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ABSTRACT: Presence of the ALMT1 (aluminum-activated malate transporter) gene confers re-
sistance to aluminum toxicity in Triticum aestivum (common wheat). No resistant cultivars of
Triticum turgidum ssp. Durum Desf. (durum wheat) have been registered in Brazil. The aim of this
study was to map the ALMT1 through application of the FISH (fluorescence in situ hybridization)
technique in five wheat genotypes, common and durum, from the Active Germplasm Bank (AGB)
of the Instituto Agronémico (IAC): BH 1146, P19, P33, Anahuac, and IAC 1003. FISH-ALMT1
signals were registered in Anahuac (sensitive) chromosomes and in BH 1146, P19, and P33 (re-
sistant) chromosomes. In the three resistant genotypes, a characteristic double FISH signal was
found, located in different chromosomes of the complements: in BH 1146 in chromosome 5D,
in P19 in 3B, and in P33 in 6B. This FISH - ALMT1 mapping allows for introgression of aluminum
resistance in sensitive cultivars through breeding programs using introgression lines containing
these carrier chromosomes.

Keywords: Triticum sp., molecular cytogenetics, fluorescence in situ hybridization, aluminum
tolerance, toxicity

Introduction

In Brazil, growing durum wheat, as opposed to
common wheat, runs into limitations because of its sen-
sitivity to acidic soil, in which there is a high concentra-
tion of AI** and H* ions (Camargo et al., 2006; Del-Guer-
cio and Camargo, 2011). Studies have been conducted
for the purpose of making large-scale growing of durum
wheat feasible in the southeastern region of Brazil, es-
pecially in the state of Sdo Paulo (Camargo et al., 1999;
Camargo et al., 2006; Del-Guercio and Camargo, 2011).

A number of genes related to aluminum toxicity
have already been identified in common wheat belong-
ing to different categories, including the ALMT (alu-
minum-activated malate transporter) family (Raman et
al., 2005; Inostroza-Blancheteau et al., 2010; Riaz et al.,
2018).

The first gene cloned from the ALMT family was
TaALMT1 (Triticum aestivum ALMT1), that codifies the
transport protein involved in exudation of malate by the
root tip (Sasaki et al., 2004). The common wheat cultivar
BH 1146 has a gene that confers resistance to alumi-
num toxicity denominated AltBH (Riede and Anderson,
1996). According to Raman et al. (2005}, the AltBH gene
may correspond to the ALMT1 cloned by Sasaki et al.
(2004). The ALMT1 was genetically mapped by Luo and
Dvorak (1996), Raman et al. (2005) and Soto-Cerda et al.
(2015) and indicated their location in the 4D chromo-
some of common wheat. Raman et al. (2005) also deter-
mined the structure of the ALMT1, which consists of
six exons and five introns, a 1388 base pairs (bp) coding
region, and the total gene with 3968 bp, including the
non-coding region.

Cytogenetic mapping through the fluorescence in
situ hybridization (FISH) technique of nucleic acids is
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a tool that allows specific DNA and gene sequences to
be directly found within the chromosomal complement
(Pedrosa et al., 2002; Lukaszewski et al., 2012; Zhang
et al., 2013; Tang et al., 2014; Zhang et al., 2015). As of
today, there is no record of studies featuring the map-
ping of the ALMT gene using the FISH technique either
in common wheat or in durum wheat. For the latter,
there is no record of either genetic mapping or map-
ping through FISH. The aim of this study was to cy-
togenetically map the ALMT1 gene in common wheat
and durum wheat, using the fluorescence in situ hy-
bridization technique.

Materials and Methods

Plant material

Five genotypes were used to develop this study.
All the seeds were obtained from the wheat germplasm
bank of the Instituto Agronémico (IAC). The cultivars
BH 1146 (resistant to aluminum toxicity) and Anahuac
(sensitive to aluminum toxicity) belong to the species
Triticum aestivum, and the genotypes P33, P19 (both re-
sistant to aluminum toxicity), and IAC 1003 (sensitive to
aluminum toxicity) belong to the species Triticum turgi-
dum ssp. durum. The Anahuac and IAC 1003 cultivars
were used as controls, as they are sensitive to aluminum
toxicity.

