Metadata, citation and similar papers at core.ac.uk

Provided by Repository Open Access to Scientific Information from Embrapa

AGRONOMIC APPLICATION OF GENETIC RESOURCES

Selection of Aluminum-Resistant Wheat Genotypes
Using Multienvironment and Multivariate Indices

Jorge Gonzalez Aguilera, Paulo Eduardo Teodoro,*
José Pereira da Silva Junior, Jorge Fernando Pereira, Alan Mario Zuffo, and Luciano Consoli

ABSTRACT

A gain in association was obtained by using a new multivariate
index with alleles of 72ALMTI and TaMATEIB genes com-
pared with a previously published index. Wheat is among the
major grain crops. Its growth can be affected by aluminum toxic-
ity, an important stress factor that limits plant productivity. Thus,
an efficient means to select wheat genotypes that are resistant to
this stress is required. Here, 172 wheat cultivars and 23 synthetic
hexaploid wheat plants showing different alleles for 72ALMT1
and 72MATEI1B and different levels of Al resistance in field con-
ditions (phenotyped in two crop seasons) were studied. The mod-
ified Lin and Binns method was applied to obtain the phenotype
data in a multivariate manner aiming at a general identification of
genotypes based on the multiple traits evaluated. The genotype x
year interaction was significant for all traits that were evaluated in
three growth stages (tillering, silking, and maturation). The top
20 Al-resistant genotypes obtained by the multivariate method
were highlighted as having the best combination of the main
desirable traits. Correlation analysis showed a gain in the asso-
ciation of the multivariate index with alleles of 72ALMTI and
TaMATEIB genes compared with a previously published index.
The superior 72MATEIB allele (having an insertion in the pro-
moter region) contributed a greater Al resistance independent of
the 72ALMT1 allele. The higher association with Al resistance
qualifies the selection index described in this study to be used for
wheat breeding programs with the aim of improving the perfor-
mance of wheat when grown under Al stress.

Core ldeas

* Wheat is among the major grain crops.

e Its growth can be affected by aluminum toxicity.

* Genotypes with high adaptability and stability were identified.

* A new multivariate index allowed greater association with Al resistance.
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RAZIL IS one of the major importers of wheat (T7iticum
B aestivum L.) in the world. To increase food security,

Brazil needs to increase its wheat production. However,
the area dedicated to wheat cultivation in Brazil has remained
virtually the same (around 2500 ha) for the past 10 yr (CONAB,
2018). Based on this, greater wheat production will have to come
from increased productivity and not by increasing the cultivated
area. This is the same globally because the primary mechanism
of increasing food production in the world in the next 30 yr will
need to rely on yield increase (Fischer et al., 2014).

Greater wheat production can be achieved by better cultivars
and management practices. For instance, in the Cerrado region
of Brazil, the increase of 37 kg of wheat produced per hectare
per year is 47.4% due to improvements in management prac-
tices and 52.6% due to better cultivars (Cargnin et al., 2009).
Nevertheless, most of the significant future improvements in
wheat production will probably come from better cultivars.
When focusing on breeding programs, the identification of
lineages showing superior performance is one of the biggest
challenges. The selection process is often based on the perfor-
mance of the genotypes in different environments (years and/
or locations). However, the decision to launch new cultivars is
usually hampered by the frequent occurrence of genotype and
its interactions with the environment (Cargnin et al., 2006).
For this purpose, adaptability and stability analyses are per-
formed, through which it is possible to identify cultivars that
are adaptable to specific environments or that exhibit broad
adaptability. Several methods of adaptability and stability analy-
ses have been described for the evaluation of genetic materials
(Cruz and Carneiro, 2003). Among these, we highlighted the
methodology of Lin and Binns (1988), where the P; parameter
is estimated based on the mean square of the distance between
the genotype mean and the maximum average response obtained
in the environment. This parameter has variance property and
measures the response of a genotype to the best genotype in each
environment. This method has been used by several researchers
because it is based on nonparametric statistics. Therefore, it can
be applied to various environments and genotypes. In addition,
the recommendation of this method is based on a single-step
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analysis that is not obtained in other methods, such as the
method in Eberhart and Russell (1966), which uses an environ-
mental index and parameters linked to the regression equation.

