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Abstract

:

Roots play a key role in withstanding wheat abiotic stress. In this work, we phenotyped seedling root morphology of two semi-dwarf bread wheat cultivars, the Chinese cv Lankaodali and the Italian cv Rebelde, under the hypothesis that these two genotypes have contrasting root traits and could be used as donors in breeding programs. Root development was compared in a semi-hydroponic screening, where full-strength (FS) vs. half-strength (HS) complete Hoagland’s solution represented high and moderate nutrient availability, and a screening comparing HS solution with tap water corresponding to a condition of nutrient starvation. Genotypes were further compared in soil under full watering (100% of field capacity) vs. drought stress (50% of field capacity). Lankaodali outperformed Rebelde by producing 50% more leaf mass and 70% more root mass in FS solution, 125% more leaf mass and 106% more root mass in HS solution, and 65% more leaf mass and 36% more root mass under nutrient starvation. This cv also showed a positive correlation between leaf mass and root length and mass (between r = 0.82–0.9 and r = 0.83–0.87, respectively, p < 0.05). In the soil screening experiment, Lankaodali produced more biomass than Rebelde regardless of water availability, 48% more leaf mass, 32% more root mass, and 31% more absolute rhizosheath mass (average across water availability treatments). Lankaodali proved to be more responsive than Rebelde to both water and nutrient availability. High values of broad-sense heritability—ranging between 0.80 for root mass and 0.90 for length in a hydroponic screen and 0.85 for rhizosheath size in soil—indicate that these traits could be useful for breeding.
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1. Introduction


Wheat (Triticum aestivum L. 2n = 6x = 42, AABBDD) is one of the most important cereal crops to meet the food needs of the world population. Globally, more than 2.5 billion people depend on wheat-based products, and for 35% of the population, wheat is a staple food [1]. In 2020, worldwide wheat production reached a significant milestone, totaling 760 million tons. Up to 41% of wheat global production is supplied by China, India, and Russia [2]. Global warming, as a result of climate change, is affecting wheat yield worldwide, thus increasing food insecurity and poverty in developing countries. Crop models predict an average decline in grain yields of 15% in African countries and 16% in South Asian countries by the mid-century [3]. According to these studies, climate change will reduce global wheat production by 1.9% by the mid-century, with the most negative impacts occurring in Africa and South Asia. Under the current scenario a very important breeding objective is achieving improved wheat varieties with a better resource-use efficiency and specifically adapted traits to low-input environments. In particular, exploring genotypic diversity and phenotypic plasticity in root traits could be crucial for selecting wheat ideotypes under climate change [4,5].



Wheat develops seminal roots first; these roots stay active throughout the plant’s life and play an important role in early vigor and water uptake from deep soil strata. In drought-prone environments, a high number of seminal roots descending with a narrow gravitropic angle are more efficient in extracting water from deep soil [6]. At later stages, deep water extraction may be crucial under terminal drought stress, when even a little extra water (10 mm) after flowering is very valuable since during grain filling, water use efficiency is at its maximum [7]. Bread and durum wheat varieties with larger root systems have shown a higher grain yield than varieties with smaller root systems in rainfed experiments carried out in Europe [8,9]. Root system size and morphology are also important traits for nutrient uptake: large root density and specific root length result in higher nutrient acquisition efficiency [5,10]. Beneficial root traits for abiotic stress resistance include root anatomical modifications [11]; plants that can actively modulate the biosynthesis and deposition of suberin in root endodermis and exodermis prevent radial water losses [12,13]. Ouyang et al. [14] highlighted how the suberization, lignification, and thickening of the endodermis of rice and wheat roots increased with the increase in water deficit and resulted in stronger radial barriers for the outflow of water. A further seedling root trait that is raising attention for selecting drought-tolerant phenotypes is the rhizosheath. It is commonly defined as the mass of root-adhering soil after roots are pulled out of soil and shaken [15,16,17]. First observed in desert plants [18,19], it is widely distributed along angiosperms [20], including wheat [21]. Composed of root hairs, root exudates, and root and bacterial mucilages, this heterogeneous hydrophilic matrix traps and binds soil particles around the root, facilitating root–soil contact and anchorage, protecting the root tips from dehydration [22]. Wheat genotypes with a large rhizosheath size have been shown to keep up with high transpiration rates during a dry period better than varieties with a small rhizosheath [23]. The rhizosheath facilitates nutrient uptake [24,25] and is considered a hot-spot of microbial diversity, playing a role in microbial recruitment and stabilizing micro-organism communities by reducing soil moisture fluctuation around the roots and thus increasing system resilience during stress events [26]. Since a rhizosheath is a highly heritable trait, it is also interesting for breeding [17].



In recent years, studies conducted on plant roots have grown significantly through the use of the most recent high-throughput phenotyping technologies for the image analysis and quantification of root systems [27]. The new phenotyping systems have given new boots to the understanding of the genetic and physiological mechanisms regulating root development, and this has opened new perspectives for incorporating root traits in improved wheat varieties.



However, many of these traits have quantitative genetic bases, strongly influenced by interacting genetic and environmental factors (i.e., climate, soil, agronomic management), representing a challenge for the selection of new varieties. In a previous study, two semi-dwarf bread wheat cultivars—namely the Chinese cv Lankaodali and the Italian cv Rebelde—were found to be different in above-ground phenotypic traits (i.e., plant height, juvenile growth habit, heading date, fertile tiller number, and total tiller number) and used as parents to develop a recombinant inbred line (RIL) population. This was genotyped using a single-nucleotide polymorphism (SNP) array platform and a next-generation sequencing (NGS) method to map genetic loci controlling the traits of agronomic interest [28,29]. We conducted a study in order to test the hypothesis that the two parental cultivars, Lankaodali and Rebelde, also exhibit differences in root traits since this might provide the basis for future work on the derived RIL population in order to identify the genetic bases of individual root phenes.




2. Materials and Methods


2.1. Plant Material


Experiments were conducted on bread wheat (Triticum aestivum L.) cultivars Lankaodali and Rebelde. Lankaodali is a Chinese bread wheat cultivar with very large kernels, low tillering capacity, and a medium flowering time. Rebelde is an Italian hard winter wheat cultivar with excellent technological quality traits, medium–late flowering time, and high tillering capacity [28].




