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Abstract

The aim of this study was to prospect alleles for aluminum (Al) tolerance in different maize germplasms and to estimate the genetic
parameters associated with that tolerance. Fifty-two hybrids from 4 seeds companies and 50 maize landraces were evaluated after 48
h of exposure to Al. The difference in root growth (DIF) was used to estimate the relative aluminum tolerance index (RATI). The
results showed for both maize germplasms (hybrids or landraces) differences in root growth of genotypes when exposed to Al. The
comparison between different germplasms clearly demonstrated the superiority of maize landraces for tolerance to Al in relation to
hybrid genotypes were 17 of 50 landraces evaluated was classified as Al tolerant. Estimates of genetic parameters in both
germplasms indicated, to this random sample of genotypes, the possibility of success for the development and selection of improved

populations and an increase in the frequency of alleles for Al tolerance.
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Introduction

World estimates indicate that approximately 50% of available
soils for agricultural production are acidic (Kochian et al.,
2002). In Brazil, almost 60% of soils destined for agriculture
are acidic. Aluminum (Al) toxicity is one of the most limiting
factors for crop cultivation in acidic soils because at pH <
5.0, the element is solubilized in AI** toxic form in the soil
solution, resulting in significant losses in crop yields (Ezaki
et al., 2013). The most noticeable symptom of Al toxicity is
root growth inhibition and the primary target of toxicity is the
root apex. The accumulation of Al in the cell walls occurs in
this region, which results in the inhibition of the division and
elongation of the root cells (Doncheva et al., 2005). In
conventional tillage systems the incorporation of lime into
the soil results in Al insolubilization (Caires et al., 2006).
Changes in current farming systems, such as the adoption of
no-till, seek to reduce soil losses through the maintenance of
permanent soil cover, with continuous replenishment of
vegetation or crop residues, thereby avoiding soil disturbance
(Cassol et al., 2007). In these cropping systems, the surface-
applied lime does not generally reduces the soil acidity
beyond the point where it was applied and this restricts the Al
neutralization in the soil surface layers (Caires et al., 2008).
Since the Al toxicity in the layers below the soil surface can
compromise crop root growth and yield, the use of minimum
levels of soil remediation should be always associated with
the choice of genotypes adapted to soil acidity for a more
efficient use of nutrients (Boni et al., 2009).

The understanding about the inheritance of Al tolerance is of
extreme importance in the development of procedures that
are more suitable for the selection of genotypes with
increased tolerance. Due to the large number of biochemical
pathways involved in tolerance stress, it is considered that
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different genes may be involved in tolerance (Ferreira et al,.
2006). In maize, it has been observed that aluminum
tolerance is a complex phenomenon that involves multiple
genes and probably numerous physiological mechanisms
(Ninamango-Cardenas et al., 2003). One such mechanism is
citrate exudation from the roots; however, other mechanisms
may also be involved in tolerance (Pifieros et al., 2005).
Despite the fact that Al tolerance is a quantitative inheritance,
few candidate genes have been described in the literature.
Members of the MATE (multidrug and toxic compound
extrusion) family have been associated with Al tolerance. The
ZmMATE1 (SbMATE homologous gene in sorghum) and
ZmMMATE2 genes represent strong candidates for genes of
higher Al tolerance in maize (Maron et al., 2010). Studies in
rice have shown that the Nramp aluminum transporter 1
(Nratl) was found to be associated with Al tolerance (Simdes
et al.,, 2012). Recently, a homologue of this gene was
identified in maize inbred lines. That particular research
encouraged further investigation of the involvement of
ZmNratl in maize Al tolerance (Guimardes et al., 2014).

The present study aimed to prospect alleles for Al tolerance
in different maize germplasms (hybrid and landraces) and to
also estimate the genetic parameters associated with Al
tolerance in these germplasms.

Results
Aluminum tolerance characterization
The variance analysis showed significant differences (P <

0.01) between the genotypes for DIF in hybrids and maize
landraces (Table 1).



Table 1. Analysis of variance for the difference in root growth (DIF) to hybrids and maize landraces germplasms after 48 h of Al

exposure

Mean Squares (MS)

Source of Variation D.F. DIF (Hybrids) DIF (Landraces)
Blocks 2 0.27 0.82
Genotypes 51 0.69 ** 0.57**
Error 102 0.04 0.057
CV (%) 10.9 10.7

** significant at 1% of probability
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Fig 1. Relative Aluminum Tolerance Index (RATI) for: a- 52 maize hybrids; b- 50 maize landraces after 48 h of Al exposure (T:

tolerant and S: sensitive).

