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Genome-wide association study in two-row spring barley landraces identifies QTL associated with plantlets root system architecture traits in well-watered and osmotic stress conditions
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Water availability is undoubtedly one of the most important environmental factors affecting crop production. Drought causes a gradual deprivation of water in the soil from top to deep layers and can occur at diverse stages of plant development. Roots are the first organs that perceive water deficit in soil and their adaptive development contributes to drought adaptation. Domestication has contributed to a bottleneck in genetic diversity. Wild species or landraces represent a pool of genetic diversity that has not been exploited yet in breeding program. In this study, we used a collection of 230 two-row spring barley landraces to detect phenotypic variation in root system plasticity in response to drought and to identify new quantitative trait loci (QTL) involved in root system architecture under diverse growth conditions. For this purpose, young seedlings grown for 21 days in pouches under control and osmotic-stress conditions were phenotyped and genotyped using the barley 50k iSelect SNP array, and genome-wide association studies (GWAS) were conducted using three different GWAS methods (MLM GAPIT, FarmCPU, and BLINK) to detect genotype/phenotype associations. In total, 276 significant marker-trait associations (MTAs; p-value (FDR)< 0.05) were identified for root (14 and 12 traits under osmotic-stress and control conditions, respectively) and for three shoot traits under both conditions. In total, 52 QTL (multi-trait or identified by at least two different GWAS approaches) were investigated to identify genes representing promising candidates with a role in root development and adaptation to drought stress.
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Introduction

Barley (Hordeum vulgare L.) is one of the oldest domesticated crops, cultivated as early as 8000 BC in Persia as human food and livestock feed (Sullivan et al., 2013). Nowadays, barley is the fourth most important cereal worldwide. Its early maturity, diploidy with low chromosome number (n=7), self-pollination and its adaptative plasticity make barley an ideal model crop (Pourkheirandish and Komatsuda, 2007; Saisho and Takeda, 2011). Deliberate or natural selection, as well as spontaneous mutations have contributed to the rich genetic variability of barley landraces, providing the base material for modern genetic studies (Kumar et al., 2020a).

The rapidly growing human population increases the need for food production. Reduction in water availability have a negative impact on worldwide barley production (Jamieson et al., 1995). Drought can occur at any growth stage of the plants’ life cycle in different environments. Depending on the adaptative mechanism, some genotypes can tolerate drought at a particular growth stage but might be sensitive at other stages. The seedling stage is a very critical period. In regions with low precipitation, where optimal water availability can be observed at the time of sowing, drought stress may occur shortly after germination (Sallam et al., 2019), severely affecting barley development in the juvenile stages, and consequently reducing yields (Wehner et al., 2015).

Roots are the first plant organs that perceive water deficit in the drying soil (Ksouri et al., 2016). The crucial role of the root system in water acquisition as well as in adaptation and tolerance to water‐deficit have been reported previously (Ehdaie et al., 2012; Lynch et al., 2014; Palta and Yang, 2014; Paez-Garcia et al., 2015; Geng et al., 2018). Root system architecture (RSA) is defined as the number and geometric arrangement of individual embryonic roots (primary and seminal) and postembryonic roots (lateral or adventitious roots) in the three-dimensional soil space (Steffens and Rasmussen, 2016; Del Bianco and Kepinski, 2018). RSA determines the ability of a plant to explore and to exploit unevenly distributed soil resources. In maize, deeper, and thinner root systems are morphologically more favourable adaptation traits to drought than shallow and thick root systems (Lynch, 2015). Longer primary roots and elongated root hairs constitute important traits in cereals adaptation to drought stress (Wasson et al., 2012; Lynch, 2013).

Root system characteristics are both genetically and environmentally determined (Lynch and Brown, 2012). In barley, RSA is a complex multi-traits phenotype, genetically controlled by numerous genes. Different genes can contribute to RSA formation at different stages of plant growth in response to drought stress, hence the identification of the genetic mechanisms underlying the RSA in barley seedlings is crucial for breeding programs. Despite the importance of RSA in water deficit responses, roots are generally less frequently analysed than aboveground organs because of the difficulties of observation. Thereupon, the role of roots in barley water deficit response and tolerance, and its genetic bases remain elusive. Genome‐wide association study (GWAS) is a method widely used in crops to dissect the genetic bases of highly complex quantitative traits (Fang et al., 2017; Oyiga et al., 2018; Oyiga et al., 2019). Recently, Jia et al. (2019) reported three major quantitative trait loci (QTL) in barley controlling different root system parameters in normal growth condition. Eleven QTL involved in the nodal root variation in response to water deficit have been reported for barley plants grown in field (Oyiga et al., 2020). A first attempt was made recently to study RSA seedling traits in barley by the paper roll technique in hydroponic solution where osmotic stress was induced by polyethylene glycol (PEG) (Abdel-Ghani et al., 2019).

In the present study, a collection of 230 two-row spring barley landraces originated from three geographical regions (Europe, Asia, and Africa) (Pasam et al., 2014) was analysed to dissect the genetic bases of RSA in response to osmotic stress at the seedling stage. For this purpose, we performed GWAS based on the 50k iSelect SNP genotyping data (Bayer et al., 2017) and root architecture parameters determined for barley plantlets grown in germination pouches under control and osmotic stress conditions. Three computational approaches (MLM GAPIT, FarmCPU, BLINK) were used and the most promising associations, linked to multiple traits or detected by at least two GWAS approaches, were further investigated to determine candidate genes with a role in root development and adaptation to drought.





Materials and methods




Plant material and growth conditions

A subset of the spring barley landrace collection maintained at the Federal ex-situ GenBank for Agricultural and Horticultural Crop Species at the Leibniz Institute of Plant Genetics and Crop Plant Research (IPK) Gatersleben, Germany, was used for genetic dissection of the RSA and shoot traits under osmotic stress and control conditions (Supplementary Table S1). The collection was established by several rounds of single seed descend and harbours rich diversity (Pasam et al., 2014; Wabila et al., 2019). The sub-panel used in this study, comprises 230 two-row spring barley landraces covering three geographical regions (Europe, Asia, and Africa) and originating from 31 countries. Of them, 190 develop hulled-grains and 40 naked-grains.

