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Abstract

:

Durum wheat is a major crop in the Mediterranean basin, where water deficit is the most important factor affecting its production. Under drought conditions, the root system has a crucial role in crop productivity as a water and nutrition supplier. The aim of the study was to analyze root system diversity in six contrasting durum wheat accessions, including two hydric stress-tolerant genotypes, and to evaluate root traits using the high-throughput phenotyping scanner Win-RHIZO in order to determine the main traits to be used in breeding programs. Six durum wheat accessions were subjected to two drought events under greenhouse conditions from the seedlings stage (BBCH12) for 49 days. Root phenotyping data were validated with results from plants grown in the rainfed field. This study highlighted a great variability among the analyzed genotypes in terms of development, distribution, and architecture of the root system under difficult environments, underlining a good resilience to climate change. Interestingly, the two hydric stress-tolerant genotypes, Cham1 and J. Khetifa, showed different root system ideotypes and rooting patterns under drought conditions. The late flowering landrace J. Khetifa (as also genotypes; Pelsodur and Vulci) showed a steep and long root system ideotype that led to the maintaining of the highest root biomass, length, and volume under drought conditions, while the early flowering genotype Cham1 (as also genotype; Sebatel) was distinguished by a wider root system ideotype, and by increasing the root volume in the topsoil as a strategy to tolerate drought. Moreover, a significant positive correlation was obtained between the root angle of plants grown under greenhouse conditions and plants from the field. Our results demonstrated that screening plant roots in early stages grown under greenhouse conditions using high-throughput phenotyping systems can speed up the selection for crop improvement and future drought stress breeding programs.
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1. Introduction


As a result of climate changes, drought is probably the most severe and unpredictable abiotic stress, significantly affecting crop production due to decreased water and fertilizer availability [1,2]. Drought negatively affects the grain yield and crop production, with a variation reaching 82%, as plants experience both water deficit and the ability for nitrogen uptake and assimilation, which reduce plant vigour [3,4]. Moreover, drought reduces grain yield depending on its intensity, duration, and timing [5,6]. In the Mediterranean basin, water deficit is the most important factor affecting grain yield. Durum wheat (Triticum turgidum L. subsp. durum (Desf) Husn.) is one of the major cultivated crops according to the importance and cultivated area [7,8]. Furthermore, the Mediterranean basin also has high volatility in rainfall distribution, so water scarcity, with a negative effect on productivity, can also occur in the early growth stages. Several studies revealed that drought affects grain yield more during the vegetative stage (tillering and stem elongation) than in reproductive stages, and can cause about 72% of yield loss [9,10,11]. Since spikelet initiation starts at the seedling stage to tillering, and floret initiation begins from tillering to stem elongation, both these stages determine spike and spikelet numbers per plant, and in turn grain yield [12]. Therefore, studies on tillering and stem elongation stages should get more attention, as they have a significant impact on grain yield; moreover, selection in early stages can save labour and time.



Root system architecture (RSA) plays a crucial role in crop productivity, especially in drought conditions as a water and nutrition supplier [13,14]. Previous studies have shown that early vigour is important for crop development in dry areas [15,16], and that RSA is directly involved in the resilience of wheat in drought-prone environments [17,18]. The root system cannot be considered only as a whole, as the roots could be divided into seminal, lateral, crown and primary roots, and different root typology could react differently to different external stimuli across different genotypes [19]. However, roots are not easily studied; they are not accessible by non-destructive analyses as opposed to aboveground plant organs, and different methods to study root systems have not always given consistent results. Difficulties in studying root systems increase with plant growth, since a wider root system has a higher percentage of damage during the measurement. Researchers try to avoid these problems by (i) analysing plants at an earlier stage (seedlings) and (ii) using artificial systems or an easy-to-clean substrate. Moreover, it was reported that RSA traits detected on the seedling stage can be used to predict the RSA of adult plants in the field-grown [20] or in an artificial system [21] in order to evaluate the crop adaptation under water stress conditions, but these reports were validated only for what concerned the roots angle and seminal root apparatus.



The studies of root system characteristics have recently received more attention since several high-throughputs, multifunctional root phenotyping platforms have been developed, and the studies of root system characteristics have recently received more attention. Consequently, some root system ideotypes and their growth patterns under different environments have been identified [22]. For example, the root angle is considered a very important feature to select wheat accessions for drought tolerance, since it has high heritability, and is able to give some indications about root ideotypes’ capacity for soil water extraction under a drought regime [23,24]. In early stages, wheat genotypes with a narrow root angle have grown deeper compared with varieties that have wider root angles [21,25]. Such findings suggest that wheat with longer roots and with a narrower root angle will be more drought tolerant, as it can reach water from deeper soil layers. In addition, it has been observed that drought-tolerant genotypes have a great number of nodal and seminal roots concentrated in the crown region and located near the surface, while in susceptible genotypes, roots are located far from the top of the soil [26]. Root phenotyping using the high-throughput technique could help to determine root system architectures, traits or ideotypes and rooting patterns, which can be used to select durum wheat for conditions similar to the Mediterranean basin.



The present study was conducted to better understand the genotypic diversity of root architecture in six contrasting durum wheat accessions by evaluating root traits using a high-throughput scanner Win-RHIZO. High-throughput analysis can accelerate the determination of root traits for crop improvement under drought conditions and enable the selection of tolerant and susceptible durum wheat genotypes for breeding programs at the early stages.




2. Materials and Methods


2.1. Plant Materials


The plant materials consisted of six durum wheat accessions with contrasting morphological and stress resistance characteristics, including two hydric stress-tolerant genotypes Cham1 and Jennah Khetifa (J. Khetifa). J. Khetifa is a landrace grown in the dry areas of Algeria and Tunisia that shows specific adaptation to the North African continental dry land; it is tall and resistant to abiotic and biotic stresses [27,28]. The semi-dwarf variety Cham1, selected at ICARDA (the International Center for Agricultural Research in the Dry Areas) and released for commercial production in several countries of the Mediterranean basin, is characterized by both salt and drought tolerance and yield stability [29,30]. Several studies report that both of these genotypes are hydric stress-tolerant [31,32,33,34], and only one mentioned abiotic stress effect on roots [27].



The other four genotypes were chosen according to the flowering time, as Mv-Pelsodur (from now on just Pelsodur) and Vulci were chosen for late, and Azeghar 2-1 (56) (from now on just Azeghar), and Sebatel2 (45) (from now on just Sebatel) were chosen for early [35].