Although the P, parameter selection index has been used for
multiple traits in multiple environments to select wheat geno-
types (Albrecht et al., 2007; Biudes et al., 2009; Cargnin et al,,
2008; Caierio et al., 2006; Franceschi et al., 2010; Murakami
etal., 2004), it has not been used to select wheat materials that
show superior resistance to aluminum (Al). There is interest
in applying this index in the selection of Al-resistant wheat
genotypes because Al toxicity is found in acidic soils, which is
one of the major factors limiting wheat production worldwide.
In acidic soils, the toxic trivalent Al cation becomes prevalent,
impacting elongation and division of the root cells, which
results in plants with lower root growth (Kochian et al,, 2015).
Shorter roots may affect plant development and enhance the
probability of nutritional, drought, and heat stresses. The
chances of wheat plants facing Al toxicity are high because
acidic soils constitute ~60% of the area in the tropical and sub-
tropical regions (von Uexkiill and Mutert, 1995) and constitute
asimilar proportion in the Brazilian territory (FAO, 2000).

Among the mechanisms by which plants cope with Al
toxicity, organic acid (OA) efflux is highlighted in many crop
species (Yang et al,, 2019). In wheat, the genes 72ALMT1
and TaMATEIB, which code malate and citrate transporters,
respectively, are responsible for OA efflux at the root tips (Sasaki
etal., 2004; Tovkach et al., 2013). The alleles of T2 ALMT1
and 72MATEIB differ in the promoter regions. Alleles I to VII
contrasts in number of tandem repeats in the 724ALMTI, and
alleles (+) or (-) vary with the presence or absence of an upstream
insertion in 7aMATEI1B (Garcia-Oliveira et al., 2014; Raman
etal., 2008; Sasaki et al., 2006; Tovkach et al., 2013). Wheat
haplotypes with superior alleles (V+ or VI+) usually show
higher expression level of those genes, which are associated with
greater OA efflux and, consequently, improved root growth. The
impact of TaALMT1 and TaMATEIB alleles has been studied
in hydroponics (Garcia-Oliveira et al., 2014; Han et al., 2013,
2016; Raman et al., 2008; Sasaki et al., 2006) and in field condi-
tions (Aguilera et al., 2016).

Studies evaluating Al resistance in field conditions are more
realistic than those in controlled environments, and the analysis
of field data results in the possibility of selecting Al-resistant
genotypes in a more precise way. de Sousa ct al. (1984) proposed
amethod of classification index of aluminum toxicity in the
field (CIATEF), where visual scores are given to wheat plants in
three growth stages (tillering, silking, and maturation) based
on the comparison with Al-resistant and Al-sensitive controls.
This method was modified by de Sousa (1998) and based on the
CIATF, wheat genotypes can be discriminated as Al-resistant,
Al-moderately resistant, Al-moderately susceptible, and
Al-susceptible. This method has previously been used by our
group (Aguilera et al,, 2016); however, it is unknown if other
selection indexes, such as a P, parameter—based selection index,
can be more effective in discriminating Al resistance in field con-
ditions. In this context, this work aims at using a selection index
based on the P, parameter to improve the selection of wheat
cultivars that are resistant to Al and to evaluate the correlation
between the allelic variability of 72ALMTI and TaMATEIB
genes with the Al resistance phenotype in field conditions.