Grains were sterilized in 70% ethanol for 30 seconds and washed three times with sterile distilled water. Subsequently, seeds were soaked into 5% sodium hypochlorite for 5 minutes with regular shaking and intensively rinsed with sterile ddH2O. Sterile CYG™ germination pouches (16.5 cm by 18 cm, Mega international, USA) were moistened with 50 ml sterile ddH2O. Grains from the same genotype were sown in two groups (left and right; three seeds per group) in perforations of the germination paper with the embryos pointing downward. Pouches were placed in dark plastic boxes and covered with aluminium foil. The full system was kept in a cold room at 4°C for three days to ensure homogeneous breaking of dormancy (stratification). Following stratification, the full system was transferred to a phytotron with controlled conditions (photoperiod: 12/12h; 13°C (night)/16°C (day); light intensity: 270 μmol photons.m-2.s-1; 60% relative humidity) for germination. Four days after germination, only two homogeneously germinated seedlings were kept per pouch (left and right). For control conditions, water was exchanged by ½ strength modified Hoagland nutrient solution (Vlamis and Williams, 1962) supplemented with 2 ml/l of fungicide (Previcur Energy, Bayer Garden); after 7 days, the solution was refreshed and the plants were grown for another 7 days. For osmotic stress conditions, water was exchanged by 15% (w/v) polyethylene glycol 8000 (PEG8000) in ½ -strength modified Hoagland nutrient solution containing 2 ml/l fungicide. After 7 days, the solution was refreshed by ½ -strength modified Hoagland nutrient solution containing 2 ml/l fungicide and 25% (w/v) PEG8000; seedlings were further grown for 7 days. For all the duration of the experiment (14 days after germination: 14DAG), roots were prevented from light exposure and the growing system was kept in a phytotron under controlled conditions (photoperiod: 12/12h; 13°C (night)/16°C (day); light intensity: 270 μmol photons m-2 s-1; 60% relative humidity). A schematic representation of the experimental design can be found in Supplementary Figure S1. Control and stress conditions were applied in parallel and analysed at the same time. The full experiment was conducted twice, providing two independent experiments. In total, each genotype in both osmotic stress and control conditions were represented by four biological replicates.





Root system and biomass phenotyping

At the end of the growing period (21 days; 14 days-old plantlets), the relative water content (RWC) was determined for each plant as described by Barrs and Weatherley (1962). The root system of each plantlet was scanned using the ImageScanner III LabScan 6.0 with a 600-dpi resolution and saved as tiff-formatted picture. Shoot and root fresh weight (SFW and RFW), fresh root/shoot ratio (RSR), and total biomass (TotalBio), were determined for each plant. Furthermore, roots and shoots were dried at 70°C for 48h, and shoot and root dry weights (SDW and RDW) were measured. Images of the roots were analysed using an ImageJ macro to convert the root system in white pixels on a black pixel background. Those images were analysed with GiA Roots software (Galkovskyi et al., 2012) that can extract up to 20 traits characterizing the root system (Supplementary Figure S1). In total, 27 traits were obtained for both osmotic stress and control conditions (Table 1).


Table 1 | Description of 27 root and shoot traits analyzed.







Data analysis

Phenotypic analysis was performed in R software (R Core Team, 2021). The outlier test was performed according to Tukey’s method (Anscombe and Tukey, 1963). Outliers, within and across the experiments were removed. Genotypes with >20% missing phenotypic data were not considered for further analysis. Heritability (H2) of each trait was estimated by equations (1 & 2) using the ‘ASReml’ R package (Gilmour et al., 1995). Repeatability values (R) were estimated by the equations (2 & 3). Best linear unbiased estimates (BLUEs) were calculated based on the linear model described by the equation (4) considering the experiments and genotype X experiment (GxE) interactions for each trait applying the Restricted Maximum Likelihood (REML) method.  ,  , and  denote the variance components of the genotype, the genotype x experiment interaction, and the residuals, respectively. n0 is the number of experiments, and  the number of biological replicates.

 

 

 

 





Genotype data and population structure

All 230 lines were genotyped using the Barley 50k Illumina Infinium iSelect SNP array (Bayer et al., 2017). From the total number of 44,040 SNP markers on the array, 38,349 polymorphic markers were scored. Marker positions on the barley Morex v3 reference genome version (Mascher et al., 2021) were obtained from BARLEX (https://apex.ipk-gatersleben.de/apex/f?p=284:63; Colmsee et al., 2015). SNP markers were filtered for missing data (>20% for the lines and >10% for the markers) and minor allele frequency (MAF > 0.05) resulting in a set of 32,286 markers for subsequent analyses. Missing genotype calls were imputed using BEAGLE v5 (Browning and Browning, 2007; Browning et al., 2018). The data have also been deposited at the European Variation Archive (EVA; https://www.ebi.ac.uk/eva/?eva-study=PRJEB59438). Due to discrepancies in marker positions between BARLEX and the Germinate Barley SNP Platform (https://ics.hutton.ac.uk/50k/) that could not be resolved, 732 markers could not be uploaded to EVA and are given as supplemental genomic dataset (Supplementary SNP Dataset).

Population structure was estimated by a principal component analysis (PCA) using singular value decomposition. The analysis was performed on the centered genotype data using the PCA function of the ‘pcaMethods’ R package (Stacklies et al., 2007). The first ten principal components were calculated. A phylogenetic tree was built based on the neighbour-joining algorithm (Saitou and Nei, 1987) using the SNP marker data and the nj function of the ‘ape’ R package (Paradis et al., 2004; Paradis and Schliep, 2019). Bootstrapping with 100 bootstrap replicates was performed using the boot.phylo function. In addition, the population structure was analysed using the STRUCTURE program version 2.3.4 (Pritchard et al., 2000) using the ‘admixture’ model. Population clustering for K= 1 to 12 was analysed with a burn-in period of 10.000 and 50.000 MCMC replications, each with 10 iterations per K. The optimal number of clusters (K= 8) was determined by the ΔK method introduced by (Evanno et al., 2005).





Genome-wide association study (GWAS)

In this study we used 32,286 high-quality SNP markers (MAF ≥ 0.05) to perform genome-wide association analyses (GWAS). Association analyses were performed in R version 4.0.2 (R Core Team, 2021) using BLUEs of the phenotypic traits. To identify QTL, we employed not only a classical single locus mixed linear model (MLM) correcting for population structure and kinship (Q+K) using the Genomic Association and Prediction Integrated Tool (GAPIT; Lipka et al., 2012; Wang and Zhang, 2020), but also two state-of-the-art multivariate GWAS methods: Fixed and random model Circulating Probability Unification (FarmCPU; Liu et al., 2016) and Bayesian-information and Linkage-disequilibrium Iteratively Nested Keyway (BLINK; Huang et al., 2019).

