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Abstract Triticale (x Triticosecale Wittmack) is a relatively
new cereal crop. In Poland, triticale is grown on 12 % of arable
land (http://www.stat.gov.pl). There is an increasing interest in
its cultivation due to lowered production costs and increased
adaptation to adverse environmental conditions. However, it
has an insufficient tolerance to the presence of aluminum ions
(AP*") in the soil. The number of genes controlling aluminum
tolerance in triticale and their chromosomal location is not
known. Two F2 mapping biparental populations (MP1 and
MP15) segregating for aluminum (Al) tolerance were tested
with AFLP, SSR, DArT, and specific PCR markers. Genetic
mapping enabled the construction of linkage groups
representing chromosomes 7R, 5R and 2B. Obtained linkage
groups were common for both mapping populations and mostly
included the same markers. Composite interval mapping (CIM)
allowed identification of a single QTL that mapped to the 7R
chromosome and explained 25 % (MP1) and 36 % (MP15) of
phenotypic variation. The B1, B26 and Xscm 150 markers were
0.04 cM and 0.02 cM from the maximum of the LOD function
in the MP1 and MP15, respectively and were highly associated
with aluminum tolerance as indicated by Kruskal-Wallis non-
parametric test. Moreover, the molecular markers B1, B26,
Xremsl162 and Xscm92, previously associated with the A/4
locus that encoded an aluminum-activated malate transporter
(ScALMTI) that was involved in Al tolerance in rye (Secale
cereale) also mapped within QTL. Biochemical analysis of
plants represented MP1 and MP15 mapping populations con-
firmed that the QTL located on 7R chromosome in both map-
ping populations is responsible for Al tolerance.
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Abbreviations

AFLP  Amplified fragment length polymorphism
ALMT Aluminum-activated malate transporter
DArT  Diversity arrays technology

CIM Composite interval mapping

DH Doubled haploid

GWM  Gatersleben wheat microsatellites

LOD Logarithm of odds

MATE  Multidrug and toxin efflux

QTL Quantitative trait locus

PCR Polymerase chain reaction

REMS Rye expressed microsatellite sites
SCM  Secale cereale microsatellites

SSR Simple sequence repeat

Background

Triticale (x Triticosecale Wittmack) is a relatively new cereal
crop (Mergoum et al. 2009). In Poland, triticale is grown on
12 % of arable land (http://www.stat.gov.pl). There is an
increasing interest in its cultivation due to better adaptation
to adverse environmental conditions, efficient utilization of
nutrients as compared to wheat (Gonzalez et al. 2005), and
increased amount of lysine (Boros 2002). Triticale grain is a
valuable component of poultry and swine fodder (Myer and
Barnett 2004). It contains more protein than rye. Moreover
digestibility of triticale grain is higher compared to bar-
ley and similar to wheat (van Barneveld 1999). These prop-
erties favor triticale for low input farming systems.

Acidic soils constitute at least 40 % of Earth’s arable
land (Kochian 1995). The geological origin of the soil,
farming practices, and industrial pollution are the most
likely causes for acidification. Plant tolerance to the
presence of aluminum ions (AI’") is an essential trait
that allows growth and reasonable grain yield under such
stressful conditions.
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Under alkaline or neutral pH, aluminum persists in virtu-
ally insoluble inorganic complex compounds; thus, it is not
present in ionic form in the soil solution. These insoluble
complexes are not harmful to plants. However, at pH<5.0,
AP’" ions are released to the soil solution (Williams 1999).
The soluble AI** ions are taken up by plant roots and interrupt
cap cell division, which results in a reduction of cell wall
extension growth and reduction of DNA replication caused
by binding of AI** to phosphate groups (Foy 1992). This
process results in the inhibition of root elongation and reduc-
tion of growth of the root system, which decreases crop yield
(Matsumoto et al. 1996).

