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Abstract

:

Barley is indeed a versatile cereal crop, valued for its uses in food, animal feed, and increasingly in biofuel production. As interest grows in developing new barley genotypes that are better adapted to diverse environmental conditions and production systems, integrating agro-morphological evaluations with molecular marker analyses in barley breeding programs is essential for developing new genotypes. It is necessary to explore the genetic diversity of those germplasm to predicate their responses to targeted environments and regions. The current study explored the phenotypic and genotypic relations among Saudi advanced germplasm to facilitate the development of superior barley cultivars suitable for desert environments. Molecular microsatellites (SSR) markers revealed considerable wide genetic variation among Saudi germplasm and checks. Population structure analyses revealed four main groups. Those groups were validated using similarity analyses and coefficients. As well, principal components analysis (PCA) and heat map analyses separated the studied genotypes into four main groups. The improved Saudi germplasm, selected from the barley breeding program, revealed considerably wide genetic and phenotypic diversities, indicating the feasibility of selection to improve for semi-arid conditions. The improved line KSU-BR-C/G-2 had the highest grain yield and harvest index in the first season. Rihana/Lignee was followed by the KSU-BR-C/G-2 genotype, with a grain yield averaging 6734.07 (kg ha−1), in the first season. KSU-BR-88-29-10 yielded 20,000 kg ha−1 for biomass yield. In the second year, KSU-BR-30-7 had the highest biomass yield, with 27,037.04 kg ha−1.
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1. Introduction


Barley (Hordeum vulgare L. 2n = 14) is a widely cultivated cool season crop for food, feed, and biofuel. Barley is ranked fourth in terms of global production after maize, rice, and wheat [1,2]. It is a crop that is often preferred by limited-resources farms due to its ease of cultivation, adaptability to harsh environments, and low requirements. Modern crop varieties are mainly developed for certain traits such as high yield potential under favorable production conditions, making them unsuitable for low-income farmers in marginal production environments who face highly variable stress conditions [3]. Breeding for a specific trait reduces the genetic diversity of those crops. It is essential to preserve the biodiversity of plant species including diversity within and between species and ecosystems. Different genetic backgrounds lead to distinct responses to environmental conditions, a phenomenon known as genotype–environment interaction. This poses a significant challenge in breeding, as predicting how these genotypes will react to diverse environmental conditions is challenging [4]. Using exotic and diverse germplasm is a useful tool to increase genetic diversity [5,6,7,8]. Therefore, to improve barley tolerance to biotic and abiotic stresses or increase yield, it is important to understand the genetic diversity among its genotypes. This can be achieved by crossing genetically diverse parents with desirable traits [9]. In any crop-breeding program, assessing genetic diversity is invaluable as it aids in identifying diverse parental combinations to create segregating progenies with maximum genetic variability [3,9]. It also facilitates the introgression of desirable genes from diverse germplasm into the existing genetic base [5,6,9]. Evaluating genetic variability in barley is essential for breeding programs and genetic resource conservation [5,6,9]. Barley is an important source of animal feed in various regions of Saudi Arabia, where farmers commonly used old barley landraces. However, limited information is available on complete characterization of these landraces. The genetic diversity in Saudi barley landraces was studied for traits related to productivity and abiotic stress such as salt tolerance [10,11,12]. Several research programs have recently begun developing new cultivars with high levels of salt and drought tolerance to replace traditional landraces [12]. Hybrid ideotypes can be developed in crops [13,14,15,16]. Studies by Roy et al. [17] emphasized the importance of selecting ideotypes adapted to diverse agroecological zones, emphasizing traits associated with yield stability, resistance to biotic and abiotic stresses, water, and nutrient use efficiency. This study aims to build upon advancements in barley breeding by conducting a comprehensive analysis of genetic and phenotypic diversity in a set of newly developed Saudi barley genotypes and related check genotypes. By integrating agro-morphological evaluations with molecular marker analyses, we elucidate the genetic basis of key traits and facilitate the development of superior barley cultivars suitable for Saudi agricultural systems. In this context, our study aims to build upon the advancements made in barley breeding by conducting a comprehensive analysis of genetic and phenotypic diversity in a set of newly developed Saudi barley genotypes and related check genotypes. By integrating agro-morphological evaluations with molecular marker analyses, we elucidated the genetic basis of key traits and facilitate the development of superior barley cultivars suitable for Saudi agricultural systems. Characterizing germplasm under desert conditions in Saudi Arabia involves studying and evaluating different barley genotypes to determine their adaptability, performance, and resilience in the arid and semi-arid environments prevalent in this country. The Saudi barley breeding program aims to develop barley ideotypes that excel in key agronomic, morphological, and quality traits suited for the Saudi semi-arid environment, as well as compatibility with modern agricultural practices. A clear set of traits and descriptors of this ideotype provides a guiding framework and strategy for selecting and breeding barley genotypes that meet the specific needs and challenges of Saudi agricultural systems. The flag leaf area, flag leaf length, tillering grain-filling duration harvest index, and chlorophyll content are among the morpho-physiological traits that the Saudi barley breeding program aims to improve beside the seed and protein yields. Developing a crop ideotype is an ongoing process that should be carried out under adverse conditions. This approach can improve crop yield, quality, and resilience to environmental challenges such as climate change.