The DIF means for the hybrid germplasm ranged from 0.60
(H 22) to 2.65 cm (H 44). On the other hand, for the maize
landraces the DIF amplitude varied from 1.66 (V25) to 3.66
c¢m (V 18). On this set of genotypes greater Al tolerance was
showed to the varieties: Crioulo Rosa (V 18), Dente de Ouro
2 (V 6) and Crioulo Sabugo Fino (V 23), as demonstrated by
the DIF average, which was more than 3.30 cm (data not
shown). For the relative aluminum tolerance index (RATI)
the hybrids H 22 and H 44 were used as sensitive (H 22) and
tolerant (H 44) controls, assuming indexes of 1 and 5,
respectively. The hybrids with greatest Al tolerance after 48 h
of exposure (RATI > 4.0) were: H 2 (4.3); H 7 (4.6); H 10
(4.5); H19 (4.3); H 27 (4.8); H 38 (4.7); H 41 (4.6); H 43
(4.3); H 50 (4.5) and H 52 (4.3). Most of the hybrids (37)
showed intermediate RATI, with indices ranging from 2.1 (H
28) to 3.9 (H 29). The highest level of Al sensitivity was
observed for the hybrids H 11 (1.7), H 30 (1.8) and H 46
(1.8) (Fig 1a). For the landrace maize germplasm, it was
found that the varieties V 18 (8.5), V 6 (7.5), V 23 (7.3), V
43 (5.7), V 10 (5.5) and V 8 (5.1) stood out due to greater Al
tolerance index. The RATI identified 17 of the 50 landraces
as being Al tolerant, with an index > 4.0. Only 5 landraces
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presented RATI < 2, with the lowest index (1.66) being for
RS-22 (V 25) (Fig 1b). The distribution of maize genotypes
into RATI classes made it possible to view the greater
tolerance of the landrace germplasm in compare to hybrids,
because the genotype’s greater frequency in classes 4 and 5
(Fig 2a, b). The grouping analysis by the UPGMA enabled
the formation of groups of genotypes according to the
dissimilarity index (Fig 3). The number of groups was
determined according to Mojena’s (1977) method, which is
based on the relative size of fusion levels or distances in the
dendrogram. Using a constant K = 1.6, the dendrogram cut
point was determined at a distance of 1.19, which
corresponded to 25.4% of the maximum distance observed in
the group’s levels of fusion (Fig 3). The 102 maize genotypes
(hybrids and landraces) were distributed into the following 5
groups based on genetic dissimilarity (Fig 3). GI comprised
48 genotypes, of which 25 were landraces and 23 hybrids.
These genotypes showed an intermediate tolerance to Al,
with a DIF of 1.96 cm and RATI of 3.26 (Table 2). GlI
grouped together 25 genotypes, of which 17 were hybrids and
8 landraces. This group showed greater Al sensitivity, with an
average of 1.4 cm and 2.17 for DIF and RATI, respectively.



Table 2. Average of DIF and RAT]I for each group of genotypes by UPGMA method.

Groups N? DIF (cm) RATI
| 48 1.96 3.26
1 25 1.40 2.16
11 25 2.48 4.60
\Y} 1 0.60 1.00
V 3 3.45 1.77

®N: number of genotypes in groups.
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Fig 2. Frequency distribution of maize genotypes in classes of the Relative Aluminum Tolerance Index (RATI). a-

hybrids germplasm; b- landraces germplasm.

Gl was made up of 14 landraces and 11 hybrids (including
tolerant control H 44). In this group it was possible to
observe higher Al tolerance; on average, the 25 genotypes
showed a DIF of 2.38 cm and RATI of 4.60 (Table 2). GIV
was made up of only hybrid H 22 (sensitive control), which
showed a great dissimilarity in comparison with the other
genotypes because it had a lower DIF and RATI (Table 2).
On the other hand, GV, which comprised 3 varieties (V 6, V
23 and V 18), showed the highest Al tolerance and was the
most dissimilar of the grouping analyses. This group of maize
landraces demonstrated an average DIF and RATI of 3.45 cm
and 7.77, respectively (Table 2). The cophenetic correlation
coefficient was 0.84, and significant by the Mantel test (P <
0.01).

Genetic parameters for Al tolerance

The estimative of genetic parameters associated with Al
tolerance, in both germplasms (hybrids and landraces),
showed the genetic component (62;) to be bigger in relation
to the environment compound (62). The broad sense
heritability (h%) was of a large magnitude, being 95%
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(hybrids) and 89% (landraces). The b quotient (CV4/CV,)
was higher than 1 for the two germplasms (Table 3).

