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Abstract

:

Barley (Hordeum vulgare L.) is an important cereal crop, but its sustainable production is significantly hampered due to the presence of various edaphic stresses. Understanding the variability in root morphological traits among diverse barley genotypes is critical for selecting those with suitable root traits for breeding new cultivars better adapted to stress environments. Root morphological traits in an early growth stage (30 days after transplanting) in a panel of 189 barley genotypes (mostly advanced breeding lines) were assessed using a semi-hydroponic phenotyping platform followed by a validation experiment of eight genotypes with contrasting root systems in two soils. The phenotyping experiment showed large variation (coefficient of variation values ≥ 0.25) in 16 of 26 measured root and shoot traits. A strong correlation among most of the selected traits was identified. Principal component analysis indicated four principal components (eigenvalues >1) captured 79.5% of the total variation. Root traits, including total root length, root length at various depths, root diameter and root length ratio (top 20 cm vs. lower section), could be considered in the barley breeding programs. Consistent ranking of the selected eight genotypes based on root biomass and root length in both the semi-hydroponic system and the columns with two different soils confirmed root trait performance in different growth environments as well as the reliability of the phenotyping method. This study identified phenotypic variability in root morphological traits in barley genotypes in the early growth stage. The genotypic variability in root traits represents a basis for mapping quantitative trait loci (QTLs) and molecular markers, particularly focused on breeding lines with optimal root properties for the efficient acquisition of soil resources and adaptation to drought and other abiotic stresses.
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1. Introduction


Barley (Hordeum vulgare L.), as the fourth largest broad-acre cereal crop by production, serves as an important feed and food crop [1]. Barley is one of the main cereal crops grown in Mediterranean areas [2], and it is the second-largest cereal crop in Australia; the area of cultivation in southern Australia is around 4.0 million hectares [3]. Barley is considered one of the most highly adapted cereals for its tolerance to cold, drought, alkalinity and salinity [4]. However, barley production is severely hampered in many areas of the world by the abiotic stresses [5], particularly acidity.



Among the cereals, barley is a good genetic model from the Triticeae tribe for genetic and physiological research regarding environmental adaptation. Its inbreeding nature and diploidy make genetic studies relatively more straightforward than in wheat. It is a model species for genetic and physiological research regarding environmental adaption [6]. The wide range of genetic stocks and the extended collinearity with other members of the tribe are additional advantages of a model species [7].



Crop root system architecture (RSA) plays a vital role in the acquisition of water and nutrients, and its effect on growth and yield has been widely reported [8,9,10,11]. For instance, rooting depth is among the most important traits required to sustain plant function under drought stress. A deep and extensive root system architecture would permit plants to extract soil nutrients and water from a large soil volume. The effect of root architecture on yield and other agronomic properties, particularly under biotic or abiotic stresses, has been well-documented in major crops [12,13,14]. However, there is a lack of knowledge on the root system architecture in barley, its role related to the capture of water and nutrients and its adaptation to water-limited, Mediterranean-type environments [15].



Genotypes may differ in their responses to specific environments (genotype-environment interaction, i.e., G × E), which is termed as “phenotypic plasticity”. Phenotypic plasticity involves the alteration of RSA, plant physiology and gene expression, allowing plants to optimize RSA for water and nutrient uptake and to adapt to edaphic stress. Given genetic variability and phenotypic plasticity for root morphological and physiological responses and the plant foraging strategies, there is an opportunity to increase crop productivity by selecting for root traits that are beneficial for nutrient and water uptake in Mediterranean-type environments [11,14,16]. Characterizing the variability in root architecture in a core collection of barley genotypes would provide the basis for breeding new cultivars with suitable root traits for improved adaptation to specific environments.



The objective of this study was to characterize root trait variability among a panel of barley genotypes (advanced breeding lines and key parental germplasm) using a semi-hydroponic system (Exp. 1) recently established and used for other crops [17,18,19], with validation in two types of soil for selected genotypes with contrasting root systems (Exp. 2). This study will provide knowledge on the phenotypic variability in root architectural traits in barley for mapping of relevant quantitative trait loci (QTLs) and molecular markers.




2. Materials and Methods


2.1. Root Phenotyping Experiment (Exp. 1: Semi-Hydroponic System)


Plant Material and Root Phenotyping System


The first experiment for characterizing root trait variability among a set of 189 genotypes of barley (Hordeum vulgare L.) (Exp. 1) was conducted in the established semi-hydroponic system [17] during March–April, 2016. The genotypes were originated from Australia, Europe and Ethiopia and were mainly semi-advanced and parental materials (126) from the InterGrain Pty Ltd. (Bibra Lake, Western Australia) breeding program between 2011 and 2015 that breeds barley cultivars adapted to diverse environments throughout Australia (Table S1). The remaining genotypes were advanced breeding lines from the former Department of Agriculture and Food program in Queensland (Australia) and commercial varieties from the rest of Australia, as well as varieties and advanced breeding lines from Europe, making the panel quite diverse regarding genetic origin.