Advances in genomics and biotechnology have made it possible to identify and manipulate the genes responsible for these desirable traits, enabling more targeted and efficient ideotype breeding. Molecular markers provide a reliable estimate of genetic similarity that cannot be obtained through morphological data alone [18]. The calculation of polymorphic information content (PIC) values has become a standard practice in assessing the informativeness of molecular markers employed in barley breeding programs [19,20]. Furthermore, a genetic distance matrix was utilized to provide valuable information for estimating population structure with a smaller set of microsatellites [21,22,23,24]. Barley genetic diversity studies have extensively used different types of molecular markers, such as Simple Sequence Repeats (SSRs), and next generation sequencing technology, including Diversity Arrays Technology (DArT) and Single-Nucleotide Polymorphisms (SNPs). DNA molecule markers have a wide range of applications in the genetic identification of parents, assessment of genetic variation, identification of genetic linkage groups, and improvement of plants’ genetic structure. SSR primer pairs are considered the most capable marker for plant genetics and breeding programs, because of their co-dominant, multi-allelic nature and because they are relatively abundant with an excellent genome coverage [25,26,27,28,29,30,31].



Assessing genetic variability in barley is essential for breeding programs and genetic resource conservation. In this context, our study aims to build upon the advancements made in barley breeding by conducting a comprehensive analysis of genetic and phenotypic diversity in a set of newly developed Saudi barley genotypes and related check genotypes. By integrating agro-morphological evaluations with molecular marker analyses, we elucidated the genetic basis of key traits and facilitate the development of superior barley cultivars suitable for Saudi agricultural systems. The specific aim of the current study was to analyze the genetic and phenotypic diversities in a set of newly developed Saudi barley genotypes and related check genotypes, and to assess the genetic variability in barley germplasm using agro-morphological traits and molecular markers.




2. Materials and Methods


2.1. Plant Material


This experiment including 32 diverse barley genotypes consists of 14 new Saudi breeding lines (six-rowed barley) and check lines including four local landraces (two-rowed barley), seven cultivars from ICARDA (two- and six-rowed barley), five Egyptian cultivars (six-rowed barley), one American cultivar (six-rowed barley), and one Australian cultivar (two-rowed barley) (Table 1). These check barley lines showed a stable performance for traits such as grain yield when tested under Saudi agricultural practice and the 32 genotypes were planted at the Dirab Research Station, King Saud University, Riyadh, Saudi Arabia, during two winter seasons (2020/2021 and 2021/2022). Dirab is located approximately 50 km west of Riyadh, between latitudes 24°20′35″ and 24°20′51″ N and longitudes 46°31′41″ and 46°45′34″ E. This study utilized a randomized complete block design (RCBD) with three replications each year. Each experimental plot comprised five rows, with each 4 m long and 20 cm wide. The plots were fertilized with urea, muriate of potash (MOP), and triple superphosphate (TSP) at rates of 160 kg N/ha, 80 kg P2O5/ha, and 60 kg K2O/ha, applied at 5, 25, and 55 days after planting, respectively. Weather data for both seasons are shown in Figure 1. During these seasons, full irrigation was implemented, with watering to 100% field capacity whenever cumulative evaporation reached 50 mm.




2.2. Data Collection and Phenotyping


At physiological maturity, 10 single plants from each plot were used to measure the studied traits as the plot mean. Those 10 plants were used to collect the heading date (HD, days), as the number of days after planting to >50% flowering; plant height (PH, cm); flag leaf death (FLD, cm2); grain-filling duration (GFD), as the number of days after flowering; chlorophyll content using the SPAD value; pike length (SL, in cm); and grain number (GN) pre-spike. The 1000 kernel weight (TKW, g); biological yield (BY, kg ha−1), as the total plant biomass; and grain yield (GY, kg ha−1) were estimated. The harvest index (HI, %) was estimated as GY/BY*100. The nitrogen content of the grain and flour protein contents samples were measured using Kjeldahl’s method, as described in the American Association of Cereal Chemists (AACC) [32]. The protein percentage was calculated by multiplying the percentage of nitrogen by a factor of 5.7, in accordance with the standard method described in the literature. The protein content was reported in accordance with the standard method, both on a dry basis and with 14% moisture.




2.3. Genotyping Using SSR Markers


Leaf samples from 20-day-old seedlings of each genotype were collected, immediately frozen in liquid nitrogen, and ground with a pestle and mortar. Genomic DNA was extracted using the cetyltrimethyl ammonium bromide (CTAB) method, following the procedure described by Saghai-Maroof et al. [33]. The DNA’s quantity and quality were assessed with 0.8% agarose gels and a NanoDrop spectrophotometer (ND-8000, Thermo Scientific, Waltham, MA, USA). The DNA samples were then diluted to a concentration of 20 ng/μL using double-distilled water (ddH2O) and stored at −20 °C for SSR fingerprinting.