Discussion

Through the variable DIF it was possible to identify
contrasting groups of genotypes in terms of Al tolerance. In
relation to the hybrids, most of the evaluated genotypes were
found in the intermediary tolerance group. These results are
in accordance with Mazzocato et al. (2002), who verified the
formation of distinct groups (Al tolerant and sensitive) after
measuring the DIF of 22 maize genotypes. Paterniani and
Furlani (2002) evaluated 45 single-cross hybrids and 10
inbred lines in complete nutritive solution with Al. They
observed that 13 hybrids and 3 inbred lines stood out with the
largest DIF. For the landraces, it was also possible to observe
the formation of contrasting groups of genotypes. Similar
results were found by Machado et al. (1998), who evaluated
36 landraces in nutrient solution with Al, of which 8 stood
out due to large root length.

The best phenotypic index used to characterize genotype
tolerance/ sensitivity has been differences in root length,



Table 3. Estimates of genetic parameters: environmental variance (6%), genetic variance (62), heritability in the broad sense (h2),
genetic variation coefficient (CV), environmental variation coefficient (CV.) and b quotient for DIF in hybrids and maize landraces

germplasms after 48 h of Al exposure.

DIF
Parameters n
Hybrids Landraces
02, 0.04 0.06
0%, 0.22 0.17
h?, 0.95 0.89
CV, (%) 27.11 18.31
CV, (%) 11.56 10.68
Quotient b 2.35 1.71
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Fig 3. Grouping of 102 maize genotypes (hybrids and landraces) through the UPGMA method from the generalized Mahalanobis
square distance (D?). Dotted line representing the dendrogram cut point (Mojena 1977), determined at a distance of 1.19, which

Dissimilarity (%)

corresponded to 25.4% of the maximum distance observed in the group’s levels of fusion.
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Table 4. List of commercial / pre-commercial hybrids of different seed companies and maize landraces germplasm with their places

of origin
Hybrids Origin Landraces Origin
H1-HD? V 1 - Caiano FE 121 Tenente Portela — RS"
H2-HT V 2 — Pintadinho FE 109 Canela— RS
H3-SH V 3 — Catete Amarelo Cangugl — RS
H4-SH Monsanto V 4 — Cunha Ibarama — RS
H5-SH V 5 - Roxo indio | Cangugli — RS
H6-SH V 6 — Dente de Ouro 2 Pelotas — RS
H7-DH V 7 — Branco Dentado Cangucgl — RS
H8-SH V 8 — Argentino FE128 Alto Unido - RS
H9-TH V 9 — Cinquentinha Ibarama — RS
H10-SH V 10 — Roxo Indio I Cangucl — RS
H11-TH V 11 - Caiano Rajado Cangucgl — RS
H12-SH V12 -BR 451 Pelotas — RS
H13-SH V 13 — Argentino Flint Cangucgl — RS
H 14 - SH Pioneer V 14 — Pop.5 (CNMS 5) Pelotas — RS
H15-SH V 15 — Dente de Ouro Cangugl — RS
H 16 — SH V 16 — Branco Duro Cangugu Pelotas — RS
H17 - SH V 17— Colonial Pelotas — RS
H 18 - SH V 18 — Crioulo Rosa Veranopolis — RS
H19-TH V 19 — Crioulo Rajado Veranopolis — RS
H20-TH V 20 — Branco Oito Carreiras Veranopolis — RS
H21-SH V 21 — Crioulo Veranopolis — RS
H 22 — SH /Pre V 22 — Crioulo Riscado Veranopolis — RS
H 23 - SH /Pre V 23 - Crioulo Sabugo Fino Veranépolis — RS
H 24 — SH /Pre V 24 — Sabuguinho Cabo Roxo Veranopolis — RS
H25-SH V 25 - RS-22 Veranopolis — RS
H 26 — SH /Pre V 26 — Crioulo Verandpolis Veranépolis — RS
H27-SH V 27 — Crioulo Palha Roxa Veranopolis — RS
H 28 — SH /Pre Syngenta V 28 — Crioulo Asteca Verandpolis — RS
H 29 — SH /Pre V 29 — Crioulo Cunha Roxo Veranépolis — RS
H 30 — SH /Pre V 30 - IPR-119 Londrina — PR
H31-SH V 31 — Milho Caiano Ponta Grossa — PR
H 32— SH /Pre V 32 — Milho Branco Ponta Grossa — PR
H 33 - SH /Pre V 33 - Cravinho Rio Azul - PR
H 34 — SH /Pre V 34 — Milho Paiol Ponta Grossa — PR
H 35 - SH V 35 — Milho Carioca Rio Azul - PR
H 36 - SH V 36 — Milho Amarelo Antigo Rio Azul - PR
H37-SH V 37 — Milho Encantilado Rio Azul — PR
H 38 — SH V 38 — Asteca Rio Azul - PR
H39-TH V 39 — Nutricional Rio Azul - PR
H40-TH V 40 — Milho Branco Rio Azul - PR
H41-SH V 41 — Caiano Rio Azul - PR
H42 - SH V 42 — Milho Palha Roxa Rio Azul - PR
H43-SH V 43 — Milho Pérola Rio Azul - PR
H 44 — SHM Dow AgroSciences V 44 — Milho Mistura Rio Azul - PR
H 45 - SH V 45 — Carioca Rio Azul — PR
H 46 — SH V 46 — Milho Branco para Palha Rio Azul — PR
H 47 — SHM V 47 — Milho Amarelo Antigo Rio Azul - PR
H48-TH V 48 — Milho Palha Roxa Rio Azul - PR
H 49 - SH V 49 — Eldorado Muqui — ES
H50-TH V 50 — Fortaleza Muqui — ES
H 51 - SH
H 52 — SH

