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Abstract: Genetic variation in wild relatives, GenBank accessions, landraces, and cultivars can unlock
key alleles for the traits of interest for breeding programs. Breeding programs often utilize different
strategies to quantify the source of heritable variation for target traits. One neglected area of study
is the root traits of diverse genotypes, and this is especially the case for aluminum toxicity effects
on legumes such as the common bean, which is the most used pulse for direct human consumption.
This study evaluated 267 genotypes of common bean that were part of the global Andean Diversity
Panel (ADP), consisting mainly of genotypes assembled from public and private breeding programs
in Africa and North America, as well as elite lines and land races from the USDA. The ADP was
evaluated for root traits at the seedling stage in the Tennessee State University (TSU) greenhouse
using a hydroponic system with a standard nutrient solution with and without aluminum (Al). The
recorded data on the roots per trial were fit to a linear mixed model for the analysis of variance
in order to test for the genotype differences. Adjusted means considered replication and blocks
within replication as random effects and genotypes as fixed effects. These were then used for Pearson
correlation tests and for principal component analysis (PCA), where the first two vectors accounted for
94.5% and 93% of the explained variation under the control and Al-treatment conditions, respectively.
Genotypes were clustered based on the morphology of roots in response to Al-toxicity treatment using
the Euclidean distance and Ward’s hierarchical agglomerative clustering method, identifying four
distinctive groups significant at p < 0.01. The intra-cluster distance was lower than the inter-cluster
distances, which indicated a heterogeneous and homogeneous nature between and within clusters,
respectively. The results suggest that crossing between accessions from two of the clusters would
result in the maximum genetic segregation. One cluster was found to have a higher Al-toxicity
tolerance than the others.

Keywords: aluminum toxicity; breeding for roots; genetic segregation; hierarchal clustering; pearson
correlation; principal component; wide adaptability

1. Introduction

Sustainable crop production is key to the global food system. A tremendous challenge
that we face today is satisfying the ever-growing demand for food, feed, and clothing
under the current scenarios of climate change. The dramatic loss of arable land due to
increasingly severe soil destruction by pollution and loss of crop yields due to biotic and
abiotic stresses have exacerbated the challenge of mitigating climate caused loss to yield [1].
The common bean (Phaseolus vulgaris L.) is among the key crops in the global agri-food
system. However, the production of common beans in many regions of the tropics and
sub-tropics is being challenged by biotic and abiotic stresses, made worse by the calamities
of climate change [2,3]. Aluminum (Al) toxicity [4,5] and salinity [6], with drought and
heat stress, are the most important abiotic stresses limiting common bean production [7].

In this regard, common bean production is mainly constrained by Al toxicity in areas
where there is acidic soil, namely those with a pH below 4.3 [8]. Al is the most abundant
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metal in the Earth’s crust [9] and the toxicity it causes is a significant problem for crop
production in humid and semi-humid regions, representing 30–50% of the world’s arable
land [10–12]. Al toxicity can reduce common bean yields by up to 60% [13,14]. Although
naturally occurring forms of Al are stable and do not interact with the biological processes
of plants [15–17], Al is solubilized into toxic forms such [Al (H2O)6]3+ as the soil pH drops
below 5 or further into the acidic soils range.

Most crop plants are sensitive to micro−molar concentrations of Al and once the
solubilized forms enter into the roots, it interferes with various physiological and cellular
processes. Toxic amounts of soluble Al inhibit the growth and function of roots by injuring
the root apex [18–20]. These processes also affect the function of other plant parts, resulting
in a high yield reduction [9]. Al toxicity can result in poor root growth and changes in root
morphology, stunted plant growth, thicker lateral and taproots, browning of the roots, and
inefficient water and nutrient uptake by the roots [21,22], which is also the case in Phaseolus
vulgaris [23].