MATERIALS AND METHODS
Plant Material

The phenotype and genotype information of wheat (including
commercial cultivars, cultivars, synthetic wheat, and lineagcs)
with contrasting levels of Al resistance (Supplementary Table
S1), previously published by Aguilera et al. (2016), were used in
the present study. We focused on a set of 172 genotypes that were
selected to represent both Brazilian and foreign genotypes in
approximately the same proportion (90 Brazilian genotypes and
82 genotypes from other countries), and we analyzed 23 syn-
thetic hexaploid wheat (SHW) genotypes. All genotypes were
evaluated in field conditions with three replicates. Among these
genotypes, the cultivars TAC 5-Maringd and Anahuac 75 were
considered Al-resistant and Al-sensitive controls, respectively.

Al Resistance in the Field

The Al resistance of 195 wheat genotypes, which was evalu-
ated in field conditions at Embrapa Trigo’s experimental field
(28°15' S, 52°24" W) during two growing scasons (2012 and
2013), was obtained by Aguilera et al. (2016). Phenotyping was
performed in the soil classified as Haplorthox, containing ~45%
clay. The soil pH ranged from 4.3 to 4.7, and the soil contained
29 to 54 mmol dm™3 AI3* throughout the 2-yr duration of the
test. A randomized complete block design was performed where
plots consisted of six rows (containing five different genotypes
and one of the controls placed alternately) of 3 m length with
three replications. The plants were evaluated at three develop-
mental stages (tillering, silking, and maturation), and a CIATF
was calculated based on the scores (Aguilera et al., 2016). The
CIATF states that genotypes with the score of 0.05 to 1.25 are
resistant, 1.26 to 2.5 are moderately resistant, 2.51 to 3.75 are
moderately susceptible, and 3.76 to 5.00 are susceptible.

Alleles of the TaAAMLTI and TaMATEIB Genes

Information about the 72ALMT1 and TaMATEIB
promoter alleles was based on previous results (Aguilera
etal., 2016) and is presented in Supplementary Table S1.
T2ALMTI alleles can be detected using primers LPF-F
(CCTGGTTTTCTTGATGGGGGCACA), LPF-R
(TGCCCACCATCTCGCCGTCGCTCTCTCT),
SPF-F (GCTCCTACCACTATGGTTGCG), and SPF-R
(CCAGGCCGACTTTGAGCGARG,) according to amplifica-
tion protocols described previously (Raman et al., 2008; Sasaki
etal., 2006). 7aMATEIB alleles can be discriminated by the
presence or absence of the polymerase chain reaction product
obtained from primers TaAMATE1-4B-SLT-F (ATCCAT-
CCTCCTTCCCTCAC) and TaMATE1-4B-SLT-R
(ATGAATGCTGTGTCCACCAA) and by the amplification
protocol described previously (Garcia-Oliveira et al.,, 2014).

Statistical Analyses

We performed individual ANOVA for each environment
(year), followed by analysis of joint variance according to the
statistical model described in Eq. [1]:

Yy =m+B/Ey+G+E+(GxE)+ey (1]
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Table I. Analysis of joint variance for the variable aluminum re-
sistance observed in tillering, silking, and maturation among 195
wheat genotypes.

Source of Degrees of Mean square

variation freedom  Tillering Silking  Maturation
Blocks/years 4 2.79 3.69 2.88
Genotype (G) 194 3.00% 6.26* 9.43*
Year (Y) I 7018%* 264.41%  137.26*
G xY 194 0.43* 0.72* 0.91*
Residue 776 0.35 0.30 0.47
CV, % 18.82 16.35 21.47
Overall average 3.14 3.34 3.21

* Significant at the 0.05 probability level.

where Y, it is the observation of the £th block evaluated in the /th
genotype and jth year, p is the overall mean of the experiments,
B/Ejk is the effect of block £ within year j, G, is the effect of the
ith genotype considered as random, E; is the effect of the jth year
considered as fixed, G x E i is the ranéom effect of the interaction
between genotype 7 and environment j, and ¢, is the random
error associated with Y, observation. After tflat, the estimate of
adaprtability and stability (P,) for each character proposed by Lin
and Binns (1988) was calculated according to Eq. [2]:

Ze/:l(y; -¥, )2

P=
2e

2]

where Y is the score of the ith genotype in the jth year, ¥ is the
Y
estimate of the ideal hypothetical genotype in year j, and ¢ s the
number of years. For the selection of genotypes with higher Al
resistance considering the scores at the different growth stages
(tillering, silking, and maturation) and the 2 yr of evaluation, the
multivariate statistic P,  was used, according to Eq. [3]:

B, - Z:[ 5 } 3]

O-P:A

where P, is the univariate estimator of the adaptability and stabil-
ity of the 7th genotype associated with the &th variable, and 6, is
the standard deviation of P,;. After the selection of the genotyises
with lower values of P, , the estimates of the genetic gains (GS) for
each character and year were obtained, according to Eq. [4]:

GS,, = X=X )<k ))(( ) h (4]
where X_ is the 20 genotypes selected, X_ is the original charac-
ter average, and b is the broad heritability of character. Data
of P, , CIATF, and the different 72ALMTI and TaMATEIB
alleles and the combinations of alleles (haplotypes) were used
in the correlation analysis using the GENES program (Cruz,
2013). The selection of the best genotypes was performed using
the multivariate index P, . All analyses were performed using
Genes software (Cruz, 2013).

RESULTS

Variance for Al Resistance in Field Conditions

The Al resistance of the wheat genotypes studied here was
evaluated previously (Aguilera et al., 2016) based on visual
characteristics observed in the three different growth stages

Table 2. Estimates of the original mean (X_), mean of the selected
(X,) genotype, selection differential, broad heritability, and selec-
tion gain based on the multivariate P, (P, ) statistics of the geno-
types with the highest Al resistance (lower grades).

Selection Selection
Phases Year X, X, differential Heritability  gain
%

Tillering I 339 227 -l.I2 81.54 —26.94

2 290 1.69 -l1.21 77.95 -32.52
Silking I 382 [.53 -229 91.41 -54.80

2 287 141 -146 91.50 —46.55
Maturation | 3.55 121 -234 89.50 -58.99

2 286 097 -1.89 92.52 —61.14

(tillering, silking, and maturation) of the wheat plants grown in
acidic soil in two successive growing seasons. The mean scores
for each growth stage of the 195 wheat genotypes are shown in
the Supplementary Table S1. Based on these scores,an ANOVA
was performed, and significant differences (P < 0.05) were
obtained for the genotypes, years, and their interaction (geno—
type X year). This shows high diversity of responses among the
genotypes (Table 1). The coeflicients of phenotypic variation,
which are indicative of the experimental precision, exhibited
values <22%, showing high homogeneity of the data obtained in
the experimental conditions (Table 1).

Genetic Estimators Associated with P, in
the Selection of Al-Resistant Genotypes

The average of the scores for Al resistance allowed the estima-
tion of the P, index, as proposed by Lin and Binns (1988), for
the wheat genotypes. With these values in each of the growth
stages, P, was obtained, which allowed the estimation of the
original mean, the mean of the selected genotype, selection
differential, heritability, and selection gain for both years of
evaluation (Table 2). Average reductions of more than 34, 52,
and 67% for tillering, silking, and maturation, respectively, were
observed. The observation was independent of the phase and
the year sampled when applying a selection intensity of 9.5%
(the best 20 genotypes). These results showed that Al resistance
becomes more evident as the plants grow. The selection differen-
tial also showed this behavior (Table 2). For the traits evaluated,
the heritability values were >78%, which indicate the possibility
of gains, with the selection of this characteristic being of 27 to
61%, depending on the stage at which the selection was per-
formed, being superior in maturation stage.