In GAPIT, we accounted for population structure (Q) through principal components (PCs) and for relationships among individuals through a kinship (K) matrix (VanRaden, 2008), both calculated based on the marker data. FarmCPU and BLINK were run with default settings with two exceptions: the maxLoop parameter was increased from 10 to 100 for both methods and for FarmCPU, the optimal threshold for p-value selection of the model in the first iteration was set to p.threshold=0.0000015 (a Bonferoni-corrected threshold with 0.05/number of markers, rounded to the seventh decimal) for all traits. To deal with the effects of population structure, the number of PC covariates included in the different models was optimized. Indeed, the number of PC covariates included in the GWAS model can have a substantial impact on the results, as it depends heavily on the genetic architecture of the trait of interest (Malik et al., 2019; Meyer et al., 2021). Consequently, all GWAS methods were performed with different PC numbers ranging from 0 to 10, with the optimal PC number for each trait being chosen based on the quantile-quantile (QQ) plots. This strategy has commonly been used to determine whether a model effectively controls false positives and false negatives (Stich et al., 2008; Stich and Melchinger, 2009; Riedelsheimer et al., 2012; Würschum et al., 2012; Kristensen et al., 2018). Subsequently, p-values of marker-trait-associations (MTAs) were adjusted for multiple comparisons using FDR (Benjamini and Hochberg, 1995). MTAs with adjusted p-value (FDR)< 0.05 were considered as statistically significant and< 0.1 as potentially interesting. Both were kept for further analyses. GWAS results were visualized by Manhattan plots generated using the ‘rMVP’ package (Yin et al., 2021). The phenotypic variance explained (PVE%) by a significant marker was estimated in R. The sum of squares (SS) and residuals (e) were extracted from the ANOVA fitted with a linear model incorporating the phenotypic values and all markers with p-valueFDR < 0.1 in decreasing order. MTAs identified at least with two GWAS tools together with multi-trait MTAs were mapped on the seven barley chromosomes using MapChart 2.32 Windows (Voorrips, 2002).





Linkage disequilibrium (LD) analysis and nomination of candidate genes

Pairwise linkage disequilibrium (LD) was analysed for each chromosome in R using the ‘LDheatmap’ package (Shin et al., 2006). The decay was calculated in R for all chromosomes separately (Hill and Weir, 1988; Remington et al., 2001; Marroni et al., 2011).

For comparing associations detected with different methods, MTAs were grouped in LD blocks if directly neighbouring markers displayed strong LD (r2 > 0.5). All genes within such a specific LD block were considered for candidate gene identification, whereby the search intervals were extended to the left and right neighbouring marker, respectively. For significant MTAs outside of LD blocks, the region defined by the flanking markers were searched for candidate genes.

Only genes with high confidence annotation, as determined from the barley annotation, were considered. Their corresponding protein sequence were retrieved from the Morex v3 reference genome and subjected to functional annotation The widely used gene ontology (GO) comprises more than 34,000 terms organized in 3 categories: “Biological process”, “Molecular Function” and “Cellular component”. This rich annotation can lead to a strong redundancy. In opposite, Mapman, specifically developed for plants, assigns genes to as few functional categories as possible without losing information. Currently, MapMan ontology covers 27 functional top-categories (Klie and Nikoloski, 2012; Schwacke et al., 2019). Therefore, the functional annotation of the candidate genes was done using the MapMan BIN ontology in Mercator (Lohse et al., 2014). For both control and stress conditions, the number of genes entering a specific BIN category was retrieved and plotted as histogram representation.






Results

A collection of 230 two-row spring barley landraces was investigated to study the genetic basis of RSA of 14DAG old-seedlings grown under control and osmotic-stress conditions. Using 20 barley genotypes representative the diversity of the collection, a pilot experiment was conducted with different percentages of PEG8000 to optimize the osmotic stress condition based on RWC and total biomass. Significant reduction in RWC and TotalBio were observed using 15% and 25% of PEG for the first and second week, respectively (data not provided). All 230 barley landraces were grown and phenotyped in CYG™ germination pouches and a total number of 16 root and shoot traits were analysed for plants grown both in control conditions and osmotic stress. RWC (p-value = 2.26E-46) and TotalBio (p-value = 1.09E-83) were significantly reduced under osmotic stress. A total number of 32,286 filtered SNP markers from the 50k iSelect SNP array (Bayer et al., 2017) with marker positions based on Morex v3 reference genome version (Mascher et al., 2021) were used in combination with the phenotypic traits scored under both conditions for GWAS, followed by the identification of genes potentially associated with RSA and response to drought stress in barley.




Phenotypic data analysis

In total, 10 genotypes were omitted in both stress and control conditions due to exceeding the missing data threshold (Supplementary Table S1). Heritability, repeatability, and BLUEs were estimated for each trait in both conditions. Heritability values (H2) ranged from 0.00 for Net.Bush to 0.77 for Net.Area and RDW in control conditions. Under osmotic stress conditions, the lowest and highest H2 values were obtained for specific root length (0.07) and RDW (0.73), suggesting that the RDW was under strong genetic control in both stress and control condition (Supplementary Table S2). Under control conditions, the Net.Bush (0.00) and RSR (0.036) in the first experiment, together with TotalBio in the second experiment showed the lowest repeatability, while the lowest repeatability under osmotic stress was observed for Net.Bush in experiment one and TotalBioin experiment two. Net.Dep showed the highest repeatability value in both experiments under control (0.718) and osmotic stress (0.737) (Supplementary Table S3). The traits Net.Bush and specific root length were not further considered.

BLUEs were calculated within and across the experiments for each of the 27 root and shoot traits for 220 genotypes in both control (Supplementary Table S4) and osmotic stress (Supplementary Table S5). BLUEs for each trait were used for statistical analysis and GWAS. For most traits, the landrace collection showed a high level of phenotypic diversity. The coefficients of variation ranged from 1.69 for RWC to 28.69 for Net.Con.A under control conditions. Under osmotic stress, the lowest coefficient of variation (2.45) was observed for RWC but increased compared to control, and the highest value (59.18) was observed for the number of connected components (Supplementary Table S6). We evaluated how the osmotic stress treatment influenced phenotypic trait values. Under osmotic stress, the Net.Len.Dis (9.64%), Net.Solid (5.30%) and specific root length (91.49%) increased while all other traits showed a reduction from 0.6% for RDW to 60.5% for Net.Area (Supplementary Table S6). Further, the correlation for each trait in both conditions was tested. The lowest treatment correlation (0.065) was observed for specific root length and the highest value (0.56) was observed for SDW (Supplementary Table S6), implying a strong effect of osmotic stress on genotype ranking.