The genotypes, P19 and P33 come from an inter-
specific cross (Triticum aestivum X Triticum turgidum ssp.
durum), and the cv BH 1146, is the donor of the ALMT
gene. Therefore, the gene that confers resistance to alu-
minum toxicity on P19 and P33 comes from the cv BH
1146 (Silva et al., 2010). The cv IAC 1003 was used in
backcrossing, which gave rise to the genotypes for re-
covering the agronomic traits of durum wheat.
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Preparation of the metaphase chromosomes

Pretreatment, fixation, and preparation of the
metaphase chromosomes were made ready following
the method of Kirov et al. (2014), modified by Oliveira
and Pinto-Maglio (2017).

Selection of primers for amplification of the
ALMT1 gene

The base pair sequences of the ALMT1 gene were
retrieved from the National Center for Biotechnology
Information - NCBI site (www.ncbi.nlm.nih.gov). The
sequence of T aestivum, cv ET8, was selected, which
has the complete coding sequence [Coding DNA Se-
quence - CDS (gi/71067632/gb/DQ072260.1)]. Various
primer pairs were designed from this sequence, and
the primer pairs ALMT1-ET8-1 (F: GTGCATGGTTAAG-
TACCCTTTG and R: ACGAATCTTTGTCATGGAATGC,
annealing temperature of 60 °C) were selected. Frag-
ment size, in base pairs, after amplification by PCR
(Polymerase Chain Reaction), was estimated by means
of the Primer 3 program. For the primer ALMT1-ET8-1,
a size of 525 bp was estimated and for this estimate, the
following sequences of the ALMT1 gene available on the
NCBI were used as a mold: Triticum aestivum cultivar
ET8, ALMT1 gene, complete CDS (DQ072260); Triticum
aestivum cultivar Tasman, ALMT1 gene, complete CDS
(DQ072270.1); Triticum aestivum cultivar Cranbrook,
ALMT1 gene, complete CDS (DQ072263.1); and Aegil-
ops tauschii ecotype AUS18913, ALMT1 gene, complete
CDS (DQ072271.1).

Planting and collection of material for DNA
extraction

The seeds of the five genotypes germinated, with
one genotype per pot. Leaves from each genotype were
collected in bulk, taking approximately 20 individuals
per genotype per pot at 10 days after planting. After
that, the leaves were immediately frozen in liquid ni-
trogen and stored in a freezer (-80 °C) until extraction.
Approximately 100 mg of macerated tissue was trans-
ferred to 1.5 mL capacity tubes, which were immersed
in liquid nitrogen. The DNA was extracted according to
the mini-prep protocol of Doyle and Doyle (1990).