& SH: Single-cross hybrid; DH: Double-cross hybrid; TH: Triple-cross hybrid; SHM: Single-cross modified hybrid; Pre: Pre-comercial

® RS state of Rio Grande do Sul; PR state of Parané; ES state of Espirito Santo

mainly when the average of many individuals has been used
(Martins et al. 1999). Taking this into account, in order to
classify the tolerance levels of different genotypes, the
relative aluminum tolerance index (RATI) proposed by
Camargo et al. (1991), has proved to be efficient (Machado et
al. 1998). Paterniani and Furlani (2002) analyzed a sample of
45 single-cross hybrids and 10 maize inbred lines and
reported that 13 hybrids and 2 inbred lines showed RATI >
4.0. The number of maize landraces (17) classified as Al
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tolerant in the present study was much higher than the 3 out
of 36 varieties with RATI > 4.0 related by Machado et al.
(1998). The aforementioned authors found that greater
tolerance of landraces may be related to the place of origin,
which may have Al toxicity problems. The comparison of
germplasms confirmed the superiority of the maize landrace
germplasm in terms of Al tolerance. The differences observed
in Al tolerance may reflect the continued cycles of natural
and artificial selection that these varieties have undergone in



their respective origin/growth environments. Over time,
hybrid maize germplasm has undergone numerous cycles of
artificial selection that has mainly been aimed at increasing
productive potential and agronomic adequacy for the
ideotype of the plant such as: cycle, plant height, lodging and
architecture in order to achieve more responsive growth
environments. The experimental results showed genotypes
with high levels of root growth, even when exposed to a
minimum solution containing 4 mg L™ of Al. These results
are possibly associated with genes such as the MATE gene
family, which are represented by ZmMATE1 and ZmMATE2.
These have been indicated in the current literature as the
main genes responsible for Al tolerance in maize. Although
recently, Guimardes et al. (2014) reported the ZmNratl gene
is also strongly associated with Al tolerance in maize.

In the present study, the estimated magnitudes of genetic
variance and heritability coefficient indicate the possibility of
success in improved maize populations regarding Al
tolerance. The high proportion of genetic compounds in
relation to environmental variance in both maize germplasms
confirmed the genetic variability to tolerance that exists
among hybrids and maize landraces. It is possible that the
genetic control of this trait in these genotype samples might
be correlated to a few genes with a great effect of the alleles
on tolerance/sensibility to Al. Similar results were observed
by Priolli et al. (2000), who evaluated the liquid main root
length of maize in complete nutritive solution. These authors
found that Al tolerance in this germplasm was associated
with the action of 2 or 3 genes.

The genetic control of Al tolerance in maize seems to quite
diverse when one compares the studies involving the
evaluation of different maize germplasms, as well as different
characterization techniques (field and greenhouse). Some
studies have reported on the qualitative inheritance involved
in tolerance, which varies from dominant gene action (Rhue
et al., 1978; Garcia Jinior and Silva 1979; Miranda et al.
1984) to additive action (Sawazaki and Furlani 1987).
However, a more complex genetic control of tolerance,
quantitative tolerance, has been proposed by several authors
(Magnavaca 1982; Pandey and Gardner 1992; Sibov et al.,
1999; Welcker et al., 2005; Pandey et al. 2007; Conceigdo et
al., 2009).