We compared the phenotypic results of the two caryopsis types present in the landrace collection (hulled vs naked) and observed a great difference on the root and shoot traits under osmotic stress and control conditions within the two groups. Interestingly, the SDW was significantly higher in naked types under both conditions while no significant differences in SFW under both osmotic stress and control conditions (Supplementary Table S7) were observed. In general, most traits were significantly higher in hulled types or showed no significant differences in control condition (Supplementary Table S7). However, Net.Bushines under control and, Net.Solidity under osmotic stress and SDW under both conditions were higher in the naked group in both conditions. Specific root length was higher in naked barley in control conditions while under osmotic stress, the hulled genotypes had the higher Specific root length. Average root width in contrast, was only higher in the naked group under osmotic stress conditions. Considering the correlation between the traits (Supplementary Tables S8A, B), that some of the parameters obtained from image analysis are related to similar root architecture parameters and taking heritability and repeatability values of different traits into consideration, 9 non-redundant, heritable, and repeatable RSA traits obtained from images analysis together with seven traits manually determined (Table 1) were selected, for GWAS. The network area (Net.Area) constitutes a proxy of the total root biomass, the network length (Net.Len) measures the total root length and the maximum number of roots (Max.NR) estimates the branching degree of the RSA. Deepness of the RSA is measured with the network depth (Net.Dep), network length distribution (Net.Len.Dis) estimates the root biomass in depth. The width is measured by the network width (Net.Width), the network width to depth ratio (Net.Width/Depth Ratio) is giving a description of the general shape of the RSA and root density. The soil portion explored by the root system is estimated by the convex area (Net.Con.A). and the root density by network solidity (Net.Solidity).





Population structure and LD analysis

To deal with the population structure in GWAS, a principal component analysis (PCA) was performed on the panel of 206 barley landraces (fourteen genotypes were omitted due to low quality of genotypic data) using 32,286 SNP markers distributed across the seven barley chromosomes (Supplementary Figure S2). The first ten principal components explain a cumulative variance of approx. 47% (Supplementary Table S9). The PCA indicates the existence of population structure in the panel of barley landraces (Figure 1), coinciding with the geographical origin of the genotypes. This finding is supported by the calculation of a neighbour joining (NJ) tree (Supplementary Figure S3). European landraces clustered together, while the lines from Asia formed two separate groups. Moreover, the Ethiopian landraces which are mainly naked types, formed a separate group. One smaller subgroup consisted of landraces from Europe and Asia. In the STRUCTURE analysis the mean Ln probability L(K), ΔK, and population clustering for K= 3 to 8 are shown in Figure S3. (Supplementary Figure S4) we identified eight Q-groups. Pairwise marker LD-matrices (r2) were calculated for each chromosome and LD-decay analysed for each chromosome separately shows an overall sharp LD-decay for all seven chromosomes with half-maximum-LD between 712 kb and 1.2 Mb (Supplementary Figure S5).




Figure 1 | Visualisation of population structure (PCA). A principal component analysis (PCA) was performed on the panel of 206 two-rowed Barley landraces using 32,286 SNP markers to visualize population structure. Proportions of explained variance of principal components (PCs) 1, 2 and 3 are indicated on the axes. Different colours correspond to the geographic origin (continents: red = Africa, green = Asia, blue= Europe) of the lines according to collection information. Symbols indicate grain features with circles and triangles representing hulled and naked lines, respectively.







Genome-wide association analyses

For GWAS, we focused on the16 selected traits. Three different methods were employed for GWAS: GAPIT with a univariate mixed linear model (MLM) approach, FarmCPU and BLINK using multi-locus models. In addition, we calculated for all traits the ratios between osmotic stress and control conditions and subjected them to the same GWAS pipeline. The ratios provide information about phenotypic plasticity and how well lines are able to maintain their root system architecture characteristics under stress conditions.

In summary, 276 significant marker-traits associations (MTAs; p-valueFDR< 0.05) and 70 potentially interesting associations were identified (p-valueFDR 0.1) across all three methods and traits, whereby individual MTAs explained on average 4.4% and for individual phenotypic traits up to 48.95% of phenotypic variance (PVE) (Supplementary Table S10). These associations were distributed across the seven barley chromosomes (n 1H = 34, n 2H = 69, n 3H = 42, n 4H = 75, n 5H = 44, n 6H = 40, and n 7H = 42). Notably, just two associations (‘BOPA1_1582-63’ on chromosome 5H for root/shoot ratio and ‘SCRI_RS_192761’ on chromosome 3H for shoot dry weight) were shared between the same traits scored under control and osmotic stress conditions. In addition, three common loci (‘JHI-Hv50k-2016-86571’, ‘LD block 2H - 774’, and ‘LD block 4H - 487’) were detected under both conditions but associated with different traits.

Using GAPIT with an MLM model and optimized PC numbers, a total of 14 significant MTAs (13 markers/LD blocks) was obtained for three traits under osmotic stress conditions and none under the control conditions (Supplementary Table S10). By BLINK, 26 significant MTAs (24 markers/LD blocks) were identified for 10 of the phenotypic traits in control condition and 59 significant MTAs (53 markers/LD blocks) for 15 traits under osmotic stress (Table S10). Using FarmCPU, 65 significant MTAs (61 markers/LD blocks) were identified for all 16 traits under osmotic stress condition, while under control condition 62 significant MTAs (53 markers/LD blocks) were identified for 15 of the phenotypic traits (Table S10). To find common associations between the three approaches, we searched for significant MTAs passing the FDR threshold< 0.05 in one of the models and passing the FDR threshold< 0.1 in at least one another model (Table 2). Finally, 26 MTAs/LD blocks were identified both by BLINK and FarmCPU, and one MTA by GAPIT and FarmCPU for the same traits. Three MTAs, ‘JHI-Hv50k-2016-273264’ on chromosome 4H associated with SDW under osmotic stress conditions (SDW-PEG), ‘JHI-Hv50k-2016-153756’ on chromosome 3H associated with the RWC under osmotic stress conditions (RWC-PEG) (Figure 2), and ‘LD block 4H - 345’ on chromosome 4H associated with the RSR-stress/control-ratio were identified by all three GWAS methods (Supplementary Table S10). These 29 MTAs related to 27 genomic loci were further considered for the identification of genes potentially involved in root growth of barley under osmotic stress and control condition.


Table 2 | List of markers-trait associations identified for osmotic stress and control condition by at least two GWAS methods.






