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Abstract

:

Wild emmer, the direct progenitor of modern durum and bread wheat, has mostly been studied for grain quality, biotic, and abiotic stress-related traits. Accordingly, it should also have a certain amount of diversity for morphological and agronomic traits. Despite having a high chance of huge diversity, it has not been deeply explored. In the current study, 263 wild emmer accessions collected from different regions of Israel, Turkey, Lebanon, and Syria were characterized for a total of 19 agronomic and shoot morphological traits. Three trials were carried out in Western Australia, which demonstrated a large variation in these traits. The average phenotypic diversity (H’) was 0.91 as quantified by Shannon’s diversity index. A high heritability was recorded for most of the traits, where biomass/plant and yield/plant were identified as the most potential traits. Correlation analysis revealed several significant associations between traits, including significant positive correlation between yield and tiller number, first leaf area, spike length, and biomass/plant. The principal component analysis (PCA) demonstrated that most of the traits contributed to the overall observed variability. The cluster analysis categorized 263 accessions into five clusters on average. On the other hand, accessions were categorized into eight populations based on the collection region and a comparative analysis demonstrated considerable variations between populations for plant height, spike length, and flag leaf area. Despite the low yield, several wild emmer accessions demonstrated superior performance compared to modern bread wheat cultivars, when selection was based on combining yield with multiple traits. These observations indicate that wild emmer contains a broad gene pool for several agronomic and shoot morphological traits, which can be utilized for bread and durum wheat improvement.
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1. Introduction


Wheat is one of the most important and widely grown crops, which accounts for 8% (0.7 billion tonnes) of the global production of primary crops in recent times [1]. The reason behind worldwide massive cultivation is its capacity to grow in a broad range of weather conditions (temperature: 3 to 32 °C; precipitation: 250 to 1750 mm, moisture condition: dry to seaside; elevation: up to 3000 m above sea level) and in heterogeneous types of soil [2]. Modern wheat is derived through a long evolutionary process, which includes hybridization, polyploidization, domestication, and mutation [3,4]. The evolutionary process started with the formation of wild emmer wheat (Triticum dicoccoides, AABB) through crossing between Triticum urartu (AA) and Aegilops speltoides (BB). Wild emmer is considered the direct progenitor of cultivated emmer (T. dicoccoum), durum (T. durum), and bread wheat (T. aestivum), and it played a central role in wheat domestication [5]. Domestication of wild emmer started around 10,000 years ago in the Fertile Crescent region and it still grows widely across the discontinuous arc of Fertile Crescent, more precisely from Israel to western Iran. Wild emmer accessions can be subdivided into two distinct groups according to geographical distribution: northern (Turkey, Iraq, and Iran) and southern (Israel, Palestine, Lebanon, and southwestern Syria) populations [6,7]. AFLP (Amplified Fragment Length Polymorphism) and RFLP (Restriction fragment length polymorphism) studies suggested that the Karacadag (or Diyarbakir) region in south-eastern Turkey was likely the place for domestication [7]. Another study based on organellar DNA suggested that the southern Levant in north-western Turkey was the place for domestication [8]. Evidence supporting the initiation of domestication in both places was also found, suggesting an independent domestication event in both places followed by expansion and merging [6]. However, distribution of wild emmer was confined to areas with relatively mild winters around the Fertile Crescent region. Studies on geographical variation among different wild emmer accessions revealed that genetic polymorphisms were established before the start of domestication, resulting in a wide variation between and within populations for several traits [9].



The importance of exploring and preserving the genetic diversity of crop species and their wild relatives has been recognized by the foremost agronomists and geneticists [10], for conserving germplasm and selecting desirable genotypes for breeding [11,12,13]. Landraces have always been considered valuable material for studying genetic diversity because of the large genomic variations between and within populations [12]. Moreover, many valuable allelic variations, which were lost gradually through natural evolution, domestication, and breeding, could be recovered by utilizing landraces [14].



While the potential of wild emmer wheat (WEW) in grain quality (protein content, amino acid composition, novel gliadin, and glutenin content and micronutrient mineral content); abiotic stress (herbicide resistance and salt, drought, and heat tolerance); and biotic stress (powdery mildew, fusarium head blight, leaf rust, stem rust, stripe rust, and many more) tolerances have been investigated extensively, the massive variation in morphological traits has been overlooked in many cases [5]. The reason behind this minimal interest toward morphological traits is the difficulty in phenotyping. For example, usually, most wild emmer takes a long time to flower and complete its life cycle. In addition, flowering time is not synchronized, which is a concern for conventional breeding schemes [15]. Similarly, most wild emmer is characterized by prostrate type growth; i.e., tillers grow in a horizontal direction and most of them are tall, which results in lodging. So external mechanical support is needed at flowering time until harvesting to keep them straight, which is inconvenient for large-scale phenotyping. Another concern of wild emmer is that its spikes usually disarticulate into spikelets at maturity, which are known as brittle rachis that makes harvesting difficult [3]. Moreover, spikes consist of persistent enclosed hulls and strong glumes, which makes the threshing very difficult using a threshing machine [16]. Thus, manual threshing is the only way to phenotype grain-related traits, which is a very difficult job for larger sizes of germplasm.



However, despite having many challenges, wild emmer wheat can be a potential source of variations in several shoot morphological and agronomic traits that can be used for the improvement of modern wheat. It is evident that, similar to grain quality and stress-related traits, wild emmer has a huge diversity in agronomic traits [17]. There is a high chance of having a wide range of alleles for shoot morphological and agronomic traits. For example, while most wild emmer accessions are late-flowering, a few early-flowering accessions have the potential genetic source to be utilized further for the improvement of modern wheat [18]. Similarly, another beneficial trait is biomass, as higher biomass means more photosynthesis, which ultimately increases yield [19]. Moreover, wild landraces of wheat were used as fodder by ancient farmers due to higher biomass [20]. Tiller number is another trait that heavily contributes to the total biomass and is directly related to yield [21]. In general, wild emmer produces a high number of tillers despite the fact that many of them are not productive [22]. Shoot angle (angle between tillers and soil surface) is also a trait of interest, which determines the erectness or prostrate growth of any crop and the transition from prostrate to erect was an important domestication event [23]. Similarly, tiller angle (the angle between main culm and side tillers or angle between outermost left and right tillers) is a domestication-indicating trait that has been studied extensively in rice [23,24]. So far, no study has been published until now to explore the diversity of these traits in wild emmer wheat. Spike length is also an important trait that is directly related to yield, which is largely variable in wild emmer that can be potentially utilized to boost the yield of modern wheat. As such, some of the morphological attributes present in wild emmer will be useful for bread wheat improvement. A detailed study on agronomic and shoot morphological traits of wild emmer landraces would generate useful information for wheat breeding.