A randomized complete block design was used in Exp. 1 and conducted in the semi-hydroponic system [17]. Briefly, each bin system consisted of a 240-L plastic wheelie bin (top 75 × 58 cm, height 108 cm) and 20 growth units made of a 5 mm thick acrylic panel (260 × 480 mm) wrapped in a black calico cloth (Figure 1). Each bin contained 40 L of nutrient solution containing (in µM) N (1000), P (40), K (1220), S (1802), Ca (600), Mg (200), Cu (0.2), Zn (0.75), Mn (0.75), B (5), Co (0.2), Na (0.06), Mo (0.03) and Fe (20). An automatic pumping system was used in each bin to provide nutrient solution to the top of pouches containing plants. The pH of the nutrient solution of each bin was adjusted and refreshed weekly. A total of 18 bin systems (240 L each) were used with six bins in each of three replicates. Each bin system accommodated 32 plants, with two plants per growth pouch (Figure 1).





2.2. Plant Growth Environments and Assessments


The experiment was carried out during early summer (May to June, 2016) in a temperature-controlled glasshouse at The University of Western Australia, Perth (31°58′ S, 115°49′ E). The average daily temperature was 24/16 °C (day/night). Barley seeds were germinated in seedling trays filled with washed river sand. Emerged plants were carefully pulled out, washed and then transplanted into the growth pouches. Plants were harvested 30 days after transplanting. Tiller number and shoot height of each plant were determined at harvest; then, shoots were dried in an air-forced oven at 70 °C for 120 h. Root subsamples were collected at harvest by separating the root system into the 0–20 cm, 20–40 cm and below 40 cm sections starting from the shoot-root junction for determining root morphological traits. Root subsamples were placed in plastic bags and stored at 4 °C until scanned at 400 dpi (Epson Perfection V800, Long Beach, CA, USA); afterwards, root section samples from the same plant were combined as one sample and dried as described above for shoots.



Root growth rate for each plant was calculated based on root depth increments between sequential photographs during the experiment. Total root length, root surface area, root volume, average root diameter and diameter class length (DCL, root length in a specific diameter class) were generated by analyzing root images in WinRHIZO Pro (v2009, Regent Instrument, Quebec, QC, Canada). Eleven diameter classes were established (in mm): <0.06, 0.06–0.065, 0.065–0.070, 0.070–0.075, 0.075–0.085, 0.085–0.10, 0.10–0.15, 0.15–0.25, 0.25–0.40, 0.40–0.65 and >0.65.



The root trait data in the upper 0–20 cm section (referred to hereafter as the “top” section) were compared with those for the entire root system. The following traits were considered based on the observed and/or computed data (see Table 1 for a full list of traits):




	
Root mass ratio (root dry mass divided by total dry mass)



	
Root-to-shoot mass ratio (root dry matter weight divided by shoot dry matter weight)



	
Specific root length (SRL) = root length over root dry matter weight (cm mg−1)



	
Root tissue density = root dry matter weight divided by root volume (mg cm−3)



	
Root growth rate = length of the longest root divided by growth time (cm d−1)



	
Relative Diameter Class Length (rDCL) = DCL divided by total root length.









2.3. Validation Experiment (Exp. 2: Soil Columns)


Selected Barley Genotypes


Eight barley genotypes with contrasting root morphological traits were selected from Exp. 1 to validate plant growth and root performance in two types of soil in Exp. 2. The eight genotypes with key root characters observed in Exp. 1 are listed below (genotype rankings with respect to the relevant traits were based on the trait values from the highest to the lowest among the 189 genotypes):




	
#112: large root system (ranked 2nd in root biomass and 9th in root length) with high root density at the 20–40 cm depth.



	
#190: large root system (ranked 4th in root biomass and 8th in root length) with high root density at the 20–40 cm depth.



	
#108: large root system (ranked 6th in root biomass and 14th in root length).



	
#128: average root biomass and root length.



	
#21: average root biomass and root length with less roots in top 20 cm section than in the 20–40 cm section.



	
#49: small root biomass and short root length.



	
#48: small root system (ranked 188th in root biomass and 186th in root length).



	
#5: small root system (ranked 189th in root biomass and 187th in root length).








A randomized complete block design consisting of eight selected genotypes and two soils with four replications per treatment was used in the column experiment. Cylindrical PVC columns (Bunnings, Willetton, Australia) (10 cm diameter, 60 cm deep) were filled with the same volume of air-dried sandy loam soil and sandy soil weighing 8.00 kg and 9.00 kg, respectively. The sandy soil was collected from a paddock with no cropping and no fertilization in the past 20 years at the UWA’s Shenton Park Field Station, Perth. The sandy loam soil was provided by a local gardening supplier (Amazon Soils Supplies, Perth, WA, Australia). Soils were analyzed for basic properties (CSBP Analytical Laboratories, Bibra Lake, WA, Australia). The sandy soil had pH 6.6 (H2O) and 5.9 (CaCl2), conductivity 0.012 dS m−1, and was low in nutrients (in g kg−1): organic carbon 0.01, nitrate nitrogen <1, ammonium nitrogen 1, K 27 (Colwell), S 0.6 and P 15 (Colwell). The sandy loam soil had pH 7.5 (H2O), 6.8 (CaCl2), conductivity 0.499 dS m−1, and contained (in g kg−1) organic carbon 8.5, nitrate nitrogen 77, ammonium nitrogen 21, K 155 (Colwell), S 183 and P 64 (Colwell).