Figure 2 | Consensus QTL for shoot dry weight under stress conditions (SDW-PEG). Genome-wide marker-trait associations for shoot dry weight under osmotic stress conditions (SDW-PEG). Manhattan plots (left) and quantile-quantile plots (right), (A) for FarmCPU, (B) BLINK and (C) GAPIT using MLM. GWAS were performed on BLUEs. Significant marker-trait-associations (MTAs) are shown in red colour with marker-IDs. MTAs with p-value (FDR)< 0.05 indicated by red dots. SNP marker JHI-Hv50k-2016-273264 on chromosome 4H was detected in all three GWAS methods.



After removing the duplicated markers found for different traits or with different methods, 260 unique loci (markers or LD blocks) were found to be associated (p-valueFDR< 0.1) with phenotypic traits under the control conditions, osmotic stress conditions and/or their ratios. Among the unique loci, 38 loci were associated with more than a single phenotypic trait (Supplementary Table S11). Three of these multi-trait loci were associated with four phenotypic traits. ‘JHI-Hv50k-2016-413564’ on chromosome 6H (within the 29 kb long ‘LD block 6H - 488’, which includes four highly linked SNP markers), displayed associations with RDW, RFW, Net.Area, and TotalBio under control (Figure 3). The marker ‘JHI-Hv50k-2016-187836’ was found to be associated with Net.Area-PEG, Net.Dep-PEG, Net-Len-PEG, and the Net.Area-stress/control-ratio under osmotic stress. Furthermore, ‘LD block 5H - 13’ has been shown to be linked to RFW-PEG, RDW-PEG, and four ratio traits. An additional set of four loci ‘JHI-Hv50k-2016-514383’, ‘SCRI_RS_223100’, ‘LD block 4H - 196’, and the large ‘LD block 7H - 752’ (spanning a region of 1.2 Mb and containing 38 markers on chromosome 7H) were each associated with three phenotypic traits, respectively (Supplementary Table S10). These seven loci associated with three to four traits are referred to as hotspot QTL.




Figure 3 | Multi-trait marker (JHI-Hv50k-2016-413564) on chromosome 6H. Circular Manhattan plots (FarmCPU) for the phenotypic traits root dry weight (RDW), root fresh weight (RFW), Net.Area, and TotalBio under control conditions are shown from the inner to outer circles, respectively. Significant marker-trait associations (p-value (FDR)< 0.05) and potentially interesting associations (p-value (FDR)< 0.1) are indicated by red and orange dots, respectively. The SNP markers JHI-Hv50k-2016-413564 on chromosome 6H which is part of ‘LD Block 6H - 488’ and associated with all four traits is highlighted by the dashed red line. The grey dashed lines correspond to two other LD-blocks associated with the traits RFW and Net.Area.



For 11 of the 16 ratio traits, significant or at least potentially interesting associations could be detected (Supplementary Table S11). Among the loci identified to be associated with the ratio traits, 15 were multi-trait loci associated with more than a single trait. Four loci, ‘JHI-Hv50k-2016-187836’, ‘LD block 5H-13’, ‘SCRI_RS_223100’, and ‘LD block 4H-196’ were categorized as hotspot QTL being associated with at least three traits (Supplementary Table S12). The first locus ‘JHI-Hv50k-2016-187836’ displayed high associations with Net.Area under osmotic stress conditions, detected by FarmCPU and BLINK, as well as with the Net.Area-stress/control-ratio and two other traits: Net.Dep-PEG and Net.Len-PEG. The second locus ‘LD block 5H - 13’, showed association with root fresh weight and root dry weight under stress conditions and the corresponding RDW-stress/control-ratio. In addition, this locus was identified to be associated with three more ratio traits: Net.Area-stress/control-ratio, Net.Dep-stress/control-ratio and TotalBio-stress/control-ratio. The third locus ‘SCRI_RS_223100’, is highly associated with the trait Net.Dep under stress conditions and the two ratio traits for Net.Area-stress/control-ratio and Net.Len-stress/control-ratio, while the fourth locus ‘LD block 4H - 196’ has been found to be associated with Net.Area, Net.Dep-PEG and the corresponding Net.Dep-stress/control-ratio.





Candidate genes

A total of 52 genomic regions were inspected in detail to identify candidate genes, whereby the search intervals around the associated markers/LD blocks were extended to the flanking genetic markers. Twenty seven of these regions were identified by at least two of the GWAS methods (Table 2) and 38 of them were associated with more than one phenotypic trait (Supplementary Table S11) under osmotic stress, the control conditions, and/or their ratio. Only genes annotated with a high confidence were considered as candidate genes with putative a role in barley root growth. In this context, no candidate genes could be nominated for 17 of these regions. In total, 273 candidate genes were identified for the 35 remaining regions. Five regions were large LD blocks (2H_354, 5H_449, 2H_351, 2H_247 and 7H_752) containing 23, 18, 17, 60 and 29 genes, respectively. A comprehensive list of all candidate genes is given in Supplementary Table S12. Of the 273 genes potentially linked to root growth under control and stress conditions, 163 could not be attributed a BIN functional category. It is noteworthy that the same genes had an undefined GO annotation (Supplementary Table S12). Whereas some categories were represented in both treatments, others were specific either for control or osmotic stress conditions (Figure S6). BIN categories specific to stress-associated traits included, but were not restricted to, ‘Cellular respiration/pyruvate oxidation’ (HORVU.MOREX.r3.2HG0121000), ‘Lipid metabolism’ (HORVU.MOREX.r3.1HG0079910), ‘Redox homeostasis/thiol-based redox regulation’ (HORVU.MOREX.r3.2HG0120840) or ‘Cell wall organisation’ (HORVU.MOREX.r3.4HG0403060). Those specific genes have been previously described to have a role in response to stress in different species (Sevilla et al., 2015; Wang et al., 2021). Interestingly, we observed that regions of interest, and consequently genes, putatively associated with growth parameters in control conditions were mostly localized on chromosomes 2, 5 and 7, whereas regions associated with growth parameters under osmotic stress were mostly localized on the chromosomes 1, 2, 3 and 4 (Figure 4).




Figure 4 | Location of QTL projected on the barley Morex V3 reference sequence assembly. All 68 markers from 52 common and multi-trait LD blocks were mapped on the barley Morex V3 reference sequence assembly. In green: markers associated with control, in brown: markers associated with PEG, in blue: markers associated both with control and PEG, in dark and/or underlined: markers associated with ratio. The map was drawn with MapChart 2.32 Windows (Voorrips, 2002). Chromosome length and marker positions are indicated by the scale on the left side in Mbp.