For understanding the diversity of any particular trait, simple distribution patterns or value ranges are generally used. Shannon’s phenotypic diversity is another way to study the diversity of individual traits and trait combinations [25]. Multivariate analysis is also important to assess large plant populations in identifying genotypes with desirable traits for breeding, organizing core collections, and elucidating the patterns of variation [26]. It has been used to summarize and describe the underlying variation in germplasm collections of many crops such as sorghum, barley, rice, and wheat [26,27]. On the other hand, it is important to identify the accessions with superior performance, not only based on yield but also considering multiple traits contributing to yield. Recently, a new statistical approach named GYT (Genotype by Yield*Trait) biplot was developed for selecting better-performing genotypes [28], where genotypes were evaluated by combining yield with other traits (any traits having breeding value). This approach has been used extensively in several grain crops including bread wheat [29], durum wheat [30], soybean [31], sesame [32], cowpea [33], and many more. This is a graphical, effective, and straightforward tool for the selection of genotypes based on multiple traits [28]. The accessions identified as superior ranked using this method can be used as a potential parent in a breeding program where multiple useful traits can be targeted at the same time.



It has been well documented that the place of origin of wild species has a strong influence on the possession of plant morphological traits [9]. As wild emmer generally grows in the Fertile Crescent, particularly around Eastern Mediterranean countries at the center of origin, it is largely unknown how they perform in other agro-ecological environments. In particular, no study has been published on the performance of wild emmer in Australian conditions, which is essential to utilize such valuable genetic resources in Australian wheat breeding.



The current study was conducted on several agronomic and shoot morphological traits of 263 accessions of wild emmer collected from Turkey, Lebanon, Syria, Iran, and different parts of Israel including EC1 (Evolution Canyon 1, an ideal microsite model for studying evolution [34]). The diversity of the WEW germplasm set for 19 traits in the Australian environment will be discussed, and the potential traits for bread wheat breeding program will be identified.




2. Materials and Methods


2.1. Plant Materials


The experiment was conducted with 263 accessions of wild emmer wheat (Triticum dicoccoides) obtained from the Gene Bank of the Institute of Evolution, University of Haifa, Haifa, Israel. Those accessions were collected from Israel, Turkey, Syria, Lebanon, and Iran (Table 1). Accessions were categorized into 10 populations based on geographical locations [9]. Some accessions from Israel were categorized as “Non-specified”, as the information on the exact collection location of those accessions was not available. All collected accessions were released from biosecurity control following all the necessary procedures set by Department of Agriculture and Water Resource, Government of Western Australia.




2.2. Glasshouse and Field Experiment


Two separate glasshouse experiments were conducted from January to September 2019 (E1: 17 °C temp. and 70% RH) and February to October 2020 (E2: 19 °C temp. and 61% RH) at Murdoch University, Western Australia, following CRD (Completely Randomized Design) layout with six biological replicates of each genotype. Seeds were sown on Petri plate and kept at 4 °C for cold treatment. After three days, uniformly germinated seedlings were transferred into pot (5 L) with soil mixture. One field trial was conducted in South Perth, the experimental farm of the Department of Primary Industries and Regional Development, Western Australia, from June 2020 to December 2020. Before sowing, seeds were kept in cold room (4 °C) for 1 week. The trial design followed a RCBD (Randomized Complete Block Design) with three replications in a 100 cm long single row. Necessary intercultural operations (fertilizer application and weeding) were conducted on a regular basis to maintain a proper growth. High-yielding Australian bread wheat cultivars Suntop, Mace, and Yitpi were used as check cultivars. Just before flowering, external supports were provided using bamboo stick. Whole plants were harvested separately at full maturity and about 5 cm of stem was kept from the ground to record the shoot angle data.




2.3. Data Collection


Data were taken on 19 aboveground important agronomic traits including heading time (HT), flowering time (FT), maturity time (MT), plant height (PH), total tiller number (TTN), effective tiller number (ETN), spike length (SpL), peduncle length (PL), flag leaf area (FLA), second leaf area (SLA), yield per plant (YPP), and biomass per plant (BPP). As wild emmer has brittle rachis, spikes were harvested manually when 50% of them were at physiological maturity [17]. The angles between effective tillers and soil surface (ranging from 0 to 90o) were recorded as shoot angle (SAng), which was recorded from 5 cm of stem kept from ground while harvesting (Supplementary Figure S1A–C). Seed-related traits including thousand kernel weight (TKW), seed length (SL), seed width (SW), seed thickness (ST), and seed area (SA) were recorded using seed count machine. Threshing was performed manually by rubbing between two rough rubber surfaces and threshability was scored on a 1–4 scale [35] where 1 = completely free-threshing with virtually all seed released from the hulls; 2 = mostly free-threshing with a minor portion of the seed remaining hulled; 3 = somewhat difficult to thresh with a major portion of the seed remaining hulled; and 4 = difficult to thresh with only a few seeds being released from the hulls (Supplementary Figure S1D–G). Same person carried out all the threshing work to reduce scoring errors.




2.4. Statistical Analysis


Data were subjected to different types of analysis. Firstly, the descriptive statistics and distribution of all traits were checked to ensure normality of data, followed by an analysis of variation (ANOVA) to determine the effects of genotype, environment (location), and genotype   x   environment interaction using the statistical software IBM SPSS Statistics version 24.0 (IBM Corp., Armonk, NY, USA). Genotypic variance (GV) and phenotypic variance (PV) were calculated based on the formula given by Johnson et al. [36]. Genotypic coefficient of variations (GCV) and phenotypic coefficient of variations (PCV) were calculated following the formula given by Burton [37]. Heritability in a broad sense (H2b) was estimated using the formula given by Johnson et al. [36]. Genetic advance (GA) was estimated following Johnson et al. [36]. Genetic advance in percent of mean (GA%) was calculated based on Comstock and Robinson [38]. Pearson’s correlation analysis and principal component analysis (PCA) were conducted using the statistical software IBM SPSS Statistics version 24.0 (IBM Corp., Armonk, NY, USA). In PCA, components with eigenvalues >1 were extracted, and the first two principal components (PC1 and PC2) were considered only for generating a two-dimensional graphical representation (loading plot). Traits having a significant contribution to the first principal component (PC1) were incorporated for cluster analysis suggested by Ward’s method based on Squared Euclidean distance [11] using the same software.



For estimation of Shannon’s diversity, entries of a particular trait were classified into five phenotypic groups based on the mean value and standard deviation (SD) as follows: (i) G1: entries with <(Mean-2SD); (ii) G2: entries from >(Mean-2SD) to <(Mean-1SD); (iii) G3: entries from >(Mean-1SD) to <(Mean + 1SD); (iv) G4: entries from >(Mean + 1SD) to <(Mean + 2SD); and (v) G5: entries with >(Mean + 2SD). Shannon’s diversity index (H) of each studied trait was calculated first to find out the phenotypic diversity in the collected accessions using the following formula [25].