The P, index allowed the selection of the top best 20 geno-
types considering their performance in both years and in all
different growth stages (Table 3). The ranking of P,  values
confirmed the genotypes that were widely recognized as Al
resistant (Toropi, Trintecinco, BH 1146, IAC 5-Maring4, and
Giza 121) and as the best five genotypes among the top 20 geno-
types, with values from 0.00 to 0.29. This shows their superior-
ity in Al resistance in acidic soil in field conditions. Of the 20
selected genotypes, 15 were obtained from Brazil, which shows
the great potential of the Brazilian wheat germplasm to resist
Alif we consider the balance between the number of genotypes
selected from Brazil (90 genotypes) and that from other parts
of the world (82 genotypes). Most Brazilian genotypes have
both Pollysst and Alfredo Chaves lines in their genealogy,
with the exception of Trintecinco and PG 1, which have only
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Table 3. Evaluation of aluminum resistance of the top 20 wheat genotypes.

TaALMT! TaMATEIB Tillering Silking Maturation

Genotype Orrigin allele allele  Year | Year2 Pt Year | Year 2 P, Year | Year 2 P; P, CIATFL
Toropi Brazil \ + 147 082 0.00 0.50 .00 0.00 087 050 00l 000 R
Trintecinco Brazil \' + 1.65 099 003 0.48 .03 0.00 105 050 002 003 R
BH 1146 Brazil \ - 1.54 079 00l 1.95 126  0.56 117 065 006 025 R
IAC 5- Maringa Brazil \ + 210 093 0.14 1.56 .21 030 134 094 017 027 MR
Giza 121 Egypt \ - 1.38 .35 0.08 1.71 121 039 1.35 .13 024 029 MR
PG | Brazil Vi + 1.88 1.82 033 078 I.Il 003 084 1.08 016 030 R
Jesuita Brazil \ + 148 200 037 128 105 0.16 .00 075 006 035 MR
Klein Lucero Argentina Vi + 204 221 06l 077 1.2l 0.03 .00 091 010 048 MR
Trigo BR 35 Brazil Vi - 254 .37 042 228 134 084 1.00 .10 017 069 MR
BRS 49 Brazil \ - 238 1.99 0.6l .78 175 057 1.55 .12 030 076 MR
Menceki Turkey \ - 271 1.82 071 207 123 065 134 029 006 078 MR
Trigo BR 32 Brazil \ - 271 190 075 1.95 1.37 0.58 100 095 012 080 MR
Colonista Brazil \ + 231 232 08l 1.39 1.99 045 .14 1.19 022 083 MR
IAS 20-lassul Brazil \ - 2.95 .12 0.65 221 1.05 075 150 098 023 084 MR
Bet Dagan 131 Israel \ + 304 166 088 1.78 146 048 134 100 019 088 MR
Colonias Brazil \' + 280 216 097 1.38 1.98 044 .13 087 010 09 MR
Emb_92102 Brazil Vi - 254 182 06l 244 1.45 1.01 1.50 1.0l 024 091 MR
Maya 74 Guatemala \ + 271 2.16 09I 1.77 155 049 1.00 1.41 032 095 MR
Emb_90101 Brazil \ - 304 199 1.05 1.45 1.57 032 .67 123 039 .00 MR
Frondoso Brazil \ - 204 258 09I 1.01 233 052 1.50 1.80  0.68 1.08 MR

T Averages of the notes and estimates of Pi are shown for each of the growth stages (tillering, silking, and maturation). The lowest estimates of multi-

variate P; (P; ) indicate greater Al resistance.

} Classification index of aluminum toxicity in the field (MR, moderately resistant; R, resistant).

one resistance genotype (Alfredo Chaves or Pollysst lines) as

an ancestor. However, non-Brazilian genotypes (Klein Lucero
and Menceki) have different sources of resistance and do not
share common ancestors (Supplementary Table S2). The P, |
index values for all the wheat genotypes in this study are shown
in Supplementary Table S1. Among the evaluated genotypes,
Zambezi (Zimbabwe) and Angas (Australia) genotypes matched
the behavior of the susceptible control Anhauac 75 (Mexico)
and could be used as susceptible controls in future experiments.