2.2. Greenhouse Experimental Design and Conditions


The six genotypes were sown, with one seed per pot placed with the embryo facing down, in the greenhouse at the Tuscia University experimental farm (Viterbo, Italy), on 20 January 2021. The air temperature ranged from 22 to 28 °C during the day and from 14 to 17 °C during the night. The pots (17 cm diameter, 16 cm high) were filled with 2.5 L of sand. Pots were irrigated three times per week to keep them at 50% soil field capacity (FC), and 80 mL/per pot were filled with a water nutrition solution composed of nitric acid (0.286 mL/L), calcium nitrate (0.432 g/L), potassium nitrate (0.436 g/L), dihydrogen phosphate potassium (0.13 g/L), potassium sulphate (0.04 g/L), magnesium nitrate (0.244 g/L) and Mikron (0.23 g/L) (Prof. Giuseppe Colla, personal communication). The experiment lasted 49 days, and drought treatment was applied two times by discontinuing irrigation; treated plants were re-watered to prevent death. The first drought treatment started when all plants reached early seedling stages (two leaves unfolded—BBCH12) and continued for 14 days. The first drought treatment plants were re-watered (80 mL/per pot) three times per week for two weeks. The second drought treatment, which continued for seven days, started after re-watering (Figure 1).



Drought conditions were managed by discontinuing watering, and the field capacity (FC, %) of the soil in the pots was determined during the drought period by weighing the pots regularly according to Grewal et al. [36] (Figure 2).




2.3. Phenotyping


The stress effects on plant growth and development in durum wheat genotypes were evaluated by several morphological characters above and below ground. All plants from both treatments were collected 49 days after sowing; roots were carefully washed to remove the sand using a soft spray watering head. The morphological traits of the roots were recorded both for the whole root system (W) and separately in the first 5 cm (5) below ground (Figure 3A,B), such as root length (RLW, RL5 sum of all roots lengths, cm), surface area (SAW, SA5 total root surface area, cm2), root volume (RVW, RV5 total root volume, cm3), number of tips (TIW, TI5), forks (FRW, FR5), and crossings (CRW, CR5) using Win-RHIZO Pro software v2009 (version 4.0b; Regent Instruments, Montreal, QC, Canada). The root angle (RA°) was measured using the software ImageJ when the angle between the two extreme sides of the roots with the center set in the middle of the crown, as shown in Figure 3C. After measurements, the plants were separated into roots and shoots, dried in an oven (80 °C for 12 h), and weighed for shoot and root dry weight (SDW, RDW). In addition, the number of leaves (NL), and number of tillers (NT) were assessed. Moreover, some ratios were calculated, such as the root/shoot (RS) ratio, to determine which above-ground or below-ground part of the plant is dominant. The ratio of total root length and number of tips (RL/TI) was also evaluated, since it could show root system pattern, i.e., the capacity to generate a longer root system or to increase the number of new roots under stress conditions. To determine root system distribution at different soil layers, the ratio of some root traits between the whole system and topsoil was evaluated, such as RL5/RLW, SA5/SAW, and RV5/RVW. Root length density (RLD) was calculated using the following equation: RLW/Soil volume (cm/cm−3). The recorded raw data are public available (after an access request) at the Zenodo web site with DOI: 10.5281/zenodo.5883299.




2.4. Field Experiment


To validate the results obtained in greenhouse conditions, the same genotypes were sown in rain fed field conditions without any specific treatment (i.e., natural agronomic conditions). A field experiment was performed at Tuscia University experimental farm (Viterbo, Italy). The experimental design was a randomized complete block design with three replicates. Plot size was 1.5 × 5.2 m (7.8 m2) and sowed with 234.7 g seeds per plot on 11 November 2021. The soil was sandy loam, the pH was 6.9 and organic matter was 14.8 g kg−1.



Plants were collected on 17 March 2022, when all genotypes reached the end of tillering and the beginning of stem elongation stages. Plant samples from the field were collected very carefully so as not to damage the root system of the topsoil, at 5 cm deep. Roots were carefully washed to remove soil and analyzed for root angle (°) using ImageJ software. The morphological traits of the roots of plants from field such as root length (RLF), surface area (SAF), root volume (RVF), number of tips (TIF), forks (FRF), and crossings (CRF) were recorded using Win-RHIZO Pro software v2009 (version 4.0b; Regent Instruments, Montreal, QC, Canada).




2.5. Statistical Analysis


All of the statistical analyses were performed using R Studio (Version R-4.1.0). Two-way analysis of variance (ANOVA) was conducted at a significance level of 5% using the aov() function, while, one-way ANOVA was used to test the variance component of each trait under each treatment, with genotype as a factor. Fischer’s least significant difference (LSD) test was used for mean comparisons. The correlation matrix between all traits was constructed and Pearson correlation coefficients were calculated using the corrplot function R package [37]. Principal component analysis was performed using the prcomp() function and then biplot was generated with the ggbiplot function R package [38].





3. Results


3.1. Drought Effect on Shoot Growth and Development in Greenhouse Experiment


Recurrent short events of drought at the vegetative stage, from two fully expanded leaves to stem elongation, had adverse effects and growth reductions both below and aboveground in all genotypes. Compared with the control condition, water deficit significantly reduced shoot dry weight (SDW) in the six investigated durum wheat genotypes (Table 1). The ANOVA revealed the presence of highly significant differences among genotypes and treatments for shoot traits, such as number of leaves (NL) and number of tillers (NT) per plant, while there were no statistical differences among genotypes for shoot dry weight (in control condition) (Table 1). Under control conditions, the studied genotypes were divided into two groups in accord with the number of leaves produced: J. Khetifa, Pelsodur, and Vulci, with a higher number of leaves (on average 32 leaves), and Cham1, Azeghar, and Sebatel with a lower number of leaves (on average 19 leaves) (Table 1). Furthermore, J. Khetifa and Pelsodur also produced a higher number of tillers (on average 10 tillers) in comparison with the other genotypes (on average four tillers). Not surprisingly, in general, NL and NT are reduced by the drought stress (Table 1). Even so, these decreases under drought conditions have different degrees in the different genotypes. Vulci and Cham1 have a stronger drought effect on NL (−47.2% and −62.3% respectively) than on NT (−23.5% and −42.9% respectively), while Azeghar loses more tillers than leaves (−66.7% and −55.3% respectively) (Table 1).