  H = −   ∑  i = 1   N    P i I n P i    








where N = Number of phenotypic groups; Pi = Relative frequency of the ith group; and ln = Natural logarithm.



Finally, the average Shannon’s diversity (H’) was estimated using the following formula [25].


  H ’ =   ∑  i = 1   k    H i    








where H = Shannon’s diversity index and k = Number of total studied traits.



Shannon’s phenotypic diversity was also calculated for each population based on some selected traits using the same formula. Eight populations were considered according to their collection locations: (i) Central area, Israel; (ii) South area, Israel; (iii) West area, Israel; (iv) Non-specified, Israel; (v) Evolutionary Canyon 1 (EC1), Israel; (vi) Turkey; (vii) Lebanon; and (viii) Syria. The North area, Israel, and the Iran populations were excluded from this analysis due to only having two and one accessions, respectively (Table 1). A comparative analysis was conducted to observe the overall performance of different populations based on a suite of selected traits. GGE biplots were drawn using the GenStat package (17th release, VSN International. Hertfordshire, UK) to cluster populations of similar performance based on the selected individual traits.



Superior accessions were selected following GYT (Genotype by Yield*Trait) biplot method [28]. Traits having a highly significant correlation with yield were selected. For preparing GYT table, values of positively correlated traits were multiplied by yield value (e.g., Yield*Effective tiller or Y*ET). On the other hand, yield value was divided by the value of its negatively correlated traits (e.g., Yield/Flowering time or Y/FT). The GYT table was standardized using the following formula so that the mean of each yield–trait combination became 0 and the standard deviation became 1, and this table was named as a standardized table (Supplementary Table S6) [28].


  P i j =   T i j − T j   S j    








where Pij is the standardized value of accession i for yield–trait combination j in the standardized table, Tij is the original value of accession i for yield–trait combination j in GYT table, Tj is the mean across accessions for yield–trait combination j, and Sj is the standard deviation for yield–trait combination j. Average standardized value of a particular accession for all yield–trait combinations was termed as superiority index and used to rank the accessions. High-yielding popular cultivar Mace, Suntop, and Yitpi were also used here to compare with wild emmer accessions. The average tester coordination (ATC) view of GYT biplot was prepared to show the ranking of top 20 accessions based on superiority index of all yield–trait combinations along with three cultivars from field trial data (E3). The GGE biplot was prepared to observe performance and stability of top 20 accessions across all three trials (E1, E2, and E3). Both GYT biplot and GGE biplot were generated using GenStat package (17th release, VSN International. Hertfordshire, UK).





3. Results


3.1. Diversity in Shoot Morphology


All of the 19 traits showed considerable variation in all 3 environments (Figure 1). A wide range was observed in E1 and E2 for the life-cycle-related traits (HT, FT, and MT), while a narrow range was found in E3. In general, all accessions completed their life cycles earlier in E3 compared to E1 and E2 (Figure 1A–C). A huge diversity was observed in plant height (PH), effective tiller number (ETN), and total tiller number (TTN) in all locations despite the fact that the diversity range varies between the environments (Figure 1D–F). The highest diversity in PH was observed in E1 with the value ranging from 47 to 186 cm (Supplementary Table S1). The ETN also demonstrated a huge variation that was distributed from 1/plant to 14/plant at E2. Likewise, TTN showed a huge diversity with the range from 3/plant to 20/plant at E2.



A considerable diversity was also observed in spike length (SpL) and peduncle length (PL) in all environments, where the highest diversity in SpL was observed in E2 ranging from 4.5 to 11.75 cm, and the highest diversity in PL was observed in E1 ranging from 11 to 76.5 cm (Figure 1G,H; Supplementary Table S1). Similarly, a huge variation was also observed in the flag leaf area (FLA) and second lead area (SLA) in all environments despite the fact that the diversity range varied from environment to environment (Figure 1I,J). The highest diversity for FLA was observed in E2 ranging from 4.35 to 76.73 cm2. Shoot angle (SAng) is an interesting trait with an average of 54.34°. A wide range of shoot angles indicates that the wild emmer germplasm had both the upright and prostrate type of growth (Figure 1K). For yield/plant (YPP), the highest value was observed in E2 with a range from 0.06 to 4.34 g/plant (Figure 1M). A huge variation was also observed in biomass/plant (BPP) in all environments where the highest diversity was observed in E2 ranging from 1.86 to 55.46 g/plant, followed by E1, ranging from 2.52 to 25.52 g/plant (Figure 1L). Finally, the mean value of threshability (T) was around three, which indicates that most of the accessions were somewhat difficult to thresh with a major portion of the seed remaining hulled (Figure 1O). The average coefficients of variation (ACV) were also calculated for all traits, which ranged from 5.86% for SL to 38.19% for YPP, indicating a large improvement potential (Supplementary Table S1).



Analysis of variance (ANOVA) also showed highly significant differences among accessions for all the 19 aboveground traits across all environments (Supplementary Table S2). Genotype–environmental interactions were highly significant for all traits. Different genetic parameters including genotypic variance, phenotypic variance, heritability, genotypic coefficient of variation (GCV), phenotypic coefficient of variation (PCV), genetic advance (GA), and genetic advance as percent of mean (GA%) were measured for all the aboveground traits (Table 2). Genotypic variance ranged from 0.04 (ST) to 1214.5 (HT), whereas phenotypic variance ranged from 0.1 (SW and ST) to 1240.63 (HT). For all traits, the PCV was higher than the GCV, which indicates that the environment played an important role on phenotype. The broad sense heritability (Hb) ranged from 40.86 to 98.4 where high heritability was found for HT (97.88%), FT (98.4%), MT (92%), and BPP (90.63%) and low heritability was found for TTT (52.91%), SL (53.65%), SW (47.61%), and ST (40.86%). The YPP had the highest value for both GCV (40.78%) and PCV (43.98%), whereas SL had the lowest value (GCV%: 6.72 and PCV%: 9.17). The highest GA% was observed for YPP (96.7%) followed by BPP (90.29%), and the lowest was observed in SL (9.7%).



