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Abstract

:

Globally, more than half of potentially arable land is acidic, and aluminum (Al) is the primary factor limiting plant growth and crop productivity on acidic soils worldwide. The development and utilization of Al-tolerant crops is a sustainable approach to enhancing crop production on acidic soils. For this purpose, screening available genetic resources under Al-stressed conditions is a crucial initial step. Hence, the present study aimed to evaluate the Al tolerance of 264 Ethiopian chickpea landraces under hydroponic conditions without Al (control) and with 120 µM Al (Al treatment). Significant (p < 0.001) variations were detected among the genotypes for all studied traits under control (0 µM Al) and 120 µM Al concentration. The relative growth values for the 120 µM Al/0 µM Al ratio was also significant, indicating the presence of a considerable amount of genetic variation in Ethiopian chickpea landraces in terms of Al tolerance. Based on relative root growth (RRG) as an Al-tolerance parameter, the genotypes were grouped into five distinct (p < 0.001) classes. The highest RRG value (1.59) was obtained for genotype ETC_209008, followed by ETC_41184 and ETC_212589, while ETC_208995 had the lowest RRG value of 0.27. Of the total landraces screened, 35% had higher RRG values than the tolerant genotype ETC_WL_1_2016 used as a reference, indicating the presence of adequate genotypes capable of outperforming the reference genotype on acidic soils. The genotypes identified in the present study may serve as sources of novel alleles in genes regulating Al tolerance in chickpea that can be utilized in breeding programs to improve the crop’s adaptation to acidic soils, thus contributing to smallholder farmers’ increased nutritional and food security.
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1. Introduction


Chickpea (Cicer arietinum L.) ranks as the world’s second most important cool-season food legume after the common bean (Phaseolus vulgaris L.) [1]. It is a highly nutritious legume crop rich in protein, carbohydrates, essential minerals, and vitamins, while being low in fat and cholesterol [2]. It is cultivated globally on 15 million hectares of land, with an annual production of 15.87 million tons (MT) and an average productivity of 1.06 t ha−1 [1].



In Ethiopia, chickpea is an important multi-purpose crop that ranks third in area coverage and production volume after fava and haricot beans [3]. It is the primary source of protein in the diet and income of smallholder farmers [4]. Furthermore, it increases soil fertility by fixing atmospheric nitrogen, and facilitates efficient land management by being grown in rotation with cereals, including wheat and teff [4,5]. Ethiopia is the largest producer, consumer, and exporter of chickpea among African countries [1]. It accounts for more than 90% of Sub-Saharan Africa’s chickpea production [5] and 60% of chickpea exports from Africa to global markets [6]. Ethiopia is also a secondary center of diversity for the cultivated chickpea and the center of origin for its wild relative Cicer cuneatum [7].



Despite its considerable economic significance, chickpea grain yield in Ethiopia is far below its potential yield (6 t ha−1). Chickpea is commonly planted in the country close to the end of the main cropping season when the soil moisture is low, with the application of below-optimum agricultural inputs, subjecting the crop to a number of abiotic challenges during its life cycle. Globally, abiotic stresses account for the losses of 6.4 MT of chickpeas annually, with drought, heat, cold, soil salinity, waterlogging, soil acidity, nutrient toxicities, and deficiencies being the major ones [8].



More than 50% of the potentially arable lands of the world are acidic [9,10], and the majority (60%) of these soils exist in the tropics and sub-tropics, affecting crop productivity in developing nations, where food scarcity is still a critical problem [9,10]. In Ethiopia, nearly 43% of potentially cultivable lands are acidic [11,12], and most of these soils are found in the highlands where rainfall is high. Such acidic soils are more common in the northwestern, southwestern, southern, and central parts of the country than in other parts [12].