One of the mechanisms of plant tolerance involves immo-
bilization of the AI** ions in the rhizosphere by exudation of
chelating organic acids from roots. The organic acids can
accumulate in root cells and be secreted to the soil (Pellet
et al. 1996). Alternatively, the root system may increase the
pH in the extracellular environment of root apices (Henderson
and Ownby 1991; Dengenhardt et al. 1998).

Hexaploid triticale is a synthetic species with a complex
genome that contains two wheat (AABB) and one rye (RR)
genomes. Its tolerance to A’ ions is intermediate between
wheat and rye (Aniot and Gustafson 1984). The combined
functions of aluminum tolerance genes from rye and wheat
control this trait in triticale. However, there are unknown
factors in triticale that influence gene expression (Aniot and
Gustafson 1984). Studies of substitution lines in hexaploid
triticale resulted in assignment of the trait to the 3R chromo-
some (Ma et al. 2000; Budzianowski and Wo$ 2004).
However, in octoploid triticale, it appears that the wheat
genome is responsible for aluminum tolerance. The trait is
associated with citrate exudation which is due to the origin of
the species where wheat cv Carazinho was tolerant to the
presence of AI** via this mechanism (Stass et al. 2008).

Studies with ditelosomic and nullitetrasomic lines of
the wheat cultivar Chinese Spring assigned aluminum-
tolerance genes to the 2D, 4D, and 5A chromosomes (Takagi
et al. 1983). Similar results were obtained by Aniot (1990).
Chromosomes 2A, 6A, 7A, 3B, 4B, 3D, and 7D code for minor
Al-tolerance factors (Aniol and Gustafson 1984; Cai et al.
2008; Ryan et al. 2009). In rye, at least five different loci were
identified that control aluminum tolerance, including A4/¢/,
Alt2, Alt3, Alt4 and Alt5 which localized on chromosomes
6RS, 3RS, 4RL, 7RS and 7RS, respectively (Aniot and
Gustafson 1984; Ma et al. 2000; Matos et al. 2005; Benito
et al. 2010; Silva-Navas et al. 2011).

The known aluminum-tolerance genes code for organic
acid transporters that are either aluminum-activated malate
transporters (ALMT) (Sasaki et al. 2004; Hoekenga et al.
2006; Ligaba et al. 2006; Fontecha et al. 2007) or multidrug
and toxin efflux (MATE) proteins involved in the transport of
citrate activated by aluminum (Furukawa et al. 2007,
Magalhaes et al. 2007; Silva-Navas et al. 2011). In wheat, as
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well as in rye, both genes were detected in mapping popula-
tions (Sasaki et al. 2004; Ryan et al. 2009; Silva-Navas et al.
2011). The wheat malate transporter gene 7aALMT (Sasaki
et al. 2004) was mapped to chromosome 4DL (Raman et al.
2005). Its rye ortholog (ScCALMT) was mapped to Al/t4 locus
on the 7RS chromosome (Fontecha et al. 2007; Collins et al.
2008). Gene responsible for Al induced citrate efflux (44CT1)
was located on chromosome 4BL (Ryan et al. 2009) in wheat
and on 7RS in rye (Silva-Navas et al. 2011). The ScAACT1
gene co-segregated with Alt5 locus localized 25 ¢M apart from
the SCALMT1 gene (Silva-Navas et al. 2011). Silva-Navas
etal. (2011) suggested that ALMT and MATE family genes
may have been controlled by a gene localized on 3R chromo-
some. Its DNA sequence exhibited homology to the Arabidopsis
STOP1 transcriptional factor (Liu et al. 2009; Silva-Navas et al.
2011) that regulates expression of the Al tolerant genes while
being phosphorylated.