2.2. Experiment 1—Starvation vs. Moderate Nutrient Availability in Semi-Hydroponic System


Seedling root growth was evaluated in response to two nutrient supply levels: moderate nutrient availability (HS) supplied by fertilizing plants with a half-strength Hoagland’s solution (Hoagland’s n. 2 basal salt mixture, Sigma Aldrich (St. Louis, MI, USA) [https://www.sigmaaldrich.com/IT/it/product/sigma/h2395, URL accessed on 1 April 2024]) vs. nutrient starvation (NS) obtained using tap water only. Uniform seeds of both species were selected based on median seed weight (Lankaodali median seed weight = 0.0639 g, standard deviation = 0.0098, Rebelde median seed weight 0.03155 g, standard deviation = 0.0037). Seeds were surface-sterilized with 0.6% Na-hypochlorite solution for 2 min, then rinsed three times with sterile distilled water and pre-germinated for 24 h in petri dishes (10 cm diameter) on moistened blotting paper. Plants were grown on germination paper (Anchor germination paper sheets of 25.4 × 38.1 cm, from Hoffman Manufacturing Inc., Albany, OR, USA) following the methodology used by [30]. The top of the sheet was folded (about 2 cm) to make a crease for the seed, and one seed, t, was placed in the mid-section of each sheet with the radicle facing down; sheets were then sprayed with water and rolled tightly to form an empty cylinder. Each roll was immersed in water or nutrients solution for the NS and HS treatments, respectively, and then placed in opaque PVC pots (16 cm diameter, 40 cm height). The pot was filled with 650 mL water of nutrient solution for the NS and HS treatments, respectively, in order to keep rolls moistened through capillary rise. Water/nutrient solution was changed after one week. Plants were grown for 11 days under artificial lighting (Mars Hydro 400 W LED Grow Lights Full Spectrum Plant Lamp, PAR = 600 µmol m−2 s−1), at an average temperature of 21 °C and an average relative humidity (min T °C 15.3 during the night, max T °C 25.6 during the day) of 40.35%. Random rolls were periodically checked to see if roots had reached the bottom of the pot. At the end of the experiments, rolls were opened and the following traits were determined: primary root length, the total number of seminal roots, the length of the longest leaf, and the total number of leaves. Roots were then separated from shoots and scanned using STD 4800 Image Acquisition System at 600 DPI, and image analysis was performed with the WinRhizo ArabidopsisV2009c image analysis software (Regent Instruments Inc., Québec, QC, Canada) to determine root length, diameter, volume, and projected area. Finally, the shoots and roots were oven-dried for 2 days at 70 °C and weighed. The following additional root parameters were calculated:


Specific root length = root length /root mass (cm g−1)










Root tissue density = root volume/root mass (cm3 g−1)










Root-to-shoot ratio = root mass/shoot mass (g g−1)












2.3. Experiment 2—High vs. Moderate Nutrient Availability in a Semi-Hydroponic System


Seedling root growth was evaluated in response to two nutrient supply levels: high nutrient availability (HS) supplying full-strength Hoagland solution vs. moderate nutrient availability (HS) corresponding to half-strength Hoagland solution. The same protocol described in Section 2.2 was followed. Plants were grown for 12 days at 22.94 °C average T (min T °C 15.3 during the night, max T °C 25.6 during the day) and 40.35% relative humidity.




2.4. Experiment 3—Rhizosheath Formation and Root Architecture in Response to Drought Stress


Plants were grown in cylindrical pots of 25 cm length and 2.8 cm diameter filled with 155.0 g of a field-collected silty loam soil with the following characteristics: sand (50–2000 μm) 43.6%, silt (2–50 μm) 34.2%, clay (<2 μm) 22.1%., pH 6.8; N 1.9 g kg−1; phosphates (P2O5) 50.3 g kg−1; and potassium oxide (K2O) 1430 g kg−1.



2.4.1. Water Supply Treatments


Two treatments with six replications were set on the basis of soil water content in pots:



(i) Well-watered control (WW) where potting soil was brought to field capacity. (ii) Drought stress (DS) where potting soil was brought to 50% of field capacity.



Field capacity was determined as the water retained at −0.033 MPa (in a pressure plate). Treatments were as follows:




2.4.2. Seedling Growth Conditions


Seeds selected for weight uniformity are described in Section 2.2 pre-germinated on filter paper with distilled water for 24 h and then planted in pots. Pots were arranged randomly in a custom-built growth cabinet (see experiment one for the lighting system) and grown until the 3rd leaf was fully expanded (stage 13 of Zadoks phenological scale) [31] [at average T = 22.94 °C (average night temperature of 22.2 °C, average day temperature of 23.37); average relative humidity of 46.06% to simulate germination in high-temperature conditions]. Pots were irrigated with 2 mL every 3 days in order to simulate night condensation during emergence without refilling the soil profile.




2.4.3. Measurements


Biometric measurements: plant height to the uppermost internode and the tip of the last fully expanded leaf were measured. Plants were clipped at the soil level. Leaves were cut at the node and scanned with STD 4800 Image Acquisition Systemat 1200 DPI. Leaf area was then measured on scanned images using WinRhizo (WinRhizo ArabidopsisV2009c image analysis software, Regent Instruments Inc., Québec, QC, Canada). Above-ground plant fresh and dry (after oven drying at 70 °C until constant weight) biomass was determined. The bottom of the pots was removed, and the soil was gently pushed from the bottom. On three replications, the root system was extracted by washing it over a mesh of 0.5 mm and placed in a transparent tray (200 × 250 mm) with a 4 mm to 5 mm deep layer of water and scanned with STD 4800 Image Acquisition Systemat 600 DPI. After scanning, roots were blotted and weighed to obtain the fresh root mass, then oven dried at 70 °C until constant weight to obtain the root dry mass. Root morphology was determined with the same image analysis software mentioned for the leaf area. The following traits were measured: total length (cm), surface area (cm2), mean diameter (mm), and volume (cm3). The root depth potential was measured as the maximum length of a root axis. All parameters were assessed on a plant basis. We then calculated root-to-shoot biomass ratio (g g−1), root depth-to-plant height ratio (cm cm−1), leaf-to-root area ratio (cm2 cm−2), root mass-to-volume ratio (root tissue density g cm−3), biomass-to-leaf area ratio (g cm−2), and shoot height-to-root depth ratio (cm cm−1). On three replications, the mass of rhizosheath soil was determined as follows: the root system was held by the plant basis and gently shaken free from bulk. The soil that remained attached to roots after shaking was considered rhizosheath soil. The rhizosheath–root complex was then weighed to determine the fresh mass (RRhizFM g plant−1), oven-dried at 105 °C, and weighed again to obtain the dry mass (RRhizDM g plant−1). Roots were thereafter washed over a 0.5 mm mesh, blotted, and weighed to obtain the fresh root mass (RFM g plant−1), then oven dried at 70 °C until constant weight to obtain the root dry mass (RDM g plant−1). The rhizosheath soil fresh (RhizFM) and dry (RhizDM) mass, and the “True rhizosheath” were then calculated as follows:




	
RhizFM = RRhizFM – RFM g plant−1;



	
RhizDM = RRhizDM − RDM g plant−1;



	
True rhizosheath: RhizDM/RDM g g−1.