Acidic soils are often associated with nutrient deficiencies such as phosphorus and metal toxicities, including aluminum (Al), manganese (Mn), and iron (Fe) [9]. Al toxicity is the main factor affecting plant growth and productivity in acidic soils worldwide [13,14]. Al naturally exists in soil as insoluble and non-toxic alumino-silicates and oxides. However, as the soil pH drops below 5.0, these compounds undergo chemical decomposition and produce aluminum cations (Al3+), the most important rhizo-toxic form of Al [10]. The initial symptom of Al toxicity is the inhibition of root growth [15,16,17], which occurs instantly within a few hours of exposure [16]. Hence, researchers commonly conduct root growth studies to assess Al tolerance in crop plants [18]. A nutrient solution assay is the most commonly used technique for screening Al tolerance in crops [17,19,20], as it is a rapid and non-destructive method [21,22,23] that provides easy access to the root system with precise control over nutrient composition and pH [23,24].



Soil acidity is commonly mitigated by applying lime and mineral fertilizers [18,25,26]. However, liming is only effective on surface soil, as liming the subsoils is technically demanding and expensive [27,28]. Hence, the development and use of crop plants tolerant to Al toxicity is an effective strategy, either alone or in conjunction with other acidic soil management practices, to develop sustainable solutions, thereby enhancing crop production on acidic soils [24,26]. To achieve this, the screening and identification of Al-tolerant germplasm under Al-stressed conditions is crucial.



Landraces are potential sources of genotypes with desirable traits, such as tolerance to biotic and abiotic stresses [29]. Due to their advantages, such as better adaptation to local environmental conditions, farmers in marginal areas prefer landraces to modern cultivars despite their lower yields. Hence, the systematic assessment of landraces may indicate variation patterns, making it easier to find alleles that can improve yield and resistance to abiotic stress, thus enhancing the yield and sustainability of staple crops in stressful environments [30,31].



Chickpea is generally considered as sensitive to low pH and Al toxicity. Physiological and metabolic studies of chickpea revealed that Al stress significantly impacts the root growth of chickpea and results in losses of plasma membrane integrity and membrane damage [32]. However, previous reports also indicated considerable genetic variation in Al tolerance within chickpea germplasm [28,33,34,35]. Significant differences within a given crop for Al tolerance have been reported in different pulse crops, including the common bean [36], cowpea [37], pigeon pea [19], barrel medic [38], and soybean [39], and in the oil-seed crop sunflower [40].



Al tolerance is not prioritized as a breeding target in Ethiopia. Due to this, few and insufficient studies exist, with Alemu and Lule [41] and Negusse et al. [35] being the only reports so far. Therefore, the present study aimed to (i) characterize the Al tolerances of 264 Ethiopian chickpea landraces and (ii) identify genotypes tolerant to Al-toxicity that can serve as new sources of Al tolerance for use in chickpea breeding programs.




2. Materials and Methods


2.1. Plant Materials


A total of 262 chickpea landraces, viz. 209 chickpea accessions collected from major chickpea growing regions received from the Ethiopian Biodiversity Institute (EBI), and 53 landraces collected by targeted own collection from different parts of the country, were evaluated for Al tolerance. In addition, based on a previous screening study, local landrace ETC_WL_1_2016 and cultivar Akaki were included in the experiment as tolerant and susceptible references, respectively [35]. The seeds of Akaki were obtained from the Debrezeit Agricultural Research Center (DZARC), Ethiopia, and those of ETC_WL_1_2016 were collected from a farmer field in Oromia Regional State, Kelem Wollega zone, Seyo Wereda (Table S1; Figure 1). A map depicting the extent and distribution of acidic soils in Ethiopia, adopted from [11], is included in Figure S1. For the sake of simplicity, hereafter, the term ‘genotype’ will be used to represent all 264 chickpea germplasms.