Pearson’s correlation analysis was conducted on three environments, separately, which showed several significant associations between traits (Supplementary Table S3). The patterns of most of the significant associations were similar (positive or negative) in three different environments indicating a strong genetic influence on trait relationships. As expected, highly positive correlations were found between the life-cycle-related traits (HT, FT, and MT), leaf area traits (FLA and SLS), and kernel-related traits (TKW, SL, SW, ST, and SA). In contrast, highly significant negative correlations were found between leaf area trait (FLA) and life-cycle-related traits (HT and FT) in all environments. It is worth mentioning that life-cycle-related traits (HT, FT, and MT) had negative correlations with most of the traits, except for tiller number-related traits (TTN and ETN). On the other hand, the production-related traits, BPP and YPP had significant positive associations with most of the traits except life-cycle-related traits (HT, FT, and MT), and threshability (T). Notably, BPP had positive associations with the life-cycle-related traits in E2. Other contrasting associations include PH with life-cycle-related traits, BPP with threshability, and YPP with SL. Compared with the total associations, there were only a few such contrasting associations.




3.2. Multivariate Analysis


Principal component analysis (PCA) was extracted based on eigenvalues >1. Overall, PH, SpL, PL, FLA, SLA, SAng, BPP, YPP, TKW, SL, SW, ST, and SA appeared as the key traits responsible for the observed total variance. In E1, a total of five components were extracted cumulatively explaining 75.81% of the variance, among which the first component (PC1) had an eigenvalue of 6.53 that explained 34.69% of total variance (Supplementary Table S4). Similarly, a total of five and six components were extracted explaining cumulatively 74.32% and 79.81% of variance for E2 and E3, respectively. The common traits from all three environments with positive loading values to PC1 were PH, SpL, PL, FLA, SLA, SAng, BPP, YPP, TKW, SL, SW, ST, and SA, which means that these traits are mainly responsible for the observed variance. An individual component plot was generated for E1, E2, and E3 considering the first and second principal components (Figure 2A–C). In all cases, two major clusters of traits were formed: positively loaded traits (PH, SpL, PL, FLA, SLA, SAng, YPP, TKW, SL, SW, ST, and SA) and negatively loaded traits (HT, FT, MT, TTT, ETN, and T) with PC1.



Further cluster analysis was conducted separately for the three environments based on the traits with positive loadings in PC1 from the corresponding principal component analysis. This result indicates that clustering patterns of the studied wild emmer accessions varied greatly according to the environmental conditions. Cluster analysis suggested by Ward’s method based on the Squared Euclidean distance matrix grouped accessions into five, four, and six clusters for E1, E2, and E3, respectively (Figure 2D–F). In the case of E1, both the first and fifth clusters accommodated the highest number of accessions (26% each), whereas the third cluster had the lowest, with only 12% of total accessions (Supplementary Table S5). For E2, most of the accession were grouped under cluster 1 (42%), and cluster 4 had the lowest number of accessions (11%). Finally, for E3, cluster 5 had the highest number of accessions (30%) and cluster 2 had the lowest (6%).




3.3. Shannon’s Phenotypic Diversity Index


The overall average of Shannon’s phenotypic diversity index (H’) was 0.91, which indicates the presence of a high diversity among accessions considering all traits (Figure 3). The highest diversity was observed in HT followed by FT and MT, indicating a massive diversity across the accessions in plant maturity. PH, SpL, and SLA also demonstrated significant levels of diversity. On the other hand, the WEW accessions were less diversified for the T, followed by YPP and BPP. All of the five groups (G1, G2, G3, G4, and G5) were present in all traits except T and SAng, where the fifth group (G5) was not present.



The average of Shannon’s diversity index (H’) was also calculated individually with the accessions from the same center of origin/location of collection, except North Israel and Iran due to few accessions (Figure 4). All locations were found with highly diversified accessions ranging from 0.79 to 0.92. The highest diversity was found for two populations: Non-specified, Israel, and Lebanon (0.92). Despite having low numbers of accessions, Lebanon had the highest average of Shannon’s diversity index, which indicates that the accessions of Lebanon were more highly diversified than any other populations studied.




3.4. Phenotypic Variability Explained by Accession Origin


A comparative analysis was conducted on all the aboveground traits to observe the overall scenario of different populations. As mentioned before, the North Israel and Iran populations were excluded from this study. A significant difference was observed between the populations (Figure 5). For example, FT and MT varied significantly between populations when the average life cycle period was long due to the environmental influence, i.e., E1 and E2 environments (Figure 5A,B), while it appeared almost uniform in the short life-cycled environment (E3). Notably, accessions of Turkey flowered and completed the life cycle earlier than the others in both E1 and E2, while the accessions of Lebanon and Syria demonstrated longer life cycles in general. A significant variation was also observed among populations for plant height, which was consistent across all environments (Figure 5C). Likewise, Spike length varied significantly among populations and across the environments. Generally, all populations produced bigger spikes in E3 (Figure 5D). It also showed that Central, West, and Non-specified areas of Israel and Turkey exhibited bigger spikes, whereas South Israel and Syria exhibited smaller spikes irrespective of environment. Flag leaf area also varied significantly among all populations of Israel (Central, South, West, EC1, and Non-specified) but showed enormous variability across environments (Figure 5E). On the other hand, accessions of Turkey, Lebanon, and Syria demonstrated fewer variabilities across environments. The shoot angle also varied significantly among populations and environments. Considering all populations, the shoot angle was higher for field trial (E3), followed by E2 and E1. On the other hand, considering all environments, accessions of EC1 showed prostrate-type growths resulting in smaller shoot angles (Figure 5F).



The GGE biplot analysis was based on the performance of different aboveground traits, where populations with similar performances were grouped together into the same mega-populations. Two mega-populations were formed for flowering time, shoot angle, yield/plant, thousand kernel weight, and thresh ability, whereas three mega-populations were formed for plant height and flag leaf area (Figure 6). In most cases, Turkey formed a separate mega-population, particularly for plant height (Figure 6B), flag leaf area (Figure 6E), yield/plant (Figure 6F), and thousand kernel weight (Figure 6G); and accessions of Turkey were found more suitable to field trial (E3), whereas other mega-populations were suitable for either E1 or E2. For flag leaf area (FLA), yield/plant (YPP), and thousand kernel weight (TKW), the first principal coordinate (PC1) efficiently separated the mega-populations (Figure 6E–G). On the other hand, the separation of mega-populations was largely based on the second principal coordinate (PC2) for flowering time (FT) and shoot angle (SA) (Figure 6A,D).




3.5. Ranking Genotype Superiority


Superior genotypes of wild emmer accessions were ranked using GYT (Genotype by Yield*Trait) biplot analysis. The selected traits include flowering time, effective tiller number, spike length, flag leaf area, shoot angle, biomass/plant, thousand kernel weight, seed width, and threshability due to their significant correlation with yield (Supplementary Table S3). To obtain yield–trait combinations, the yield value was multiplied by trait, i.e., effective tiller number, spike length, flag leaf area, shoot angle, biomass/plant, thousand kernel weight, and seed width, as they are positively associated with yield and termed Y*E, Y*S, Y*FL, Y*SA, Y*B, Y*TKW, and Y*SW, respectively. For flowering time and threshability, the yield value was divided by the trait value as they are negatively associated with yield and termed Y/F and Y/T, respectively.