The development of new cultivars with stress resistance is the main objective of many
common bean improvement programs, for example for drought [24–29], salinity [30,31],
and Al toxicity [32,33]. Genetic variability for a trait of interest is a bedrock for any
crop improvement effort through breeding. Genetic variation in wild relatives, GenBank
accessions, landraces, and cultivars can unlock key alleles for the traits of interest for
breeding programs. Breeding programs often utilize different strategies to quantify the
source of heritable variation for target traits. To this end, numerous studies have been
conducted to assess the available genetic diversity for abiotic stress resistance in common
bean land races, commercial cultivars, and breeding lines. These studies were conducted
under contrasting environments, with and without the stress conditions being studied.
Most studies evaluated mainly the yield and yield components.

The study of root traits in diverse genotypes is one of the most important study areas,
and it has not been given due attention. This is especially true for the effects of Al toxicity
on legumes such as the common bean, which is the main pulse used for direct human
consumption. Success with breeding is dependent on the genetic merits of the trait pro-
genitors with all limits of fitness in order to obtain a higher amount of heterotic expression
in progenies and a broad spectrum of variability in segregating populations. Therefore,
the goal of this study was to evaluate the phenotypic variation for root attributes in a
panel of Andean common bean gene pool grown under Al stress and under normal growth
conditions, and to identify the association of traits and the identification of genotypes with
better root ideotypes that could serve as parents in breeding programs aimed to improve
Al-toxicity resistance in common beans. In the common bean, the Andean large-seeded
genotypes coincide with areas of Al-toxicity stress, especially in Eastern and Southern
Africa [4–7], and thus were the focus of this study.

2. Materials and Methods
2.1. Study Material and Treatment Design

The study material consisted of 262 genotypes that were part of an Andean bean
diversity panel (ADP) from Cichy et al. [34]. The ADP consisted of genotypes mainly
from Africa and North America collected from public and private breeding programs, elite
lines, and land races by the United States Department of Agriculture (USDA). The ADP
genotypes were evaluated for their root traits at the seedling stage in a greenhouse using
a hydroponic system with a standard nutrient solution with two treatments: one with Al
and one without Al (control). The seeds were surface sterilized for 1 min with 70% alcohol
and 2% sodium hypochlorite (NaClO) and rinsed with deionized water and dried with
a sterilized paper towel. To ensure the same time for the germination of genotypes, the
seeds were scarified using a scalpel just on the opposite side of the seed micropyle. After
scarification, the seeds were placed into a sterilized magenta box with a sterilized wet paper
towel in it. Four days after germination, the seedlings were transplanted to a hydroponic
system with a standard nutrient solution. The seedlings were placed in 30.2 cm deep,
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65.4 cm long, 43.8 cm wide, and 50 L black tanks covered by 5 cm thick Styrofoam floating
sheets that could carry 49 genotypes, two seedlings per genotype, and that were replicated
three times over time.

2.2. Phenotyping System

Experiments were conducted at the Tennessee State University (TSU) main agricultural
station, Nashville, TN. A hydroponic system was installed in the greenhouse at TSU. The
system was equipped with two eight-channel air pumps to ensure a continuous aeration of
the system. Submersible water pumps were used for continuous pumping of the nutrient
solution. The purpose of continuous pumping of nutrients was to ensure continuous
agitation and avoid sedimentation. The pH, electrical conductivity (EC), and temperature
of the system around the roots, and the greenhouse temperature and relative humidity in
the greenhouse were monitored in a real-time base using an automated remote-control
system. The standard nutrient solution was composed of 286 µM CaSO4·2H2O, 300 µM
KNO3, 150 µM NH4NO3, 2.5 µM NaH2PO4·H2O, 150MgCl2.6H2O, 14 µM CaCl2·H2O, 5 µM
FeCl3·6H2O, 5 µM Na2EDTA·2H2O, 1 µM MnCl2·4H2O, 1 µM ZnCl2, 0.2 µM CuCl2·2H2O,
6H3BO3, 5 µM NaSiO3·9H2O, 0.001 µM NaMoO4·2H2O, and 57.5 µM NaCl, according to
Rao et al. [35]. For the Al-toxicity treatment, 50 µM AlCl3 was added upon seedling transfer.
The pH was adjusted and maintained in the range of 5.6 to 6.0 and 4.0 to 4.5 for the control
and Al treatments, respectively. Similarly, the electrical conductivity was maintained below
400 microS/cm and above 250 microS/cm for both treatments. The relative humidity of the
greenhouse was maintained at 40–50%. The entire hydroponic system and greenhouse were
maintained in a temperature range of 22–25 ◦C, as described by Ambachew and Blair [32].