DNA genotyping of the 32 genotypes was conducted using 29 SSR primers (Table S1), selected from published genetic maps based on their specific positions [34]. The markers were chosen for their polymorphism, reproducibility, and diversity, ensuring comprehensive coverage of the seven barley chromosomes and effective performance with the studied barley genotypes. Each PCR reaction included 50 ng of genomic DNA, 0.5 µM of each primer, and 10 µL of 2× GoTaq Green Master Mix (Promega, Madison, WI, USA) in a total volume of 20 µL. PCR was carried out using a Biosystem cycler (Thermo Fisher Scientific, Waltham, MA, USA) with the following program: an initial denaturation at 95 °C for 5 min, followed by 35 cycles of denaturation at 94 °C for 1 min, annealing (temperature depending on the primer) for 1 min, and extension at 72 °C for 5 min. A final extension was performed at 72 °C for 5 min. The PCR products were then separated on a 3% agarose gel in 1× Tris borate EDTA (TBE) buffer at 75 V for 65 min, stained with ethidium bromide, and visualized and scored using a UV transilluminator (Thermo Fisher Scientific, Waltham, MA, USA.




2.4. Statistical Analysis


2.4.1. Morphological Diversity Analysis


The statistical significance of differences among barley genotypes was assessed using one-way analysis of variance (ANOVA) in STATISTICA [35]. The correlation between agro-morphological traits was determined using the correlation coefficient in Windows Excel 2019. To reduce data dimensionality while preserving essential information, principal component analysis (PCA) was employed. A scatter plot was created using PAST software version 1.62 [36] to visualize the multi-dimensional data of the barley genotypes through PCA. A dendrogram was constructed to illustrate genetic relationships between barley genotypes using the unweighted pair group method with arithmetic average (UPGMA) implemented in NTSYS-pc version 2.2 software [37]. A heat map, generated with R-Studio, was used to categorize the various agro-morphological traits and illustrate differences among barley genotypes. Additionally, a genetic and phenotypic correlation study was conducted to examine correlation patterns for each trait at both the genotypic and phenotypic levels. This analysis reflects the inheritance patterns and associations between traits and was performed using Multi-Environment Trial Analysis with R for Windows (META-R Version 6.03—CIMMYT) [37].




2.4.2. Molecular Analyses


The SSR data were scored as present (1), absent (0), or missing (9), with each band corresponding to a locus. To illustrate the genetic relationships among barley genotypes, a dendrogram was constructed using the unweighted pair group method with arithmetic average (UPGMA) in NTSYS-pc version 2.2 software [37]. The population structure was analyzed based on the SSR data. The optimal number of subpopulations was determined using STRUCTURE V2.3.4 software [38], which employs an admixture model-based clustering method. The analysis included a burn-in period of 50,000 iterations followed by 50,000 MCMC replications. The number of subpopulations (K) was tested for values ranging from 1 to 10, with three iterations for each value, as outlined in previous studies [39,40]. To identify the optimal number of subpopulations, STRUCTURE Harvester version 0.6.94 was utilized [41].






3. Results


3.1. Agro-Morphological Diversity and Characterization


In the current study, 11 morphological traits data were collected and used to investigate the genetic diversity among 32 barley genotypes. Variance analysis revealed highly significant differences between barley genotypes for all studied traits (Table S2). Their corresponding mean values measured for all barley genotypes (supplemental Tables S3 and S4) showed a wide significant variation for all traits.



In fact, our data demonstrated that the early genotypes were KSU-BR-G/G-3, Saudi landraces: Jazan-1 and Jazan-2 (64, 67, 62, and 62 days after planting, respectively), while Assala-04 and Rihane-03 were the late-flowering genotypes (78.67 and 78.67 days after planting, respectively) (Tables S3 and S4). The shortest new inbred line, KSU-BR-G/G-3, measured 65.5 cm in height, while the tallest was Rihana/Lignee. Giza124 from Egypt and Wl2291 from Australia had the longest grain-filling periods across both seasons. Giza124 also recorded the highest number of grains per spike at 52.80 g, whereas Jazan-1 had the lowest at 11.40 g. Barley genotypes showed significant variations in biological and grain yields, which are detailed in supplemental Tables S3 and S4. In the first season, the ICARDA check genotype (Rihana/Lignee) demonstrated superiority over other genotypes (21,851.85 and 6817.78 kg ha-1 for biological and grain yields, respectively) (Tables S3 and S4).



In the second season, the improved line KSU-BR-G121/L-4 and the Egyptian check genotype Giza126-1 both exhibited the highest grain yield and harvest index (Table S3). In the first season, the improved line KSU-BR-C/G-2 showed the highest grain yield and harvest index.