The superiority index of each accession was calculated from field trial (E3) as the high-yielding bread wheat cultivars (Mace, Suntop, and Yitpi) were only included in this trial as checks (Supplementary Table S6). Performances of some accessions were noticeably better (TD534, TD120, TD535, and TD121). However, a standardized table was calculated for the top 23 genotypes (including 20 wild emmer accessions and 3 check cultivars) for a clear presentation of the GYT biplot (Table 3). The tester vector view of the GYT biplot revealed a strong positive correlation between Y*B and Y*E (Figure 7A). Y/F, Y*S, Y*SA, Y*TKW, Y*SW, and Y/T also had a strong positive correlation with each other. On other hand, Y*FL showed less strong positive correlations with other yield–trait combinations. The ATC (Average Tester Coordination) view of the GYT biplot shows that both TD534 and TD120 performed better than the check cultivars, and the ranking order of some superior genotypes based on yield–trait combinations are TD534 > TD120 > Mace > Suntop > Yitpi > TD535 > TD121 (Figure 7B). Though TD535 and TD121 did not rank better than the check cultivars, they were balanced for all traits, whereas TD534 and TD120 produced higher biomass/plant and effective tiller, but had smaller flag leaf area.



The GYT biplot was conducted only on field trial E3 data as the check cultivars (bread wheat) were used in this environment only. The top 20 wild emmer accessions from this GTY biplot were selected to further conduct a GGE biplot analysis in all three environments (E1, E2, and E3) to observe their performances individually. The ATC view of the GGE biplot showed a clear superior performance of five accessions (TD534, TD216, TD121, TD120, and TD535) over the rest of the accessions (Figure 8). Notably, TD216 ranked lower in the GYT biplot (Figure 7; Table 3) but secured the second position in the GGE plot (Figure 8). This was because TD216 was more suitable for E2, and the GYT plot was made based on the E3 data. However, in the GGE biplot, the ranking order of the top 4 genotypes also changed from the previous one. Here, TD121 performed better than TD120 and TD535, securing the third position from the top. The ranking order of the top five accessions is TD534 > TD216 > TD121 > TD120 > TD535. The performance of TD121 was stable across the environments, whereas TD534, TD120, and TD535 performed better in E3 and TD216 in E2.





4. Discussion


Characterization of diverse genetic resources is important not only for exploring and preserving the germplasm source but also for introducing novel and useful alleles into modern wheat cultivars. Usually, landraces exhibit greater genetic diversity, a higher number of alleles, and potentially new variants compared to modern cultivars [39]. Wild emmer is not an exception to that. Even though molecular markers are largely used in breeding programs, nowadays, morphological markers are still considered the best tool to study genetic diversity [12]. In the current study, an investigation was conducted on 19 major aboveground traits across 263 wild emmer accessions to have a broader view of how those accessions were diversified, which traits can be useful for further breeding, and how the performance of populations varies in the Australian environment.



4.1. Wild Emmer Possesses Wide Variation in Shoot Morphology


All the studied shoot traits of wild emmer showed a wide range of variation in each environment, indicating the first evidence of high genetic variation within the landraces (Figure 1; Supplementary Table S1). Most accessions had considerably higher plant heights, which is common in most of the wheat wild relatives and landraces. Modern wheat, which evolved in the 20th century, has reduced plant height because of the worldwide trend of selecting shorter plants to avoid lodging [40]. In addition to longer plant height, wild wheat landraces are also characterized by late maturity [41]. This lengthy life cycle might be the reason for obtaining higher yield/plant (YPP) in the glasshouse trial (1.05 g/plant in E1 and 1.58 g/plant in E2) compared to the field trial (0.66 g/plant). Though the yield of wild emmer in this study seems better, particularly in the glasshouse trial, it is usually characterized by very poor yield, about only 0.5 g/plant [5]. This means that the cold and humid conditions of the glasshouse were responsible for the late flowering, resulting in a longer vegetative stage and increased yield. Additionally, unlimited plant nutrition boosted plant growth in glasshouse conditions. Biomass/plant was also found higher in the glasshouse trial than in the field trial. Most of the accessions were characterized by higher tiller numbers, indicating significant contributions of straw to biomass. Moreover, most shoot traits of the wild emmer accessions varied from environment to environment, but the presence of a wide variation was evident in every environment. Similar observations were found in wild emmer landraces for grain nutrition-related traits [17] and also in other landraces such as Italian bread wheat accessions [40], Chinese bread wheat landraces [39], and Moroccan durum wheat landraces [42].



The presence of huge diversity in the studied wild emmer germplasm was also confirmed by Shannon’s phenotypic diversity index (H) where the average of Shannon’s phenotypic diversity index (H’) was 0.91, indicating a high variation in all traits (Figure 3). The highest diversity index was observed for life-span-related traits (HT, FT, and MT) with the H value around 1.00. The reason behind such a higher H value could be because accessions were taken from a greater geographical area covering most parts of the Fertile Crescent [27]. For most of the traits, G2, G3, and G4 consist of most accessions, and the number of individuals in each group is very close, whereas G1 and G5 include a relatively smaller number of accessions. This means that while most of the accessions had similarities, a few of them were truly diverse, which could be a good genetic source of diversity. The diversity index value was low for YPP and TKW, which indicates the studied wild emmer accessions were comparatively less diversified for yield-related traits, unlike the other traits. In addition, shoot angles were recorded with a range of 0 to 90°, but no accessions under G5 indicate that most of the studied accessions had a prostrate type of growth. This is common for wild emmer as it has evolved before domestication and the transition from prostrate type to erect type wheat is the result of domestication [12,23]. Similarly, no accessions were found under G5 for threshability, and the majority of the accessions were found under G4, which indicates most of them were hard to thresh.