Correlations Associated with P;
in the Selection of Al-Resistant Genotypes

The most important mechanisms of Al resistance in hexa-
ploid wheat are based on the efflux of malate and citrate anions
from the root apices, which is controlled by the 72ALMTI and
TaMATEIB genes, respectively (Sasaki et al., 2004; Tovkach
etal., 2013). The correlation of the P, index with malate
and citrate transporters associated with the 72ALMTI and

Table 4. Pearson correlation, obtained by multivariate P, (P, )
index, with the promoters TaALMT| and TaMATEIB and the
Al resistance of 195 wheat genotypes cultivated in acidic soil
in field conditions. The correlation of the classification index
of aluminum toxicity in the field (CIATF), obtained previously
(Aguilera et al. 2016), is shown.

Indext TaAMLT | TaMATE | B Haplotype
P -0.79** —0.41%* -0.82%*
CIATF (338) 0.69** 0.37%* 0.7**
CIATF (195) -0.46** 0.02 —0.44%*
Index gain (338) 0.10 0.04 0.11
Index gain (195) 0.33 0.37 0.38

** Significant at the 0.01 probability level.

T Number in parentheses refers to the dataset used: 338 wheat geno-
types used by Aguilera et al. (2016) and 195 wheat genotypes used in
the present work.

TaMATEIB promoter alleles, respectively, was calculated
(Table 4). Among the 195 wheat genotypes evaluated, five
TaALMTI alleles and two TaMATEIB alleles were detected.
For TaALMT1, the alleles V (47%) and I (30%) were the most
frequent, whereas for 7aMATEIB, the absence (90%) of the
insertion was detected in more genotypes than its presence
(10%) (Supplemental Table S1). All the top 20 most Al-resistant
genotypes showed 72ALMT] alleles VI or V in equal propor-
tion. The insertion in the 7aMATEIB promoter was detected
in 10 genotypes that are among the top 20. When combining
the alleles from both genes, nine haplotypes were detected

with the allele 72MATEIB (+) not being detected along with
TaALMTI alleles 11, 111, and IV (Fig, la,b). In Fig. 1a, a posi-
tive effect of TaMATEIB (+) allele is observed for higher alleles
V and VI, in addition to allele I (even though it is represented
by only one genotype). On average, the presence of 7aMATEIB
superior allele (containing the insertion in the promoter

region) decreased the P, (increased Al resistance) by 105, 138,
and 259% in the presence of TaALMT1I alleles I, V, and V1,
respectively (Fig. 1a). All 23 SHW lines analyzed showed only
three haplotypes [I(-), V(-), and VI(-)]. The favorable allele of
the 7aMATEIB gene was not observed in any of these lines,
indicating the absence of the tetraploid ancestors (Fig. 1b).

The correlations showed highly significant differences (P <
0.001) across all data while showing the efficiency and the gain
obtained by comparing the P,  with the CIATF index obtained
by Aguilera et al. (2016) (Table 4). The highest correlations were
obtained with haplotypes > TaALMTI > TaMATEIB. This
behavior indicates that the new index did not alter the results of
the correlations between CIATF and the alleles but altered the
magnitude of the correlations (Table 4). Nevertheless, the new
index improved the prediction of the behavior when selecting
aluminum-resistant wheat genotypes.

4
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Fig. I. Effect of the TaMATEIB alleles on the P,  index of 172 genotypes of Triticum aestivum (a) and 23 genotypes synthetic hexaploid
wheat (b). Bars indicate the mean and SD of P, for the different haplotypes of TAAMLT| and TaMATEIB promoters (a lower P, value
indicates greater Al resistance). The absence of the insertion in the TaMATEIB promoter (inferior allele, -) is represented by gray bars; the
presence of that insertion (superior allele, +) is indicated by black bars. | to VI indicate the type of the TaALMTI alleles. The frequency of

genotypes in each haplotype is also shown.