Six seeds of each barley genotype were sown per PVC column, and were thinned to three seedlings per column after emergence. A diluted nutrient solution identical to that used in the semi-hydroponic system, but with double the N and P concentrations, was applied to plants twice per week. The plants were harvested after 5 weeks, and root trait parameters were measured as described for Exp. 1.





2.4. Statistical Analysis of Root Trait Data


General linear model (GLM) multivariate analysis was used to analyze root trait data for the genotype main effect after identifying non-significant differences among bins [10] by using IBM SPSS Statistics (Version 19, IBM Corp., Armonk, NY, USA). Pearson correlation coefficients (r) were calculated to determine the general relationships between pairs of root traits; correlations were considered statistically significant if P ≤ 0.05 (*) or P ≤ 0.01 (**). Variability in root traits among different genotypes was determined by principal component analysis (PCA).





3. Results


3.1. Variation in Root and Shoot Traits (Exp. 1)


A total of 23 root traits and three shoot traits were characterized in the phenotyping experiment (Table 1). Values of coefficient of variation (CV) ranged from 0.10 (root diameter at the 20–40 cm depth RD_20) to 0.36 (total root volume, RV). Thirteen root traits and three shoot traits had CV values ≥0.25 (Table 2). Among the three shoot traits, large variation among genotypes was observed in shoot biomass (CV = 0.25), shoot height (CV = 0.25) and tiller number (CV = 0.34). At harvest, shoot biomass ranged from 1.4 to 5.3 g/plant and shoot height from 24.4 to 44.5 cm/plant.




3.2. Root Length in Various Diameter Classes (Exp. 1)


Root morphological traits, including total root length, root surface area and root volume displayed large variation among genotypes, with CV greater than 0.25 for each trait (p < 0.01; Table 2). In addition, large CV values were identified for average root diameter (RD) among the genotypes (CV = 0.26, p < 0.001; Table 2). On average among the genotypes, about 31% of relative diameter class length (rDCL) was in the diameter class greater than 0.15 mm (RDCL_thick), including 2.2% of roots being thicker than 0.65 mm (mostly proximal, top root parts near shoot). The secondary roots were thin (diameter less than 0.15 mm), accounting for 69% of the total root length, including 32% of total root length in the diameter class between 0.10 and 0.15 mm (Figure 2), 18% in the class 0.06–0.065 mm and 19% in the diameter class 0.070–0.075 mm.




3.3. Correlation among Root Traits of Barley (Exp. 1)


Pearson correlation matrix was used to identify correlation among different parameters. A subset of 13 root traits and three shoot parameters were selected with relatively large CV values (CV ≥ 0.25; Table 2). There was significant correlation among most individual traits (Table 3). Root biomass was highly correlated (p < 0.01) with each of 14 traits, except for root length ratio (RLR). Root biomass was strongly correlated with shoot biomass (r = 0.741, p < 0.001, Figure 3a), shoot height, root length in different soil layers and tiller number (Table 3). As expected, total root surface area (RA) and total root volume (RV) showed similar correlations as root biomass: however, root diameter (RD) had no significant correlation with RA, RV or root length.



There were strong correlations between root length and other root-related parameters, including growth rate of the longest root (Figure 3b) and shoot mass (Figure 3c).



The hierarchical cluster analysis using the average linkage method between groups separated the same subset of 16 traits into two major clades. Clade I included SB and RL, and Clade II were further divided into two groups (Figure 4). The dendrogram indicated the relationship among the selected traits.




3.4. Principal Component and Hierarchical Cluster Analyses of Barley Root Traits (Exp. 1)


Sixteen root and shoot traits (CV ≥ 0.25) were selected in the principal component analysis. Four principal components (PCs) were separated with eigenvalues >1, representing 79.5% of the total variation across 189 barley genotypes (Table 4), with the three components (PC1-3) explaining a total of 71.7% of the variance (Figure S1). The first component captured 43.5% of the variability and comprised RL, RB, RV, RA, SB, tiller number and SH, which all related to the overall size or vigor of shoot and root growth. The PC2 was related to root system architecture, represented 14.8% of the total variation and included root diameter (RD) and root biomass below 40 cm (RB_40). The PC3 represented root length ratio (RLR), a component of root architecture, and accounted for 13.4% of the total variation.




3.5. Identification of Phenotypic Diversity (Exp. 1)


An agglomerative hierarchical clustering (AHC) similarity dendrogram (established with the Pearson correlation coefficients of root trait data) indicated a large diversity in root architecture traits among the core collection (Figure S2). Three general clades were clearly distinguished using rescaled distance of 15, and they were further divided into 20 subgroups (G1–G20) at rescaled distance of 5. Clade I comprised genotype #180. Clade II contained #74, and the largest Clade III included 187 genotypes from 18 sub-groups (G3–G20).




3.6. Barley Root and Shoot Trait Consistency in the Two Experiments (Exp. 1 and Exp. 2)


Root biomass, root length, root diameter, shoot biomass and shoot height of eight selected barley genotypes were used to measure the trait consistency in the semi-hydroponic system and two soils (Table 5 and Table 6). All traits measured (except root diameter) had the highest values in sandy loam and lowest values in sandy soil, showing the root plasticity when plants were grown in three different media.