2.2. Nutrient Medium Composition


Seeds of each genotype were surface sterilized with 1% sodium hypochlorite (NaOCl) solution for 5 min, thoroughly rinsed 3–5 times with distilled water, and germinated in the dark at room temperature for 72 h on a moistened paper towel in a Petri dish. Then, the initial root and shoot lengths of each seedling were measured, and seedlings of each genotype with similar root length and shoot length were transferred into a plastic mesh fixed on a plastic tray containing 8 L of low ionic strength hydroponic medium. The nutrient medium was prepared as described in [35] and consisted of 500 μM KNO3; 500 μM CaCl2; 500 μM NH4NO3; 200 μM MgSO47H2O; 100 μM KH2PO4; 46 μM H3BO3; 2 μM MnCl24H2O; 1 μM ZnSO47H2O; 0.5 μM NaMoO42H2O; and 0.3 μM CuSO45H2O. Iron (20 μM) was supplied as Fe: EDTA prepared from equimolar amounts of FeCl3·6H2O and Na2EDTA.




2.3. Experimental Setup and Aluminum Treatment


The study was set up in a randomized complete block (RCB) design with two replications and two Al concentrations, 0 µM Al (control) and 120 µM Al, and Al was added in the form Al2 (SO4)3·18H2O. The 120 µM Al concentration was selected based on its discrimination power in the dose–response study and Al tolerance screening study conducted on chickpea [35].



Five seedlings were planted per Al X genotype combination in each replicate, and data from the two replicates were combined to determine the mean performance of each genotype. The pH of both solutions was adjusted to 4.5 using 1 M HCl and/or 1 M NaOH solutions. The solutions were continuously aerated with an air pump connected to an air stone, and were replaced every 72 h to minimize pH and Al fluctuations.




2.4. Measured Phenotypic Traits


After continuous growth for six days, intact seedlings were removed from the nutrient solutions to record root and shoot traits. The root length (RL) and shoot length (SL) were measured with a centimeter-graded ruler, and the root fresh weight (RFW) and shoot fresh weight (SFW) were measured with an analytical balance. The root dry weight (RDW) and shoot dry weight (SDW) were also recorded after drying the samples in an oven at 70 °C for 72 h [35]. The relative root growth was calculated according to the formula below and was used as a measure of Al tolerance [42].


   Relative   root   growth    =      root   length   at    120    μ M   Al     root   length   at    0    μ M   Al      × 100  



(1)








2.5. Statistical Analysis


An analysis of variance (ANOVA) was performed using the generalized linear model (GLM) implemented in R [43] with the ‘aov’ function. The Ryan–Einot–Gabriel—Welsch (REGW) multiple-range test was used to compare genotype means and rank them accordingly. Pearson’s correlation analysis between the measured traits was computed using the R package 4.1.1 ‘corrplot’ [44]. The R packages “Factoextra” [45] and “FactoMineR” [46] were used to perform principal component analysis (PCA).





3. Results


3.1. Variation in Response of Chickpea Genotypes to Aluminum Stress


The analysis of variance (ANOVA) revealed significant (p < 0.001) differences among chickpea genotypes for all measured traits under control (0 µM Al), Al stress (120 µM Al), and for the ratios of the measurements under the two conditions (120 µM Al/0 µM Al) (Table 1). All root and shoot traits of the chickpea genotypes revealed growth reduction at 120 µM Al concentration compared to the control (Figure 2). Particularly, Al stress had a substantial (p < 0.001) negative impact on the root length of the chickpea genotypes, which resulted in a 29% growth reduction compared to the control. However, the Al-induced reduction in root growth differed among the chickpea genotypes evaluated.



In the nutrient solution without Al, the root length (RL) of the chickpea genotypes ranged from 3.80 cm (ETC_GN_1_2016) to 20.71 cm (ETC_K_1_2016), with an overall mean of 13.6 cm, whereas at 120 µM Al concentration, it ranged from 3.67 cm (ETC_223064) to 16.70 cm (ETC_41249), with an overall mean of 9.64 cm. Likewise, the shoot length (SL) of the chickpea genotypes ranged from 6.25 cm (ETC_H_7_2016) to 24.32 cm (ETC_209021) in the nutrient solution without Al, while it ranged from 5.77 cm (ETC_241126) to 22.73 cm (ETC_209021) at 120 µM Al concentration, with an average of 13.76 cm and 12.22 cm, respectively.