Rihana/Lignee followed by the KSU-BR-C/G-2 genotype with grain yield averaged 6734.07 (kg ha−1) in the first season. KSU-BR-88-29-10 yielded 20,000 kg ha−1 for biomass yield. In the second year, KSU-BR-30-7 was the highest in biomass yield, with 27,037.04 kg ha−1. The biological yield, including the biomass production, is an important trait for bioenergy dual purposes for the bioeconomy that considers barley as one of the bioenergy crops. As a result, these genotypes are promising parents for bioenergy applications. Significant variability was observed in chlorophyll content (Tables S2 and S3). The Gusto genotype had the highest chlorophyll content in both seasons. Additionally, the inbred Saudi line (KSU-BR-G/G-2) exhibited higher chlorophyll content compared to the studied improved lines. Among the barley genotypes studied, the inbred Saudi line (KSU-BR-40-18-4) had the longest spike. In general, the data revealed variation for agro-morphological traits in both seasons, indicating the environmental influences on these traits. Figure 2 shows the variation in grain and flour protein among the studied barley lines. The inbred Saudi line (KSU-BR-40-18-4) had the highest grain protein content, with 15.24%, compared to the six-rowed barley types. Among the two-rowed types, the ICARDA genotype (Carina/Moroc9-75) revealed the highest grain and flour protein content, with 17.63% and 13.74%, respectively. During the 2021 and 2023 seasons, the inbred line KSU-BR-30-7 showed the highest flour content at 13.51% and 13.76%, respectively, compared to the six-rowed inbreeds and checks.




3.2. Correlation between Phenotypic Traits


The correlation coefficients (r) among the studied traits were highly significant (p < 0.001), with values ranging from 0.06 to 0.64 (Table 2). The strongest positive correlations were observed between heading date (HD) and flag leaf duration (FLD) (r = 0.64), FLD and grain-filling duration (GFD) (r = 0.62), and biomass yield (BY) and grain yield (GY) (r = 0.51). Notably, a high biomass yield is indicative of a high grain yield (see Table 2). Significant positive correlations were also found between SPAD readings and HD, FLD, and grain number (GN). Conversely, there was a significant negative correlation between GN and the weight of 1000 grains (TKW), with a coefficient of −0.45. This suggests that the number of grains per spike is inversely related to TKW. Specifically, two-rowed types tend to have fewer grains per spike compared to six-rowed types but produce grains with greater weight and size, thereby affecting the TKW.




3.3. Clustering Based on Phenotypic Traits


Principal component analysis (PCA) (Figure 3) showed that the genetic background of the barley genotypes had a significant impact on the 13 traits. PCA had two components, with PC1 accounting for 37.6% and PC2 accounting for 18.6% of the total variance. The PCA biplot indicated that the most distinguishing traits among the studied barley genotypes were grain yield, heading date, grain number, flag leaf length, and grain-filling duration.



Using the agglomerative hierarchical clustering (AHC) method, the barley genotypes were grouped into four clusters (Figure 4). The first and second cluster comprised three and seven genotypes, respectively, and included Yemen landraces (Jazan-1, Jazan-2), Saudi inbred lines (KSU-BR-G/L-2, KSU-BR-G/L-4, KSU-BR-G/L-1, KSU-BR-G/L-3, KSU-BR-S/L-1, and KSU-BR-G121/L-4), and the landrace genotype Assir. The third cluster included 17 genotypes. The fourth cluster contained five genotypes. Within a given cluster, genotypes are aggregated into small groups based on their grain yield, agronomic performance, and morphological traits.




3.4. Heat Map Analysis of the Whole Data


A heat map was constructed to visually assess the effects of experimental factors on the 32 barley genotypes based on the results of a comprehensive analysis of the 13 agro-morphological and quality traits (Figure 5). The analysis yielded four primary clusters of genotypes based on their trait associations, as illustrated in the heat map and dendrogram (Figure 5). Group I contains four genotypes with average-to-high SL, GP, and FP (three inbred lines and one ICARDA Selection). Further, Group II contains nine genotypes with average-to-high biological yields (BY) and 1000 kernel weight (TKW) (five landraces and four cultivars) and Group III contains seven (improved inbreed lines) genotypes with average-to-high grain protein and flour protein. Finally, Group IV contains 12 genotypes with average-to-high plant height (PH) and low-biological yield (four improved inbreed lines, four ICARDA genotypes, three Australian genotypes, and one American genotype.