DISCUSSION

The identification of the resistant genotypes and the molecu-
lar markers linked to Al resistance are key assets to increasing
wheat performance in acidic soil. In this work, we used the
information of field tests, where Al resistance of wheat geno-
types was measured in two growing seasons and in different
growth stages (Aguilera et al., 2016), to create a new selection
index (P, ) by modifying the method of Lin and Binns (1988).
This new index revealed a wide diversity in plant performance in
acidic soil. Additionally, the correlation of P, with TaALMTI
and TaMATEIB alleles improved the selection capacity of
the genotypes in relation to the CIATF described previously
(Aguilera et al,, 2016; de Sousa, 1998; de Sousa et al., 1984).

The method initially proposed by Lin and Binns (1988)
considers the developmental deviations of the cultivars in the
environments and takes into account the main characteristic
(many yields) and the relative response of the genotype. Its main
purpose is to identify cultivars that can maintain their per-
formance in a wide range of environments, through a statistic
called P;, and to identify genotypes for favorable and unfavor-
able environments. This type of analysis of adaptability and
stability of wheat genotypes assists the breeders in identifying
new cultivars, indicating lines of wide or specific adaptation in
different environments. This procedure is particularly impor-
tant for wheat cultivation, especially considering the great
diversity of environments to which wheat is subjected in Brazil.
Also, several studies have been reported using this approach
(Albrecht et al., 2007; Biudes et al., 2009; Cargnin et al., 2008;
Caierio et al., 2006; Franceschi et al., 2010; Murakami et al.,
2004), and most of them recommend the method of Lin and
Binns (1988) as the most suitable for the species. However, no
work has reported the use of this method in the selection of
Al-resistant wheat. The new multivariate index, P; , proposed
in this study takes into account the response of each genotype

to different environments (years) and its evaluation in different
stages of development, thus modifying the method proposed by
Lin and Binns (1988). We observed a gain in selection using the
P, index. This is an advancement in our studies because, until
recently, our group has used the index proposed by de Sousa et
al. (1984) as modified by de Sousa (1998). This latter index is the
average observation calculated from field evaluations in several
stages of development of the wheat plant. The method proposed
in this current study (P,  index) uses a more complex statisti-
cal tool to analyze the different variables observed in relation

to reaction to Al toxicity. We found a higher correlation (r =
-0.82; P < 0.001) between the P, index and 72ALMTI and
TaMATEIB promoter alleles and the Al resistance in the field.
That correlation was previously » = 0.71 (P < 0.001) when a
CIATF was used (Aguilera et al., 2016).

Considering that 15 of the top 20 Al-resistant genotypes
selected by the P, index were obtained in Brazil, and the supe-
riority of the Brazilian materials continued to manifest as previ-
ously reported (Aguilera et al., 2016; de Sousa, 1998; Raman
ctal.,, 2008). Among the top 20 genotypes, only 72 ALMT1
alleles V and VI were observed, supporting previous results
that these alleles are the best for wheat growth under Al toxic-
ity (Raman et al., 2008; Sasaki et al., 2006). Half of the top
20 genotypes have the insertion in the 72MATEIB promoter
(allele +) (Fig. 1a). High P, index values (low Al resistance)
were observed in SHW lines even with the presence of favor-
able V allele of the 72ALMT1 gene (Fig. 1b). These SHWs are
amphiploids obtained by crossing T7iticum turgidum (AABB)
and Aegilops tauschii (DD). These results agree with the Al
sensitivity previously observed in durum wheat and SHW lines
(Han ctal,, 2016; Ryan et al., 2010; Zhou et al., 2007). Although
the TuMATEIB (+) allele has been shown to be more advanta-
geous when combined with the inferior 72A4LMT1 alleles (Han
ctal., 2016), our results from the 172 17 aestivum genotypes
indicate that, on average, 7aMATEIB (+) has an additive effect
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independently if the genotype contains the 7aALMT1 alleles],
V, or VI (Fig. 1a). Thus, the sclection of Al-resistant wheat geno-
types should be based on the superior alleles of 72 ALMT1 and
T1aMATEIB (Fig. 1a). This strategy (pyramiding Al-resistance
loci) has been listed as one of the potential strategies for improv-
ing the Al resistance of wheat (Ryan, 2018).