Interestingly, J. Khetifa and Pelsodur have similar degrees of reduction in both the number of leaves and number of tillers, while the main effect of treatment was not significant for the Sebatel genotype. Results confirm that the development dynamics of the number of tillers and number of leaves highly depend not only on environment conditions but also by genotype inner capacity. This is also highlighted by the significant G × T interaction (Table 1). Moreover, regarding shoot biomass (SDW), Sebatel, J. Khetifa, Pelsodur and Vulci maintained significantly higher SDW than Cham1 and Azeghar under drought conditions. That means that these genotypes are more tolerant to drought according to their successful development of shoots under stress conditions.




3.2. Drought Effect on Whole Root System in Greenhouse Experiment


Under control conditions, no significant differences between genotypes for some root traits, such as total root length (RLW), root surface area (SAW), root tips (TIW), and root length density (RLD), were found. However, the effect of recurrent short events of drought was significant and varied between genotypes (Table 2).



The RLW of Azeghar shortened by about 40% in drought compared with control (Table 2), while, Pelsodur, which had the lowest RLW under control conditions, grew slightly during the drought and had the longest roots. RLW decreased by about 23% in Vulci and Cham1, while in J. Khetifa it was most stable, having the smallest difference between drought and control (Table 2). The root surface area (SAW) appeared to be a quite important characteristic, as it has a crucial role for water and nutrition uptake efficiency. Interestingly, no significant differences were detected between genotypes for SAW under control conditions (Table 2). Contrarily, drought affected the root surface area in the different genotypes differently. Pelsodur maintained the highest value of SAW, while Azeghar the lowest. Significant differences clustered genotypes into those with higher (Pelsodur, Vulci, and J. Khetifa) and those with lower (Azeghar, Cham1, and Sebatel) root surface area under drought, where two putative hydric stress-tolerant genotypes J. Khetifa and Cham 1 were separated. In addition, it was observed that genotypes were allocated into the same groups according to phenological development under control conditions. Cham1 was assigned to the early flowering group together with Sebatel and Azeghar. Tolerant landrace J. Khetifa showed a late flowering habit and was grouped with late Pelsodur and Vulci. No significant differences were detected between genotypes for RLD (Table 2). However, root length density was affected by drought. The trends indicated that J. Khetifa and Pelsodur were affected the least, and maintained the highest RLD. Meanwhile, the RLD of Azeghar was above 40 percent, and it had the lowest RLD in drought conditions.



Highly significant differences among genotypes and treatments were obtained for total root volume (RVW). Under control conditions, J. Khetifa and Vulci had significantly larger RVW compared to other genotypes (Table 2). However, under drought conditions, Pelsodur maintained the highest RVW, while Azeghar experienced great losses and had the lowest RVW. Genotypes were divided by root volume values under drought treatment into three groups; (i) Pelsodur, Vulci and J. Khetifa, with a root volume over 2 cm3; (ii) Cham1 and Sebatel, with RVW less than 2 cm3; while (iii) Azeghar was less than 1 cm3 (Table 2). Drought effects also varied between genotypes in terms of number of tips (TIW). Although Sebatel and Pelsodur had the lowest number of tips under control conditions, under drought TIW remained the same. Azeghar had highest TIW losses (around 33.9%), followed by Vulci (−14.4%) and J. Khetifa (−9%), while only Cham1 increased the number of TIW (+14%) under drought conditions. According to the ratio of root length by the number of tips (RLW/TIW), J. Khetifa and Pelsodur had the smallest drought effect on both, growing new roots and maintaining the root length (Figure 4). However, Cham1 and Sebatel increased the number of new roots under drought conditions, since the RLW/TIW ratio decreased from 33% to 17% (Figure 4).



The short drought events had a significant negative effect on root biomass (RDW), even if the effect was different among genotypes. Under control conditions, J. Khetifa and Cham1 produced the highest root biomass, but Pelsodur, Vulci, and J. Khetifa had the highest root mass under drought. Azeghar had the lowest root biomass under both conditions. Genotypes could be distinguished by different root system angles, where Azeghar had the widest root angle, J. Khetifa, and Pelsodur the steepest, and Vulci, Sebatel, and Cham1 were of medium root angle. However, there were highly significant differences between genotypes and their response, as indicated by the significant interaction (G × T) (Table 2). The RA of Azeghar and Vulci narrowed, passing from control to drought, while in all other genotypes it flattened (Table 2). According to RDW and root system angle, six investigated genotypes showed five root ideotypes under control (C) conditions. These are: (iC) widest angle and lowest root biomass (i.e., Azeghar); (iiC) moderate root angle moderate biomass (i.e., Sebatel and Vulci); (iiiC) moderate root angle and high biomass (i.e., Cham1); (ivC) narrow root angle moderate biomass (i.e., Pelsodur); and (vC) narrow root angle high biomass (i.e., J. Khetifa). However, under drought (D) conditions, four root ideotypes were highlighted according to the same traits, root angle and biomass. These are: (iD) widest root angle and retained moderate root biomass (i.e., Sebatel and Cham1); (iiD) moderate root angle and low root biomass (i.e., Azeghar); (iiiD) moderate root angle and high root biomass (i.e., J. Khetifa, and Vulci); and (ivD), narrowest root angle and high root biomass (i.e., Pelsodur). In terms of overall plant development, as shown by the proportion of shoots and roots, three groups were highlighted under drought stress. (i) Pelsodur with Vulci had the highest root shoot ratio, (ii) Sebatel with Azeghar had the lowest, and (iii) two tolerant genotypes, J. Khetifa with Cham1, fell in between.




3.3. Drought Effect on Root Parameters at Topsoil in Greenhouse Experiment


At a depth of the first 5 cm, the total root length (RL5) had no significant differences between genotypes under control conditions (Table 3), just like the total length of the whole root (Table 2).



In order to determine the peculiarities of rooting in different soil layers, the ratio between the root traits was also recorded on the whole root and the ones recorded on the topsoil layer (first 5 cm) were calculated and expressed as a percentage. Under drought, the root reduction in the different layers varied among genotypes, while at 5 cm topsoil the total root length significantly increased for J. Khetifa, Pelsodur, and Sebatel. The largest decrease of RL5 was found in Azeghar (about 30%), then in Cham1 (about 17%). Vulci remained almost the same RL5 under drought as under control conditions. According to the RL5/RLW ratio, in the first 5 cm below ground, the root length ranged from 10 to 16 percent of the whole root length under control conditions, while under drought it increased (from 15 to 25%); indicating a higher root concentration in the first soil layer.