3.5. Molecular Characterization Using SSR Markers


A fundamental objective in the field of genetics is to characterize and understand the genetic diversity and population structure of a species. This knowledge is essential for the development of effective conservation strategies and genetic improvement programs. The current study analyzed 32 individual barley genotypes using 29 SSR primers (Table S1) that exhibited polymorphic amplification during the screening process, yielding a total of 478 alleles. Using the UPGMA program (Figure 6), the genotypes were classified into four main groups based on their similarity coefficients, ranging from 0.30 to 0.85. The first group consisted of nine genotypes that were clustered into three subgroups. Notably, genotype KSU-BR-G/G-3 appeared to be separated within the first subgroup. The second group consisted of seven genotypes, which were further divided into two subgroups. Four improved Saudi inbred lines were part of this group. Four Saudi inbred lines (KSU-BR-G/G-1, KSU-BR-G/G-2, KSU-BR-G/G-3, and KSU-BR-G/G-4) were clustered in the first subgroup and three Saudi inbred lines were clustered in the second subgroup (KSU-BR-L/L-3, KSU-BR-88-29-10, and Gusto). The third group was the largest, with ten genotypes divided into four subgroups. The first subgroup included the inbred line (KSU-BR-G121/L-4). Three two-rowed landraces (Jazan-1, Jazan-2, and Yamen) appeared to be separated within the second subgroup. Subgroup three contained two ICARDA genotypes (Er/Apm, Bacheer) and W12292 (South Australia). The fourth subgroup included the two-rowed barley genotypes (Harmal, Carina/Moroc9-75, and Assir). The fourth group consisted of nine genotypes, which were divided into three subgroups. The first subgroup included KSU-BR-S/L-1 (inbred lines), Assala-40 (ICARDA landraces), and the Egyptian cultivar (Sahrawy). The second subgroup contained Rihana/Lignee and Rihane-03 (ICARDA landraces). The third subgroup included Saudi inbred lines KSU-BR-C/G-2 and KSU-BR-C/G-1.




3.6. Population Structure Analysis


Figure 7 summarizes the analysis of the population structure of the 32 barley genotypes using SSR markers. The analysis revealed that the peak of delta K was observed at K = 4, suggesting the presence of four main subpopulations (Figure 7A). Subpopulation one included seven genotypes, the second subpopulation included ten genotypes, the third subpopulation included seven genotypes, and the fourth subpopulation included eight genotypes (Figure 7B).





4. Discussion


Identifying genetically diverse genotypes with desirable traits is crucial in plant breeding [42,43,44,45]. Traditionally, morphological characteristics have been used to estimate genetic diversity and relationships among barley genotypes. However, it is important to note that these characteristics can be heavily influenced by environmental factors. To estimate genetic diversity and relationships among barley genotypes, it is recommended to use combined molecular and conventional approaches [46]. The estimation of population structure and genetic diversity is significantly influenced by two key factors: population size and the choice of molecular marker. SSR (simple sequence repeat) markers are particularly valuable for determining relationships and assessing genetic diversity due to their polymorphic nature, high reproducibility, and co-dominant inheritance, high reproducibility, co-dominant inheritance, and they are abundant in plant genomes [47,48]. The objective of the present study was to characterize the genetic and phenotypic diversities of novel inbred barley lines and varieties cultivated under semi-arid conditions, employing a combination of morphological and molecular markers. Moreover, a correlation was established between genetic similarities based on molecular markers and agronomic traits of improved Saudi germplasm. The studied barley genotypes demonstrated significant genetic variability, with a wide range of genetic and phenotypic differences. This study showed that there is significant morphological diversity among barley landraces, which affects the variation in various traits. The research suggests that quantitative characters can detect this variation. Several reports have estimated the phenotypic diversity in barley genotypes [49,50]. The 32 barley genotypes included in this study were subjected to an evaluation process encompassing a range of characteristics, including morphological traits, grain yield, yield components, and physiological traits. These evaluations facilitate the enhancement of genetic variability and the efficiency of selection in barley breeding programs [51]. Based on our data, different genotypes of barley characterized by their flowering times in Saudi Arabia are discussed. Here is a breakdown of the data mentioned, where early-flowering genotypes are KSU-BR-G/G-3 (64 days), Saudi landrace Jazan-1 (67 days), and Saudi landrace Jazan-2 (62 days), while late-flowering genotypes are Assala-04 (78.67 days) and Rihane-03 (78.67 days). This data is crucial for agricultural planning and management, especially in arid and semi-arid regions like Saudi Arabia, where the timing of flowering can significantly impact crop yield and quality due to the harsh climatic conditions. Early-flowering genotypes might be favored in regions where there is a shorter growing season or to avoid high temperatures and drought stress during the hottest part of the year. Conversely, late-flowering genotypes might be advantageous in areas with a longer growing season or where cooler temperatures prevail later into the year. Understanding the flowering times of different genotypes helps in selecting the most appropriate varieties for local conditions, optimizing crop production, and ensuring food security in challenging environments (Tables S2 and S3). Based on the data obtained, here is a summary of the characteristics and performances of various barley genotypes, including the height trait, where the shortest newly developed inbred line, designated KSU-BR-G/G-3, exhibited a height of 65.5 cm. The Rihana/Lignee genotype exhibited the greatest height, reaching 105.07 cm. With regard to the flag leaf area trait, the Egyptian barley (check genotype) and Sahrawy (check genotype) exhibited the largest flag leaf area at 121 cm², while the Saudi landraces (Jazan-1 and Jazan-2) had the smallest flag leaf area. Giza124 recorded the highest number of grains per spike at 52.80 g; on the other hand, Jazan-1 had the lowest number of grains per spike at 11.40 g. Barley genotypes showed significant variations in both biological and grain yields, which are detailed in supplemental Tables S2 and S3. The genotypes exhibited a variation of yields in the first season; the ICARDA check genotype Rihana/Lignee demonstrated a superiority in biological yield (BY) (21,851.85 kg/ha) and grain yield (GY) (6817.78 kg/ha). This detailed information highlights the diverse characteristics and performances of different barley genotypes under the specific conditions of this study. It underscores the importance of selecting appropriate genotypes based on traits such as height, leaf area, grain-filling period, number of grains per spike, and overall yield potential to optimize barley production in varying environmental conditions. The findings of this study indicate that barley genotypes, including landraces, improved lines, and check cultivars exhibit a broad diversity, offering valuable insights into the distribution of grain protein content and other related traits. The results mentioned that Saudi improved inbred lines have demonstrated positive and beneficial outcomes when grown under the specific conditions found in Saudi Arabia. The inbred lines have shown an ability to adapt well to the local environmental conditions of Saudi Arabia, which typically include high temperatures, low precipitation, and sandy soil. These inbred lines likely exhibit good agronomic performance, such as high yield potential, and efficient use of water and nutrients available in the region.