2.3. Root Trait Measurement

Phenotypic data on the (1) total root length (LEN), (2) average root diameter (AvRD),
(3) number of root tips (NTIP), (4) root volume (RVOL), (5) number of forks (NFRK), (6) root
surface area (RSA), (7) number of links (NLINK), and (8) number of crosses (NCRS) were
recorded by scanning and analyzing the images of the harvested seedling roots using a
software program WinRHIZO pro V 2008b (Regent Instruments, Inc., Quebec, Canada) and
a flatbed EPSON perfection V850 pro scanner (Seiko EPSON Corporation, Owa, Suwa-shi,
Nagano, Japan). The seedlings were harvested and stored in deionized water for image
acquisition 24 h after transplanting to the hydroponic system. Then, the root images were
acquired on a gray scale to a resolution of 800 dots per inch (dpi). The analysis was done
on the root morphology by setting the rough edge and noise removal to a higher level, and
the dark root on white background measurement option. The image acquisition took on
average 30 s per sample.

2.4. Statistical Analysis

The recorded data on the roots per trial were first subjected to mixed model analysis
using the PROC MIXED procedure in statistical analysis software SAS (V9.4) in order to
obtain adjusted means by considering replication and blocks within replication as random
effects and genotypes as fixed effects. The adjusted means were used for the subsequent
analysis. Descriptive statistics was used to describe the data. Pearson correlation and
variance inflation (VIF) tests were done to check for the multicollinearity of variables
using the “cor” function and “vif” functions of the stats [36] and car [37] packages in R,
respectively. The test for the correlation between the paired samples were calculated and
the correlation matrix were generated using the “psych” [38] package. After removing the
non-correlated and variables with a VIF threshold below 5, principal component analysis
(PCA) and cluster analysis were conducted on scaled data to the mean of zero and variance
of unity to avoid differences in the scales used for data recording. Euclidean distance was
used to estimate the genotypic divergence. R packages “ecodist” [39] and the prcomp
function of the “stats” package [36] were used to calculate the Mahalanobis distance,
PCA, and clustering analysis. Genotypic divergence analysis was done using a cluster



Agronomy 2023, 13, 619 4 of 13

validation package “clv” [40]. The PCA biplots were plotted using the “fviz” and “ggplot”
functions of the “factoextra” [41] and “ggplot2” [42] packages, respectively. Hierarchical
clustering of the genotypes was accomplished using the Ward.D2 [43] method and seven
root traits (Len, RSA, RVOL, NTIP, NFRK, NCRS, and NLINK) were evaluated under Al
treatment. The number of clusters was determined using the k-mean method. The average
linkage method was used to estimate the inter and intra cluster genetic distances. The
phylogram of hierarchical clustering was drawn using the “as.phylo” function of the “ape”
package [44]. The percentage change in the total root length and average root diameter were
calculated for each experimental unit as a ratio by taking the difference between the values
in the. Al and control treatments as numerators and the values in the control treatment
as denominators, and the resultant change was multiplied by 100 to obtain the percent
(%). Simple scattergram (x, y pair) between percentage change in the total root length and
percentage change in average root diameter was made using the ggplot2 package in R [42].

3. Results

The mean performance of the genotypes for each treatment and root trait measured
and the percent change calculated to index the treatment condition are presented in Sup-
plemental Table S1. The results show the maximum reduction for all of the root traits
(~64% average percentage reduction in root volume to 86% reduction in the number of root
crosses). The relationships between the root traits under Al-treated and control conditions
are shown with Pearson’s correlations in Table 1.