Nevertheless, the effect of drought on root length distribution in different layers varied among genotypes, even if not statistically. According to the RL5/RLW ratio, J. Khetifa, Sebatel, and Pelsodur showed an increase of root length at topsoil under drought conditions, which almost doubled, while Cham1 maintained almost the same root distribution between layers under both conditions. Although the effect of drought on the roots length at different depths varied, all genotypes under drought conditions have increased concentration of the roots at topsoil (Table 3). The number of TI5 at a depth of first 5 cm (TI5, Table 3) had no significant differences between genotypes under control conditions, but the response to drought showed Azeghar to have the lowest tip number. Under stress conditions, Azeghar lost about 50% of TI5, while other genotypes increased it, especially J. Khetifa and Sebatel, where TI5 doubled. Regarding the ratio between root length and number of TI5 at the first 5 cm below ground (RL5/TI5), some genotypes maintained the same pattern under drought as the ratio of the whole plant (RLW/TIW) (Figure 4). J. Khetifa had the smallest drought effect on developing new roots and maintaining the length in both the upper and deeper layers of the soil (Table 3). Sebatel, in contrast, showed smaller changes at the topsoil level. Interestingly, Azeghar applied different strategies at different layers; when the whole plant RLW/TIW ratio decreased, at the topsoil level this ratio (RL5/TI5) increased. According to ratio SAW/SA5, at a depth of five centimeters under control conditions, the surface area (SA5) accounted for 15 to 20 percent of the whole root SAW, where Vulci had the highest SA5 and Azeghar with Sebatel had the lowest SA5. Under drought conditions the ratio SAW/SA5 increased (about 17 to 30%) and varied between genotypes (Table 3). Pelsodur, Sebatel, J. Khetifa, and Vulci maintained significantly higher SA5 compared with Azeghar and Cham1. The smallest changes in SA5 between control and drought conditions were observed for Sebatel.



Comparing the distribution of SAW under drought conditions among soil layers, the smallest changes in the SA5/SAW ratio were found for Pelsodur, Cham1, and Vulci. Furthermore, drought root volume at a depth of the first 5 cm (RV5) significantly decreased. Also, the distribution of root volume among layers varied between genotypes. Sebatel had the most concentrated root volume at 5 cm depth under drought conditions (Table 3). Moreover, Azeghar and Cham1 also increased RV5 concentration at topsoil under drought, while J. Khetifa, Vulci, and Pelsodur maintained a higher volume of the whole root systems.




3.4. The Comparison of Root System between Greenhouse and Field


The total root volume (RVF) and the number of crossings (CRF) of plants collected from field experiments, at a depth of first 5 cm (Figure 5) had no significant differences between genotypes (Table 4). However, the two tolerant genotypes, Cham1 and J. Khetifa, had significantly higher root length (RLF) and root surface area (SAF). J. Khetifa also had a significantly higher number of root tips (TIF) and forks (FRF).



The comparison between genotype root angles, measured using ImageJ software in the greenhouse under control condition and in the field, showed the same trend, where Azeghar had the widest root angle, J. Khetifa and Pelsodur the steepest, and Sebatel and Cham1 were between wide and narrow (Table 2 and Table 4).



Although all genotypes showed lower values of root angle in the field than in the greenhouse, Vulci had the greatest differences compared with control conditions in the greenhouse, where the root angle was wider. This could be explained by the fact that the plants were grown by a single plant per pot in a greenhouse, without any competition, unlike in the field, where the plants were sown in dense conditions.




3.5. Correlation among Traits


The correlation matrix among traits under the control condition (Figure 6) shows that the number of leaves (NL) and number of tillers (NT) had a highly significant positive correlation between themselves and the root volume at topsoil (RV5). Moreover, a significant positive correlation was found for traits such as root shoot ratio (RS), root dry weight (RDW), root volume (RVW), and root surface area (SAW; SA5).



Furthermore, both NL and NT had highly significant negative correlation with root angle under both greenhouse (RAC) and field conditions (RAF). Root length (RLW) under control conditions had a highly significant positive correlation with root angle (RA), number of leaves (NL), and number of root elements such as tips (TIW), forks (FRW), and crosses (CRW). Root volume (RVW) under control conditions had a highly significant positive correlation with RV5, SAW, SA5, and FRW.



Interesting results were found in the relation between traits under drought conditions and root system angle under all conditions: control (RAC), drought (RAD), and field (RAF) (Figure 7). For example, between almost all traits, statistically positive significant correlations were obtained, except shoot biomass (SDW), and root angle under all conditions, which had a significant negative correlation. However, root angles from all conditions (RAC, RAD, and RAF), had a significant positive correlation between each other and showed a similar trend in the relation with other traits such as a significant negative correlation with almost all traits under drought conditions (Figure 7). Furthermore, a significant negative correlation (−0.57) between root angle under control (RAC) and root length under drought stress (RLW) was obtained, which means that genotypes with a narrower root angle in control conditions retained longer roots in water deficit environments. Moreover, a significant negative correlation was obtained between the root angle of plants under all conditions (control, drought, and field) and plants root biomass under drought conditions (RDW), which means that genotypes with a narrower root angle can grow higher root biomass. Highly statistically (p < 0.001) significant positive correlations were detected between the main traits of the whole root system and topsoil, such as RL and RL5 (0.8), RV and RV5 (0.8), SA and SA5 (0.8), TI and TI5 (0.7).




3.6. PCA in Response to Drought


The three top PCA account for 93.9% of the total variation of shoot root traits under drought stress and root angle from field plants (RAF) (Table S1). PC1 accounted for 66.0% of the total variation and was strongly influenced by several traits (i.e., RLW, RVW, SAW, SA5, NL, NT, and RDW). PC2 accounted for 16.8% of the total variation and was mainly associated with RS, -RL5, -TI5, -RAD, AND -RAF, while PC3 accounted for 11.1% and was strongly associated with TIW, -SDW, and -RV5. The first two principal components, explaining 82.8% of the total variation, divided genotypes into two groups (I) and (II) (Figure 8).



Pelsodur and Vulci were assigned to cluster (I) with the drought tolerant landrace J. Khetifa, due to their positive association with traits on the positive side of PC1, while the Sebatel and Azeghar with tolerant Cham1 under drought conditions are on the negative side of PC1, associated with root angle under drought (RAD) and field (RAF), and assigned to cluster (II). Interestingly, these two groups overlapped with genotype shoot development either early or late flowering. Moreover, the same groups were highlighted regarding RV changes at different soil layers; early flowering growth genotypes had the lowest RV, but maintained higher root volume at 5 cm depth compared with a group of late genotypes. However, cluster (II) was divided into two subgroups, where Azeghar (IIA) was separated from the Cham1 and Sebatel cluster (IIB) due to the largest losses in the aboveground part of the plant under drought conditions.