As a consequence of the described procedures, we had 6 replicated for the following variables: plant height, shoot dry mass, root dry mass, and derived indices; the number of replicates was 3 for root length, surface area, diameter, volume, RhizFM, RhizDM, true rhizosheath, and derived indices.





2.5. Statistical Analysis


All the analyses were carried out within the R environment for statistical analysis [R Core Team (2021), R: A language and environment for statistical computing, R Foundation for Statistical Computing, Vienna, Austria, URL https://www.R-project.org/, accessed on 6 March 2024]. For all of the three screens, biometric data were analyzed within the framework of genotype by environment (GxE) analysis using the R library “statgenGxE” [32]. Two-way means tables were obtained computing two models: 1. a fully fixed model (Two-way ANOVA with interaction) and 2. a fully random model.



A fully fixed model was computed, all model terms are fixed, with the exception of the random error term:


   Y  i j   = μ +  G  i     +  E    j     + G E  I  i j     +  ε  i j    











Yij, the response variable, is the mean of genotype i in environment j as a function of μ, a common fixed intercept term; Gi, a fixed genotypic main effect corresponding to genotype I; Ej, a fixed environmental main effect corresponding to environment j; GEIij, genotype-by-environment interaction term; and, finally, εij, the error term, typically assumed to be normally distributed, with a mean of zero and constant variance σ2; εij~N(0, σ2).



A fully random model, all model terms are included as random terms (terms are underlined to indicate that they are random).


  −  Y  i j =    G _     i  +  E _      j     +  ε _      i j      











Based on the variance components of this model, the magnitude of the variance of the genotypic main effect (σ2G) and of the variance of the environmental effect (σ2E) in relation to the sum of GEI and error (σ2ε) gives the importance of both the genotype and the environment.



The variance components were used to estimate broad-sense heritability. Broad-sense heritability (H2) is defined as the proportion of phenotypic variance that is attributable to an overall genetic variance for the genotype [33]. Heritability is calculated dividing the total genetic variance by the total phenotypic variance.:


   H 2  =      σ G 2     σ G 2  +  σ E 2  +  σ ε 2       











The Finlay–Wilkinson analysis is used to describe genotype by environment interaction, assessing how the expected performance of a genotype varies as a function of the environmental effects; this is achieved by regressing the performance of each genotype on the environmental means [34]. Finlay–Wilkinson analysis was computed to assess the responsiveness of cultivars to the different environments; the analysis was done using R package ‘FW’ [35]. Post hoc mean comparison tests for the fully fixed models were carried out by computing post hoc Tukey test (p < 0.05). Finally, correlation matrixes were calculated to estimate the Pearson’s correlation coefficient among shoot and root biometric parameter data from different nutrient levels, which were pooled for individual cultivars. Regression analysis was computed to model the bivariate relationships between shoot and root biometrics, separating cultivar and nutritional treatment effects.





3. Results


3.1. Experiment 1—Starvation vs. Moderate Nutrient Availability in Semi-Hydroponic System


Experiment 1 aimed at comparing the shoot and root development of the two cultivars under two nutritional statuses: moderate nutrient availability (supplying the seedlings with half-strength Hoagland’s solution) and nutrient starvation, growing seedlings on tap water only. At the end of the experiment, shoot and root biometry was measured, and treatments were compared by computing a two-way ANOVA with the interaction. Table 1 reports the ANOVA results for experiment 1 along with the variance components, the results of the Finlay–Wilkinson Analysis used to assess genotype responsiveness to the environment, and the estimate of the broad-sense heritability.



The genotypic effect was significant for most traits and was associated with high values of broad-sense heritability (always above 80%) for all root traits, including specific root length and diameter, which proved to be constitutive traits of the two cultivars. The Finlay–Wilkinson analysis (Table 1) showed that Lankaodali was more responsive than Rebelde for most traits since shoot and root production sharply increased under a higher nutrient supply. Rebelde produced less biomass than Lankaodali under both nutritional regimens and was more stable across treatments. Figure 1 reports the bar plots of the mean values of shoot and root traits in response to the experimental treatments as main effects or in interaction between each other. Nutrient availability as a main effect (values averaged across genotypes) significantly affected the root–shoot ratio and root tissue density (p < 0.05), which increased under starvation in both genotypes. The specific root length was stimulated by moderate nutrient availability though differences between means and did not attain statistical significance (p = 0.06) (Figure 1a). Lankaodali outperformed Rebelde at both nutrient levels in terms of above- and below-ground productivity (Figure 1b), with a significant GxE interaction for leaf mass, root mass, and length (Figure 1c).



Lankaodali was much more productive than Rebelde under moderate nutrient availability since it developed 125% more leaf mass and 106% more root mass when grown supplying half-strength Hogland’s solution. Nutrient deficiency substantially hampered growth in Lankaodali; the leaf mass was halved (46% less), while Rebelde was proportionally less impacted (27% less leaf mass). The same trend was followed by roots with 26% less root mass and 28% less root length in Lankaodali, whereas the belowground productivity of Rebelde was almost unaltered or slightly increased (12% more root mass). Even under starvation, Lankaodali’s size was larger than Rebelde since it developed 65% more leaf mass, 60% more root length, and 36% more root mass. The root-to-shoot ratio increased under starvation from 0.6 to 0.8 (average across genotypes) and was higher in Rebelde (0.7) than in Lankaodali (0.61) (average across nutritional status). Specific root length was significantly higher in Lankaodali (average across treatments). In Lankaodali only, there was a significant correlation between shoot and root traits, while in Rebelde, there was only a weak correlation between root length and leaf mass (Table 2).



Biplots in Figure 2 show that for Lankaodali, a correlation was found between leaf mass and both root length (Figure 2 left) and root mass (Figure 2 right) under both nutritional levels, while in Rebelde, there was a positive trend under moderate nutrient availability only. In Lankaodali, there was also more scattering within each treatment.




3.2. Experiment 2—High vs. Moderate Nutrient Availability in Semi-Hydroponic System


The experiment 2 was conducted using the same experimental setup of experiment 1 (semi-hydroponic screening in paper rolls), but in this case, the experiment was aimed at comparing seedling shoot and root growth growing under optimal nutrient availability (corresponding to the nutrient concentration of a full-strength Hoagland’s solution) vs. under a moderate nutrient availability (corresponding to the nutrient concentration of a half-strength Hoagland’s solution).