It is notable that a significant positive correlation was observed between grain yield and biological yield, suggesting that increased grain filling during photosynthesis results in enhanced grain yield [47]. However, the correlation between grain number (GN) and grain yield was non-significant in this study, which is likely due to the combined analysis of two-rowed and six-rowed barley genotypes.



In the current study, clustering based on the studied agronomic traits did not reveal any distinct regional patterns. Genotypes from the same or adjacent regions appeared in different clusters. However, Jazan 1, Jazan 2, and Yemen were included in the same cluster, and Giza124 and Giza126 (Egyptian genotypes) were included in one cluster. The improved breeding lines, namely, KSU-BR-G/L-2, KSU-BR-G/L-4, KSU-BR-G/L-1, KSU-BR-G/L-3, KSU-BR-S/L-1, and KSU-BR-G121/L-4, were grouped together. In addition, heat map analysis revealed that the 32 barley genotypes were clustered into four main groups based on agronomic and quality traits. The information relating to agro-morphological and quality evaluations are important factors to understand the relationship among germplasm, such as breeding material to help breeders select parental material for the next breeding cycle [9,52]. The heat map cluster analysis has been used successfully in understanding the information and classification of the barley genotypes [9,52].



This study aims to leverage advancements in barley breeding by conducting a thorough analysis of genetic and phenotypic diversity among newly developed Saudi barley genotypes and related check genotypes. Here is an assessment of the objectives and potential outcomes of such a study. Assessing genetic variability is crucial as it provides insights into the diversity of traits among barley genotypes. This information is foundational for breeding programs aiming to develop cultivars with improved traits such as yield, drought tolerance, disease resistance, and quality [18,19]. Evaluating agro-morphological traits (such as height, yield components, and disease resistance) alongside genetic analyses helps in understanding how genetic variations manifest in observable traits. This integrated approach aids in identifying promising genotypes that exhibit desirable phenotypic characteristics under Saudi Arabian agricultural conditions. Molecular markers are essential tools for studying genetic diversity at the DNA level. Techniques such as SSRs (Simple Sequence Repeats) markers can reveal genetic relationships, population structure, and linkage disequilibrium among the studied genotypes. These markers also facilitate marker-assisted selection (MAS) in breeding programs, where specific DNA markers linked to desired traits can be used to accelerate the breeding process. By elucidating the genetic basis of key traits through both phenotypic and molecular analyses, this study aims to contribute to the development of superior barley cultivars tailored to Saudi agricultural systems. These cultivars can potentially enhance productivity, resilience to environmental stresses, and overall crop quality. Understanding genetic diversity also supports the conservation of barley genetic resources. It ensures that diverse genetic materials are preserved and utilized in breeding programs, thereby safeguarding against genetic erosion and enhancing long-term agricultural sustainability [18,19,20,31,53,54]. The genetic information can also be used to select genotypes with desirable traits for breeding programs [55]. The current studies showed that SSR markers can be used to estimate the genetic diversity of Saudi barley genotypes. The gained information could be valuable in a marker-assisted selection procedure to improve barley productivity under Saudi agricultural conditions [48]. The current study reports, for the first time, the variability of Saudi barley genotypes based on SSR markers. Based on genetic distances and similarity coefficients among the 32 barley genotypes, the Saudi genotypes showed they have wide diversity bases. The SSR markers can reveal a considerable level of genetic diversity, which has been found to be useful for barley germplasm and its more efficient use in barley selection [56]. This study revealed significant genetic diversity, as measured by allelic richness and polymorphic information content (PIC). Muller et al. [57] classified markers into highly and moderately informative based on their PIC values. They found that 47% of the markers used in their study were moderately (0.44–0.7) and highly informative (above 0.7), with Bmag0007 (0.80) and Bmag0211 (0.72) the most informative SSR markers. Malysheva-Otto et al. [58,59] reported that the Bmac0040 marker was found to be the most diverse marker in their study.