The first three components of PCA considering all traits under both drought and control conditions accounted for 89.9% of total variation: 57.7% to PC1, and 17.0% to PC2, and 14.4% to PC3 (Table S2). Interestingly, all the genotypes under drought stress are grouped on the positive side of PC1 with more or less the same values (ranging from about 2 to 4). While the same genotypes under control conditions are on the negative side of PC1 with different values, AzegarC is close to zero, while J. Khetifa (JKC) is almost at −5 of PC1. Considering that PC1 is mainly determined by –RVW, -RV5, -RDW, -SAW, SA5, -NL, and -SDW, these traits are different among the genotypes under control (ending with C in Figure 9) and drought (ending with D in Figure 9) conditions, and in particularly are negatively associated (decreased) in the case of drought. On the other hand, PC2, which is mainly determined by RLW, RS, RL5, TIW, and TI5, is very wide (ranging from 2 to −4) for the genotypes under drought while it is more or less constant (ranging from about 1 to −1) for the same genotypes under controlled conditions.



The tolerant landrace J. Khetifa was assigned together with Pelsodur and Vulci to the same cluster under both conditions. However, under control conditions J. Khetifa was closer to the Vulci, while under drought conditions it was closer to the late flowering time Pelsodur. Early flowering genotypes, such as Cham1, Sebatel, and Azeghar formed one cluster under control conditions, while the drought separate Azeghar, which is probably a susceptible genotype to hydric stress.





4. Discussion


According to Reynolds and Langridge [39], several crucial steps are required to improve crop tolerance for abiotic stress; among them, trait-based breeding and a “crop ideotype design” are the first to be considered. Breeding programs have focused largely on above ground traits, leaving the root system importance overlooked [40]. Some of the previous studies reported that RSA traits on the seedling stage can be used to predict the RSA of adult plants in field-grown [20] or in an artificial system [21] to evaluate the crop adaptation under water stress conditions; unfortunately, these were validated only for what concerned the root angle and seminal root apparatus. Conversely, in the present study, the analysis was performed on a more advanced stage than seedling and on several root traits since different root types could perform differently under different conditions [23], as also highlighted by the present results. For what concerns the substrate, in the present study we used sand that allows roots to grow around the 360° rather than rhizotrons (GrowScreen-Rhizo 1) [41], growth pouch, or clear pot [21] which fundamentally allow a root development in only two dimensions. Moreover, Gregory et al. [42] recorded a significant soil by genotype interaction, when wheat root length among accessions grown on agar plates showed positive differences of about 40%, while in a sandy loam soil the differences were negative and at about 30%. However, in our study, we obtained a positive correlation between the root angle of genotypes grown under greenhouse and field conditions, which are good traits for selection for drought tolerance [23,24]. In addition, the highly statistically significant correlations between the main traits of the whole root system and topsoil indicate that it would be possible to extrapolate the root phenotyping of the whole root system by analyzing only the topsoil root system.



After simulations of several root system traits and ideotypes for drought conditions, it was proposed that for cereals a “deep, steep, and cheap” root system is the most proper for water scarcity environments [43,44]. A deep root system is the most important characteristic for the drought tolerant crop ideotype, as it allows access to residual water resources and N from deeper soil layers [45]. Moreover, recent studies observed an association between steep root angle and the depth of RSA, when narrower angles allow for an increase in deep rooting [14,46,47]. The same relationship was found in our study, as genotypes from the same cluster with the narrowest root angle in control conditions, such as J. Khetifa and Pelsodur, retained longer roots in water deficit environments and vice versa, while Azeghar with the widest angle in control conditions had the shortest RLW under drought conditions. Furthermore, a significant negative correlation between root angle under control (RAC) conditions and root length under drought stress (RLD) support the methods proposing to analyze the root angle at a seedling stage and select the genotypes adapted to drought on the basis of that data. These root system characteristics are often associated with the germplasm origin and the relative climate conditions. In general, a narrow root angle and deep root system are more common for rain-fed crops, which depend on stored water in the soil. However, the analysis of durum wheat landraces from the Mediterranean basin showed large variability in root system architecture [48,49,50]. Cultivars originating from the western Mediterranean showed a narrow root angle, the same as genotype J. Khetifa, which originated from Tunisia [34,48]. In agreement with Ober et al. [51], we demonstrated that a narrow root angle was associated with higher root biomass; for example, J. Khetifa and Pelsodur had a narrow root angle under control conditions (RAC) and maintained higher root biomass (RDW) under water scarcity.



Manschadi et al. [14] demonstrated how the yield increases of 55 kg/ha for each millimeter of water extracted from the soil after anthesis (i.e., in grain filling stage); hence a deep root system, but also wide root system, are the most desirable in environments with terminal drought [40]. In addition, genotypes from cluster (II) Cham1 and Sebatel showed different root ideotypes than genotypes from cluster (I). They had a wider root angle under control conditions, and under drought stress maintained moderate root biomass, length, surface area, and volume. However, regarding shoot biomass (SDW), Sebatel maintained significantly higher SDW than Cham1 under drought conditions. Interestingly, most of the differences between the Sebatel and Cham1 genotypes were found in topsoil root traits. Sebatel maintained significantly longer root length, volume, and surface area at the topsoil compared to Cham1, which helps to develop a significantly higher shoot biomass. Similar results were obtained in other studies, where the late flowering genotypes (in our case J. Khetifa, Pelsodur and Vulci) had a more uniform distribution of the root system compared to the early flowering genotypes (in our case Cham1 and Sebatel), which kept a higher root volume at 5 cm depth under drought [52].



The deep root allocation for durum wheat was determined to be a good strategy for drought avoidance in Mediterranean-type environments, which facilitates access to subsoil water resources [43]. In agreement with the “deep, steep, and cheap” root system ideotype, the genotypes Pelsodur, J. Khetifa, and Vulci can be considered drought tolerant; confirming the suitability for drought-tolerant breeding, as it was reported that this root system had significant functional relation to water absorption and drought avoidance in rice [53]. Also, the genotypes Sebatel and Cham1 with compact topsoil rooting patterns under drought condition could be good candidates for breeding, as it was demonstrated that higher root mass and root length density in subsoil layers contribute to the grain yield of winter wheat under drought conditions [54]. Finally, Azeghar with the lowest root biomass, surface area, length, and volume under drought stress and the widest root angle under control conditions shows susceptible root ideotype for hydric stress.