Table 1. Pearson correlation of seven root traits of 262 Andean common bean genotypes grown under
control (above diagonal) and aluminum (below diagonal) treatment conditions.

Trait LEN RSA Rvol AvRD NTIP NFRK NCRS NLINK

LEN 0.93 *** 0.79 *** −0.04 0.84 *** 0.92 *** 0.87 *** 0.92 ***
RSA 0.95 *** 0.95 *** 0.28 *** 0.75 *** 0.90 *** 0.74 *** 0.89 ***
Rvol 0.83 *** 0.96 *** 0.50 *** 0.59 *** 0.79 *** 0.57 *** 0.77 ***

AVRD −0.05 0.20 *** 0.41 *** −0.21 *** 0.06 −0.22 *** 0.03
NTIP 0.81 *** 0.77 *** 0.66 *** −0.14 * 0.82 *** 0.8 *** 0.83 ***
NFRK 0.93 *** 0.89 *** 0.79 *** −0.03 0.78 *** 0.92 ** 1.00 ***
NCRS 0.83 *** 0.69 *** 0.53 *** −0.22 *** 0.62 *** 0.88 *** 0.93 ***

NLINK 0.93 *** 0.89 *** 0.78 *** −0.04 0.8 *** 1.00 *** 0.88 ***

* significant at p ≤ 0.05; * significant at p ≤ 0.01; *** significant at p ≤ 0.001; Abbreviations: LEN, total root length
(cm); RSA, root surface area (cm2); RVOL, root volume (mm3); AVRD, average root diameter (mm); NTIP, number
of root tips; NFRK, number of root forks; NCRS, number of root crosses; NLNK, number of links.

Pearson correlation indicated the presence of a significant correlation among some
root traits. There was a significant positive correlation (r > 0.79, p < 0.001) between total root
length and other traits, except for the average root diameter. The average root diameter had
significant negative correlations with the number of root tips (r = −0.21, and r = −0.14 at
p < 0.001 under the control and Al treatment, respectively) and the number of root crosses
(r = −0.22, p < 0.001) under both treatment conditions. It also showed a significant positive
correlation with root surface area (r = 0.2 under the control treatment and r = 0.2 under
the Al treatment) and root volume (r = 0.5 under the control and r = 0.41 under the Al
treatment). A perfect highly significant positive correlation was observed between the
number of root tips and the number of root links.

The principal components of control and Al treatments are presented in Tables 2 and 3,
respectively. We also assessed the multicollinearity of traits using the variance inflation
factor and removed traits with values below a threshold level of 5 from the PCA. After
removing the average root diameter, the final PCA was done using the remaining root traits.
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Table 2. Eigenvalues and percentage of total variation and component matrix for the first four
principal component axes of seven root traits of seedlings of 267 Andean common bean genotypes
grown under the control treatment.

Principal Components 1 2 3 4

Eigenvalues 6.019 0.598 0.241 0.103
Standard Deviation 2.453 0.773 0.490 0.320

Proportion of Variance 86.0 8.50 3.40 1.50
Cumulative Proportion 86.0 94.5 98.0 99.42

Component Matrix

LEN 0.394 −0.014 −0.088 0.767
RSA 0.387 0.389 −0.070 0.166

RVOL 0.343 0.688 −0.045 −0.182
NTIP 0.353 −0.372 −0.817 −0.230
NFRK 0.399 −0.078 0.280 −0.364
NCRS 0.367 −0.466 0.419 0.184
NLNK 0.399 −0.119 0.252 −0.363

Abbreviations: LEN, total root length (cm); RSA, root surface area (cm2); RVOL, root volume (mm3); NTIP, number
of root tips; NFRK, number of root forks; NCRS, number of root crosses; NLNK, number of links. Numbers in
bold are significant (p < 0.001).

Table 3. Eigenvalues and percentage of total variation and component matrix for the principal
component axes of seven root traits of seedlings for 267 Andean common bean genotypes grown
under Al stress treatment.