5. Conclusions


The current study examined the genetic diversity and population structure of a set of barley genotypes using microsatellite markers. Population structure analysis revealed four subpopulations. It was also observed that the structure analysis revealed, to some extent, a classification pattern of most of the barley genotypes according to their genetic and geographical backgrounds and productivity. For example, a subpopulation included KSU-BR-C/G-2, KSU-BR-C/G-, and KSU-BR-S/L-1 (breeding genotypes derived from KSU-BR-C/G-2, KSU-BR-C/G-1, and Sahrawy/Local-SL 1, respectively), Sahraw (relation genetic) and Rihana/Lignee, and Assala-04 and Rihane-03 (ICARDA) (geographical region). This can probably be attributed to the rapid seed dissemination by gene flow and seed exchanges between farmers or migration by human intervention to different regions from a cultivation point of view [60]. Additionally, the polymorphic loci amplified by SSR markers may not be linked to the scored agro-morphological traits, leading to a different basis of classification [61]. Using a higher number of SSR markers may help reduce the observed disparity and increase similarity. Overall, the newly developed Saudi barley lines demonstrated superior performance compared to both landraces and check cultivars across several of the traits examined. The improved line KSU-BR-C/G-2 had the highest grain yield and harvest index in the first season. Rihana/Lignee, followed by the KSU-BR-C/G-2 genotype, had an average grain yield of 6734.07 (kg ha−1) in the first season. KSU-BR-88-29-10 yielded 20,000 kg ha−1 for biomass yield. In the second year, KSU-BR-30-7 was the highest in biomass yield, with 27,037.04 kg ha−1. Therefore, these lines are promising candidates to be used for multi-purposes, feed, food, and bioenergy. Utilizing phenotypic data and molecular markers could enable adopting precise and effective strategies to conserve genetic resources and enhance barley breeding programs. The positive findings regarding the Saudi improved inbred lines underline their importance in enhancing agricultural productivity and resilience in Saudi Arabia, aligning with local environmental conditions and agricultural needs. The integration of genetic and phenotypic analyses in this study aims to advance barley breeding efforts in Saudi Arabia. By elucidating genetic variability and understanding its phenotypic expression, this study seeks to pave the way for the development of improved barley cultivars that meet the specific challenges and opportunities of Saudi agricultural systems.
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Figure 1. Temperature and rainfall data for the experimental site during the two growing seasons. 
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Figure 2. Comparing grain and flour protein contents for the two growing seasons (S1:2018 and S2:2019). The grain and flour protein estimation were based on the protein content of whole grains and straight-grade flour samples, respectively. 
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Figure 3. Two-dimensional ordination of the qualitative and rescaled quantitative data traits in barley genotypes. Component 1 represented 37.6% and component 2 represented 18.6% of the total variance. 
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Figure 4. Agglomerative hierarchical clustering (AHC) of barley genotypes based on their morphological traits using the standardized Euclidean coefficient. 
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Figure 5. Heat map showing the clustering of the 32 barley genotypes based on morphology and quality traits. The band color indicates the differential association among traits. 
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Figure 6. UPGMA dendrogram of 32 barley genotypes based on SSR marker data (Jaccard’s coefficient, 100 replications). 
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Figure 7. Analysis of the population structure using STRUCTURE 2.3.4 software. (A) DK values for each number of subpopulations (K) for 32 barley genotypes. (B) Classification of 32 barley genotypes into four main subpopulations. The color code indicates the distribution of the genotypes to different subpopulations. Numbers on the y-axis show the subgroup membership and the x-axis shows the different genotypes. Genotype numbers are in alignment with Table 1. 






Figure 7. Analysis of the population structure using STRUCTURE 2.3.4 software. (A) DK values for each number of subpopulations (K) for 32 barley genotypes. (B) Classification of 32 barley genotypes into four main subpopulations. The color code indicates the distribution of the genotypes to different subpopulations. Numbers on the y-axis show the subgroup membership and the x-axis shows the different genotypes. Genotype numbers are in alignment with Table 1.



[image: Agronomy 14 01716 g007]







 





Table 1. Description of the barley genotypes used in this study.
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	Genotype
	Pedigree
	Row Type
	Source