5. Conclusions and Perspectives


This study highlighted huge variability among a small number of genotypes in terms of the development, distribution, and architecture of the root system in order to tolerate difficult environments and to increase resilience to climate change. Even two hydric stress-tolerant genotypes showed different root system ideotypes and rooting patterns under drought. Moreover, it was demonstrated that screening plants’ roots in the early stage grown under control conditions using a high-throughput scanner can expedite the selection of novel traits for crop improvement in plant breeding.
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Abbreviations




	CR5
	number of crossings in the first 5 cm below the ground



	CRF
	number of crossings in the first 5 cm below the ground of plants from field



	CRW
	total number of crossings



	FR5
	number of forks in the first 5 cm below the ground



	FRF
	number of forks in the first 5 cm below the ground of plants from field



	FRW
	total number of forks



	NL
	number of leave



	NT
	number of tillers



	RAC
	root angle of plants grown in greenhouse as control



	RAD
	root angle of plants grown in greenhouse under drought condition



	RAF
	root angle of plants grown in the field



	RDW
	root dry weight



	RL5
	sum of roots lengths in the first 5 cm below the ground



	RLD
	root length density



	RLF
	sum of roots lengths in the first 5 cm below the ground of plants from field



	RLW
	sum of all root lengths



	RS
	root shoot ratio



	RV5
	root volume in the first 5 cm below the ground



	RVF
	root volume in the first 5 cm below the ground of plants from field



	RVW
	total root volume



	SA5
	root surface area in the first 5 cm below the ground



	SAF
	root surface area in the first 5 cm below the ground of plants from field



	SAW
	total root surface area



	SDW
	shoot dry weight



	TI5
	numbers of tips in the first 5 cm below the ground



	TIF
	number of tips in the first 5 cm below the ground of plants from field



	TIW
	total number of tips
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Figure 1. Experimental model. 
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Figure 2. Pots’ water content in terms of percentage of field capacity (FC, %) for first and second drought treatments. 
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Figure 3. The measurements of morphological traits for whole roots (A), topsoil (B) using Win-RHIZO system, and root angle (C) using ImageJ (°). 
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Figure 4. The ratio of sum of all root lengths and total number of tips (RLW/TIW) under greenhouse conditions. 
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Figure 5. Pictures of six durum wheat genotypes grown in field. 
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Figure 6. Positive significant correlation (in green) and negative significant correlation (in red) among all traits under control conditions. NL—number of leaves; NT—number of tillers; SDW—shoot dry weight; RVW—total root volume; RLW—sum of all root lengths; TIW—total number of tips; RDW—root dry weight; SAW—total root surface area, RLD—root length density, CRW—total number of crossings; FRW—total number of forks; RS—root shoot ratio; RL5—sum of root lengths in the first 5 cm below the ground; SA5—root surface area in the first 5 cm below the ground; TI5—number of tips in the first 5 cm below the ground; RV5—root volume in the first 5 cm below the ground; RAC—root angle of plants grown in greenhouse as control; RAD—root angle of plants grown in greenhouse under drought conditions; RAF—root angle of plants grown in the field. 
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Figure 7. Positive significant correlation (in green) and negative significant correlation (in red) among all traits under drought conditions and root angle under different conditions. NL—number of leaves; NT—number of tillers; SDW—shoot dry weight; RVW—total root volume; RLW—sum of all root lengths; TIW—total number of tips; RDW—root dry weight; SAW—total root surface area, RLD—root length density, CRW—total number of crossings; FRW—total number of forks; RS—root shoot ratio; RL5—sum of root lengths in the first 5 cm below the ground; SA5—root surface area in the first 5 cm below the ground; TI5—number of tips in the first 5 cm below the ground; RV5—root volume in the first 5 cm below the ground; RAC—root angle of plants grown in greenhouse as control; RAD—root angle of plants grown in greenhouse under drought conditions; RAF—root angle of plants grown in the field. 
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Figure 8. Principal component analysis (A) and hierarchical cluster dendrogram applying Ward’s method (B) of the six investigated durum wheat genotypes under drought conditions. NL—number of leaves; NT—number of tillers; SDW—shoot dry weight; RVW—total root volume; RLW—sum of all root lengths; TIW—total number of tips; RDW—root dry weight; SAW—total root surface area; RS—root shoot ratio; RL5—sum of root lengths in the first 5 cm below the ground; SA5—root surface area in the first 5 cm below the ground; TI5—number of tips in the first 5 cm below the ground; RV5—root volume in the first 5 cm below the ground; RA—root angle of plants grown in greenhouse under drought conditions; RAF—root angle of plants grown in the field. * indicates significance at p < 0.05. 
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Figure 9. Principal component analysis and cluster dendrogram of 6 investigated durum wheat genotypes under control (C) and drought (D) conditions. NL—number of leaves; NT—number of tillers; SDW—shoot dry weight; RVW—total root volume; RLW—sum of all root lengths; TIW—total number of tips; RDW—root dry weight; SAW—total root surface area; RS—root shoot ratio; RL5—sum of root lengths in the first 5 cm below the ground; SA5—root surface area in the first 5 cm below the ground; TI5—number of tips in the first 5 cm below the ground; RV5—root volume in the first 5 cm below the ground; RA—root angle of plants grown in greenhouse under drought conditions; RAF—root angle of plants grown in the field. * indicates significance at p < 0.05. 






Figure 9. Principal component analysis and cluster dendrogram of 6 investigated durum wheat genotypes under control (C) and drought (D) conditions. NL—number of leaves; NT—number of tillers; SDW—shoot dry weight; RVW—total root volume; RLW—sum of all root lengths; TIW—total number of tips; RDW—root dry weight; SAW—total root surface area; RS—root shoot ratio; RL5—sum of root lengths in the first 5 cm below the ground; SA5—root surface area in the first 5 cm below the ground; TI5—number of tips in the first 5 cm below the ground; RV5—root volume in the first 5 cm below the ground; RA—root angle of plants grown in greenhouse under drought conditions; RAF—root angle of plants grown in the field. * indicates significance at p < 0.05.
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Table 1. Drought effect on shoot growth and development in greenhouse experiment. D/C—drought vs. control.






Table 1. Drought effect on shoot growth and development in greenhouse experiment. D/C—drought vs. control.