There were non-Brazilian genotypes among the top 20
observed here: Giza [from Egypt with haplotype V(-)], Klein
Lucero [from Argentina with haplotype VI(+)], Menceki [from
Turkey with haplotype V(-)], Bet Dagan 131 [from Isracl with
haplotype V(+)], and Maya 74 [from Guatemala with haplotype
V(+)]. The gencalogy of these genotypes (Supplementary Table
S2) showed that only the sources of resistance for Klein Lucero
and Menceki were different from those of Brazil because they do
not share common ancestors with Alfredo Chaves and Polyssti
lines. In that case, it would be interesting to evaluate if Al resis-
tance of these genotypes can be associated with genes other than
T2ALMTI and TaMATEIB. These other genes could be intro-
duced into Brazilian germplasm to increase Al resistance even
further. There are several other genes associated with Al resis-
tance that do not rely on the efflux of organic acid at the roots,
and several genomic regions in wheat (different from chromo-
somes 4B and 4D where TuALMT1 and TuMATEIB reside)
have been associated with greater performance with Al toxicity
(Froese and Carter, 2016; Navakode et al., 2014; Raman et al.,
2010; Ryan et al.,, 2011). The introduction of new genes (dif
ferent from T2ALMTI and TaMATEIB) can help to increase
wheat yield, which is important to reduce Brazil’s dependency
on wheat importation. This is an important issue because pro-
jections by 2050 show that wheat import needs in Brazil will be
higher than the current level (Weigand, 2011).

Among the genotypes selected by P, index as superior (top
20 among the 195 genotypes analyzed here), only three showed
inferior P, (greater Al resistance) compared with Al-resistant
control (IAC 5-Maringé). These genotypes were released a long
time ago (Toropi in 1965, Trintecinco in 1936, BH 1146 in
1955, and TAC 5-Maringd in 1966), and they are not currently
recommended for cultivation in Brazil. This means that Al resis-
tance in wheat is not the major focus in the selection of new cul-
tivars in Brazil. When considering “modern” genotypes, there
are 16 cultivars in common with the 195 studied here and the
124 recommended for cultivation in Brazil in the crop season of
2018 (Franco and Evangelista, 2018) (the cultivars in common
arc highlighted in bold in Supplementary Table S1). Among
them, the most Al-resistant cultivar is MGS1 Alianca (22nd in
the ranking), showing good performance under rain-fed growth
at the Brazilian Cerrado. BRS Umbu (position 38th) is the
second most Al-resistant cultivar, and the remaining 14 geno-
types are placed between the 49th and 167th positions. The fact
that most of these “modern” cultivars do not show great levels of
Al resistance is not an impediment for them to show good yield.
Undoubtedly, the performance of these cultivars requires good
management practices (c.g., lime application), although long
periods are needed to ameliorate the subsoil acidity, and these
practices might be costly for farmers in several countries. Thus,
wheat cultivars with Al resistance are still an important option
for farmers (Ryan, 2018).

In conclusion, the strategy proposed with P, index allowed
the selection of superior genotypes for resistance to aluminum

and confirmed that the Brazilian genotypes are main sources
of resistance when compared with other genotypes from other
countries. The P; index selected genotypes associated with the
superior alleles for the genes TaALMT1 and TaMATEIB. The
genotypes used as control in this work were accurately evalu-
ated by the P, index. The results showed that the proposed
multivariate index is a tool to be used for breeding programs
aiming to select superior genotypes in environments where Al
resistance can be advantageous, such as areas with subsoil acid-
ity. Another great advantage of the proposed procedure is that
it is based on nonparametric statistics. Therefore, the proposed
index can be applied to any number of environments, traits, and
genotypes without statistical assumption.
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