Table 3 shows the ANOVA results for the shoot and root traits of experiment 2. Increasing the nutrient availability from half-strength to full-strength Hoagland’s solution showed a limited effect on shoot and root growth. It only affected coleoptile length and primary root length (which was slightly lower under full strength), root volume and root-to-shoot area and mass ratio. Differences between genotypes were significant for most traits and were consistent with the previous experiment. The only significant GxE interaction was found for leaf area-to-root area ratio.



Average values for shoot and root traits are reported in Table 4.



Lankaodali was more vigorous than Rebelde, developing more shoot and root mass area. The coleoptile length was 26% longer than that of Rebelde. The largest differences between genotypes were found in the shoot Lankaodali developed (56% and 57% more leaf mass and leaf area, respectively) and root mass and area (68% and 73% more, respectively) (average across treatments). Lankaodali invested more in roots than Rebelde, with a root-to-shoot area ratio of 13% larger on average across the treatment. Rebelde showed a higher root tissue density (more than 7%, values averaged across treatments). The number of seminal roots did not differ significantly, but there is a trend for 6 vs. 4 seminals for Lankaodali and Rebelde, respectively. Consistently with the previous screen, Lankaodali showed a positive correlation between shoot and root traits (Table 5). Figure 3 shows the bivariate linear correlation between leaf area and root length.



Although the cultivar × nutrient supply interaction was not significant for the root length scatterplot in Figure 3, it shows a positive linear correlation between leaf area and root length for Lankaodali; this cultivar appears more responsive than Rebelde to the shift in nutrient availability since shoot and root parameters increase more under higher nutrient availability. The two treatments can be clearly separated at the graphical level.




3.3. Experiment 3—Rhizosheath Formation and Root Architecture in Response to Drought Stress


In the third experiment, the two cultivar seedlings were screened in soil and compared in factorial combination of two different water levels, well watered (soil irrigated at the 100% of available water content) and limited water availabiliy (soil irrigated at and 50% of field capacity), corresponding to a moderate drought stress, to evaluate cultivar responses to either a water-favorable environment or to drought stress. Table 6 reports the results of the ANOVA for soil-grown plants (Experiment 3).



Drought stress significantly reduced most shoot and roots traits (Figure 4 top and bottom, respectively) (values averaged across cultivars).



For both genotypes, the leaf area was more affected by drought stress (34% less) than the leaf mass (21% less). The leaf dry matter increased under drought stress from 16% to 20% (average across genotypes). Similarly, drought stress reduced the root length more than the root mass. The specific root length was reduced (23% less), while the rhizosheath size increased both in absolute and in relative terms (78% and 79% more rhizosheat on fresh weight bases, respectively). Regarding the genotypic effect, significant differences between cultivars emerged. In coherence with the semi-hydroponic screens (experiments 1 and 2), the two genotypes showed constitutional differences between themselves; Lankaodali always produced more than Rebelde, even under drought stress (Figure 5). The seedlings of Lankaodali were taller by 11%, with a mean value of 22 cm, and they developed 33% more leaf area and 48% more leaf mass, 26% more root length, 32% more root mass, and 31% more absolute fresh rhizosheath mass than Rebelde but a similar true rhizosheath (values averaged across irrigation levels).



The root-to-shoot ratio increases under drought stress (values averaged across cultivars) and was higher in Rebelde. The cultivar x water supply interaction for leaf mass, root mass, and root tissue density did not attain statistical significance (p > 0.05) see Figure 6; however, Lankaodali showed a clear trend for a larger phenotypic plasticity in response to water availability, taking more advantage of the favorable water environment, especially in terms of aerial growth, while Rebelde was less responsive, with a root-to-shoot mass ratio that was always higher in Rebelde, moreso under drought stress (18% more) than in well-watered conditions (14% more), possibly due to the smaller aerial part compared to that of Lankaodali.



Absolute rhizosheath mass values ranged between 2.62 g of well-watered Rebelde and 8.59 g of drought-stressed Lankaodali, while the true rhizosheath ranged between the minimum value 131.15 g g−1 of well-watered Rebelde and the maximum value of 326 g g−1 of drought-stressed Lankaodali. Lankaodali produced 33% more rhizosheath mass than Rebelde but a similar true rhizosheath. The root-to-shoot mass ratio was higher in Rebelde, moreso under drought stress (18%) than in well-watered conditions (14% more). Plants also differed in root tissue density; maximum and minimum average values were found in drought-stressed and well-watered Lankaodali. Rebelde did not show significant variations in root mass and tissue density. Broad-sense heritability was high for root mass (0.74), relatively low for root length (0.43), and very high for the absolute rhizosheath mass (0.85). The true rhizosheath was a plastic trait, increased by 93% in drought-stressed plants (average across cultivars), and showed no significant differences between cultivars.