	
Genotype

	
Shoot Dry Weight (g)

	
Number of Leaves

	
Number of Tillers




	
Control

	
Drought

	
D/C, %

	
Control

	
Drought

	
D/C, %

	
Control

	
Drought

	
D/C, %






	
Azeghar

	
2.1 ± 0.1a

	
0.51 ± 0.1c

	
−75.7 ***

	
16 ± 3d

	
7b

	
−55.3 *

	
3d

	
1c

	
−66.7 *




	
Cham1

	
2.1 ± 0.1a

	
0.50 ± 0.1bc

	
−76.3 ***

	
23 ± 2c

	
99 ± 1b

	
−62.3 ***

	
5 ± 1bc

	
3 ± 1b

	
−42.9 *




	
J. Khetifa

	
2.6 ± 0.2a

	
0.63 ± 0.2a

	
−75.9 ***

	
37 ± 1a

	
16 ± 1a

	
−56.4 ***

	
9a

	
4 ± 1a

	
−51.9 ***




	
Pelsodur

	
1.6 ± 0.1b

	
0.58 ± 0.1a

	
−63.7 *

	
31 ± 1ab

	
15 ± 2a

	
−51.1 ***

	
10 ± 1a

	
5 ± 1a

	
−50.0 ***




	
Sebatel

	
2.1 ± 0.1a

	
0.66 ± 0.1a

	
−68.4 **

	
17 ± 4d

	
10 ± 1b

	
−43.1ns

	
4 ± 1cd

	
2 ± 1b

	
−36.4ns




	
Vulci

	
2.0 ± 0.1a

	
0.55 ± 0.1ab

	
−72.1 **

	
30 ± 6b

	
16 ± 3a

	
−47.2 ***

	
6 ± 1b

	
4 ± 1a

	
−23.5ns




	
Genotype

	
ns

	
***

	
***




	
Treatments

	
***

	
***

	
***




	
G × T

	
ns

	
**

	
***








Values are means ± standard deviations (n = 3). Means with same letter in each column are not significantly different between genotypes (p < 0.05) (LSD test). ns—Not significant; *, **, and *** indicate significance at p < 0.05, p < 0.01, and p < 0.001 levels, respectively.
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Table 2. Drought effect on the whole root growth and plants development.






Table 2. Drought effect on the whole root growth and plants development.





	
Genotype

	
RVW (cm3)

	
RLW (cm)

	
TIW

	
RDW (g)




	
Control

	
Drought

	
Control

	
Drought

	
Control

	
Drought

	
Control

	
Drought




	
Azeghar

	
5.3 ± 1.1b

	
0.97 ± 0.3c

	
989 ± 84

	
569 ± 186b

	
1989 ± 217

	
1314 ± 329b

	
0.53 ± 0.1c

	
0.17 ± 0.1c




	
Cham1

	
7.0 ± 0.3b

	
1.5 ± 0.5bc

	
1056 ± 182

	
816 ± 125ab

	
2009 ± 312

	
2299 ± 524a

	
0.83 ± 0.1a

	
0.26 ± 0.1ab




	
J. Khetifa

	
9.7 ± 1.9a

	
2.2 ± 0.2ab

	
973 ± 124

	
887 ± 107a

	
2218 ± 309

	
1970 ± 168ab

	
0.86 ± 0.1a

	
0.30 ± 0.1a




	
Pelsodur

	
6.4 ± 0.9b

	
2.7 ± 0.4a

	
835 ± 187

	
912 ± 190a

	
1775 ± 556

	
1812 ± 438ab

	
0.68 ± 0.1b

	
0.36 ± 0.1a




	
Sebatel

	
6.1 ± 1.6b

	
1.5 ± 0.1abc

	
921 ± 231

	
806 ± 168ab

	
1704 ± 385

	
1799 ± 489ab

	
0.62 ± 0.1b

	
0.25 ± 0.1ab




	
Vulci

	
9.4 ± 0.5a

	
2.4 ± 1.5ab

	
992 ± 93

	
768 ± 36ab

	
2024 ± 68

	
1742 ± 316ab

	
0.72 ± 0.1b

	
0.29 ± 0.1a




	
Genotype

	
***

	
ns

	
ns

	
*




	
Treatments

	
***

	
**

	
ns

	
***




	
G × T

	
**

	
ns

	
ns

	
ns




	
Genotype

	
Root/Shoot Ratio

	
SAW (cm2)

	
Root Angle (°)

	
RLD (cm cm−3)




	
Control

	
Drought

	
Control

	
Drought

	
Control

	
Drought

	
Control

	
Drought




	
Azeghar

	
0.25 ± 0.1c

	
0.33 ± 0.1c

	
256 ± 33

	
83 ± 26c

	
125 ± 4a

	
108 ± 5b

	
0.39 ± 0.03

	
0.23 ± 0.07b




	
Cham1

	
0.42 ± 0.2ab

	
0.51 ± 0.0b

	
304 ± 28

	
123 ± 24bc

	
115 ± 8ab

	
121 ± 1a

	
0.42 ± 0.07

	
0.33 ± 0.05ab




	
J. Khetifa

	
0.33 ± 0.1abc

	
0.48 ± 0.1b

	
345 ± 56

	
156 ± 15ab

	
102 ± 2c

	
105 ± 4b

	
0.39 ± 0.05

	
0.35 ± 0.04a




	
Pelsodur

	
0.46 ± 0.1a

	
0.63 ± 0.1a

	
281 ± 72

	
175 ± 15a

	
94 ± 2c

	
98 ± 3c

	
0.33 ± 0.07

	
0.36 ± 0.08a




	
Sebatel

	
0.3 ± 0.02bc

	
0.38 ± 0.0c

	
265 ± 68

	
124 ± 14bc

	
114 ± 9b

	
121 ± 1a

	
0.37 ± 0.09

	
0.32 ± 0.07ab




	
Vulci

	
0.43 ± 0.02ab

	
0.67 ± 0.1a

	
315 ± 36

	
147 ± 50ab

	
114 ± 6b

	
106 ± 1b

	
0.31 ± 0.04

	
0.31 ± 0.01ab




	
Genotype

	
***

	
*

	
***

	
ns




	
Treatments

	
***

	
***

	
ns

	
**




	
G × T

	
ns

	
ns

	
***

	
ns








Values are means ± standard deviations (n = 3). Means with same letter in each column are not significantly different between genotypes (p < 0.05) (LSD test). RVW—total root volume; RLW—sum of all root lengths; TIW—total number of tips; RDW—root dry weight; SAW—total root surface area; RLD—root length density. ns—Not significant; *, **, and *** indicate significance at p < 0.05, p < 0.01, and p < 0.001 levels, respectively.
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Table 3. Root characteristics at a depth of the first 5 cm below ground in greenhouse experiment.