Al tolerance, expressed as relative root growth (RRG) and relative shoot growth (RSG), revealed significant (p < 0.001) genotypic variations among the chickpea genotypes, and ranged from 0.27 (ETC_208995) to 1.59 (ETC_209008) and from 0.43 (ETC_41322) to 1.31 (ETC_215667), with an average of 0.74 and 0.89, respectively.




3.2. Variation in the Performance of Chickpea Genotypes


Overall, the mean performance of the chickpea genotypes at 120 µM Al concentration revealed a wide range of variations to Al stress (Table 1). Although Al toxicity significantly impacted the growth and biomass of the chickpea genotypes, some genotypes performed well despite the high concentration of Al applied, indicating that they have the genetic potential to withstand Al stress.



Genotype ETC_41249 revealed the highest mean RL at 120 µM Al concentration, followed by ETC_41224 and ETC_209000, whereas genotype ETC_K_1_2016 recorded the highest RL at 0 µM Al, followed by ETC_209021 and ETC_A_2_2016. Genotypes ETC_41249, ETC_209000, and ETC_41224 had the longest root in the absence of Al (0 µM Al). Moreover, genotypes ETC_41046, ETC_41191, ETC_216853, ETC_41271, ETC_41086, and ETC_30288 showed increased growth under the Al treatment compared to the control.



The highest mean RRG value was recorded in genotype ETC_209008, followed by ETC_41184 and ETC_212589, while the lowest was recorded in genotype ETC_208995 (Table S2). The tolerant and susceptible references, viz., ETC_WL_1_2016 and Akaki, exhibited a RRG of 0.77 and 0.49, respectively. Of the total genotypes evaluated, 35.23% had an RRG higher than ETC_WL_1_2016, while 89.77% of the genotypes had an RRG higher than Akaki.




3.3. Grouping of Chickpea Genotypes Based on Their Relative Root Growth Values


Based on their RRG values, the genotypes were divided into five Al tolerance groups, namely, highly sensitive (HS) (RRG < 0.4), sensitive (S) (0.4–0.59), moderately tolerant (MT) (0.6–0.79), tolerant (T) (0.8–0.99), and highly tolerant (HT) (RRG > 1.0). Among the 264 chickpea genotypes, 45.4% (120 genotypes) were classified under the MT class. The T and HT classes contained 56 (21.2%) and 28 (10.6%) genotypes, respectively, whereas 52 (19.7%) and 8 (3%) genotypes were assigned to the S and HS classes, respectively (Figure 3). In a subsequent analysis performed using the mean RRG of each genotype, significant differences (p < 0.001) were observed among the five Al tolerance classes (Figure 4).




3.4. Correlation between Root and Shoot Traits


The results of Pearson’s correlation analysis revealed significant positive correlations between the root and shoot traits of the chickpea landraces at 120 µM Al concentration (Figure 5). Similarly, all traits showed significantly positive correlations with each other in the 0 µM Al solution, with the exception of SL and RFW. A strong positive correlation was found between SL and shoot biomasses traits (SFW and SDW) at 0 and 120 µM Al concentrations (Figure 5). Additionally, RL at 120 µM Al concentration exhibited a significantly positive but moderate correlation (r = 0.49, p < 0.001) with RL at 0 µM Al concentration and RRG (r = 0.48, p < 0.001) (Figure 6).