4. Discussion


Climate change poses unprecedented challenges for wheat cultivation, marked by erratic precipitation patterns and rising temperatures. To address this challenge, the scientific community is exploring innovative strategies, focusing on the development of wheat cultivars with root systems adapted to low-fertility conditions and capable of withstanding drought stress. In the present study, we evaluated the effects of nutrient starvation and drought stress on two bread wheat cultivars, with contrasting morpho-phenological traits and putatively varying root systems. These two cultivars were selected based on a previous QTL mapping study, as they were parents of a RIL population, potentially useful also for mapping root traits. Our results showed constitutional differences between the two cultivars. Differences between cultivars were consistent across screens. Lankaodali also outperformed Rebelde in terms of leaf area, mass, and root production under abiotic stress (e.g., severe nutrient starvation and drought stress). The differences between cultivars, however, increased under favorable conditions, indicating that Lankaodali took more advantage than Rebelde of a better nutritional and water status by sharply increasing biomass production and specific root length; this may indicate that this cultivar is suitable for high input environments but also for environments where transitient fluctuations of nutrients and water availabilty can be expected (as it is for low-input environments). The larger leaf area and coleoptile length at the seedling stage for Lankaodali could be considered indicators of early vigor. This trait is correlated with better seedling establishment and higher nutrient and water uptake efficiency [36,37]. It is considered a relevant breeding target for wheat [38]. In drought-prone environments, the fast development of the leaf area can reduce soil evaporation so that more water is available for transpiration [39]. Early shoot vigor in Lankaodali, probably associated with the larger seed size, was complemented by a larger root system in agreement with other studies [40,41]. Seed size has been reported to affect early seedling vigor in wheat species [37,42], although some evidence was contradictory [43]. In bread wheat, three GW2 homologue genes on A, B, and D genomes were identified, respectively [44], and two alleles of TaGW2-6A (Hap-6A-A and Hap-6A-G) were associated with grain size in wheat. In line with this observation, in Lankaodali, an insertion in the TaGW2-6A gene associated with a large kernel was identified [45]. Therefore, Lankaodali, which has a larger kernel than Rebelde, also developed a larger leaf area and a larger root length and mass. Several studies argue that embryo size [42,46] and/or seed size [47] are the main factors influencing both seedling early vigor and root mass. This work focuses on roots at the seedling stage, which is not fully representative of plant behavior at later stages. Nevertheless, drought stress at the wheat seedling stage affects architecture of seminal roots (Sanguineti et al.) [48], whose early growth may play a role in plant response to future drought stress events. A low water supply to wheat seedlings has been shown to result in a lower root depth and surface area [49] [Kimurto et al.], and it has been discussed in terms of the possible modification of tillering [50] [Hyles et al.] and, therefore, yield. In wheat seedlings grown in hydroponic conditions, QTLs for root dry weight were linked to QTLs for nitrogen uptake; the positive correlation and genetic linkage for the traits between the hydroponic screen and field trials demonstrated that shoot and root early vigor correlates with a better nitrogen uptake capacity [51] and that this also held if this character is phenotyped in simplified soil-less systems. Winter wheat early vigor was also associated with a higher phosphorus uptake efficiency [52]. In our study, the shift from 50% to full-strength Hoagland solution (exp. 2) did not produce sizeable changes in above- or below-ground production. Differences between cultivars, however, were consistent with the first experiment; even at a high nutrient availability, Lankaodali developed more shoot and root mass and area than Rebelde. The lack of difference between 0.5 vs. full-strength solution could be due to the short time window, during which even the lower nutrient concentration was sufficient to meet the small seedling requirements. A previous hydroponic screen study showed that differences in shoot and root growth between 0.5 and full-strength Hoagland solution only appeared 44 days after transplanting and that no differences were recorded at any time when nutrient availability was doubled, shifting from 1× to 2× full-strength solution [53], confirming our findings. The lack of differences between 0.5 and 1× full-strength solution we found could also be due to the counterbalancing effect of osmotic stress build-up. Indeed, a concentrated Hoagland solution was used as a non-specific osmoticum to separate the effect of water and salinity stress [54]. The plants slightly reduced the primary root length with the full-strength solution; this could be an early response to osmotic stress. In our experiment, the paper-rolls are not irrigated from the top, so nutrients were never flushed during the experiment and could build up in the upper strata, where evaporation is stronger, or at the bottom due to capillary rise when the nutrient solution is refilled. The biometry of the two cultivars (values averaged across half- and full-strength Hogland’s solution) can be considered a benchmark of cultivar seedling biometry under non-limiting nutrient availability. In the third screen, we tested the cultivar response to drought stress. As expected, plants responded to drought stress by reducing shoot and root growth. The reduction in the leaf area means less transpiring surface, as a reduction in root length may imply a reduced water uptake capacity. Reducing the root absorbing surface, however, can be adaptative in certain conditions (e.g., a soil with a poor water holding capacity and no subsoil water available) since it translates into a parsimonious use of remaining soil water. Increasing the root-to-shoot ratio generally improves plant water status; RSR increased in drought-stressed plants. Rebelde had a significantly higher RSR (values averaged across irrigation level); this is possibly due to the relatively small leaf size. The root tissue density increased under drought, especially in Lankaodali. The ecological role of root tissue density in drought stress tolerance has been discussed for xeric grassland communities; physiologically, drought tolerant species had denser roots, resulting from more investment in cell walls to avoid dehydratation [55]. Consistent with the semi-hydroponic screen, Lankaodali was always more vigorous than Rebelde under the worst condition also and was more responsive to the favorable environment. The higher root length of Lankaodali matched a higher value of absolute rhizosheath, confirming a previous study carried out by [56]. True rhizosheath, however, which reflects the soil binding capacity per root mass unit, did not differ between cultivars; both genotypes responded similarly to drought stress, that is, by increasing rhizosheath production. Recent research has shed light on the biophysical processes of the rhizosheath that have the potential to improve water availability on the root surface of several crop species [15,23,57]. The rhizosheath dry mass and true rhizosheath were in line with the values found by [58] under similar irrigation levels. Specific rhizosheath values were also in line with those reported for modern durum wheat cultivars, larger than the value reported for the Italian ancient durum cultivar, Saragolle lucana [59]. A rhizosheath screening of modern cultivars of maize showed true rhizosheath values similar to ours (from 16 to 29 g g−1 dry matter) [60]. True rhizosheath values vary widely among angiosperms (from 6.5 to 101.8 g g−1 fresh root); our averages in control conditions (50 g g−1 under optimal irrigation) fall within the range of Poales, which is a very large family that comprises several wild species (6.5 to 101.8 g g−1 root fresh), and is higher than that of maize sorghum and barley [17] In our study, the rhizosphere chemical composition and root exudate rates were not investigated, but it has been reported that root exudation is positively correlated to root length and specific root length [61,62]. ‘Aggressive’ root phenotypes characterized by a high proliferation rate are likely to also be more active exudate producers. Grasses defined as ‘explorative plants’ exude more than ‘conservative’ root phenotypes characterized by a reduced space-filling capacity [63]. Drought stress increased the rhizosheath size per unit mass, pointing toward the adaptive role of the rhizosheath in drought stress resistance [23], but there is a a lack of specific rhizosheath traits that differentiate the two cultivars. Lankaodali produced more roots and, hence, more rhizosheath in absolute terms and thus is likely to exert a stronger effect in terms of ecosystem services. Some root functions, such as soil mechanical reinforcement, tends to increase linearly with the root length [64,65]. The greater root length and foraging capacity of Lankaodali suggests that that this cultivar could be more suitable than Rebelde to low-input environments due to a better resource acquisition capacity [23] and could also be more suitable than Rebelde for improving the soil biophysical quality. The high heritability of both the root length and root mass of Lankaodali demonstrates that a large part of the phenotypic variation was under genetic control. This is in agreement with the literature, indicating that root size is a relatively stable inheritable trait and is therefore useful for breeding purposes. Large values of broad-sense heritability (from 50 to 73%) for wheat primary root length were found by [66]. High values of heritability for wheat root biomass were also found in well-watered and drought-stressed plants (79% and 78%, respectively) [67]. The large heritability found in our study suggests that a bi-parental RIL population derived from Lankaodali and Rebelde could be useful for root QTL mapping studies. Although it is essential to establish the correlation between traits measured on seedlings and agronomic performance of mature plants in the field, evaluating seedling morphology remains important. A seedling is at the most vulnerable plant stage; some traits are crucial for plant survival and uniform stand establishment (e.g., rhizosheath production and early vigor), or their influence remains relevant throughout the plant life cycle (e.g., seminal root architecture). Seedling root architecture has been found to be correlated with agronomic performance; for instance, [68] found that of the 48 QTLs detected for root seedling architecture, 15 overlapped with QTLs for agronomic traits and/or grain yield in two or more environments. Seedling root traits and seedling total root length were positively associated with yield grain; longer roots correlated with a higher number of grains per spike, higher above-ground biomass, and delayed maturity and extended grain filling [69]. In other studies, laboratory seedling root screens (cigar rolls or wax layer) were not predictive of mature wheat plant root architecture in the field [30,70]; however, seedling root depth did correlate with rooting depth in a field at the five-leaf stage [30]. Overall, in both the hydroponic and soil screen, the two cultivars could only be separated evenly with the base in their root length. Root length, which is a key root physiological parameter, is a relatively high-throughput root measure in semi-hydroponic screens, and therefore, it is suitable for screening a large number of genotypes in a short time. Maximum differences between cultivars were observed using half-strength Hoagland’s solution; therefore, this preliminary screen on parental genotypes, besides supporting the hypothesis that these two cultivars exhibit a contrasting root biometry, also provided methodological indications for scaling up phenotyping on the RIL population.