The availability of genetic maps is immensely useful for
any molecular breeding program. Such maps exist for rye
(Korzun et al. 2001; Khlestkina et al. 2004; Matos et al.
2007; Bolibok-Bragoszewska et al. 2009; Milczarski et al.
2011) and wheat (Gale et al. 1995; Rdder et al. 1998; Somers
et al. 2004; Akbari et al. 2006; Crossa et al. 2007). Gonzalez
et al. (2005) developed the genetic map of triticale saturated
with AFLPs, RAPDs, RAMPs, and SSRs. Recently, Tyrka
etal. (2011) elaborated a DArT, SSR, and AFLP based genetic
map of the species. Later Alheit et al. (2011) presented triticale
map based exclusively on DArT markers. Using association
mapping and indirect mapping we showed that Al tolerance in
triticale is encoded by several QTLs assigned to the 3R, 4R, 6R
and 7R chromosomes (Niedziela et al. 2012). However, a lack
of detailed information on the location of aluminum-tolerance
genes in triticale motivated further work to evaluate biparental
mapping populations and their saturation with different marker
systems. We also used markers linked to the ALMT gene
family that participates in the expression of the trait in cereals
(Miftahudin et al. 2004, 2005) and is known to be involved in
Al tolerance to verify whether those genes also play the same
role in triticale.

The aim of the study was to identify molecular markers
linked to and/or associated with Al-tolerance in triticale using
specially designed biparential mapping populations and to
verify which gene is responsible for the expression of the trait
in the given case.

Materials and methods
Plant material
Two biparental mapping populations, namely MP1 and MP15

were derived via crossing individual double haploid plants
originating from several individuals of cv. Bogo. The parental
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forms of the mapping populations differed in aluminum toler-
ance. In both cases, the tolerant plant was used as the pollina-
tor. The F1 plants were isolated to prevent cross pollina-
tion. The F2 seeds collected from seedlings were used for
phenotyping, following their cultivation in greenhouse. Each
of the two populations comprised 94 individuals.

Aluminum tolerance test

The physiological test of aluminum tolerance described by
Aniot (1984) was used. Sterilized seeds were placed on moist
filter paper in Petri dishes and kept at 10 °C for 24 h.
Germinated seedlings were transferred onto a polyethylene
net supported by polystyrene foam, and placed in a tray filled
with basic medium (2.0 mM CaCl,, 3.25 mM KNO;,
1.25 mM MgCl,, 0.5 mM (NH4),SOy4, and 0.2 mM
NH4NO;3, pH 4.5). The seedlings were maintained under a
controlled environment (25 °C, a 12 h day/night photoperiod,
and light intensity 40 Wm?) in a growth cabinet (POL-EKO-
APARATURA, ST500 B40 FOT10). After three days, seed-
lings were transferred for 24 h onto the same medium con-
taining A" ions (16 ppm, 0.59 mM) in the form of AICI;.
The plants were washed in water and then placed again in the
basic medium for 48 h. Aluminum tolerance was evaluated by
measuring root regrowth visualized after root staining with
0.1 % Eriochrome Cyanine R for 10 min.

Al treatment leads to irreversible damage of apical meri-
stem of seedlings. Eriochrome Cyanine R binds to those
regions resulting in dark purple color of the damaged roots.
Tolerant and moderately tolerant seedlings preserve their abil-
ity to root grow after the AI’* is removed from the solution.
The newly growing root parts are not stained with Eriochrome
Cyanine R. The length of the regrowth measured in millime-
ters reflects the level of plant tolerance to the presence of toxic
AP ions.

Genotyping
DNA isolation

Isolation of genomic DNA was performed using fresh leaves of
14-days old seedlings and the Plant DNeasy Mini Kit (Qiagen),
followed by spectrophotometric quantification (NanoDrop
ND-1000) and integrity testing on a 1.0 % agarose gel.

Amplified fragment length polymorphism (AFLP), simple
sequence repeats (SSR), diversity arrays technology (DArT),
and specific markers were used to profile the F2 mapping
populations.