For barley plants grown in the semi-hydroponic system, root biomass and total root length of eight selected barley genotype showed good agreement with the value in the two soils. For instance, the large-root genotypes selected from the semi-hydroponic system (such as #108, #112 and #190) had significantly greater root dry matter and total root length in both soils than the small-root genotypes #5 and #49.



Strong correlations (p < 0.01) of root biomass or root length were observed between the semi-hydroponic system and each of the two soil media (Figure S3), whereas shoot biomass in two soil media and shoot height in sandy soil showed no significant correlation with the same traits in the semi-hydroponic system. Root biomass, root length and shoot biomass of eight selected barley genotypes were highly correlated in the two soils, but there was no significant correlation between the soils regarding shoot height (Figure S4).



Biomass allocation to roots vs. shoots varied among the genotypes and the growth media (Table 5). Comparison of ratio of root-to-shoot dry mass (R/S) across eight genotypes showed that plants grown in the semi-hydroponic system and in the sandy loam (some but not all genotypes in the sandy soil) had relatively higher biomass allocation to roots, as indicated by greater root/shoot ratios ranging from 0.54 to 0.86 in the semi-hydroponic system and 0.53 to 1.07 in the sandy loam. The average R/S ratios were 0.71, 0.66 and 0.75 in the semi-hydroponics, sandy soil and sandy loam, respectively (Table 5). Regarding root dry mass, genotypes #112, #108, #190 and #21 maintained a relatively constant position in the genotype ranking in both the semi-hydroponics and the two soils, whereas #21, #48 and #49 showed growth-medium-dependent plasticity in terms of root dry mass.



Root length ratio (root length of 0–20 cm/below 20 cm) varied among the genotypes and among the growth media (Figure 5). The root length ratio ranged from 0.50 to 0.94 in the sandy loam and from 0.50 to 0.91 in the semi-hydroponic system, whereas it ranged from 1.29 to 2.69 in the sandy soil, indicating genotypes grown in the sandy soil produced relatively shallower root systems with less root length down to the deep profile. The root length ratio of different genotypes showed a similar trend in the three growth media, with genotype #5 having the highest root length ratio in the sandy soil, which was significantly higher than #128 in the sandy loam and sandy soil.





4. Discussions


The fibrous root system of barley is broadly divided into seminal roots (developing from the primordia in the seed embryo) and nodal or secondary roots (emerging from the lower nodal parts of the culm throughout tillering) [20]. Phenotyping for different root traits with large variability is crucial for screening and breeding new barley cultivars through marker-assisted selection programs [21].



Accurate quantification of traits observed in plants grown under conditions of environmental stress is crucial for identifying loci of interest in the genome [22]. For barley, many mapping populations have been developed. Moreover, a large number of QTLs controlling complex traits including yield components, agronomic, morphological and physiological traits, disease resistance, tolerance to abiotic stress and malting quality have been detected and validated [23]. However, studies on QTLs associated with drought-related root morphological and physiological traits are still scarce in barley [24,25]. Thus, the established semi-hydroponic phenotyping platform [17] was used to assess the root and shoot trait variability in the panel of barley genotypes, followed by screening selected contrasting genotypes in two soils. The vigorous growth of barley genotypes in our semi-hydroponic system in the 30-d cultivation period indicated an appropriate experimental environment for growth of barley.



The 26 measured traits in this study were associated with root growth (such as total root length, root biomass, root diameter), root distribution (such as root length ratio, maximum root length) and shoot growth (such as shoot mass, shoot height and tiller number). Root size (including total root length and total root dry mass) is considered to be strongly associated with plant foraging for soil water and nutrients [26]. For barley, genotypes with contrasting root size had different grain yield [27]. Root traits such as total root length and total root biomass in the seedling stage were associated with drought tolerance under field conditions in maize, wheat and barley [28]. In the present study, the root mass showed a strong positive correlation with the shoot mass. The barley genotypes with the largest root systems had more than four times the total root length (TRL) and three times the root biomass (RB) of those with the smallest root system in the semi-hydroponic platform.



In the present study, the average root diameter varied up to nearly three–fold among the 189 genotypes in semi-hydroponics but showed little variation among genotypes grown in sandy soil and sandy loam soil; however, there were significant differences among different genotypes in semi-hydroponics and sandy loam soil. It was shown that vigorous growth of root (with increased thickness and root length) was associated with enhanced drought tolerance and increased grain yield under field conditions [13,29]; in addition, increased mechanical impedance also increased root diameter, cortex thickness and the diameter of the xylem vessels in pea, maize and cotton [30]. In the present study, barley root diameter was larger (and total root length shorter) in sandy soil than sandy loam soil, indicating greater mechanical impedance and restricted root growth in the former.



Root distribution was generally as shallow as possible while still fulfilling the transpiration requirement because shallow roots have competitive benefits over deep roots [31]. In the sandy soil, compaction hampered barley root elongation, and root proliferation at shallow depth is a crop strategy to capture most of the water and nutrients in the topsoil layer [32]. Our results confirmed such conservative root growth of barley in soil, with the distribution of almost all roots in 0–20 cm in sandy soil, resulting in higher root length ratios in the three growth media. These findings are in agreement with a field study [33].