3.5. Principal Component Analysis (PCA)


A principal component analysis based on six direct and six relative phenotypic traits revealed that the first four principal components (PCs) explained 78.78% (PC1 = 46.96%, PC2 = 13.91%, PC3 = 9.79%, and PC4 = 8.12%) of the total variation (Table 2, Figure 7a). Hence, the original variables were transformed into four PCs to represent over three quarters of the variations contributed by the traits.



The analysis also indicated positive correlations between the measured phenotypic traits (Figure 7c). All traits positively contributed to the variance explained by the first principal component (PC1), with the shoot traits SFW, SDW, RSG, RSFW, and RSDW making the highest contribution (Table 2, Figure 7c).



The PCA grouped the genotypes into four main clusters. The first cluster contained the largest proportion of genotypes (124 genotypes, 47%), whereas the second cluster had the lowest proportion (24 genotypes, 9%). The third and fourth clusters contained 56 (21%) and 60 (23%) genotypes, respectively (Figure 7d). Notably, clusters 2 and 3 had only moderately tolerant, tolerant, and highly tolerant genotypes, whereas cluster 1 comprised genotypes from all five Al tolerance classes (Figure 7d). However, all the highly susceptible and most of the susceptible genotypes were grouped together in cluster 4.





4. Discussion


In order to develop genotypes tolerant to Al toxicity, a detailed evaluation of the genetic variability within a crop species for Al tolerance is crucial. The present study evaluated the Al tolerances of 264 Ethiopian chickpea genotypes under hydroponic conditions using an optimal concentration of 120 µM Al. The 120 µM Al concentration was selected based on a previous Al tolerance screening study conducted on chickpea [35].



All studied phenotypic traits revealed significant (p < 0.001) variations among the genotypes, indicating the presence of substantial genetic variation within the Ethiopian chickpea gene pool, signifying the possibility of enhancing the productivity of chickpea under Al stress conditions. Variability in Al tolerance has also been reported earlier in chickpea [28,34,35] as well as other pulse legumes, including pigeon pea [19], common bean [47], and lentil [48], and, in a recent report, in the oil-seed crop sunflower [40].



In this study, the 120 µM Al treatment impeded the performance of the root and shoot traits of the chickpea genotypes with a substantial effect on root length (up to 29% reduction in root growth) and a more significant impact on sensitive and highly sensitive genotypes. Negusse et al. [36] reported a similar result in chickpea cultivars, revealing root length as the most negatively affected trait, with an average reduction rate of 64%. This provides an insight into the characteristic effects of Al toxicity on chickpea.



The primary and immediate symptom of Al toxicity is the inhibition of root growth [15,16,17], which begins within minutes of exposure by disrupting root cell elongation [10]. This ultimately results in an impaired root system deficient in proper water and nutrient uptake. Hence, root traits are of paramount interest and extensively used as a parameter of choice by researchers working on Al tolerance screening of crop plants [18]. Moreover, among root traits, relative root growth (RRG) or root tolerance index (RTI) has been the most widely used trait, as it excludes underlying genotype-specific variations (size and vigor) and provides a reliable ranking of genotypes for Al tolerance [49,50].



In the present study, both RL and RRG showed significant variations among the chickpea genotypes. RRG as an Al tolerance parameter classified the 264 Ethiopian chickpea genotypes into five groups: highly sensitive (3.0%), sensitive (20%), moderately tolerant (45.45%), tolerant (15.15%), and highly tolerant (16.67%). Overall, 204 genotypes could be regarded as tolerant (moderate to high), while the remaining 60 were susceptible, including those highly susceptible. In contrast to our result, Sledge et al. [38] found that M. truncatula accessions were typically sensitive to Al toxicity. Out of the 321 M. truncatula accessions evaluated, 198 (61.88%) were highly sensitive, 109 (33.96%) were sensitive, and only 14 (4.36%) accessions were Al-tolerant.