Amplified fragment length polymorphism analysis

The AFLP procedure followed that described previously by
Vos et al. (1995). Genomic DNA (500 ng) representing

individual plants was digested with EcoRI/Msel endonucle-
ases (37 °C for 3 h; 70 °C for 15 min) followed by ligation to
respective adapters (20 °C for 12 h). Pre-selective [(94 °C for
30 s; 56 °C for 60 s; 72 °C)*x 19 cycles] and selective ampli-
fications using various combinations of EcoRI (E) and Msel
(M) primers (Table 1) with three selective nucleotides were
performed. Reaction mixture volumes were 10 pl and
contained 1.5 pl of diluted pre-amplification products,
0.025 pl HotStart DNA Polymerase, 0.5 pl Msel primer,
0.5 ul **P-labeled EcoRI primer, 0.5 ul 10 mM dNTPs,
1.0 ul 25 mM MgCl,, 1.0 ul 10x PCR buffer (Qiagen), and
distilled water up to the required volume. PCR reactions were
performed using a PTC-225 Peltier Thermal Cycler (MJ
Research) with the following thermal profiles: [95 °C, 15 min]
[94 °C, 30 s; 65 °C, 30 s (Ramp 0.7 °C/cycle); 72 °C, 60 s]x 12
[94 °C, 30 s; 56 °C, 30 s; 72 °C, 60 s]%29 [72 °C, 10 min]. The
PCR products then underwent denaturation and separation on a
7 % denaturing polyacrylamide gel followed by overnight
exposure to X-ray films at =35 °C.

Simple sequence repeats analysis

SSR analysis included 157 rye markers (SCM) from the BAZ
Database of Secale cereale microsatellites (http://www.bafz.de.)
provided by the Federal Centre for Breeding Research on
Cultivated Plants, GrosLusewitz; 20 rye-specific SSRs related
to aluminum tolerance (SCM) obtained by Matos et al. (2007);
36 rye expressed microsatellite site (REMS) sequences made
available to us by Dr. V. Korzun (Lochow Petkus GmbH,
Bergen, Germany); and 46 Gatersleben wheat microsatellites
(GWM) (Roder et al. 1998). These markers were amplified
on DNA matrixes of the F2 mapping populations. Genomic
DNA was amplified in 10 pl containing 10 ng temple DNA,
5.0 pmole of each primer labeled with **P, 2.5 mM dNTPs,
1.5 mM MgCl,, 1x reaction buffer, and 0.25 u of HotStart
DNA Polymerase. The thermal profiles followed those de-
scribed in previous reports (Roder et al. 1998; Khlestkina et al.
2004; Matos et al. 2007).

Sequence-specific markers

Several PCR markers flanking A/#4 locus in rye (B1, B4, B11,
B25, B26, B27, BCD1230) were tested on both mapping
populations (Miftahudin et al. 2004, 2005; Benito et al.
2010). In total, 10 pl of the reaction mixture consisted of
10 ng of genomic DNA, 5.0 pmole of each primer labeled
with *?P, 2.5 mM dNTPs, 1.5 mM MgCl,, 1x reaction buffer,
and 0.25 u of HotStart DNA Polymerase. The thermal profiles
followed those described in previous reports (Miftahudin et al.
2004, 2005). In addition, PCR products underwent separation
on a 7 % denaturing polyacrylamide gel.
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Table 1 AFLP-selective primers used for analysis: the number of generated bands, the number of polymorphic signals, and their size (bp)