5. Conclusions


In this work, we phenotyped seedling shoot and root traits of two bread wheat cultivars that were previously compared for yield and grain quality but for which no information on roots was available. The simple and rapid root phenotyping screens used in this study allowed us to capture significant genotypic differences between these two cultivars, and this supports their use as parents to analyze the bi-parental RIL population with an expected gradient in root biometry. The fact that the genotypic differences were consistent across environments and screens provides strong evidence that differences in root biometry are constitutive. Lankaodali performed consistently better than Rebelde across nutrient and soil moisture gradients. This genotype also showed more plasticity and took a greater advantage than Rebelde of favorable conditions. The early vigor of this cultivar coupled with a larger plasticity in root traits suggests a possible use in low-input environments, where transient variation in resource availability can be expected. This cultivar can also be considered as a potential donor in breeding programs aimed at producing cultivars with a large root size. Rebelde displayed some conservative traits (larger root diameter, larger root tissue density, and reduced plasticity) that can be indicative of a larger productive stability. The lack of correlation between leaf and root traits for this cultivar suggests that the seedling survival strategy relies more on above-ground physiological traits than on root biometry. The large broad-sense heritability values for root traits suggests that these two parental cultivars could be used to analyse RIL population to identify their genetic bases.
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Figure 1. Root and shoot traits in response to (a). the main effect of nutrient availability (values averaged across cultivars), (b). the main effect of genotype (values averaged across nutrient availability levels), and (c). the interaction between genotype and irrigation (i.e., GxE interaction). Mean values are overlaid by the bars of the standard deviation. Different letters above the bars indicate significant (p < 0.05) or non-significant (n.s.) (p > 0.05) differences among the means of the post hoc Tukey test. 
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Figure 2. Scatterplot of the bivariate relationship between leaf mass and root length (left) and mass (right). Blue solid circles = Lankaodali HS; red solid circles = Lankaodali NS; purple solid triangles = Rebelde HS; green solid triangles = Rebelde NS. 
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Figure 3. Scatterplots of leaf area vs. root length for each treatement combinations. Solid circles = Lankaodali; solid triangles = Rebelde; red solid circles = Lankaodali half-strength (HS); blue solid circles = Lankaodali full-strength (FS); green solid triangles = Rebelde HS; purple solid triangles = Rebelde FS. 
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Figure 4. Mean values of shoot (top) and root (bottom) traits as affected by water availability (DS = drought stress, WW = well irrigated) as the main effect values averaged across cultivars. Mean bars are overlaid by bars of standard deviation. Different letters above the bars indicate significant differences between the means of post hoc Tukey test (p < 0.05). 
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Figure 5. Root biometry (top) and rhizosheath traits (bottom) as affected by the main effect of the cultivar (values averaged across levels of water availability). Means are overlaid by bars of standard deviation. Different letters above the bars indicate significant differences between the means of the post hoc Tukey test (p < 0.05) or non-significant (n.s.) differences (p > 0.05). 
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Figure 6. Cultivar x water supply interaction effects on shoot traits (top) and root traits (bottom). DS= drought stress, WW = well irrigated). The mean bars are overlaid by bars of standard deviation. Different letters upon the bars indicate significant significant (p < 0.05) differences among the means at the post hoc Tukey test. 
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Table 1. ANOVA, variance components, Finlay–Wilkinson analysis, and heritability values for shoot and root parameters (RL = root length, RM = root mass, RSL = specific root length).
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0 vs. 50% (v/v) Hoagland

Solution

	
Fully Fixed Model

	
Fully Random Model

	
Finlay–Wilkinson Analysis

	
Heritability




	
Leaf Mass (g)

	
p-Value

	
% Variance

Explained

	
Rank

	
GenMean

	
Sensitivity

(p-Value)

	
Broad-Sense Heritability






	
trial

	
8.391 × 10−9

	
21.18

	
Lankaodali

	
0.034

	
0.0002

	
0.81




	
genotype

	
3.699 × 10−12

	
46.4

	
Rebelde

	
0.016

	

	




	
genotype:trial

	
0.0002105

	
22.01

	

	

	

	




	
residuals

	

	
10.4

	

	

	

	




	
RL (cm)

	
p-value

	
% Variance explained

	
Rank

	
GenMean

	
Sensitivity (p-value)

	
Broad-sense heritability




	
trial

	
0.005188

	
0

	
Lankaodali

	
301.775

	
0.0188

	
0.90




	
genotype

	
2.16 × 10−9

	
66.23

	
Rebelde

	
150.385

	

	




	
genotype:trial

	
0.018813

	
12.77

	

	

	

	




	
residuals

	

	
21.01

	

	

	

	




	
RM (g)

	
p-value

	
% Variance explained

	
Rank

	
Mean

	
Sensitivity (p-value)

	
Broad-sense heritability




	
trial

	
0.05205

	
0

	
Lankaodali

	
0.020

	
0.0142

	
0.80




	
genotype

	
1.25 × 10−7

	
57.88

	
Rebelde

	
0.011

	