The presence of a huge variation in all shoot traits in the studied wild emmer germplasm could be important for breeding. For example, flowering time is an important trait for most crop species. While most of the studied wild emmer accessions were late-flowering, a few accessions exhibited quite early flowering of around 57 days (Supplementary Table S1), while hexaploid wheats are typically in the range of 64 to 72 days [43]. This clearly indicates that some wild emmer accessions contain alleles for early flowering. Similarly, spike length is another trait directly related to yield. In the current study, the highest value recorded for spike length was 12.5 cm (Supplementary Table S1); while it usually ranged from 5 to 10 cm in hexaploid cultivars [44]. Flag leaf area is also an important trait since it is the major photosynthetic organ that accumulates assimilates during the grain-filling period [45]. Modern hexaploid wheat cultivars are characterized by flag leaf areas around 34 to 40 cm2 [43,44], whereas most of the studied wild germplasm had a larger flag leaf with the highest value being 76 cm2 (Supplementary Table S1). Likewise, the biomass of a plant is also very important as it has a direct impact on yield. More biomass means more photosynthetic area and more photosynthesis means more storage food, i.e., grain yield. [19]. The highest value of BPP in the current study was 55.46 g (Supplementary Table S1), whereas it ranged only from 8 to 15 g in hexaploid wheat cultivars [43]. Similarly, effective tiller number is another trait that also has an influence on yield. Wild emmer wheat is usually characterized by a high number of tillers, which is not an exception in the current study. Some accessions have up to 14 effective tillers (Supplementary Table S1), whereas in the hexaploid cultivar, it varies from 5 to 8 per plant. Notably, most wild emmer accessions only had 50% effective tillers. The non-effective tillers constitute a large portion of the total biomass, resulting in a high volume of straw. In ancient days, wild landraces were used for straw for the purpose of animal feed [20]. As grain yield was the main target during the domestication process, landraces with high biomass but poor yield were discarded, while landraces with high yield regardless of the biomass were selected in the domestication process.



Clearly, wild emmer has high biomass, high tillering capacity, and a large flag leaf area, but its yield is surprisingly low. Despite having several sources of assimilates, it either cannot efficiently use the photosynthetic area or cannot transport assimilates from source to sink. On the other hand, modern hexaploidy cultivars have a high yield with comparatively low biomass, which suggests the efficient use of absorbed light and transport of assimilates from source to sink. Therefore, if the alleles responsible for high biomass, high tillering capacity, or larger flag leaf area can be identified and incorporated into modern wheat cultivars, there will be a chance of a massive increase in wheat yield. Similarly, alleles for early flowering and larger spike length can also be introduced into modern cultivars. Since wild emmer is cross-compatible with both durum wheat and bread wheat [17], significant improvement in modern cultivars is potentially possible by using the gene pool of wild emmer populations. Several studies have reported alleles from wild emmer accessions that were transferred into bread or durum wheat, such as Pm16 for powdery mildew resistance [46], Yr15 for stripe rust resistance [47], and Gpc-B1 for grain protein content [48].




4.2. Some Traits of Wild Emmer with Potential Breeding Value


Surely, all the studied shoot traits of wild emmer have wide variations. It is important to identify the traits with potential breeding value since evaluating heritable and non-heritable elements of the total genetic variability in a base population is essential for breeding [49,50]. Exploring components of variations such as GCV, PCV, heritability, and genetic advance is essential to estimate the heritable portion of the total genetic variability [51]. For all traits, the PCV values were slightly higher than the GCV value (Table 2), which indicates that the environment has a low impact on traits [25,49]. In addition to GCV and PCV, the estimation of heritability is more helpful as it indicates that the scope of a trait can be improved through selection [52]. In the current study, high broad sense heritability (>60%) was observed for almost all traits (except TTN, ETN, SL, and ST), which indicates that the genotypic effect constitutes the major portion of phenotypic variance; i.e., there is a high possibility of improving these traits by breeding [25,49]. However, heritability together with genetic advance is more accurate to predict genetic gain through selection in advanced generations compared to heritability estimates alone [53]. It is worth mentioning that in the current study, high heritability was observed for HT, FT, MT, PH, and Sang, but with low GA%, whereas biomass/plant (BPP) and yield/plant (YPP) had high estimates for both heritability and genetic advance. This suggests that the additive gene effect is the major component of the observed heritability, and maximum improvement is possible for BPP and YPP through selection [53]. A similar result was found in a worldwide tetraploid durum wheat collection in Iran [25], but the opposite result was found in a Bulgarian winter bread wheat collection [49].



BPP and YPP have been identified as the traits having the most potential for maximum improvement; so, their relationship with other traits was explored by correlation analysis. BPP had a significant positive correlation in E2, but a significant negative correlation in E3 with the life-span-related traits (HT, FT, and MT) (Supplementary Table S3). This indicates all accessions took a longer time to complete the life cycle in the glasshouse trial, resulting in higher biomass. However, YPP had a significant negative correlation with the life-span-related traits in both glasshouse and field trials, which indicates a longer life cycle of wild emmer might produce high biomass, but its impact on yield is not prominent. Supporting previous studies, both BPP and YPP had significant positive correlations with spike length and flag leaf area [43], but surprisingly, FLA has a significant negative association with HT and FT, which means that despite having a longer vegetative stage, wild emmer did not produce larger FLA. Rather, it produced more tillers since positive significant correlations were observed between TTN with all the life-cycle-related traits. Most importantly, TTN had a positive significant correlation with YPP, even higher than the r value between FLA and BPP. This indicates tillering capacity played a significant role in the yield of wild emmer, even more than flag leaf area. This is an interesting observation of this study, because in modern cultivars, only the effective tillers have a positive impact on grain yield, but in wild emmer, non-spike tillers also have a positive effect on grain yield. Most of the wild emmer accessions have prostrate growth; i.e., the growth of the plant in a horizontal direction, which provides more photosynthetic area and might result in an increased yield. However, further research is needed to uncover the real reason.



Despite yield being the main criterion for identifying superior genotypes, it is not the best trait to focus on for wild emmer as its yield is low. Combing other useful traits with yield such as the GYT (Genotype by Yield*Trait) method is more efficient where the superiority of a genotype was measured by combining yield with other important traits [28]. According to the GYT method, some wild emmer accession such as TD534 and TD120 demonstrated outstanding performance, even better than some modern cultivars such as Mace, Yitpi, and Suntop (Table 3). The main reasons behind their outstanding performance were early flowering and high biomass for TD534, and a higher number of effective tillers and high biomass for TD120. Worldwide wheat production has reached its saturation point. Increasing biomass could be a potential way to increase production as biomass is highly correlated with yield. A genotype such as TD534 can be a useful material for breeding where the purposes are earliness and high biomass. Similarly, other superior-ranking genotypes (TD120, TD535, and TD121) are also good materials for breeding. These top four genotypes belong to the Turkey (TD534 and TD535) and Central Israel (TD120 and TD121) populations, indicating that the other accessions from these two populations need to be explored more as their performance was far better than the other populations in Australian field conditions.




4.3. Performances of the Wild Emmer Populations in the Australian Environment Is Trait-Specific


Comparative analysis showed trait-specific variance among the studied eight populations of wild emmer germplasm (Figure 5). For example, in the case of plant height, spike length, and flag leaf area, considerate differences among the populations were found, which were also consistent with the environment. On the other hand, accessions from four different countries (Israel, Turkey, Lebanon, and Syria) demonstrated variation in flowering time and maturity time. However, all the populations within Israel flowered and completed their life cycle at an almost similar time. According to the literature, variation in flowering time is evident even within Israel such as the wild emmer from Gitit (Central, Israel), which flowers in February and matures in March, whereas that from Mt. Hermon (North Israel), flowers in April and matures in May [5]. In the current study, it may be that the differences in flowering times among populations of Israel were not prominent because they share the same microclimatic and geographic environment.



