-2A TRIDC2AG045010 
TRIDC2AG047900 

Protein NRT1/ PTR FAMILY 4.3 
Protein NRT1/ PTR FAMILY 6.4 

3A QGpc.uhw-3A TRIDC3AG040540 Protein NRT1/ PTR FAMILY 4.3 

4A QGpc.uhw-4A TRIDC4AG007090 
TRIDC4AG007800 

Protein transport protein GOT1 
Protein transport protein Sec61 subunit alpha 

4B QGpc.uhw-4B TRIDC4BG006760 SCARECROW-like 21 

5A QGpc.uhw-5A.1 TRIDC5AG007510 
TRIDC5AG008560 
TRIDC5AG005810 
TRIDC5AG008600 

Protein NRT1/ PTR FAMILY 8.3 
Protein NRT1/ PTR FAMILY 4.6 
Protein NRT1/ PTR FAMILY 2.11 
Protein NRT1/ PTR FAMILY 4.6 

5A QGpc.uhw-5A.2 TRIDC5AG056650 Protein NRT1/ PTR FAMILY 4.5 

6A QGpc.uhw-6A TRIDC6AG048910 
TRIDC6AG049880 

nitrate reductase 1 
nitrite reductase 1 

6B QGpc.uhw-6B TRIDC6BG019590 NAC domain protein (Gpc-B1) 

7B QGpc.uhw-7B.1 TRIDC7BG000760 
TRIDC7BG001030 

oligopeptide transporter 4 
Nucleotide/sugar transporter family protein 

7B QGpc.uhw-7B.2 TRIDC7BG057940 
TRIDC7BG058370 

Protein NRT1/ PTR FAMILY 5.1 
amino acid transporter 1 
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Figure legends 

 

 

Figure 1. High-density genetic map of S×Y RIL population and 1.5 LOD support intervals of GPC QTLs detected 

under five environments. 

Figure 2. Distribution of GPC in S×Y RIL population. The violin plots show the distribution of GPC in wheat 

grains measured across five environments: open fields at Ein-Tamar and Kimaron (ET, K_WL, and K_WW) and 

green-house at Sharona (S_WL and S_WW). Suffixes WL and WW designate well-watered and water-limited 

conditions. 

Figure 3. Physical intervals of GPC QTLs identified in S×Y (blue) and L×G (red) RIL populations. Co-localization 

of physical interval marked by diagonal lines; potential homoeologous QTLs are connected by green double arrow. 
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Supporting Material 

Table S1. Genetic and physical positions of the mapped SNPs 

Table S2. List of High Confidence genes within QTL intervals and their homoeologs 

Table S3. Summary of CGs 
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