	




	
genotype:trial

	
0.01416

	
13.14

	

	

	

	




	
residuals

	

	
28.98

	

	

	

	




	
SRL (cm g−1)

	
p-value

	
% Variance explained

	
Rank

	
Mean

	
Sensitivity (p-value)

	
Broad-sense heritability




	
trial

	
0.048947

	
6.5

	
Rebelde

	
13,596.120

	
0.5563

	
0.93




	
genotype

	
0.001601

	
37.88

	
Lankaodali

	
15,536.780

	

	




	
genotype:trial

	
0.556314

	
0

	

	

	

	




	
residuals

	

	
55.62

	

	

	

	




	
Average diameter (mm)

	
p-value

	
% Variance explained

	
Rank

	
Mean

	
Sensitivity (p-value)

	
Broad-sense heritability




	
trial

	
0.61754

	
0

	
Lankaodali

	
0.433

	
0.5147

	
0.87




	
genotype

	
0.01528

	
23.74

	
Rebelde

	
0.458

	

	




	
genotype:trial

	
0.51472

	
0

	

	

	

	




	
residuals

	

	
76.26

	

	

	

	




	
Root-to-shoot mass ratio (g g−1)

	
p-value

	
% Variance explained

	
Rank

	
Mean

	
Sensitivity (p-value)

	
Broad-sense heritability




	
trial

	
1.078 × 10−8

	
66.28

	
Rebelde

	
0.704

	
0.1649

	
0.83




	
genotype

	
0.004868

	
10.48

	
Lankaodali

	
0.599

	

	




	
genotype:trial

	
0.164884

	
2.17

	

	

	

	




	
residuals

	

	
21.07

	

	

	

	











 





Table 2. Correlation matrix of shoot and root traits for Lankaodali (top) and Rebelde (bottom); significant correlations (p < 0.05) are reported in bold.
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	Lankaodali
	Leaf Mass
	Root Mass
	Root Length
	Root Surface Area
	Root Volume
	Root Tissue Density
	Root Average Diameter
	Root–Shoot Mass Ratio
	Specific Root Length





	Leaf mass
	1
	0.83
	0.82
	0.84
	0.85
	−0.23
	0.44
	−0.54
	−0.11



	Root mass
	
	1
	0.91
	0.95
	0.96
	−0.03
	0.5
	0.01
	−0.34



	Root length
	
	
	1
	0.99
	0.96
	−0.33
	0.25
	−0.13
	0.06



	Root surface area
	
	
	
	1
	0.99
	−0.33
	0.38
	−0.13
	−0.04



	Root volume
	
	
	
	
	1
	−0.31
	0.49
	−0.12
	−0.13



	Root tissue density
	
	
	
	
	
	1
	−0.06
	0.47
	−0.71



	Root average diameter
	
	
	
	
	
	
	1
	−0.07
	−0.64



	Root shoot mass ratio
	
	
	
	
	
	
	
	1
	−0.38



	Specific root length
	
	
	
	
	
	
	
	
	1



	Rebelde
	Leaf mass
	Root mass
	Root length
	Root surface area
	Root volume
	Root tissue density
	Root average diameter
	Root–shoot mass ratio
	Specific root length



	Leaf mass
	1
	0.21
	0.45
	0.42
	0.31
	0
	−0.41
	−0.74
	0.56



	Root mass
	
	1
	0.86
	0.9
	0.85
	0.73
	−0.62
	0.49
	0.19



	Root length
	
	
	1
	0.97
	0.79
	0.57
	−0.85
	0.19
	0.65



	Root surface area
	
	
	
	1
	0.91
	0.48
	−0.71
	0.25
	0.54



	Root volume
	
	
	
	
	1
	0.26
	−0.37
	0.31
	0.26



	Root tissue density
	
	
	
	
	
	1
	−0.68
	0.49
	0.05



	Root average diameter
	
	
	
	
	
	
	1
	−0.07
	−0.77



	Root shoot mass ratio
	
	
	
	
	
	
	
	1
	−0.34



	Specific root length
	
	
	
	
	
	
	
	
	1










 





Table 3. ANOVA Table for experiment 2.
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p-Values

	

	




	

	

	
Cultivar

	
Nutrient Solution

	
Cultivarx Nutrient Solution

	
Sample Size






	
Shoot

	
Leaf length (cm)

	
n.s.

	
n.s.

	
n.s.

	
27




	
Coleptile length (cm)

	
<0.001

	
0.015

	
n.s.

	
27




	
Leaf mass (g)

	
<0.001

	
n.s.

	
n.s.

	
27




	
Leaf area (cm2)

	
<0.001

	
n.s.

	
n.s.

	
27




	
Root

	
Root mass (g)

	
<0.001

	
n.s.

	
n.s.

	
27




	
Root lenght (cm)

	
<0.001

	
n.s.

	
n.s.

	
27




	
Primary root length (cm)

	
<0.001

	
0.002

	
n.s.

	
27




	
Lateral root length (cm)

	
<0.001

	
n.s.

	
n.s.

	
27




	
Root volume (cm3)

	
<0.001

	
0.032

	
n.s.

	
27




	
Average diameter (mm)

	
0.049

	
n.s.

	
n.s.

	
27




	
Root tissue density (g cm−3)

	
0.038

	
n.s.

	
n.s.

	
27




	
Specific root length (cm g−1)

	
n.s.

	
n.s.

	
n.s.

	
27




	
Root-to-shoot ratio

	
Root-to-shoot mass ratio (g g−1)

	
<0.001

	
<0.001

	
0.011

	
27




	
Root surface area to leaf area (cm2 cm−2)

	
0.004

	
<0.001

	
n.s.

	
27











 





Table 4. Mean values and standard deviation for shoot and root traits (values averaged across nutritional levels).
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Lankaodali

	
Rebelde




	

	
Mean

	
St. Dev.

	
Mean

	
St. Dev.