Among the genotypes screened, 35% had a higher RRG than ETC_WL_1_2016, indicating that a great number of landraces superior in Al tolerance to the tolerant reference genotype exist in the Ethiopian chickpea gene pool. The use of RRG as an Al tolerance parameter was reported in maize [49] and lentil [50], where in maize, the RRG of the longest root was used to classify 141 germplasms into three tolerance classes [49]. In lentil, RRG estimates were used to classify 111 accessions into five Al tolerance groups [50].



The highest RRG value was obtained for genotype ETC_209008, followed by ETC_41184 and ETC_212589, while ETC_208995 had the lowest RRG value. It is noteworthy that genotypes ETC_41249, ETC_41224, ETC_209000, ETC_209021, and ETC_41054 had the longest roots under both control and Al treatment conditions, indicating the high root vigor of the genotypes. Moreover, all genotypes listed above were Al-tolerant, with an RRG value ranging from 0.85 to 0.91. Vigorous roots are beneficial for the efficient utilization of nutrients and water in the soil stratum, as plant growth is mainly dependent on the capacity of roots to explore and utilize these resources [50]. Hence, genotypes that grow vigorously in the control and Al treatment solutions have a greater capacity of growing in acidic soils with high Al saturation [47]. In contrast, genotypes with low root vigor in the two nutrient solutions would be less able to explore the soil area for water and minerals, and hence have a smaller capacity for growth and increased sensitivity to Al in the soil.



The highly tolerant (HT) genotypes identified in this study showed an RRG value above 1.0, indicating a slight increase in root growth under the Al treatment compared to the control. In wheat, the highly tolerant cultivar Atlas-66 exhibited a relative root length or RRG of 119 or 1.19 at 148 µM Al concentration compared to the control [51]. In cowpea cultivars, Paliwal [37] reported that the most Al-tolerant genotype (Co 3) performed extremely well in the Al-containing solution, and showed a 20.4% increase in root growth with exposure to Al as compared to the control. Hence, he concluded that even at relatively toxic Al concentrations, Al can be beneficial by stimulating the growth of some cowpea genotypes. Thus, genotypes that perform well in the presence of Al are regarded as Al-tolerant genotypes. Root growth stimulation in response to Al has also been reported in fava bean [52] and barrel medic genotypes [42]. However, the exact mechanism of stimulation is not well understood.



The Al-tolerant genotypes identified in the present study trace back their collection to areas marked by ATA as regions with acidic soil prevalence, viz. North, South, and West Shewa, West Wello, East and West Gojjam, North Gondar, as well as the Southern region (Semen Omo zones). The dominant soil types in these zones are moderately to strongly acidic [11]. In particular, genotypes ETC_209008 and ETC_41184 were originally collected by EBI from the Southern region, Hadiya zone, and the Oromia region, West Shewa zone, respectively, which are both identified by ATA as having a serious acidic soil problem. Hence, these genotypes could serve as sources of Al tolerance genes. In barley, landraces obtained from acidic volcanic soils in Japan and Korea were suggested as sources of the Al resistance gene due to their Al tolerance in both the solution culture and acidic soil conditions [26].



The present hydroponic study identified Al-tolerant chickpea genotypes with high root vigor. The Al-tolerant genetic materials identified through this study could be utilized in chickpea breeding programs as sources of favorable alleles for Al tolerance, which will eventually lead to the development of Al-tolerant cultivars with enhanced productivity and ultimately contribute to sustainable food security.