Obtaining the probe of the ALMT gene region

The DNA target sequence was amplified via PCR
(Polymerase Chain Reaction) to develop the ALMT
probe using the primer ALMT1-ET8-1. The concentra-
tions adopted for a final volume of 20 uL in the reac-
tions were as follows: 2.0 pL of 10X buffer (500 mM
KCl); 1.6 pL of 25 mM MgCl,; 2.8 pL of 2.5 mM dNTPs;
0.5 pL of each primer (1.0 mM); 0.15 pL of 5U of Taq
DNA polymerase; and 2 pL of genomic DNA (50 ng
pL™), completing the final volume with ultrapure wa-
ter. The amplification reactions were made in the ther-
mocycler. The following program was activated in the
thermocycler (PCR): 3 min of denaturation at 95 °C,
followed by 35 amplification cycles of 95 °C for 30 sec
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(denaturation), 60 °C for 30 sec (annealing), 72 °C for
30 sec (extension), and a final extension in the last cycle
at 72 °C for 10 min. From the final volume of 20 uL of
the PCR reaction, 5 pL was removed for confirmation
of the amplification of the ALMT1 gene sequence by
electrophoresis. The DNA fragments were separated by
horizontal electrophoresis in 1.0 % agarose gel and 0.5X
TBE (Tris - Boric acid - EDTA) buffer at 70 volts for 1
hour 20 min and stained with the Blue Juice 6X with Gel
Red mixture (a 1:1 proportion). The 1kb Ladder mark-
er was used for identifying the size of the fragments.
The final product of the reaction in the thermocycler
of each genotype, which exhibited amplification of the
ALMT1 gene region, was purified on its own. For puri-
fication, 10 % of the total volume of sodium acetate and
2.6 times the total volume of ethanol were added. The
sample was inverted and kept in the freezer (-20 °C) for
20 min and then centrifuged for 20 min at 10,000 rpm,;
the supernatant was discarded. Next, 40 pL of 70 %
ethanol was added. The tube with the sample was once
more inverted and centrifuged for 5 min at 10,000 rpm,
and the supernatant discarded. The sample was kept at
ambient temperature for approximately 20 min for dry-
ing and then re-suspended in 7 puL of ultrapure water.
The material resulting from purification was dubbed the
ALMT1 probe. The concentration of the ALMT1 probe
after purification was evaluated in a NanoVue Plus spec-
trophotometer. The tubes containing the ALMT1 probes
were kept at -20 °C. The concentration of the ALMT1
probe per tube, after purification, ranged from 160 to
6220 ng pL* between and within the genotypes. All the
probes were used in in situ hybridization, and the stron-
gest signals were observed when the concentration of
the ALTM1 probe, after purification, exhibited a value
in excess of 2,000 ng pL*.

Marking the ALMT1 probe

The probe was marked with digoxigenin-11-dUTP-
by means of the nick translation reaction, following the
manufacturer’s instructions.

Fluorescence in situ hybridization (FISH) of the
ALMT1 probe

The protocol based on Pendas et al. (1993) and
modified as described by Iacia and Pinto-Maglio (2013)
was used for applying the FISH technique to the chro-
mosomes. The signal was detected using an antibody,
the anti-digoxigenin conjugated with fluorescein iso-
thiocyanate (FITC), and the signal was amplified us-
ing three antibodies, the anti-digoxigenin-mouse, anti-
mouse-digoxigenin, and anti-digoxigenin conjugated
with fluorescein isothiocyanate (FITC). The ALMT1
probe was preferentially, though not exclusively, used
in the genotype from which the sequence of this probe
was amplified. The chromosomes that revealed the sig-
nal with the ALMT1 probe were identified based on
the karyotypes published in Oliveira and Pinto-Maglio
(2017).
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Fluorescence images

Chromosome images were analyzed and captured
using an epifluorescence microscope coupled to a com-
puter containing imaging software. The filter used for
fluorescence was for FICT (GREEN / UV - excitation at
450 nm and emission at 570 nm). Chromosome images
resulting from the application of different techniques
were edited with image editing programs.

Results and Discussion

Amplification of the ALMT1 gene fragment via
PCR

With amplification via PCR, the accessions BH
1146, P19, P33 and Anahuac exhibited bands in the aga-
rose gel corresponding to the primer ALMT1-ET8-1. As
had been somewhat expected, the cv IAC 1003, sensitive
to Al**, did not reveal amplification of the fragment with
the sequence of the ALMT1 gene. However, contrary to
this aspect, the Anahuac cv, though sensitive to alumi-
num toxicity, exhibited a band (Figure 1).

In the agarose gel, the size of the fragment of the
amplified ALMT1 gene was approximately 750 bp (Fig-
ure 1). The number of base pairs may have been higher
than that estimated by CDS alignment (525 bp) since the
amplified region took both the region of exons and in-
trons into account and the PCR reaction was induced by
the genomic DNA of the wheat accessions. After ampli-
fication, the ALMT1 sequences, with 750 bp, were used
as a probe in fluorescence in situ hybridization.