Root distribution in the sandy loam showed a consistent trend among different genotypes, with similar values of root length ratio to those in semi-hydroponics at 0–40 cm depth. This indicates that barley growth in semi-hydroponics was representative of the root distribution in soil (at least sandy loam soil).



Some root traits such as total root biomass and length, and also root growth at various depths, can potentially serve as parameters for future germplasm screening. In our study, principal component analysis (PCs) revealed that total root length, root biomass, root diameter (RD), root biomass below 40 cm and root length ratio (RLR) explained 72.1% of total variation. The soil column experiment revealed consistent ranking of the selected eight genotypes in root biomass and root length in both experiments. Therefore, root traits, including total root length, root length at various depths, root diameter and root length ratio (RLR), may be considered in barley breeding programs for target environments.



Theoretically, a deep root system with large root biomass would be optimal for cereal crops grown across the southwest and northern grain-growing region of Australia, and other regions where in-season rainfall is limited and terminal drought stress is common [34]. A deep root system is thought to be conducive to the greater acquisition of resources (water and nutrients) under drought for a number of crops, including barley [16]. In barley, although the value of a narrow and deep RSA for water capture and yield improvement has yet to be explored [20], the genotypes with greater root biomass and root length accompanied by lower ratio of root biomass in the top layer compared to the total root length could be considered for breeding cultivars with increased resistance to drought stress.



Different genotypes showed wide variation in the root distribution in the top layer (0–20 cm), with the ratio of top-layer root biomass to the total root biomass ranging from 0.27 to 0.61 in semi-hydroponics. For example, the ratio of topsoil root biomass to the total root biomass for genotype #5 was 0.51 (ranked the 12th highest among 189 genotypes and with 896 mg of total root dry weight/plant), whereas it was 0.36 for genotype #128 (with 1787 mg of total root dry weight/plant). The root length ratio in two soil media of eight selected genotypes also confirmed that genotype #128 might have deeper root distribution and an advantage in accessing water nutrients from deep parts of the soil profile compared to genotype #5 [35].



Devising high-throughput screening techniques for accurate and efficient phenotyping is vital for determining root-related traits in a diverse germplasm pool [36,37]. However, accurate phenotyping of plant root systems is challenging. Roots may respond to different soil environments in specific ways, with phenotypic plasticity an important component of foraging for soil resources and responding to soil constraints [38]. Phenotyping systems therefore need to be capable of producing reliable rankings of root system phenotypes, and the choice of growth media needs to be carefully considered. A novel semi-hydroponic phenotyping system has recently been developed to characterize genetic variation in root traits in the world collection of lupin accessions [10], and there was a relatively consistent ranking of genotypes between the two independent semi-hydroponic growth systems [17], and between phenotyping experiments in semi-hydroponics and different soil media in the glasshouse in narrow-leafed lupin [10,39], wheat [40,41] and soybean (Yinglong Chen, unpublished). In the present study, the eight selected barley genotypes showed a consistent ranking in root biomass, root length, shoot biomass and shoot height in three different growth media (i.e., semi-hydroponics and two different soils). The eight genotypes showed consistency in their biomass allocation to roots vs. shoots, in particular under the growth conditions of semi-hydroponics and sandy loam. These results indicated the reliability of the semi-hydroponic system to mimic relevant conditions in the early growth stage [17]. There was, however, a poor correlation in shoot biomass between the semi-hydroponic system and each of the two soil media, and between the two soil media, highlighting the challenges involved in ranking genotypes in different media.




5. Conclusions


This phenotyping study demonstrated large variation in root architectural traits across a diverse panel of barley germplasm. The consistent ranking of selected genotypes based on major root traits in the semi-hydroponic phenotyping system and the two different soils confirmed the capacity of the semi-hydroponic phenotyping system to reliably characterize root morphological traits in the early growth stage. The present study and follow-up research under controlled and field environments have potential applications in the breeding selection of suitable root traits for efficient water and nutrient capture in the targeted edaphic environments.
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Figure 1. Layout of barley plants grown in the semi-hydroponic phenotyping system (a), and plants of two barley genotypes with contrasting root systems grown for 30 days after transplanting (b) in a temperature-controlled glasshouse. Bar = 10 cm. 
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Figure 2. Root diameter class length (cm) (bars) and relative diameter class length (rDCL, %) (dotted lines) of 189 barley genotypes grown in the semi-hydroponic phenotyping system for 30 days after transplanting in a temperature-controlled glasshouse. Diameter class (mm) including <0.060, 0.060~0.065, 0.065~0.070, 0.070~0.075, 0.075~0.085, 0.085~0.10, 0.10~0.15, 0.15~0.25, 0.25~0.40, 0.40~0.65, >0.65. 
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Figure 3. Correlation between shoot dry mass and root dry mass (both log-transformed) (a), root length and root growth rate (b) and root length and shoot dry mass (c) of 189 barley genotypes grown in the semi-hydroponic phenotyping system for 30 days after transplanting in a temperature-controlled glasshouse (n = 3). 
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[image: Agronomy 11 01583 g003a][image: Agronomy 11 01583 g003b]