5. Conclusions


The present study evaluated the Al tolerances of 264 Ethiopian chickpea genotypes. The study revealed the presence of considerable genetic variation in the Ethiopian chickpea gene pool. The tolerant and highly tolerant genotypes identified in the present study, including ETC_209008, ETC_41184, ETC_212589, and others not included in this list, could be considered as new sources of genes/alleles for Al-tolerant chickpea breeding. Furthermore, these genotypes could also be utilized to map genes that confer Al tolerance to chickpea, as well as to investigate the genetic basis of chickpea Al tolerance. Future studies should consider the evaluation of chickpea landraces on acidic soils at multi-location field trials, as this provides a realistic environment for assessing chickpea genetic materials. Furthermore, advanced physiological and genetic studies should be carried out to shed light on the possible mechanisms and genes involved in chickpea Al tolerance. In conclusion, the tolerant genetic materials identified in this study may serve as sources of novel genes or alleles that could be utilized to develop aluminum-tolerant cultivars using advanced breeding techniques, allowing for the expansion of cultivation areas and increasing chickpea productivity on acidic soils. Thus, this enhances food and nutritional security and supports small-scale farmers in acidic areas of the world to practice sustainable agriculture.
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Figure 1. Map of Ethiopia illustrating the collection sites of the 264 chickpea germplasms used in the present study. 
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Figure 2. Box-and-whisker plots for the root and shoot traits of the chickpea genotypes, elucidating the overall responses of the genotypes under the control (0 µM Al) and Al treatment (120 µM Al) conditions, exhibiting the effects of Al stress on measured traits: (a) root length (cm), (b) shoot length (cm), (c) root fresh weight (g), (d) shoot fresh weight (g), (e) root dry weight (g), and (f) shoot dry weight (g). CONT: the overall responses of the chickpea genotypes for each trait in the control (0 µM Al) solution; TRT: the overall responses of the chickpea genotypes for each trait at 120 µM Al concentration. 
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Figure 3. Bar graphs showing the proportions of the 264 chickpea genotypes categorized under different Al tolerance classes based on their relative root growth (RRG) values. Tolerance classes are HS: highly sensitive; S: sensitive; MT: moderately tolerant; T: tolerant; and HT: highly tolerant. Values in brackets are ranges of RRG values. Each bar represents the total number of chickpea genotypes categorized under each tolerance class. 
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Figure 4. Box-and-whisker plots based on mean relative root growth (RRG) values depicting the variations within and among genotypes in different Al-tolerance classes. The mean separation was computed using Tukey’s HSD test. Box plots with different letters are significantly different from each other. Vertical lines extending from each plot represents ranges of values within each tolerance class. HS: highly sensitive; S: sensitive; MT: moderately tolerant; T: tolerant; and HT: highly tolerant. 
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Figure 5. Graphical and numerical representation of the correlation between the root and shoot traits of the chickpea genotypes when treated at (a) 0 µM Al concentration and (b) 120 µM Al concentration. RL, root length; SL, shoot length; RFW, root fresh weight; SFW, shoot fresh weight; RDW, root dry weight; SDW, shoot dry weight. Significance codes: ‘***’ 0.001; ‘**’ 0.01. 
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Figure 6. Relationship between (a) RL at 120 µM Al concentration and RRG, and (b) RL at 120 µM Al concentration with RL at 0 µM Al concentration. RL, root length; RRG, relative root growth. 
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Figure 7. (a) Scree plot illustrating the percentage of total phenotypic variance explained by each PC, (b) PCA bi-plot, (c) variable contribution to the first two PCs, and (d) PCA grouping of the 264 chickpea genotypes tested at 120 µM Al concentration. 
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Table 1. A summary of the variation in the root and shoot traits of the chickpea genotypes in a control (without Al) and 120 µM Al solution as well as their relative performance under the ratio of the two conditions.
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	Treatment
	Traits
	Minimum
	Maximum
	Mean
	CV %
	R2
	MSE