Figure 1 - |dentification of the ALMT1 (aluminum-activated malate
transporter) gene fragment in the genotypes 1. Anahuac, 2. BH
1146, 3. P19, and 4. P33. Genotype 5. IAC 1003 did not reveal
amplification of the ALMT1 gene fragment after amplification by
PCR (Polymerase Chain Reaction). The primer pairs ALMT1-ET8-1
were used in 1.5 % agarose gel. Marker: Ladder Promega 1Kb.
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Fluorescence in situ hybridization with the probe
sequence of the ALMT1 gene

The ALMT1 probe, constructed by ALMT1-ET8-1
primer, resulted in signals which were analyzed in three
cells of the cv BH 1146, two cells of the cv Anahuac, five
cells of the P19, and four cells of the P33 genotypes. Of
the five genotypes studied, those that showed signals of
hybridization with the ALMT1 probe were the Anahuac,
BH 1146, P19, and P33.

The cv Anahuac, sensitive to aluminum toxicity,
exhibited signals resulting from FISH-ALMT1 only in
the pericentromeric region of seven chromosomes of the
complement (Figure 2). The fact that the cv Anahuac
(hexaploid with the ABD genome) was sensitive to alu-
minum toxicity and revealed the presence of the ALMT1
gene in its genome both by molecular marker and by
FISH-ALMT1, suggesting that there may be a gene si-
lencing mechanism.

The silencing of genes may result in phenotypic or
physiological changes, such as expression of aluminum
resistance, with no change in the DNA sequence. The
possibility of gene silencing that confers resistance to
aluminum toxicity is in a certain way supported by the
study by Camargo et al. (2000), in which these authors,
using gamma irradiation on the cv Anahuac, obtained
mutant lines resistant to aluminum toxicity. Comparing
the present study with the one undertaken by Camargo
et al. (2000), the supposition is that gamma irradiation
may have changed the formulation of the DNA struc-
ture and allowed activation of the gene that confers re-
sistance to aluminum toxicity, i.e., the gene sequence
is present but it is not expressed which would explain
the presence of the ALMT1 gene fragment both through
molecular markers and FISH, which was found in the
Anahuac cv in the present study.

The cv BH 1146 showed signals in the interstitial
region of the chromosomes, in the terminal region of
the long arm of the chromosome and in the pericen-
tromeric region of 12 chromosomes. Furthermore, it
showed signals in the short arm of the 5D (two signals
- pair 19), 6B (one signal - pair 4), and 4D (one signal
- pair 20) chromosomes. Identification of the ALMT1
gene in the 4D chromosome ratifies location of the
gene as determined by different authors on common
wheat, such as Riede and Anderson (1996), Raman et
al. (2005), Luo and Dvorak (1996), and Simdes et al.
(2012).

Riede and Anderson (1996) were not able to iden-
tify the exact locus of the aluminum tolerance gene
(Alt,) by genetic mapping in relation to the centro-
mere or to the telomere in the 4D chromosome of the
cv BH 1146. Raman et al. (2005), for their part, identi-
fied the locus of this gene in the long arm of the 4D
chromosome using the Chinese Spring deletion lines at
the time of QTL (quantitative trait loci) mapping of the
ALMT1 gene.

For the P19 and P33 genotypes (resistant to alu-
minum toxicity), diverse signals were observed with
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Anahuac
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BH 1146

Figure 2 - Mitotic chromosomes of Triticum — Signals of the FISH (fluorescence in situ hybridization) technique with the ALMT1-ET8-1 probe in
common wheat (Anahuac and BH 1146) and durum wheat (P19 and P33) genotypes. Blue arrow = chromosomes with signals. Bar = 10 pm.