[image: Agronomy 11 01583 g004 550] 





Figure 4. Dendrogram showing clustering patterns of 16 phenotypic traits (13 root traits and three shoot traits) of 189 barley genotypes grown in the semi-hydroponic phenotyping system for 30 days after transplanting in a temperature-controlled glasshouse. The dendrogram was constructed based on the first principal component (see Table 4). The hierarchical cluster analysis was carried out using the average linkage method between groups. 
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Figure 5. Root length ratio (root length in the top 20 cm section over the length of the remaining roots) of eight barley genotypes grown in sandy loam soil, sandy soil and semi-hydroponically. These eight genotypes were selected out of 189 barley genotypes grown in the semi-hydroponic system for 30 days after transplanting. Bars with the same significance letter in the given growth medium are not significantly different according to the Tukey test (p ≤ 0.05). Data are means (n = 3) + standard error of means. 
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Table 1. Description of 23 root- and three shoot-related traits in 189 barley genotypes in the early growth stage assessed in the semi-hydroponic phenotyping system 30 days after transplanting in a temperature-controlled glasshouse.
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	Traits
	Code
	Unit
	Traits
	Code
	Unit





	Total root length
	TRL
	cm
	Root diameter below 40 cm section
	RD_40
	mm



	Longest root length
	LRL
	cm
	Specific root length (length/dry mass)
	SRL
	cm mg−1



	Root length in 0–20 cm (top section)
	RL_top
	cm
	Root length ratio of top

20 cm/lower 20–100 cm
	RLR
	



	Root length in 20–100 cm (lower section)
	RL_lower
	cm
	Total root dry mass
	RB
	mg



	Root length in 20–40 cm
	RL_20
	cm
	Root dry weight in 0–20 cm section
	RB_top
	mg



	Root length in 40–100 cm (bottom section)
	RL_40
	cm
	Root dry weight in 20–40 cm section
	RB_20
	mg



	Root length in diameter class <0.075 mm
	DCL_thin
	cm
	Root dry weight below 40 cm depth
	RB_40
	mg



	Root length in diameter class 0.075–0.15 mm
	DCL_med
	cm
	Lateral root number
	LRN
	



	Root length in diameter class >0.15 mm
	DCL_thick
	cm
	Shoot dry biomass
	SB
	mg



	Total root surface area
	RA
	cm2
	Shoot height
	SH
	cm



	Total root volume
	RV
	cm3
	Root-to-shoot dry mass ratio
	R/S
	



	Average root diameter
	RD
	mm
	Tiller number
	Till
	



	Root diameter in 0–20 cm section
	RD_top
	mm
	
	
	



	Root diameter in 20–40 cm section
	RD_20
	mm
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Table 2. Descriptive statistics of 23 root traits and three shoot traits in 189 barley genotypes grown in the semi-hydroponic phenotyping system for 30 days after transplanting in a temperature-controlled glasshouse.
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	Trait
	Unit
	Minimum
	Maximum
	Mean
	Median
	Std. Deviation
	CV
	p