Table 3. Root characteristics at a depth of the first 5 cm below ground in greenhouse experiment.





	
Genotype

	
RL5

Root Length (cm)

	
SA5

Root Surface Area (cm2)

	
TI5

Tips

	
RV5

Root Volume (cm3)




	
Control

	
Drought

	
Control

	
Drought

	
Control

	
Drought

	
Control

	
Drought




	
Azeghar

	
144 ± 35

	
96 ± 12c

	
40 ± 12b

	
17. ± 1.5b

	
341 ± 60

	
181 ± 43b

	
0.9 ± 0.3

	
0.24 ± 0.03b




	
Cham1

	
149 ± 33

	
124 ± 7bc

	
46 ± 9ab

	
21 ± 3b

	
311 ± 82

	
375 ± 38a

	
1.14 ± 0.2

	
0.28 ± 0.07b




	
J. Khetifa.

	
102 ± 27

	
181 ± 28ab

	
57 ± 15ab

	
34 ± 3a

	
231 ± 79

	
451 ± 60a

	
2.88 ± 0.9

	
0.52 ± 0.07ab




	
Pelsodur

	
133 ± 4

	
217 ± 49a

	
51 ± 3ab

	
36 ± 4a

	
283 ± 63

	
396 ± 89a

	
1.58 ± 0.2

	
0.49 ± 0.01ab




	
Sebatel

	
120 ± 42

	
202 ± 58a

	
43 ± 15b

	
36 ± 7a

	
246 ± 97

	
435 ± 137a

	
1.26 ± 0.4

	
0.52 ± 0.05ab




	
Vulci

	
138 ± 71

	
140 ± 16bc

	
63 ± 3a

	
33 ± 13a

	
261 ± 97

	
326 ± 57a

	
3.04 ± 2.3

	
0.65 ± 0.44a




	
Genotype

	
ns

	
**

	
ns

	
ns




	
Treatments

	
***

	
***

	
**

	
***




	
G × T

	
ns

	
ns

	
ns

	
ns




	
Genotype

	
(RL5/RLW) * 100

	
(SA5/SAW) * 100

	
RL5/TI5

	
(RV5/RVW) * 100




	
Control

	
Drought

	
Control

	
Drought

	
Control

	
Drought

	
Control

	
Drought




	
Azeghar

	
14.7

	
17.8bc

	
15.6ab

	
21.4bc

	
0.4

	
0.5

	
16.6

	
26.5




	
Cham1

	
14.2

	
15.4c

	
15.1b

	
17.2c

	
0.5

	
0.3

	
16.3

	
19.4




	
J. Khetifa

	
10.6

	
20.5ab

	
16.5ab

	
22.0bc

	
0.4

	
0.4

	
28.3

	
23.7




	
Pelsodur

	
16.5

	
23.7a

	
18.9ab

	
20.7bc

	
0.5

	
0.6

	
21.7

	
18.1




	
Sebatel

	
12.8

	
24.8a

	
16.2ab

	
29.1a

	
0.5

	
0.5

	
20.6

	
34.3




	
Vulci

	
13.6

	
18.2bc

	
20.1a

	
22.5b

	
0.5

	
0.4

	
37.2

	
28.3




	
Genotype

	
ns

	
**

	
ns

	
ns




	
Treatments

	
***

	
***

	
ns

	
ns




	
G × T

	
ns

	
*

	
ns

	
ns








Values are means ± standard deviations (n = 3). Means with same letter in each column are not significantly different between genotypes (p < 0.05) (LSD test). RL5—sum of root lengths in the first 5 cm below the ground; SA5—root surface area in the first 5 cm below the ground; TI5—number of tips in the first 5 cm below the ground; RV5—root volume in the first 5 cm below the ground. Description is added i.e. “ns—Not significant; *, **, and *** indicate significance at p < 0.05, p < 0.01, and p < 0.001 levels, respectively”.
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Table 4. Root characteristics of plants collected from field at a depth of the first 5 cm below ground.






Table 4. Root characteristics of plants collected from field at a depth of the first 5 cm below ground.















	
	Azeghar
	Cham1
	J. Khetifa
	Pelsodur
	Sebatel
	Vulci
	ANOVA





	RVF, cm3
	0.2 ± 0.1
	0.3 ± 0.1
	0.2 ± 0.1
	0.2 ± 0.1
	0.2 ± 0.1
	0.3 ± 0.0
	ns



	RLF, cm
	59 ± 4cd
	89 ± 6a
	84 ± 15ab
	49 ± 6de
	38 ± 3e
	69 ± 11bc
	***



	SAF, cm2
	11.8 ± 2.1bc
	19.1 ± 3.4a
	14.5 ± 1.3b
	11.3 ± 2.7bc
	8.2 ± 2.9c
	15.0 ± 2.2ab
	**



	TIF
	224 ± 48bc
	266 ± 44b
	390 ± 65a
	218 ± 83bc
	142 ± 30c
	261 ± 20b
	**



	FRF
	223 ± 5bc
	345 ± 34ab
	449 ± 88a
	248 ± 84bc
	114 ± 50c
	446 ± 155a
	**



	CRF
	22 ± 8
	28 ± 7
	50 ± 29
	15 ± 3
	8 ± 2
	44 ± 29
	ns



	RAF, °
	112 ± 6a
	102 ± 5ab
	93 ± 6bc
	84 ± 7cd
	105 ± 5ab
	76 ± 13d
	***







Values are means ± standard deviations (n = 3). Means with same letter in the line are not significantly different between genotypes (p < 0.05) (LSD test). RVF—root volume in the first 5 cm below the ground of plants from field; RLF—sum of all root lengths in the first 5 cm below the ground of plants from field of plants from field; SAF—root surface area in the first 5 cm below the ground of plants from field of plants from field; TIF—number of tips in the first 5 cm below the ground of plants from field of plants from field; FRF—number of forks in the first 5 cm below the ground of plants from field of plants from field; CRF—number of crossings in the first 5 cm below the ground of plants from field of plants from field; RAF—root angle of plants grown in field. ns—Not significant; **, and *** indicate significance at p < 0.01 and p < 0.001 levels, respectively. 
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