No.  Selective primers ~ Marker ~ MP1 population MP15 population
name
No. of  No. of polymorphic  Allele size (bp) No. of  No. of polymorphic  Allele size (bp)
signals  signals signals  signals
1 E-AAT/M-CTC EM1 61 0 - 86 1 255
2 E-ACA/M-CGC  EM2 48 2 109; 89 57 2 109; 85
3 E-ACC/M-CGG  EM3 52 1 143 48 0 -
4 E-ACG/M-CAC  EM4 44 1 225 47 1 225
5 E-ACG/M-CTG EMS5 57 4 156;154;121;119 57 4 156; 154; 121; 119
6 E-ACT/M-CAC EM6 53 2 210; 164 53 2 210;164
7 E-AGC/M-CAG  EM7 47 1 154 47 1 154
8 E-AGC/M-CCG  EMS8 40 1 257 40 1 265
9 E-ATC/M-CCA EM9 59 0 - 62 1 104
10 E-ATG/M-CCC EM10 54 3 173;121;114 33 0 -
11 E-ACG/M-CTC EMI11 44 0 - 47 1 140
12 E-AAG/M-CCG  EMI12 42 0 - 44 0 -
13 E-ATC/M-CAA EM13 66 0 - 62 0 -
14 E-AGA/M-CGA  EM14 39 0 - 36 0 -
15 E-ACT/M-CGA EM15 59 0 - 60 0 -
16 E-AGG/M-CTA EMI16 55 0 - 50 0 -
17 E-AAC/M-CCG  EM17 65 0 - 65 0 -
18 E-AGT/M-CAC EMI8 58 0 - 54 0 -
19 E-AAA/M-CAA  EMI19 75 0 - 58 0 -
20 E-AAG/M-CTC EM20 59 0 - 54 0 -

Diversity arrays technology

DArT profiling was performed by Triticarte Pty Ltd.,
Yarralumla, ACT, Australia with the current triticale assay
(http://www.triticarte.com.au/).

Sequencing ladder

The marker length was evaluated using the sequencing
ladder with the SequiTherm EXCEL™ II (EPICENTRE®
Biotechnology) sequencing kit.

Linkage analysis and QTL mapping
Data preparation

Molecular markers were transformed into binary (presence/
absence) matrix for both mapping populations. Markers with a
minor allele frequency of less than or equal to 5 % were
removed from the analyses. Redundant markers were prelim-
inary eliminated using agglomeration analysis (UPGMA) and
Dice genetic distance in PAST software (Hammer et al. 2001).
Markers separated by genetic distance lower than or equal to
5 % (formed marker assembly) were merged. Missing data
was completed using information from the redundant markers
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of the given contiguous assembly. Only one representative of
the given redundant marker assembly was retained, and infor-
mation on the removed markers retained for further analysis.
Such prepared data were loaded to Rcran software with
installed qtl package (Broman 2010). All analysis were
performed according to manual (Broman 2010). Individuals
and markers with missing data below 70 % were omitted
from further analysis using function subset.cross() and
drop.markers(), respectively. The next step was to study the
segregation patterns of the markers using function geno.table.
Markers that show significant distortion at the 5 % level, after
a Bonferroni correction for the multiple tests were removed
from future analysis.

Genetic mapping

R/qtl package was used for linkage analysis (Broman 2010).
Duplicated individuals, makers with numerous missing data
were removed from further analysis prior to construct linkage
groups (LGs). LGs were obtained using logarithm of odds
(LOD) set to 15 and maximum recombination fraction (rf)
equal to 0.35. The best order of markers was determined
with orderMarkers function with the following parameters:
Kosambi mapping function, error probability=0.005, tolerance
for determining convergence=1e-6 and maximum number of
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EM (expectation—maximization) iterations=10,000. To explore
alternate orders “countxo” and “likelihood” methods were
applied with window size up to 7. The “countxo” option
determines the minimum number of crossing overs while the
“likelihood” method calculates the post probable marker order
within a given window. The linkage groups with the lowest
number of crossing overs, maximum likelihood order, the
lowest map length and the minimum gap size were used for
future analysis. The marker order was verified visually using
plotRF r/qtl function. Genotypic error was estimated and sin-
gletons were removed within r/qtl package according to the
manual (Broman 2010).

Map comparison

To align genetics maps the marker order was considered and
the maps were juxtaposed visually.