	TRL
	cm
	1339
	5480
	2890
	2870
	628
	0.22
	0.004



	LRL
	cm
	60
	158
	112.8
	113
	15.0
	0.13
	0.001



	RL_top
	cm
	339
	2841
	1057
	1034
	332
	0.31
	<0.001



	RL_lower
	cm
	280
	1756
	1069
	1070
	268
	0.25
	0.267



	RL_20
	cm
	319
	3158
	1832
	1816
	426
	0.25
	<0.001



	RL_40
	cm
	230
	1476
	763
	758
	229
	0.30
	<0.001



	DCL_thin
	cm
	489
	2056
	1052
	1077
	270
	0.25
	<0.001



	DCL_med
	cm
	385
	2013
	1138
	1168
	320
	0.27
	<0.001



	DCL_thick
	cm
	262
	1270
	617
	640
	144
	0.22
	0.013



	RA
	cm2
	60.2
	308
	166
	156
	51
	0.31
	<0.001



	RV
	cm3
	0.29
	1.76
	0.90
	0.82
	0.33
	0.36
	<0.001



	RD
	mm
	0.113
	0.311
	0.18
	0.163
	0.046
	0.26
	<0.001



	RD_top
	mm
	0.14
	0.26
	0.21
	0.21
	0.017
	0.10
	0.223



	RD_20
	mm
	0.12
	0.25
	0.19
	0.19
	0.019
	0.10
	0.234



	RD_40
	Unit
	0.18
	0.52
	0.27
	0.27
	0.033
	0.12
	<0.001



	SRL
	mm
	0.89
	2.58
	1.79
	1.80
	0.33
	0.18
	0.958



	RLR
	cm mg−1
	0.22
	1.45
	0.60
	0.566
	0.20
	0.34
	0.008



	RB
	
	896
	2657
	1642
	1658
	409
	0.25
	<0.001



	RB_top
	mg
	333
	1360
	682
	683
	178
	0.26
	<0.001



	RB_20
	mg
	237
	858
	465
	468
	110
	0.23
	<0.001



	RB_40
	mg
	166
	1101
	498
	471
	166
	0.35
	<0.001



	LRN
	mg
	6
	20
	10.6
	11
	1.72
	0.16
	0.266



	SB
	
	1420
	5258
	2622
	2545
	657
	0.25
	0.301



	SH
	mg
	24.4
	44.5
	33.1
	32.4
	3.75
	0.25
	<0.001



	R/S
	cm
	0.46
	0.996
	0.67
	0.65
	0.11
	0.17
	0.349



	Till
	
	1
	4
	2.63
	2.67
	0.89
	0.34
	0.397







Sixteen of 26 traits with CVs (coefficients of variation) ≥0.25 appear in bold type. Probability (p) values were based on GLM multivariate analyses of 189 genotypes (p values in bold if ≤0.05; see Table 1 for trait description and units).
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Table 3. Pearson’s correlation matric for 13 root traits and 3 shoot traits in 189 barley genotypes grown in the semi-hydroponic phenotyping system for 30 days after transplanting in a temperature-controlled glasshouse.
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	RB
	RB_Top
	RB_40
	SB
	SH
	RA
	RV
	RD
	RLR
	RL_Top
	RL_20
	RL_40
	Till
	RL_Lower
	RL-Thin
	RL-Med





	RB
	
	0.809
	0.753
	0.741
	0.382
	0.341
	0.326
	−0.206
	0.078
	0.549
	0.346
	0.559
	0.350
	0.627
	0.489
	0.507



	RB_top
	0.000
	
	0.308
	0.663
	0.245
	0.388
	0.377
	−0.079
	0.494
	0.742
	0.201
	0.200
	0.342
	0.532
	0.378
	0.490



	RB_40
	0.000
	0.000
	
	0.484
	0.338
	0.070
	0.064
	−0.241
	−0.313
	0.099
	0.135
	0.758
	0.175
	0.381
	0.367
	0.206



	SB
	0.000
	0.000
	0.000
	
	0.541
	0.461
	0.451
	−0.084
	−0.005
	0.485
	0.432
	0.497
	0.547
	0.616
	0.400
	0.531



	SH
	0.000
	0.000
	0.000
	0.000
	
	0.179
	0.176
	−0.113
	−0.144
	0.132
	0.239
	0.320
	0.040
	0.287
	0.263
	0.155



	RA
	0.000
	0.000
	0.337
	0.000
	0.014
	
	0.978
	0.546
	−0.074
	0.513
	0.687
	0.407
	0.365
	0.722
	0.469
	0.621



	RV
	0.000
	0.000
	0.379
	0.000
	0.015
	0.000
	
	0.610
	−0.070
	0.446
	0.607
	0.362
	0.364
	0.640
	0.338
	0.578



	RD
	0.004
	0.280
	0.001
	0.249
	0.123
	0.000
	0.000
	
	−0.129
	−0.075
	−0.060
	−0.039
	−0.049
	−0.001
	−0.055
	−0.049



	RLR
	0.289
	0.000
	0.000
	0.941
	0.048
	0.312
	0.338
	0.078
	
	0.523
	−0.313
	−0.456
	−0.003
	−0.051
	−0.110
	0.093



	RL_top
	0.000
	0.000
	0.176
	0.000
	0.071
	0.000
	0.000
	0.303
	0.000
	
	0.432
	0.175
	0.239
	0.754
	0.542
	0.721



	RL_20
	0.000
	0.006
	0.064
	0.000
	0.001
	0.000
	0.000
	0.415
	0.000
	0.000
	
	0.451
	0.319
	0.822
	0.610
	0.728



	RL_40
	0.000
	0.006
	0.000
	0.000
	0.000
	0.000
	0.000
	0.594
	0.000
	0.016
	0.000
	
	0.275
	0.619
	0.549
	0.398



	Till
	0.000
	0.000
	0.016
	0.000
	0.588
	0.000
	0.000
	0.506
	0.965
	0.01
	0.000
	0.000
	
	0.370
	0.220
	0.327



	RL_lower
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.988
	0.485
	0.000
	0.000
	0.000
	0.000
	
	0.725
	0.830



	RL-thin
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.450
	0.132
	0.000
	0.000
	0.000
	0.002
	0.000
	
	0.385



	RL-med
	0.000
	0.000
	0.000
	0.000
	0.033
	0.000
	0.000
	0.505
	0.202
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	







Traits with CV ≥ 0.25 (see Table 2) were selected for the analysis. The P values are given on the left side of the diagonal in the matrix table.
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Table 4. Variable loading scores of 16 selected root and shoot traits (all CV ≥ 0.25, see Table 2) and the proportion of variation explained by each principal component. The highest value for each trait among the four components appeared in bold.
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	PC1
	PC2
	PC3
	PC4