Discussion




Phenotypic variation of RSA and shoot traits

In nature, drought can occur at any stage of the plant’s life cycle and drastically affect plant growth and development (Khodaeiaminjan and Bergougnoux, 2021). Drought tolerance is a complex response involving both shoot and root adaptation. Landraces have been evaluated for centuries in different regions of the world in traditional agrosystems where they adapted to specific agroclimatic conditions while representing significantly broader genetic diversity between and within populations than modern varieties. Therefore, landraces constitute an important genetic resource for new breeding programs. In this study using a population of 230 individual two-row spring barley landraces, we simulated drought shortly after seed germination. Plants were grown in germination pouches, as described in several studies (Acharya et al., 2017; Huang et al., 2020), especially for root development under drought (Richard et al., 2015; Couchoud et al., 2019). High degrees of variation for all shoot and root traits were observed in both osmotic-stress and control conditions. Among the 16 traits under control conditions, the highest heritability was observed for SDW, in line with previous studies (Abdel-Ghani et al., 2019; Jia et al., 2019). Comparison of phenotypic traits between hulled and naked landraces revealed great differences between root and shoot traits under stress and control conditions. In general, hulled genotypes showed higher agronomic trait values under both conditions. However, some traits such as SDW were higher in naked genotypes. An influence of caryopsis and row type on yield and phenotypic traits has been reported previously (Jui et al., 1997; Jia et al., 2019). Indeed, naked barley closely resembles hulled type barley in its agronomic characteristics. Modern naked barley cultivars provided higher yield compared to classical, hulled barley cultivars, indicating that agronomic traits such as lower yield could be attributed more to the origin of genotypes and lack of adaptation rather than to the naked trait itself (Dickin et al., 2012). However, it has been proposed that the higher risk of embryo damage in naked types is responsible for lower yield compared to hulled types (Choo et al., 2001).





Identifying novel QTL and putative candidate genes associated with root and shoot traits

Drought signalling and plant response to drought are complex mechanisms, controlled by multiple loci. Plants develop different morphological and physiological strategies to cope with water deficit, and roots play a key role in drought adaptation. For instance, a deeper root system that enables access to moisture in deeper soil layers (Pérez-Ramos et al., 2013) and a higher root/shoot ratio are important adaptation traits to water deficit conditions (Jiang et al., 2012). To date, only few studies identified QTL associated with RSA in barley under water deficit. Robinson et al. (2016) assessed the seminal root angle and number under control conditions in soil-grown barley. Jia et al. (2019) reported 55 QTL associated with RSA variation in barley under well-controlled greenhouse conditions. Abdel-Ghani et al. (2019) identified 34 root-specific loci, in a spring barley collection under osmotic stress and control condition using GWAS. In the present study, conducted solely on barley landraces, we identified a total of 276 MTAs (p-value (FDR)≤0.05) representing 210 unique genetic markers/LD blocks associated with RSA, biomass, and shoot traits in both osmotic-stress and control conditions. Using the latest barley reference genome version (Morex v3; Mascher et al., 2021), we observed that marker positions changed in comparison to previous studies. Nevertheless, in total, the present study shares 13 loci with genomic regions detected by Abdel-Ghani et al (2019); Supplementary Table S13). Four were classified as hotspot QTL, six were classified as root-specific QTL, one was classified as stress-specific and two as non-specific QTL. Our hotspot QTL in LD block 2H-259 coincided with hotspot QTL-2H-6 of Abdel-Ghani et al. (2019): the authors suggested Thioredoxin-m3 (TRX-m3) as a potential candidate gene in this region. The role of TRX-m3 in root meristem and root hairs development has been shown in Arabidopsis previously (Benitez-Alfonso and Jackson, 2009). Further, our hotspot QTL in LD block 4H-316 was in the same genomic region as the hotspot QTL-4H-4 of Abdel-Ghani et al. (2019), and HvPRR73 was suggested to be a candidate gene for this locus. HvPRR37 induces early flowering under long photoperiods in barley (Turner et al., 2005). Previously, upregulation of HvPRR37 under osmotic stress was reported in barley seedlings (Habte et al., 2014). Moreover, hotspot QTL-5H-1 of Abdel-Ghani et al. (2019) coincided with our hotspot QTL in LD block 5H-137. Also, we mapped LD block 7H -752 to the large hotspot genomic region QTL-7H-10 of Abdel-Ghani et al. (2019) and in its later proximity HvDIM is a suggested candidate gene. HvDIM is involved in the brassinosteroid biosynthetic in barley (Dockter et al., 2014). Brassinosteroids play role in cell division, cell elongation, and photosynthesis (Gudesblat and Russinova, 2011). Further, the present study detected QTL for root traits in the vicinity of root-specific QTL in the study of Abdel-Ghani et al. (2019): QTL-1H-4 (BOPA2_12_10166 associated with Net.Con.A-PEG, Net.Len-PEG in our study), QTL-2H-10 (JHI-Hv50k-2016-113340 associated with Net.Area-PEG, Net.Len-PEG_CONTROL-ratio in our study), QTL-3H-3 (JHI-Hv50k-2016-187836 associated with Net.Area-PEG, Net.Len-PEG, Net.Dep-PEG, Net.Area-PEG_CONTROL-ratio in our study), QTL-4H-6 (JHI-Hv50k-2016-260522 associated with Net.Solid-PEG, RFW in our study), QTL-5H-2 (SCRI_RS_223100 associated with Net.Dep-PEG, Net.Area-PEG_CONTROL-ratio, Net.Len-PEG_CONTROL-ratio in our study), and QTL-5H-3 (JHI-Hv50k-2016-311338 associated with RFW-PEG_CONTROL-ratio in our study). The marker BOPA2_12_10166 detected for root traits in our study in the vicinity of root and stress specific QTL-1H-4 found by Abdel-Ghani et al. (2019) was also in our study exclusively associated with root traits from the stress treatment and therefore the QTL region can be confirmed as a stress and root specific in diverse spring barley with high importance for harboring a candidate gene influencing root growth under osmotic stress.

In opposite to the previous studies, we did not detect any root or shoot QTL in the region of the main flowering time gene in spring barley, HvPpd-H1 (Tombuloglu, 2019), although our barley panel differs for photoperiod sensitivity. This attributes to the fact that our experiments were conducted in day neutral conditions.