Materials and Methods
Germplasm characterization for Al tolerance

Fifty-two hybrids (commercial and pre-commercial) from
different seeds companies was used. These included: 7 from
Monsanto (Saint Louis, MO, USA), 14 from Pioneer Hi-Bred
International (Johnston, 1A, USA), 14 from Syngenta (Basel,
Switzerland) and 17 from Dow AgroSciences (Indianapolis,
IN, USA) (Table 4). For the landrace germplasm, a random
sample of 50 maize landraces was evaluated, which was
collected from different regions in Brazil (Table 4).

During the first experiment, 52 hybrids were evaluated
after 48 hours exposure to Al. At the second experiment, 50
maize landraces plus 2 control hybrids (H 44 tolerant and H
22 sensitive) were subjected to Al stress for 48 hours. The
time exposure was defined according Coelho et al. (2015) .
The seeds (hybrids and landraces) were packed in sterilized
germination paper (Germitest®) and placed in a germination
chamber for 3 days at 24 °C and 100% RH, until they
reached 4.0 cm root length.

The experiments were conducted in randomized blocks
with three replications. The treatments consisted of 52
hybrids (1% experiment) and 50 maize landraces + 2 control
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hybrids (2™ experiment). Firstly, the root length was
measured (IL — initial length) and then immediately
transferred to the minimum solution with Al. The seedlings
were placed on polystyrene trays with 288 cells (12 x 24).
Twelve seedlings of each genotype were evaluated per
replication. The trays were arranged in a fiberglass tank with
280 L of treatment solution, which was composed of 4 mg L™
of Al (AICI;.6H,0) and 40 mg L™ of Ca (CaCl,) (Coelho et
al., 2015). The root remained submerged in solution for 48
hours with constant aeration. The pH solution was adjusted in
the range of 4.2 to 4.6. After the exposure period, the root
length was evaluated again (FL - final length). The
difference between the variables IL and FL (FL-IL) was
named as DIF (cm) (Mazzocato et al., 2002). Using the DIF
data, the relative aluminum tolerance index (RATI) was
estimated according to the equation adapted from Camargo et
al. (1991). The sensitive and tolerant hybrids controls
received RATI values of 1.0 and 5.0, respectively.
DIE = DIE 0]+ 10

DIF, — DIF, < ] T+
DIF, = DIF for each genotype;
DIF; = DIF for sensitive control;
DIFr = DIF for tolerant control.

RATI =

Statistical analysis

The DIF data were submitted to individual variance analysis
for each experiment. For genetic divergence the genetic
distance was calculated between pairs of genotypes, applying
the generalized Mahalanobis distance (Dijz). From the
dissimilarity matrix, cluster genotypes were constructed using
the UPGMA method. The dendrogram was established from
the lowest dissimilarity between the pairs of genotypes. To
confirm the dendrogram’s ability to reproduce the
dissimilarity matrix the cophenetic correlation coefficient
(CCC) was calculated. All analyses were performed using
GENES software (Cruz, 2013).

Estimates of genetic parameters for Al tolerance

The genetic parameters were estimated from the DIF variable
using the mathematical expectation of the analysis of
variance means squares, according to Vencovsky and Barriga
(1992).

The estimation of genetic variance was obtained by:
67 =1/r(QMt —QMe), where (r) is the number of
replications, (QMt) the mean square of hybrid or landraces
and (QMe) the error mean square of the analysis of variance.
The environmental variance was estimated by: 62 = QMe.
The heritability in the broad sense was estimated

thl’Ough: Eé = W‘i_ez/)]
g r
6.2

coefficient was estimated by CV,; = Y—g.100 and the
0

. Furthermore, the genetic variation

coefficient of variation of the experimental error: CV, =

7 100 , where Y, was the overall DIF average and the
quotient b estimated by b = %
Conclusion

The characterization of hybrids and maize landraces
germplasms to Al tolerance in minimal solution made it
possible to confirm the large contribution of genetic
compounds in this sample of maize genotypes. The Dente de



Ouro 2 (V 6), Crioulo Rosa (V 18) and Crioulo Sabugo fino
(V 23) varieties could be explored in breeding programs as a
source of Al tolerance because these landraces demonstrated
the greatest Al tolerance. The utilization of these genotypes
as base germplasm could provide the introgression of alleles
of interest in elite germplasms, making possible the
development of commercial genotypes with more Al
tolerance.
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