	1
	KSU-BR-G/G-3
	Giza121/Gusto-SL3
	6
	KSU Breeding Program



	2
	KSU-BR-G/G-4
	Giza123/Gusto-SL4
	6
	KSU Breeding Program



	3
	KSU-BR-C/G-2
	KSU-BR-C/G-2
	6
	KSU Breeding Program



	4
	KSU-BR-C/G-1
	KSU-BR-C/G-1
	6
	KSU Breeding Program



	5
	KSU-BR-30-7
	Giza123/Local-SL 30-7
	6
	KSU Breeding Program



	6
	KSU-BR-40-18-4
	Giza123/Local-SL 40-18-4
	6
	KSU Breeding Program



	7
	KSU-BR-88-29-10
	Gusto/Local-SL 88-29-10
	6
	KSU Breeding Program



	8
	KSU-BR-G121/L-4
	Giza121/Local-SL 4
	6
	KSU Breeding Program



	9
	KSU-BR-S/L-1
	Sahrawy/Local-SL 1
	6
	KSU Breeding Program



	10
	KSU-BR-G/L-1
	Gusto/Local-SL 1
	6
	KSU Breeding Program



	11
	KSU-BR-G/L-2
	Gusto/Local-SL 2
	6
	KSU Breeding Program



	12
	KSU-BR-G/L-3
	Gusto/Local-SL 3
	6
	KSU Breeding Program



	13
	KSU-BR-G/L-4
	Gusto/Local-SL 4
	6
	KSU Breeding Program



	14
	KSU-BR-L/L-3
	Lignee/Local-SL 3
	6
	KSU Breeding Program



	15
	Assir
	Local landraces
	2
	Saudi Arabia Landrace Assir



	16
	Jazan-1
	Local landraces
	2
	Saudi Arabia Landrace



	17
	Jazan-2
	Local landraces
	2
	Saudi Arabia Landrace



	18
	Yemen
	Yemen landraces
	2
	Yemen Landrace



	19
	Giza124
	Giza 117/Bahteem 52// Giza 118/FAO 86
	6
	Egyptian Cultivar (ARC-EGYPT)



	20
	Giza126
	BaladiBahteem/SD 729 Pour 12769-BC
	6
	Egyptian Cultivar (ARC-EGYPT)



	21
	Giza126-1
	Giza126
	6
	Egyptian Cultivar (ARC-EGYPT)



	22
	Sahrawy
	Baladi 16/Gem
	6
	Egyptian Cultivar (ARC-EGYPT)



	23
	Giza123
	Giza 117/FAO 86
	6
	Egyptian Cultivar (ARC-EGYPT)



	24
	Gusto
	Gusto
	6
	American Commercial Cultivar



	25
	Rihana/Lignee
	Rihana/Lignee
	6
	ICARDA Selection



	26
	Assala-04
	Assala-04
	6
	Old Landrace–ICARDA



	27
	Er/Apm
	Er/Apm
	2
	ICARDA Selection



	28
	Beecher
	Atlas/Vaughan
	6
	Old Landrace–ICARDA



	29
	Carina/Moroc9-75
	-
	2
	ICARDA Selection



	30
	Rihane-03
	As 46//Avt/Aths
	6
	Old Landrace–ICARDA



	31
	Harmal
	Union/CI03576//Coho
	2
	Old Landrace–ICARDA



	32
	Wl2291
	CI3576/Union*2
	2
	Waite Institute in South Australia










 





Table 2. Correlation coefficients and significancy levels among morphological and physiological traits of barely genotypes.
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	HD
	PH
	FLD
	GFD
	SPAD
	SL
	GN
	TKW
	BY
	GY
	HI
	GP





	PH
	0.31 **
	
	
	
	
	
	
	
	
	
	
	



	FLD
	0.64 **
	0.36 **
	
	
	
	
	
	
	
	
	
	



	GFD
	0.08 **
	0.18 **
	0.62 **
	
	
	
	
	
	
	
	
	



	SPAD
	0.56 **
	0.09 **
	0.56 **
	0.16 **
	
	
	
	
	
	
	
	



	SL
	0.20 **
	0.14 **
	0.27 **
	0.07 ns
	0.22 **
	
	
	
	
	
	
	



	GN
	0.46 **
	0.28 **
	0.55 **
	0.27 **
	0.53 **
	0.25 **
	
	
	
	
	
	



	TKW
	−0.35 **
	0.03 ns
	−0.40 **
	−0.17 **
	−0.46 **
	−0.08 **
	−0.45 **
	
	
	
	
	



	BY
	0.34 **
	0.22 **
	0.37 **
	0.08 **
	0.23 **
	0.23 **
	0.25 **
	−0.10 **
	
	
	
	



	GY
	0.31 **
	0.23 **
	0.18 **
	−0.07 **
	0.17 **
	0.12 **
	0.19 **
	−0.15 **
	0.51 **
	
	
	



	HI
	−0.06 ns
	0.01 ns
	−0.23 **
	−0.20 **
	−0.11 **
	−0.12 **
	−0.10 **
	0.00 ns
	−0.37 **
	0.55 **
	
	



	GP
	−0.03 **
	0.18 **
	0.12 **
	0.15 **
	−0.15 **
	0.32 **
	−0.20 **
	0.37 **
	0.13 **
	0.01
	−0.08 **
	



	FP
	−0.01 ns
	0.12 **
	0.17 **
	0.11 **
	−0.07 **
	0.21 **
	−0.04 ns
	0.10 **
	0.28 **
	0.11 **
	−0.14 **
	0.42







** Significant at p < 0.001, ns; non-significant. Heading date (HD), Plant height (PH), Flag leaf death (FLD), Grain-filling duration (GFD), SPAD value (SPAD), Spike length (SL), Grain number (GN), 1000 kernel weight (TKW), Biological yield (BY), Grain yield (GY), Harvest index (HI), Grain protein (GP), and Flour protein (FP).
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