QTL and genes associated with growth in control condition

Net.Area, representing the surface of the root network, is an important morphological root trait in crop productivity under drought conditions (Vadez et al., 2013). It was found to be associated with 5 LD blocks (7H-243, 6H-488, 2H-259, 2H-351, 7H-752), mostly located on chromosome 2 or 7, either alone or together with traits such as root fresh/dry weight, total biomass, or root number. The LD block 7H-752 is characterized by 29 genes, including five genes encoding F-box transcription factors involved in a plethora of physiological and developmental processes, including promotion of lateral root (Lechner et al., 2006; Iantcheva et al., 2015), a gene encoding the gibberellin-regulated protein 2/Gibberellic Acid-Stimulated in Arabidopsis (GASA), and a gene encoding a phytoene synthase. GASA proteins trigger phytohormone-responses, such as cell wall and lateral root development while contributing to root primordium formation (Zimmermann et al., 2009; Li et al., 2011; Ahmad et al., 2019). Phytoene synthases catalyse the rate-limiting step of carotenoid, abscisic acid precursor, and strigolactone (SL) biosynthesis. SL regulate root development and possibly also root meristem cell number (Kapulnik and Koltai, 2014) (Sun et al., 2016). LD block 2H-259 contains three genes: two encoding glycosyltransferases and a lipase/lipooxygenase. Glycosyltransferases are involved in the biosynthesis of polysaccharides and glycoproteins in the plant cell wall (Hansen et al., 2012). Overexpressing the saffron UDP-glucosyltransferase increased anchoring root development in Arabidopsis (Ahrazem et al., 2015). Lipase/lipooxygenase, PLAT/L2H, seems to be involved in plant growth and abiotic stress tolerance, as overexpression of PLAT1 in Arabidopsis, increased abiotic stress tolerance, including cold, drought and salt stresses, while under control condition PLAT1 promoted growth (Hyun et al., 2014). LD block 2H-351 contains 17 high confidence genes. Two prime candidates are the histidine kinase 5, a receptor involved in the signalling pathway of cytokinins (CKs) and a laccase. In Arabidopsis, it has been demonstrated that HK5 is involved in root elongation, (Iwama et al., 2006), working antagonistically to ABA and ethylene. Laccases are enzymes involved in oxidative polymerization of lignin that accumulates particularly in cells where secondary thickening of cell wall occurs (Zhao et al., 2013). The importance of laccase in root hairs and xylem development has been demonstrated in Salvia miltiorrhiza (Zhou et al., 2021). Interestingly two tandem arrayed laccases were also located within the LD block 6H-488 that contains four high confidence genes. Two recent studies identified LAC2 as a gene improving drought tolerance in Populus euphratica by enhancing water transport capacity (Niu et al., 2021), and as a negative regulator of lignin deposition in the root xylem tissue of Arabidopsis thaliana (Sharma et al., 2020). It is interesting to note that in this LD block, the two laccases are associated with the exocyst complex component SEC6. Exocysts are protein complexes tethering secretory vesicles to target membranes; they function in plant cell secretory pathways, notably during cell wall biogenesis (Žárský et al., 2013). Genes of the laccase family therefore represent promising targets for breeding programs.

The trait Net.Len, representing the maximum deepness of the root system, corresponds to the foraging ability of the seedling and its ability to develop roots deep in the substrate. The genetic marker JHI-Hv50k-2016-93361 is associated with Net.Len and the corresponding search interval is characterized by several genes whose function in root growth has already been reported. The NAC (NO APICAL MERISTEM, ACTIVATION FACTOR, and CUP-SHAPED COTYLEDON) transcription factor (TF) family represents one of the largest plant TF families. NACs control lateral root formation via auxin signaling (Xie et al., 2000). Interestingly, an increase in root number and root diameter was observed in plants overexpressing OsNAC6, resulting in improved drought tolerance (Lee et al., 2017). NACs enhance drought tolerance in rice by transcriptional control of a subset of downstream genes (Hong et al., 2016).

The LD block 5H-449 associated with RFW encompasses 18 genes. The biochemical functions of these genes are highly variable. A role in biomass accumulation has been reported for MIZU-KUSSEI1 as a positive regulator of hydrotropic response in plants (Miyazawa et al., 2012). In rice, a differential expression of MIZ1 was observed between drought-tolerant and sensitive genotypes (Kaur et al., 2020). Furthermore, MIZ1 contributed to a higher survival rate in drought conditions in Arabidopsis (Iwata et al., 2013).

The LD block 4H-356, associated with RDW, covers two genes. One of those genes, encoding the phytochrome interacting factor 3 (PIF3). PIF3 is a component of the phytochrome signalling pathway, mediating response to red light. In Picea abies, red light has been shown to controls adventitious root regeneration by modulating hormone homeostasis (Alallaq et al., 2020).

The genetic marker JHI-Hv50k-2016-317067 was detected to be associated with the trait Net.width. Seven genes were associated with this QTL. However, except of TPX2 and ubiquitin hydrolase, none of them were described in plants.





QTL and genes associated with growth under osmotic stress conditions

We observed little overlap between control- and osmotic stress-related QTL: four genetic markers were related to RSR (SCRI_RS_121978, SCRI_RS_211274, SCRI_RS_152795 and BOPA1_1582-63) and one was related to SDW (SCRI_RS_192761). QTL associated with growth parameters under osmotic stress were mostly localized on chromosomes 1, 2, 3 and 4. The correlation between high leaf RWC and drought stress resistance in crops has been known for a long time (Schonfeld et al., 1988). The genetic marker JHI-Hv50k-2016-153756 was associated with RWC under stress condition. The corresponding search interval contained four genes encode trypsin inhibitors. Under water deficit, trypsin inhibitors regulate protein metabolism and contribute to maintain RWC (Dramé et al., 2013; Vaseva et al., 2016; Malefo et al., 2020). JHI-Hv50k-2016-273264 on chromosome 4H was identified by all three GWAS methods for SDW. Only one gene, virulence factor-related M protein that might play important roles in the mechanisms of virulence over the pathogen infection cycle was linked to this marker (Figaj et al., 2019).

Five genetic markers/LD blocks were identified for Net.Area-PEG alone or associated with different PEG-traits. LD block 4H-465 is contains a gene encoding a protein with crucial roles in fatty acid metabolism. Fatty acyl-CoA reductases have been reported to be involved in primary alcohol biosynthesis as the major components of cuticular wax on wheat seedling leaves (Wang et al., 2015). In wheat seedlings the expression of genes encoding fatty acyl-coenzyme A reductases, increased in response to dehydration stress (Chai et al., 2018). The genetic marker JHI-Hv50k-2016-113340 is associated with two high confidence genes. The gene encoding a DJ-1 protein regulates oxidative stress by interacting with the antioxidant enzymes glutathione peroxidase and superoxide dismutase in Arabidopsis (Xu et al., 2010). Mohanan et al. (2020) showed that overexpressing a gene containing a DJ-1 domain improved drought tolerance in sugarcane, however no effects on root anatomy were observed. Armadillo/beta-catenin-like repeat family proteins control lateral root branching (Gardiner et al., 2011) and are involved in stress signalling under abiotic stress (Sharma et al., 2014).