QTL detection

To perform composite interval mapping missing data were ap-
proximated via fill.geno function using Haley-Knott regression
method implemented in the r/qtl package (Broman et al. 2003).
Missing data were approximated via fill.geno function using
Haley-Knott regression method. Mapping of quantitative trait
loci (QTLs) was performed using function cim() with Haley-
Knott regression method, Kosambi map function, error proba-
bility equal to 0.001. A 1000-permutations was used to evaluate
empirical LOD thresholds for QTL significance determination at
0.05 alpha-value level. Explained phenotyping variance for a
single QTL model was assessed using fitqtl() function.
Association between molecular markers and Al tolerance
was tested using the non-parametric Kruskal-Wallis test
implemented in MapQTL 5.0 software (van Ooijen 2004).

Organic acid assays

The eight F3 plants representing four Al non-tolerant (15/69,
15/85, 1/88, 1/24) and four tolerant lines (15/62, 15/44, 1/74,
1/81) originated from the F2 biparental mapping populations
(MP1 and MP15) were used to perform malate and citrate
efflux from excised root apices. The tests followed assays
described by Delhaize et al. (1993). Sterilized seeds were
placed on filter paper in Petri dishes and kept at 5 °C for
48 h. Germinated seedlings were transferred onto a polyeth-
ylene net supported by polystyrene foam, and placed in a tray
filled with sterile 0.2 mM CaCl, solution (pH 4.3) which was
gently aerated with a pump. The seedlings were grown under a
controlled environment (25 °C, a 12 h day/night photoperiod,
and light intensity 40 Wm 2) in a growth cabinet (POL-EKO-
APARATURA, ST500 B40 FOT10) for 7 days. Ten existed
root apices (5 mm long) were placed in a 2 ml sample tube
with 1 ml control solution (0.2 mM CacCl,, pH 4.3) to remove

any malate and citrate released from the wounded tissue. Then
the apices were resuspended in 1 ml treatment solution
(0.2 mM CacCl, with or without 100 uM AICl;, pH 4.3) and
incubated on a shaker (300 rpm) for 18 h. Malic acid in
treatment solution was assayed using modifications of previ-
ously described enzymatic methods (Delhaize et al. 1993).
Sample 0.68 ml was incubated in 0.75 ml of glycine buffer
(0.5 M Gly, 0.4 M hydrazine hydrate, pH 9.0) and 50 pl 40 mM
NAD" solution. The reaction mixture was preincubated for
30 min to obtain a stable 4 ;4 reading before the addition of
5 pl of malic dehydrogenase (2.2 mg/ml, Sigma-Aldrich). The
amount of NADH formed in the reaction pathway is stoichio-
metric with the amount of malate in the sample.

Citric acid in treatment solution was analyzed using com-
mercially available assay kit (K-CITR 07/11, Megazyme
International Ireland Ltd.). All assays were conducted for the
four-replicated treatments.

Statistics

The normal distribution of scores was verified by Shapiro—
Wilk test to validate the use of parametric tests. Broad sense
heritability coefficient (h?) for aluminum tolerance was esti-
mated as the ratio of genotypic to the phenotypic variance.
Variance components estimated of REML method were used
to compute statistics (SAS 2009).

Statistical analysis of biochemical data was performed
using the SAS ®System (SAS 2009). Bartlett’s test (Bartlett
1937) was performed first to determine the equality of vari-
ances among the specified groups. If significant differences
were found with Bartlett’s test, then the Satterthwaite t-test
(Satterthwaite 1946) was performed (SAS 2009).

Results
Aluminum tolerance test

Physiological tests revealed that parental forms of the map-
ping populations exhibited the lowest and the highest
regrowth values in the presence of AI** ions, whereas the F2
individuals showed segregation of the trait. The observed root
regrowth ranged from 0 to 2.0 cm. No perfect normal distri-
bution in case of both mapping populations was observed.