Principal Components 1 2 3 4

Eigenvalues 5.934 0.577 0.347 0.099
Standard Deviation 2.436 0.760 0.589 0.314

Proportion of Variance (%) 84.75 8.20 5.00 1.40
Cumulative Proportion (%) 84.75 93.0 98.0 99.0

Component Matrix

LEN −0.400 −0.001 −0.028 0.584
RSA −0.393 −0.346 −0.176 0.223

RVOL −0.355 −0.608 −0.296 −0.107
NTIP −0.346 −0.071 0.905 0.039
NFRK −0.400 0.185 −0.079 −0.512
NCRS −0.345 0.662 −0.233 0.303
NLNK −0.401 0.184 −0.040 −0.491

Abbreviations: LEN, total root length (cm); RSA, root surface area (cm2); RVOL, root volume (mm3); NTIP, number
of root tips; NFRK, number of root forks; NCRS, number of root crosses; NLNK, number of links. Numbers in
bold are significant (p < 0.001).

Under the control treatment, the first four principal components accounted for 99.42%
of the total variation of roots that existed in the ADP. The analysis of eigenvectors indicated
that the first principal component alone accounted for 86% of the total variation. The
observed variation for the second, third, and fourth components were 8.5%, 3.4%, and
1.5%, respectively. All of the root traits considered had positive correlations and a large
contribution to the first principal component.

In the second component, the root surface area (0.389), root volume (0.688), number of
root tips (−0.372), and number of root crosses (−0.466) were the most contributing traits to
the second component (Table 2). The Cos2 of the variables indicated that the root surface
area and root volume in the positive direction and the number of root tips and number
of root crosses in the negative direction were the major contributing traits. Similarly, on
the bases of Cos2 value for individuals, ADP-0554, ADP-0624, ADP0775, and ADP0645 in
the negative direction and ADP-0575 in the positive direction, were the top five genotypes
contributing towards the PCA (Figure 1).
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common bean genotypes grown under control treatment of non-stress hydroponics and the top 15
genotypes contributing towards PCA based on Cos2 Value. Abbreviations as in the previous tables.

The table above presents the eigenvalues for the principal components for the traits,
pattern, and magnitude of the association of traits with each principal component under the
Al-treatment condition. Similar to the control treatment, the first four principal components
explained 99.36% of the observed total variation, with the first principal component being
the major component accounting for 84.8% of the total variation. The observed variation
for the second, third, and fourth components were 8.2%, 5%, and 1.4%, respectively. As
opposed to the control treatment, all of the root traits considered had a large and negative
contribution to the first principal component. The root surface area (−0.34), root volume
(−0.60), and number of root crosses (0.66) were the most contributing root traits for the
second component.

According to the Cos2 of variables, the root surface area and root volume in the
negative direction and the number of root crosses in the negative direction were the major
contributing traits. Cos2 also identified ADP-0605, ADP-0667, ADP-0726, ADP-0592, and
ADP-0561, all in the positive direction, as the most top five contributing genotypes towards
PCA (Figure 2). In general, despite the treatment condition, and regardless of the direction
of contribution, all the root traits considered contributed to the first principal component
which could be regarded as one for root system architecture. Similarly, as the root volume
and root surface area were the major contributors to the second principal component, this
could be regarded as a contributor of root volume.

The pattern of divergence between the 15 genotypes with larger contributions to the
first two principal components is given in Figures 1 and 2. Under the control treatment, it
can be discerned from Figure 1 that the genotype diversity in all of the root traits considered
was large. Three genotypes ADP-0575,ADP-0078 and ADP-0114 in the first quadrant of
the biplot had a large and positive contribution towards both principal components, while
ADP-0617 and ADP-0611 had a large positive and negative contribution to the first principal
component, and vice versa to the second component. The majority of the 15 genotypes were
populated in the third quadrant of the biplot and their contribution towards the principal
components were in the negative direction.
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Under Al treatment (Figure 2), ADP-0025 had a large negative contribution to the first
and second components. In the second quadrant, two genotypes (ADP-0797 and ADP-0115)
had a large positive contribution to the second component, but a negative contribution to
the first component. As most of the genotypes occupied the first and fourth quadrants,
they had the largest positive effect on the first component and a very small contribution to
the second component in both positive and negative directions.