LD block 2H-370 is associated with Max.NR-PEG and includes six genes. The TF abscisic acid-stress-ripening (ASR) is a key regulator of plant drought responses (Virlouvet et al., 2011) (González and Iusem, 2014) (Sachdeva et al., 2020). The accumulation of ASR transcripts varied in rice plants under water stress, depending on the types of root tissue, suggesting a main role in root architecture changes (Yang et al., 2004). COP9 signalosome is a multiprotein complex formed by eight subunits and controls plant development and hormone signalling, especially auxin (Singh and Chamovitz, 2019). In Arabidopsis, the subunit 4 regulates adventitious root formation (Pacurar et al., 2017). Ubiquitin carboxyl-terminal hydrolases are involved in ubiquitin regeneration and protein stability and were identified in a miRNA study in barley roots under salt stress (Kuang et al., 2019), and are upregulated in drought tolerant maize (Dong et al., 2020).

LD block 2H-247, containing 60 genes, is associated with RFW-PEG and TotalBio-PEG. The TFs containing the AT-hook motif (AHL) regulate growth under stress (Wong et al., 2019) (Wang et al., 2021). In rice, overexpression of OsAHL1 improved root volume under water stress and this gene also regulated chlorophyll content of the leaves (Zhou et al., 2016). We detected a putative glycosyltransferase, the β -1,3-n-acetylglucosaminyltransferase radical fringe protein. β-glucosidase 2 (GBA2) is one of the main enzymes involved in degradation of cell wall. GBA2 was upregulated under water stress in susceptible maize plants (Waititu et al., 2021). DnaJ chaperones, involved in assisting protein folding, were also upregulated under PEG-induced water stress in tobacco (Xia et al., 2014) and tomato (Wang et al., 2019). Cullin-associated NEDD8-dissociated protein 1 (CAND1), are involved in AUX signaling and have been reported to regulate rice crown root emergence (Wang et al., 2011), tomato root architecture, and vegetative growth in general (Cheng et al., 2020). Alpha-L-arabinofuranosidase 1 is involved in cell wall metabolism and root elongation processes (Kozlova et al., 2015). It accumulates in common bean (Zadražnik et al., 2017) and chilli leaves (Jaswanthi et al., 2019) under drought stress. Kinesin-like proteins interact with tubulins and have been described to be accumulated under drought stress in mycorrhizal roots of wheat (Bernardo et al., 2017). Flavin-containing monooxygenase (FMO) control the metabolism of glucosinolates and auxin biosynthesis (Shi et al., 2014). It has been reported that in wheat FMOs are involved in the root acclimation to drought (Grzesiak et al., 2019). Another protein regulating redox homeostasis present in this block is Glutaredoxin (GRX), a glutathione-dependent reductase. Overexpression of the tomato homologue SlGRX in Arabidopsis improved the tolerance to water stress (Guo et al., 2010). Moreover, longer roots were observed in transgenic Arabidopsis overexpressing OsGRX under water stress conditions (Kumar et al., 2020b). MYB TFs control plant development, cell fate, production of metabolites and plant stress responses (Dubos et al., 2010). In wheat expression of TaMYB31 was upregulated under PEG or ABA treatment and altered the expression of wax biosynthetic genes and genes responsive to drought stress (Zhao et al., 2018). In Arabidopsis, AtMYB068/AtMYB084 functions in root elongation. AtMYB017/AtMYB023 and AtMYB066 have functions in root hair patterning and development (Ambawat et al., 2013). P-loop containing nucleoside triphosphate hydrolases are involved in many functions, including cell division and signal transduction (Leipe et al., 2004). This gene was related to water potential and yield under water deficit in Arabidopsis (Verslues et al., 2014) and potato (Tagliotti et al., 2021).

The interval around the genetic marker BOPA2-12-30191, associated with SDW-PEG and SFW-PEG contains 13 genes, with an overrepresentation of pectin lyase-like superfamily proteins and MYB transcription factors. It contains also a gene encoding a farnesyl disphophate synthase, involved in the synthesis of secondary metabolites, such as sterols (Szkopińska and Płochocka, 2005). Sterols are essential components of the cell membrane. Their accumulation under drought stress in different species (Du et al., 2020) could be part of the mechanism to protect membrane integrity.

LD block 5H-13 was associated with both, RFW-PEG and RDW-PEG. It contains four genes, including FtsH, which accumulates in drought-tolerant chickpea and maize (Vessal et al., 2020; Zhang et al., 2020) and a cation/H (+) antiporter classified by Mercator as belonging to the CPA-2 family. A genome-wide study in radish demonstrated that CPAs are accumulating in different tissues and in response to various abiotic stresses (Wang et al., 2020).

The genetic marker BOPA2-12-10166 was detected for Net.Con.A-PEG and Net.Len-PEG and its corresponding search interval contains five genes, four of them encoding wound-induced protease inhibitors (PI). Several studies supported that PI are involved in response to abiotic stresses, including drought (Shan et al., 2008; Srinivasan et al., 2009; Mishra et al., 2012).






Conclusions

In the present study, using a spring barley landrace collection, we identified QTL involved in barley root system architecture both in control and osmotic stress conditions. It is noteworthy that different regions of the genome are involved in either growth in normal condition or growth under stress. Some QTL overlapped regions that were already described to be associated with root development, whereas some others are unique as they were not described yet. This might be attributed to higher genetic diversity represented in the landraces compared to cultivars used in different studies. This highlights the high potential of such older genetic material for future breeding programs and the development of new varieties with higher foraging activity towards more efficient water and nutrient uptake, mobilization, and usage. Deep or highly branched root system ensure sufficient plant nutrition and maintenance of yield under drought stress conditions. Water deficit inhibits primary root growth, which is accompanied by chemical modification of cell wall, including lignin’s deposition in different species (Yang et al., 2004; Pospíšilová et al., 2016; Sharma et al., 2020). Due to its hydrophobic nature, it is assumed that highly lignified cell walls are less permeable to water, preventing thus water leakage and supporting water and nutrient’s transport under stress conditions. Some important root traits such as RFW, Net.Area and MaxNR were associated with QTL encompassing genes involved in cell wall organization(production, accumulation and modification of cell wall). However, the function of these promising candidate genes during root development in response to stress will have to be validated by different approaches, including gene expression analyses, histochemical studies of root anatomy, and overexpression or targeted gene knockout using CRISPR/Cas9.
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