The grouping of similar populations into a mega-population and the suitability of newly formed mega-populations in different Australian environments (E1, E2, and E3) were also trait-specific (Figure 6). In the case of plant height, yield/plant, and thousand kernel weight, the Turkey population formed a separate mega-population and the rest of the populations formed either one or two mega-populations. The separate Turkey mega-population was found more suitable for field trial (E3) while the other mega-populations were suitable for either E1 or E2. In general, wild emmer grows vigorously on the cool and humid slopes of Turkey and the hot and dry valleys of Israel [54]. However, contrasting results were found in the current study; i.e., accessions from Turkey were more suitable for the hot and dry conditions of E3, and accessions from Israel, Syria, and Lebanon were more suitable for the cool and humid conditions of E1 and E2. This may be due to a strong G x E interaction. Other environmental factors such as soil condition, elevation, salinity, day, and night temperature variation, etc., might have made this alteration, and a detailed investigation is needed to find the actual reason for this contrasting result.



Lebanon had the highest Shannon’s diversity index value, and those from Syria had the lowest (Figure 4). Landraces covering a wide geographic area usually have wide diversity and our study also supports this concept; e.g., the diversity index of all accessions (Israel, Turkey, Lebanon, and Syria) is 0.91, whereas the Israel population alone is 0.87. Similar to our study, the diversity index is quite high (1.01) in a worldwide collection of durum wheat covering a wide geographic area of 15 countries whereas it was only 0.89 in Iranian landraces of durum wheat [25]. Within Israel, the highest H’ (0.92) was found in Non-specified Israel populations because the accessions are from all over the country. The second highest diversity index was found in Central Israel populations (0.90) and the lowest diversity index was found in South Israel populations (0.80). Similarly, a study on the vernalization response of wild emmer demonstrated the presence of large variations in the central populations, whereas the variations were relatively low in the southern populations [9].





5. Conclusions


Wild emmer has been studied previously for qualitative, biotic, and abiotic stress-related traits. In this study, we have conducted a detailed investigation of 19 agronomic and shoot morphological traits, all of which demonstrated large diversities. Some of the accessions were found promising with early flowering, higher tiller number, larger spike, bigger first leaf area, and higher biomass. This means the studied wild emmer germplasm has a unique and useful gene pool that can be incorporated into modern cultivars. This study also revealed that wild emmer collected from different locations performed differently in Australian environments, indicating a strong genotype–environment interaction. Moreover, modern wheat is characterized by a high-yielding capacity but further improving yield is difficult due to the existing morphological regime. Altering the morphological features by utilizing novel gene pools from wild emmer germplasm can potentially be an effective way for yield improvement.
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Figure 1. Box plot of the distributions of some aboveground traits including (A) heading time, HT (in days); (B) flowering time, FT (in days); (C) maturity time, MT (in days); (D) plant height, PH (in cm); (E) total tiller number, TTN; (F) effective tiller number, ETN; (G) spike length, SpL (in cm); (H) peduncle length, PL (in cm); (I) flag leaf area, FLA (in cm2); (J) second leaf area, SLA (in cm2); (K) shoot angle, SAng (in degrees); (L) biomass/plant, BPP (in gm); (M) yield/plant, YPP (in gm); (N) thousand kernel weight, TKW (in gm); and (O) threshability, T (scored on a 1–4 scale; 1 = completely free-threshing and 4 = difficult to thresh). E1, E2, and E3 on X axis represent three experimental environments as detailed in the Materials and Methods section. 
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Figure 2. Component plot produced from principal component analysis on the aboveground traits of wild emmer accessions for E1 (A), E2 (B), and E3 (C); Biplot vectors are trait factor loadings for PC1 and PC2. Dendrogram shows grouping of accessions into clusters for E1 (D), E2 (E), and E3 (F) using corresponding principal component analysis. 
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Figure 3. Graphical presentation of Shannon’s diversity index (H) based on each studied trait. Error bar denotes mean ± SD. 
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Figure 4. Graphical representation on average of Shannon’s phenotypic diversity index (H’) for different populations. Error bar denotes mean ± SD. 
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Figure 5. Performance of different populations in three environments (E1, E2, and E3) based on Flowering time (A), Maturity time (B), Plant height (C), Spike length (D), Flag leaf area (E), and Shoot angle (F). Error bar denotes mean ± SD. 
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Figure 6. GGE biplot analysis for the population effect of wild emmer accessions in three environments using Flowering time (A), Plant height (B), Spike length (C), Shoot angle (D), Flag leaf area (E), Yield/plant (F), Thousand kernel weight (G), and Threshability (H) performance. Green points indicate environment (1, 2, and 3 for E1, E2, and E3, respectively); blue color represents populations: Central, South, West, EC1, and Non-specified (mentioned as Other) of Israel; Turkey, Lebanon, and Syria. 
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Figure 7. The Tester Vector view (A) and the Average Tester Coordinates/ATC view (B) of genotype by yield*trait (GYT) biplot showing association among the yield–trait combinations and ranking the genotypes based on the superiority index. The trait codes are Y: Yield; F: Flowering time; E: Effective tiller number; S: Spike length; FL: Flag leaf area; SA: Shoot angle; B: Biomass/plant; TKW: Thousand kernel weight; SW: Seed width, and T: Threshability. 
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Figure 8. The ATC (Average Tester Coordinates) view of GGE biplot of yield–trait combination for the top 20 accessions in three environments (E1, E2, and E3) to rank them based on superiority index and to observe their stability across environments. 
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Table 1. List of populations and number of accessions studied from each population along with their collection region.






Table 1. List of populations and number of accessions studied from each population along with their collection region.





	
Populations

	
Collection Location

	
Total Number of Accessions Studied






	

	a.

	
Israel







	
Central area

	
Qazrin

	
3

	
129




	
Yehudiyya

	
77




	
Gamla

	
4




	
Rosh-Pinha

	
4




	
Tabigha

	
41




	
South area

	
Mt. Gilboa

	
1

	
17




	
Mt. Gerizim

	
5




	
Gitit

	
2




	
Kokhav-Hashahar

	
1




	
Taiyiba

	
1




	
Sanhedriyya

	
2




	
Bet-Meir

	
2




	
J’aba

	
3




	
West area

	
Amirim

	
2

	
11




	
Nesher

	
1




	
Beit-Oren

	
3




	
Daliyya

	
3




	
Bat-Shelomo

	
2




	
North area

	
Mt. Hermon

	
2




	
Evolutionary canyon 1

	

	
13




	
Non-specified

	

	
41




	

	b.