The clustering of genotypes based on the morphology of roots in response to Al-stress
treatment using the Euclidean distance and Ward’s hierarchical agglomerative clustering
method identified four distinctive groups (Figure 3). Cluster III was the largest group, and
it accommodated 53.05% of the genotypes, followed by the second largest group of Cluster
IV, which consisted of 25.19% of the genotypes. Cluster II and Cluster I consisted of 15.27%
and 6.49% of the genotypes, respectively (Supplementary Table S2, Figure 3).

The estimated intra- and inter-cluster distances values are presented in Table 4. The
differences between clusters were significant at p < 0.01. The intra-cluster distance was
lower than the inter-cluster distances, which indicated a heterogeneous and homogeneous
nature between and within clusters, respectively. The highest intra-cluster distance (92.32)
was observed in Cluster I, followed by Clusters II (58.11) and VI (54.02). The minimum
intra cluster distance was observed for cluster III (42.94).

Although Cluster III contained the largest number of genotypes (58.11%), it had the
shortest intra-cluster distance. This indicates that the genotypes grouped in this cluster
were more similar compared with the rest of the genotypes grouped in different clusters.
Cluster I was more heterogenous (Table 4 and Figure 4) compared with the other clusters.
The differences between clusters in terms of a mean group performance for the genotypes
in each cluster for each root trait are shown in Figure 4. The first cluster had greater mean
values for each trait (total root length, root surface area, root volume, number of root tips,
number of root crosses, and number of root links and number of root links) compared
with the other clusters, followed by the second, third, and fourth clusters. The Al-tolerant
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genotypes of each cluster were based of the indices calculated from the two experiments
and are listed in the Discussion section. These were genotypes in the first and second
clusters of our clustering results.
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Figure 3. Phylogram of hierarchal clustering of 262 common bean genotypes grouped into four
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Table 4. Intra- (diagonal values) and inter-cluster divergence (off-diagonal values) in 262 genotypes
from the Andean common bean diversity panel (ADP) evaluated under Al-toxicity treatment based
on pairwise generalized squared distance.

Cluster I Cluster II Cluster III Cluster IV

Cluster I 92.32 446.22 720.64 955.82
Cluster II 58.11 277.38 511.94
Cluster III 42.94 236.80
Cluster IV 54.02

x2 = 15.09 at p < 0.01
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4. Discussion

The root system is the major set of organs through which plants interact with numerous
biotic and abiotic factors of soil. Root architecture and physiology enables plants to avoid
most environmental challenges by recognizing and reacting to them. Roots are used by
plants to uptake water and nutrients from the soil, to store food and nutrients, and they are
used to anchor them to the ground. The structure and function of root systems are greatly
impacted by genetic and environmental factors. Rhizo-toxicity of Al inhibits root growth
and function. Understanding the Al responses, their components, and the pattern and
magnitude of correlations between traits is valuable in order to specify breeding objectives.
Assessing the available genetic diversity for root traits is an important task of common
bean breeding programs interested in improving root systems, but is difficult to carry out
“below ground”. A hydroponic system such as the one used here helps to provide root trait
data without digging up plants.

Our study evaluated the association of root traits and the genetic divergence of 262
Andean common bean genotypes under contrasting Al-toxicity treatments (control with no
Al-toxicity treatment and Al stress with 50 µM Al treatment). Our experiments generated
useful insights regarding how Al toxicity differentially changes the root response in different
genotypes. This in turn will help with the development of new varieties with enhanced
adaptation to difficult soils related to Al toxicity. We found that 50 µM Al-stress treatment
was enough to uncover genotypic differences for the root traits studied. A higher percentage
of reduction was observed in all of the root traits measured under Al-toxicity treatment
compared with the control, except for the average root diameter, which showed a 21%
increase (Supplemental Table S2). Previous studies on common bean screening for Al stress
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tolerance also created a consistent level of Al stress under hydroponic growing conditions,
but with different Al levels [19,35,45,46].