	
	RL
	3.80
	20.71
	13.6 ***
	12.62
	0.85
	2.95



	
	SL
	6.25
	24.32
	13.76 ***
	8.35
	0.92
	1.32



	Control
	RFW
	0.08
	0.48
	0.21 ***
	10.76
	0.90
	0.00



	
	SFW
	0.15
	0.43
	0.24 ***
	11.67
	0.87
	0.00



	
	RDW
	0.04
	0.16
	0.06 ***
	9.13
	0.92
	0.00



	
	SDW
	0.06
	0.15
	0.09 ***
	9.78
	0.88
	0.00



	
	RL
	3.67
	16.70
	9.64 ***
	13.51
	0.90
	1.70



	
	SL
	5.77
	22.73
	12.22 ***
	13.15
	0.86
	2.58



	Al treatment
	RFW
	0.09
	0.34
	0.16 ***
	11.99
	0.87
	0.00



	
	SFW
	0.10
	0.37
	0.20 ***
	13.07
	0.86
	0.00



	
	RDW
	0.03
	0.12
	0.06 ***
	10.48
	0.90
	0.00



	
	SDW
	0.04
	0.14
	0.08 ***
	12.08
	0.87
	0.00



	
	RRG
	0.27
	1.59
	0.74 ***
	21.25
	0.78
	0.02



	
	RSG
	0.43
	1.31
	0.89 ***
	15.38
	0.62
	0.02



	Relative performance
	RRFW
	0.43
	1.36
	0.79 ***
	15.40
	0.73
	0.01



	
	RSFW
	0.53
	1.41
	0.85 **
	17.42
	0.57
	0.02



	
	RRDW
	0.50
	1.45
	0.88 ***
	14.94
	0.66
	0.02



	
	RSDW
	0.46
	1.39
	0.91 *
	16.67
	0.55
	0.02







RL, root length; SL, shoot length; RFW, root fresh weight; SFW, shoot fresh weight; RDW, root dry weight; SDW, shoot dry weight; RRG, relative root growth; RSG, relative shoot growth; RRFW, relative root fresh weight; RSFW, relative shoot fresh weight; RRDW, relative root dry weight; RSDW, relative shoot dry weight; CV, coefficient of variation; R2, coefficient of determination; MSE, mean square error. Significance codes: ‘***’ 0.001; ‘**’ 0.01; ‘*’ 0.05.













 





Table 2. Eigenvalues and percentage of variance explained individually and cumulatively by the first four principal components, and the contribution of each trait to the variance explained by each principal component.
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PCs

	
Eigen Value

	
Percentage of Explained Variance

	
Cumulative Percentage

of Variance






	
PC1

	
5.6

	
46.96

	
46.96




	
PC2

	
1.7

	
13.91

	
60.87




	
PC3

	
1.2

	
9.79

	
70.66




	
PC4

	
1.0

	
8.12

	
78.78




	
Trait contribution to the first four PCs




	
Traits

	
PC1

	
PC2

	
PC3

	
PC4




	
RL

	
0.62

	
−0.25

	
−0.05

	
−0.57




	
SL

	
0.66

	
−0.45

	
−0.51

	
0.09




	
RFW

	
0.63

	
0.20

	
0.57

	
−0.25




	
SFW

	
0.76

	
−0.50

	
−0.18

	
0.01




	
RDW

	
0.54

	
−0.25

	
0.67

	
0.36




	
SDW

	
0.77

	
−0.50

	
−0.03

	
0.24




	
RRG

	
0.68

	
0.21

	
0.02

	
−0.36




	
RSG

	
0.74

	
0.30

	
−0.22

	
0.20




	
RRFW

	
0.67

	
0.40

	
0.06

	
−0.29




	
RSFW

	
0.76

	
0.46

	
−0.08

	
0.03




	
RRDW

	
0.62

	
0.40

	
0.16

	
0.23




	
RSDW

	
0.74

	
0.34

	
−0.16

	
0.27








PC1: principal component 1; PC2: principal component 2; PC3: principal component 3; PC4: principal component 4; RL: root length; SL: shoot length; RFW: root fresh weight; SFW: shoot fresh weight; RDW: root dry weight; SDW: shoot dry weight; RRG: relative root growth; RSG: relative shoot growth; RRFW: relative root fresh weight; RSFW: relative shoot fresh weight; RRDW: relative root dry weight; RSDW: relative shoot dry weight.
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