	RL_lower
	0.935
	0.080
	−0.024
	−0.284



	RL_med
	0.794
	0.164
	0.157
	−0.295



	SB
	0.790
	−0.256
	0.059
	0.327



	RB
	0.784
	−0.466
	0.139
	0.203



	RA
	0.765
	0.584
	−0.121
	0.118



	RL_20
	0.742
	0.272
	−0.272
	−0.411



	RL_top
	0.727
	0.090
	0.578
	−0.225



	RV
	0.712
	0.604
	−0.121
	0.244



	RL_thin
	0.696
	−0.086
	−0.121
	−0.351



	RB_top
	0.688
	−0.180
	0.575
	0.257



	RL_40
	0.658
	−0.300
	−0.532
	−0.006



	Till
	0.493
	0.049
	0.025
	0.328



	SH
	0.402
	−0.337
	−0.179
	0.216



	RD
	0.053
	0.756
	−0.231
	0.461



	RB_40
	0.495
	−0.662
	−0.337
	0.174



	RLR
	−0.021
	0.048
	0.943
	0.060



	Eigenvalue
	6.96
	2.36
	2.20
	1.20



	Variability (%)
	43.5
	14.8
	13.8
	7.49



	Cumulative variability (%)
	43.5
	58.3
	72.1
	79.5
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Table 5. Mean values of root dry mass, shoot dry mass and ratio of root-to-shoot dry mass of eight selected barley genotypes grown in the semi-hydroponic system and two soils in a temperature-controlled glasshouse.
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Genotype

	
Root Dry Mass (mg Plant−1)

	
Shoot Dry Mass (mg Plant−1)

	
Ratio of Root-to-Shoot Dry Mass




	
Semi-

Hydroponic

	
Sandy Soil

	
Sandy Loam

	
Semi-

Hydroponic

	
Sandy Soil

	
Sandy Loam

	
Semi-

Hydroponic

	
Sandy Soil

	
Sandy Loam






	
#5

	
896 d

	
677 bc

	
1810 cd

	
1634 cd

	
938 d

	
2340 e

	
0.54 b

	
0.74 ab

	
0.77 bc




	
#21

	
1634 bc

	
970 a

	
2020 bc

	
2776 abc

	
1183 bcd

	
2193 e

	
0.59 ab

	
0.82 a

	
0.93 ab




	
#48

	
641 d

	
476 c

	
2054 bc

	
1043 d

	
883 d

	
3770 b

	
0.86 a

	
0.54 cd

	
0.55 d




	
#49

	
1070 cd

	
729 b

	
1345 d

	
1457 cd

	
1281 bc

	
2448 de

	
0.72 ab

	
0.51 cd

	
0.55 d




	
#108

	
2636 a

	
1172 a

	
3150 a

	
3451 ab

	
1449 b

	
2940 cd

	
0.77ab

	
0.81 a

	
1.07 a




	
#112

	
3066 a

	
1147 a

	
2524 ab

	
3782 a

	
1316 b

	
3009 cd

	
0.68 ab

	
0.80 a

	
0.85 b




	
#128

	
1726 b

	
739 b

	
2163 bc

	
2244 bcd

	
1277 bcd

	
3276 bc

	
0.74 ab

	
0.63 bc

	
0.66 cd




	
#190

	
2508 a

	
1146 a

	
2622 ab

	
3145 ab

	
2535 a

	
4985 a

	
0.79 ab

	
0.46 d

	
0.53 d








For each column, the means with the same letter were not significantly different among genotypes (p ≤ 0.05).
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Table 6. Mean values of total root length, average root diameter and shoot height of eight selected barley genotypes grown in the semi-hydroponic system and two soils in a temperature-controlled glasshouse.
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Genotype

	
Total Root Length (cm)

	
Average Root Diameter (mm)

	
Shoot Height (cm)




	
Semi-

Hydroponic

	
Sandy Soil

	
Sandy Loam Soil

	
Semi-

Hydroponic

	
Sandy Soil

	
Sandy Loam Soil

	
Semi-

Hydroponic

	
Sandy Soil

	
Sandy Loam Soil






	
#5

	
1892 cd

	
791 c

	
3466 e

	
0.22 ab

	
0.22 a

	
0.19 ab

	
24.8 b

	
23.2 b

	
29.3 a




	
#21

	
3508 b

	
2226 b

	
6498 ab

	
0.21 ab

	
0.20 a

	
0.19 ab

	
28.4 ab

	
21.8 b

	
33.5 a




	
#48

	
1578 d

	
814 c

	
4235 de

	
0.22 ab

	
0.19 a

	
0.18 ab

	
30.4 ab

	
22.5 b

	
28.4 a




	
#49

	
2082 cd

	
1244 c

	
4751 cd

	
0.21 ab

	
0.21 a

	
0.17 b

	
29.2 ab

	
22.2 b

	
32 a




	
#108

	
3243 b

	
3180 a

	
5511 bc

	
0.21 ab

	
0.21 a

	
0.20 a

	
31.6 ab

	
25.7 b

	
35.6 a




	
#112

	
5380 a

	
2955 a

	
7495 a

	
0.23 a

	
0.21 a

	
0.18 ab

	
32.4 ab

	
22.2 b

	
33.9 a




	
#128

	
3001 bc

	
1958 b

	
6910 ab

	
0.20 b

	
0.21 a

	
0.19 ab

	
29.4 ab

	
21.3 b

	
30.9 a




	
#190

	
3886 b

	
3012 a

	
5788 bc

	
0.22 a

	
0.22 a

	
0.19 ab

	
36.7 a

	
32.7 a

	
35.8 a








For each column, the means with the same letter were not significantly different among genotypes (p ≤ 0.05).
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