More specifically, the correlation results indicated that a reduction in root elongation,
lateral root initiation and outgrowth, and increased root diameter are important effects of
Al toxicity in common beans. A higher percentage decrease in the total root length, number
of root tips, number of root forks, number of root links, and number of root crosses had
a negative correlation with the average root diameter. The negative correlation between
total root length and average root diameter under control and Al-toxicity treatments was
also reported by previous authors [4,35,46,47]. Four genotypes, ADP-0010, ADP-0025,
ADP-770, and ADP-0786 (Figure 5), had the lowest percentage change in their total root
length and average root diameter under Al-toxicity treatment and were considered as
Al-resistant genotypes. Genotypes populated around the origin of the scattergram could
also be considered as Al stress tolerant. Similar studies have suggested that genotypes
with lower values of percentage inhibition for total root length and percentage increase for
average root diameter could be identified as Al resistant [48].
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Figure 5. Scattergram identifying Andean bean genotypes from ADP with a low percentage total
reduction in root length and low percentage increase in average root diameter. Colors as in Figure 4
for the four clusters of genotypes.

Most of the genotypes exhibited the largest percentage inhibition for total root length
and percentage increase for average root diameter, and were susceptible to Al toxicity.
Genotypes, namely, ADP-0014, ADP-0028, and ADP-0545, had an increased percentage
of total root length and average root diameter (up to 40%), and were considered to be
moderately resistant to Al toxicity. Blair, López-Marín, and Rao [4] identified common
bean genotypes from the Andean gene pool of a Latin American origin for Al tolerance.
Meanwhile, Butare et al. [33,46] showed that interspecific inbred lines combining multiple
Phaseolus species are sometimes tolerant to a higher level of Al concentration.
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The Al resistance we reported in this study could be due to different reasons. Resistant
plants developed two different resistance mechanisms to Al toxicity. The mechanisms
of toxicity resistance studied in many plant species identified both external and internal
resistance mechanisms [13]. The external resistance mechanism is that through which
plants exclude Al3+ ions from the root apex using the selective permeability of the plasma
membrane, exudation of organic acids, producing root mucilage and exudation of the root
phosphate. The internal resistance mechanisms that conferred the ability to tolerate toxicity
in the plant symplasm were Al binding proteins [9]. These mechanisms are related to
mitochondrial metabolism and acid transport [49].

Generally, the common bean is relatively poor when adapting to Al stress condi-
tions [23]. However, studies have reported that some Al-resistant common bean geno-
types display Al-activated exudation of citrate and other ion chelating organic com-
pounds [11,21,45]. Organic acid exudation was found to be reduced in Al sensitive geno-
types [50]. The exudation of citrate and other organic acids help the plant to exclude this
ion from their root system. Recent advances in physiological, biochemical, and molecular
studies have also revealed that modification of the binding properties of the root apoplast
contributes to Al resistance [51].

The cluster analysis clearly separated the genotypes and grouped them into four
groups. Genotypes grouped into the same cluster presumably diverge little from one
another as the aggregate characters are measured. Generally, maximum genetic segregation
and genetic recombination are expected from crosses that involve parents from the clusters
characterized by significant distances. The current study, therefore, suggests that a crossing
between accessions from Clusters I and IV will give rise to maximum genetic segregation.
Cluster I is characterized by higher values for all of the traits and can be considered as an
Al-toxicity tolerance gene source. The genotypes that were identified as tolerant (ADP-0010,
ADP-025, and ADP-786) and moderately tolerant (ADP-0014 and ADP-0028) to Al toxicity
are also members of this group (Figure 3 and Table S2). In conclusion, the genotypes listed
above could be candidates for root crossing in order to enhance Al-toxicity tolerance in
Andean common beans, and we found Cluster I to be most appropriate.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy13030619/s1. Table S1: Cluster groups and mean values of genotypes under Al
treatment. Table S2: Descriptive statistics of root traits of 262 Andean common bean genotypes
evaluated under the control and Al treatment.
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