	
Turkey







	

	
14




	

	c.

	
Lebanon







	

	
16




	

	d.

	
Syria







	

	
19




	

	e.

	
Iran







	

	
1




	
Total

	
263
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Table 2. Genetic diversity parameters for 19 aboveground traits of wild emmer accessions.
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	Traits
	Genotypic Variance
	Phenotypic Variance
	GCV
	PCV
	Hb
	GA
	GA%





	HT
	1214.35
	1240.63
	21.83
	22.06
	97.88
	97.94
	61.35



	FT
	1161.73
	1180.59
	20.6
	20.77
	98.4
	97.75
	59.08



	MT
	629.09
	683.83
	11.04
	11.51
	92
	103.9
	45.74



	PH
	347.55
	417.62
	14.87
	16.3
	83.22
	39.09
	31.19



	TTN
	2.05
	3.87
	21.68
	29.81
	52.91
	2.48
	37.62



	ETN
	0.99
	1.7
	25.15
	32.94
	58.31
	1.92
	48.45



	SpL
	0.89
	1.48
	12.54
	16.15
	60.31
	2.18
	28.95



	PL
	88.16
	131.92
	18.66
	22.83
	66.83
	19.68
	39.12



	FLA
	75.69
	108
	34.45
	41.15
	70.08
	17.42
	69



	SLA
	77.74
	105.4
	27.56
	32.09
	73.76
	18.21
	56.91



	Sang
	190.52
	233.51
	24.3
	26.9
	81.59
	27.86
	49.04



	BPP
	10.7
	11.81
	33.89
	35.60
	90.63
	8.72
	90.29



	YPP
	0.21
	0.24
	40.78
	43.98
	85.98
	1.07
	96.19



	TKW
	26.08
	34.34
	18.44
	21.17
	75.93
	10.61
	38.31



	SL
	0.35
	0.66
	6.72
	9.17
	53.65
	0.86
	9.7



	SW
	0.05
	0.1
	8.31
	12.04
	47.61
	0.3
	11.62



	ST
	0.04
	0.1
	8.44
	13.21
	40.86
	0.28
	11.84



	SA
	2.93
	4.26
	11.36
	13.71
	68.75
	3.04
	20.17



	T
	0.3
	0.45
	18.23
	22.26
	67.01
	0.88
	29.36







GCV: Genotypic coefficient of variation; PCV: Phenotypic coefficient of variation; Hb: Heritability in broad sense; GA: Genetic advance, GA%: Genetic advance in percent mean.
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Table 3. Standardized genotype by yield*trait (GYT) data along with superiority index for the top 23 genotypes. The trait abbreviations are Y: Yield; F: Flowering time; E: Effective tiller number; S: Spike length; FL: Flag leaf area; SA: Shoot angle; B: Biomass/plant; TKW: Thousand kernel weight; SW: Seed width, and T: Threshability.
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	Genotypes
	Y/F
	Y*E
	Y*S
	Y*FL
	Y*SA
	Y*B
	Y*TKW
	Y*SW
	Y/T
	Mean

(Superior-ity Index)





	TD534
	2.43
	1.87
	2.27
	0.35
	1.89
	3.02
	2.91
	2.49
	1.97
	2.13



	TD120
	1.46
	2.34
	1.89
	−0.09
	1.92
	2.17
	0.84
	1.53
	1.89
	1.55



	Mace
	1.61
	1.18
	1.10
	2.91
	1.51
	0.59
	1.32
	1.40
	1.43
	1.45



	Suntop
	1.50
	0.58
	1.11
	2.53
	1.46
	0.58
	1.47
	1.36
	1.38
	1.33



	Yitpi
	0.96
	0.38
	1.42
	2.07
	1.50
	0.72
	0.89
	1.11
	1.32
	1.15



	TD535
	1.34
	1.30
	1.21
	0.03
	0.82
	0.86
	1.62
	1.35
	1.18
	1.08



	TD121
	0.63
	1.30
	1.01
	−0.23
	0.84
	0.48
	0.33
	0.69
	1.18
	0.69



	TD8
	−0.17
	−0.54
	0.01
	−0.42
	0.12
	0.48
	−0.24
	−0.12
	−0.50
	−0.15



	TD9
	−0.24
	0.18
	−0.30
	−0.42
	−0.12
	−0.10
	−0.04
	−0.11
	−0.32
	−0.16



	TD70
	−0.43
	−0.26
	−0.16
	−0.39
	−0.54
	0.16
	−0.38
	−0.42
	−0.66
	−0.34



	TD453
	−0.48
	0.08
	−0.64
	−0.50
	−0.38
	−0.61
	−0.55
	−0.42
	−0.47
	−0.44



	TD216
	−0.45
	−0.22
	−0.64
	−0.43
	−0.63
	−0.61
	−0.44
	−0.57
	−0.57
	−0.51



	TD166
	−0.56
	−0.10
	−0.73
	−0.51
	−0.53
	−0.57
	−0.73
	−0.55
	−0.37
	−0.52



	TD110
	−0.50
	−0.91
	−0.44
	−0.44
	−0.66
	−0.20
	−0.51
	−0.50
	−0.68
	−0.54



	TD574
	−0.70
	−0.09
	−0.65
	−0.50
	−0.55
	−0.66
	−0.78
	−0.72
	−0.71
	−0.59



	TD256
	−0.59
	−0.37
	−0.83
	−0.49
	−0.62
	−0.62
	−0.48
	−0.64
	−0.72
	−0.60



	TD743
	−0.80
	−0.08
	−0.89
	−0.55
	−1.12
	−0.69
	−0.54
	−0.82
	−0.78
	−0.70



	TD771
	−0.79
	−1.01
	−0.83
	−0.47
	−0.83
	−0.71
	−0.65
	−0.77
	−0.77
	−0.76



	TD454
	−0.89
	−1.06
	−0.63
	−0.54
	−0.66
	−0.62
	−0.99
	−0.91
	−0.65
	−0.77



	TD74
	−0.76
	−1.22
	−0.76
	−0.44
	−0.66
	−0.97
	−0.75
	−0.73
	−0.76
	−0.78



	TD130
	−0.82
	−1.05
	−0.83
	−0.50
	−0.83
	−0.90
	−0.72
	−0.84
	−0.79
	−0.81



	TD112
	−0.87
	−1.21
	−0.84
	−0.49
	−1.06
	−0.79
	−0.77
	−0.87
	−0.80
	−0.85



	TD123
	−0.89
	−1.08
	−0.84
	−0.50
	−0.87
	−1.03
	−0.83
	−0.96
	−0.81
	−0.87



	Mean
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	-



	SD
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	-
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