	
Coleoptile length (cm)

	
5.469

	
0.325

	
4.336

	
0.237




	
Plant height (cm)

	
21.385

	
2.347

	
20.486

	
1.542




	
Leaf mass (g)

	
0.027

	
0.005

	
0.018

	
0.002




	
Leaf area (cm2)

	
14.012

	
2.725

	
9.055

	
1.095




	
Root length (cm)

	
174.966

	
48.234

	
101.086

	
11.141




	
Root dry mass (g)

	
0.017

	
0.003

	
0.010

	
0.001




	
Root average diameter (mm)

	
0.575

	
0.028

	
0.556

	
0.018




	
Specific root length (cm g−1)

	
10,287.956

	
1252.641

	
10,219.814

	
1289.727




	
Pimary root length (cm)

	
27.615

	
1.319

	
25.243

	
1.476




	
Number of seminal roots

	
5.7

	
0.8

	
4.4

	
0.9




	
Lateral root length (cm)

	
147.351

	
47.842

	
75.844

	
10.204




	
Root-to-shoot area ratio (cm2 cm−2)

	
2.240

	
0.329

	
1.976

	
0.344




	
Root tissue density (g cm−3)

	
0.038

	
0.003

	
0.041

	
0.004











 





Table 5. Correlation matrix between shoot and root morphological traits for Lankaodali (top) and Rebelde (bottom), pooled data across nutritional levels. Significant correlation coeffcients (p < 0.05) are reported in bolds.
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	Lankaodali
	Leaf Mass
	Leaf Area
	Root Length
	Root Mass
	Lateral Length
	Primary

Root Length
	Root Volume
	Root Tissue Density
	Root Average Diameter
	Root–Shoot Mass Ratio
	Root–Shoot Area Ratio





	Leaf mass
	1
	0.95
	0.9
	0.87
	0.9
	0.31
	0.84
	−0.25
	−0.77
	−0.42
	0.11



	Leaf area
	
	1
	0.76
	0.77
	0.76
	0.2
	0.73
	−0.21
	−0.65
	−0.47
	−0.12



	Root length
	
	
	1
	0.94
	1
	0.31
	0.96
	−0.42
	−0.78
	−0.08
	0.53



	Root mass
	
	
	
	1
	0.94
	0.24
	0.96
	−0.25
	−0.61
	0.08
	0.46



	Lateral length
	
	
	
	
	1
	0.28
	0.96
	−0.42
	−0.77
	−0.08
	0.53



	Primary root length
	
	
	
	
	
	1
	0.29
	−0.21
	−0.31
	−0.22
	0.15



	Root volume
	
	
	
	
	
	
	1
	−0.51
	−0.58
	0.07
	0.58



	Root tissue density
	
	
	
	
	
	
	
	1
	0.13
	0.01
	−0.5



	Root average diameter
	
	
	
	
	
	
	
	
	1
	0.46
	−0.19



	Root–shoot mass ratio
	
	
	
	
	
	
	
	
	
	1
	0.61



	Root–shoot area ratio
	
	
	
	
	
	
	
	
	
	
	1



	Rebelde
	Leaf mass
	Leaf area
	Root length
	Root mass
	lateral Length
	Primary root length
	Root volume
	Root tissue density
	Root average diameter
	Root–shoot mass ratio
	Root–shoot area ratio



	Leaf mass
	1
	0.54
	−0.19
	−0.04
	−0.14
	−0.49
	−0.24
	0.26
	−0.12
	−0.66
	−0.54



	Leaf area
	
	1
	0
	−0.2
	0.03
	−0.19
	0.05
	−0.34
	0.1
	−0.52
	−0.71



	Root length
	
	
	1
	0.57
	0.99
	0.67
	0.87
	−0.29
	−0.04
	0.53
	0.68



	Root mass
	
	
	
	1
	0.55
	0.49
	0.7
	0.48
	0.37
	0.77
	0.55



	Lateral length
	
	
	
	
	1
	0.59
	0.83
	−0.27
	−0.11
	0.48
	0.65



	Primary root length
	
	
	
	
	
	1
	0.83
	−0.37
	0.44
	0.66
	0.65



	Root volume
	
	
	
	
	
	
	1
	−0.29
	0.46
	0.65
	0.63



	Root tissue density
	
	
	
	
	
	
	
	1
	−0.1
	0.22
	−0.03



	Root average diameter
	
	
	
	
	
	
	
	
	1
	0.33
	0.06



	Root–shoot mass ratio
	
	
	
	
	
	
	
	
	
	1
	0.76



	Root–shoot area ratio
	
	
	
	
	
	
	
	
	
	
	1










 





Table 6. ANOVA table for experiment 3. Significance of the experimental factors and their interaction is reported in the second column, variance component is reported in the third column, and broad-sense heritability values are reported in the fourth column. RL = root length (cm), RM = root mass (g), RSR = root-to-shoot mass ratio (g g−1), SRL = specific root length (cm g−1), RTD = root tissue density (g cm−3).
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	Fully Fixed Model
	Fully Random Model
	





	RL (cm)
	p-value
	% Variance explained
	Broad-Sense Heritability



	trial
	0.0005885
	47.68
	0.43



	genotype
	0.0184716
	6.92
	



	genotype:trial
	0.1350462
	12.11
	



	residuals
	
	33.29
	



	RM (g)
	p-value
	% Variance explained
	Broad-sense heritability



	trial
	0.18174
	5.12
	0.74



	genotype
	0.04326
	21.33
	



	genotype:trial
	0.34349
	2.99
	



	residuals
	
	70.56
	



	RSR (g g−1)
	p-value
	% Variance explained
	Broad-sense heritability



	trial
	0.04392
	30.99
	0.84



	genotype
	0.03172
	31.67
	



	genotype:trial
	0.40754
	0
	



	residuals
	
	37.34
	



	SRL (cm g−1)
	p-value
	% Variance explained
	Broad-sense heritability



	trial
	0.003978
	51.67
	0



	genotype
	0.877224
	0
	



	genotype:trial
	0.587084
	0
	



	residuals
	
	48.33
	



	RTD (g cm−3)
	p-value
	% Variance explained
	Broad-sense heritability



	trial
	0.003628
	40.26
	0



	genotype
	0.576157
	0
	



	genotype:trial
	0.048963
	12.56
	



	residuals
	
	47.18
	



	Fresh rhizosheath mass (g)
	p-value
	% Variance explained
	Broad-sense heritability



	trial
	0.0001638
	76.21
	0.85



	genotype
	0.0371157
	11.06
	



	genotype:trial
	0.7069003
	0
	



	residuals
	
	12.72
	



	Leaf area (cm2)
	p-value
	% Variance explained
	Broad-sense heritability



	trial
	0.000006768
	62.43
	0.95



	genotype
	0.00005954
	30.53
	



	genotype:trial
	0.1164
	2.73
	



	residuals
	
	4.31
	



	Shoot biomass (g)
	p-value
	% Variance explained
	Broad-sense heritability



	trial
	0.026183
	12.84
	0.74



	genotype
	0.001251
	43.76
	



	genotype:trial
	0.048981
	24.46
	



	residuals
	
	18.94
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