the ALMT1 probe, in a concentrated way both in the
pericentromeric regions and in the terminal and inter-
stitial regions of the chromosomes. The diverse signals
with the ALMT1 probe, dispersed in greater number
and more regions in a number of chromosomes of the
P19 and P33 genotypes, proved to have a different
signal distribution pattern compared to the Anahuac
and BH 1146 cultivars. This mechanism seems to have
occurred in a striking manner, especially in the P19
genotype, since this genotype showed approximately
45 highly evident signals (Figure 2). Thus, the ALMT1
gene in the P33 and P19 genotypes, which was trans-
ferred from the common wheat BH 1146, may have
associated with transposition elements (retrotranspo-
sons), which likely promoted both replication of this
gene region and its dispersion to the other chromo-
somes of the complement. This observation revealed
that, for unknown reason, hybridization between the
cultivars promoted an increase in different copies of
the gene, possibly through transposable elements (TE).
An increase in the amount of TE (Ty3/gypsy) in hybrids
had already been observed by Ungerer et al. (2006) in
species of the Helianthus genus by qPCR.
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Concentration of the ALMT1 gene fragment re-
peated in the genome and revealed by FISH-ALMT]1 in
the P19 and P33 chromosomes may be related to the
increase in the total length of the chromatin (CTC) of
the metaphase chromosomes. Wicker and Keller (2007)
reported that the number of copies of transposable ele-
ments was related to the size of the genome of its hosts.
Thus, this fact is backed up by the study of karyotyping
of five wheat genotypes, which included BH 1146, IAC
1003, Langdon, P19, and P33 (Oliveira and Pinto-Maglio,
2017), where one of the parameters estimated in the
characterization of the genotypes was the calculation of
the total length of the chromatin (CTC) of the metaphase
chromosomes, and was precisely where higher values of
CTC were found for the P19 and P3 genotypes (302.30
+ 1.46 and 319.62 + 1.69, respectively) compared to
the CTC of the durum wheat cv IAC 1003 and Langdon
(246.30 + 1.10 and 244.40 + 1.41, respectively).

A common pattern of FISH-ALMT1 signals was
noted in different chromosomes in the three resistant
genotypes (BH 1146, P19, and P33). Two signals were
localized in the short arms of the chromosomes: 5D (pair
19) from the cv BH 1146, 6B (pair 5) of the P33 genotype,
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and 3B (pair 1) of the P19 genotype. This common pat-
tern of signals exhibited both repeatability and stability
(Figure 3). Chromosomes were identified based on the
karyotype available in Oliveira and Pinto-Maglio (2017).

From this observation, we may conclude that these
two signals, related to the ALMT1 sequence and located
on the short arm of the chromosomes mentioned above,
were transferred from the cv BH 1146 to the P19 and
P33 genotypes and that they are in fact linked to resis-
tance to aluminum toxicity since they were identified in
the three genotypes resistant to aluminum toxicity (BH
1146, P19, and P33) but were absent from the Anahuac
and IAC 1003 cultivars (sensitive to Al**).

From this knowledge of chromosome charac-
terization (Oliveira and Pinto-Maglio, 2017) and FISH

Cytogenetic mapping of the ALMT gene

mapping of the ALMT1 gene, introduction of only the
chromosome, or chromosome segment carrier of the
factor that confers resistance to aluminum toxicity to
durum wheat cultivars sensitive to Al®*, becomes a
possiblity. This transfer can be accomplished through
introgression lines, without changing the other posi-
tive agronomic traits of the durum wheat cultivars
that are sensitive to Al**, which results in savings on
the number of backcrosses necessary after hybridiza-
tion.

This is likely the first study involving cytogenetic
mapping through FISH of the sequence that corresponds
to the ALMT1 gene. Nevertheless, this type of cytoge-
netic analysis needs to be expanded to other wheat cul-
tivars.

CellC CellD . & CelE

Figure 3 — Mitotic chromosomes of Triticum — Two signals of FISH-ALMT1 (fluorescence in situ hybridization - aluminum-activated malate transporter)
with the ALMT1-ET8-1 probe in the short arm of the chromosomes of the genotypes BH 1146, P33, and P19. BH 1146 = chromosomes of the A and
B cells. P33 = chromosomes of the A and B cells and chromosome pair of the C cell. P19 = chromosome pair in the A and B cells; chromosome of
the C, D, and E cells. White arrow = double signal in the short arm of the chromosome. Blue arrow = double signal in the short arm of the amplified
chromosome. Red arrow = signal in the satellites (SAT). Purple arrow = third signal in the short arm of the chromosome. Bar = 10 pm.
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