Marker analysis

Depending on the mapping population and selective primers,
the number of AFLPs ranged from 33 to 86 (Table 1). In total,
1077 (MP1) and 1060 (MP15) AFLPs were amplified on
genomic DNAs of the mapping populations. Fifteen and 14
markers were polymorphic in the MP1 and MP15 populations,
respectively (Tables 1 and 2). Out of 259 SCM, REMS, and
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Table 2 Arrangement of marker

data used for profiling the F2 Type of markers DAIT AFLP SSRs Specific PCR
mapping populations markers
SCM REMS GWM
Number of primers/DA1Ts tested +14,000 20 177 36 46 7
*Rye primers were developed Number of markers MPl 153 8(15) 1427  8(19) 5()  2(5
from the rice BAC sequence (total number of MPI5 130 9(14) 1426 97 4@®) 205

according to Miftahudin et al.

polymorphic signals)
(2005) and Benito et al. (2010)

GWM markers tested, 10.4 % appeared to be polymorphic
between parental forms of the populations (Table 2). There
were 53 polymorphisms in MP1 and 51 in MP15. They
segregated as dominant and codominant (22) markers. DArT
technology resulted in at least 153 (MP1) and 130 (MP15)
polymorphisms (Table 2). The DNA sequences of two BAC
clones converted by the others (Benito et al. 2010; Miftahudin
et al. 2005) to the specific PCR-based markers (B1 and B26)
segregated in both populations (Table 2). In total, there were
226 (MP1) and 200 (MP15) polymorphisms useful for con-
struction of the linkage groups.

Data preparation for genetic mapping

After removal of redundant markers, their number dropped
from 226 to 128 (MP1) and from 200 to 131 (MP15), respec-
tively. Additionally, in MP1 population there were two indi-
viduals missing more than 50 % of genotypic data and three
markers that missed about 70 % of markers shared among the
individuals. In MP15 one individual with more than 60 % and
eight markers missing for 70 % of genotypes were removed
from further analysis. Moreover 29 and 23 markers in MP1 and
M15 exhibited significant segregation distortion and were also
omitted during mapping steps. In a consequence of preliminary
analysis MP1 population consisted of 92 individuals and 96
makers, whereas MP15 of 93 individuals and 99 markers.

Genetic mapping

Linkage analysis allowed identification of three groups
assigned to SR, 7R and 2B chromosomes for both mapping
populations (Table 3). Localization of the linkage groups was

possible due to the known chromosomal assignment of DArTs
and SSRs mapped in triticale (Tyrka et al. 2011), rye (Bolibok-
Bragoszewska et al. 2009; Milczarski et al. 2011), and wheat
(Akbari et al. 2006; Crossa et al. 2007; Francki et al. 2009). The
linkage groups encompassed 4, 9, and 63 markers, and spanned
over 10, 11, and 84 cM, respectively, for MP1 (Table 3). For
MP15, linkage groups consisted of 4, 9, and 62 markers, and
spanned over 10, 9, and 117 cM, respectively. Markers
assigned to chromosome 5R occupied just two positions and
were located at a distance of 10 ¢cM in both populations (Fig. 1).
The average density of markers assigned to chromosome 2B
was one marker per 1.6 cM in the MP1 and 1.3 ¢cM in the MP15
populations (Fig. 2). Markers representing linkage groups that
mapped to chromosome 7R were present every 2.4 cM (MP1)
and 3.0 cM (MP15), with the largest gap spanning over 6.4 cM
for both mapping populations. The distribution of the markers
was not uniform between the genomes, with 29.6 % (MP1) and
33.0 % (MP15) of markers mapping to rye, and 4.0 % (MP1)
and 4.5 % (MP15) of markers mapping to wheat B genomes.
We did not identify linkage groups representing the wheat A
genome. Genotypic error was estimated to be equal to 0.03.

Alignment of linkage groups for MP1 and MP15 populations
with genetic maps of triticale and rye

Linkage groups assigned to SR and 2B chromosomes and
mapped in the MP1 and MP15 populations exhibited nearly
perfect matching of marker order (Figs. 1 and 2). Comparison of
the two linkage groups with the triticale genetic maps of chro-
mosome SR published by Alheit et al. (2011) demonstrated the
presence of only one common marker (rPt-401561) (Fig. 1).
Similarly, the order of DArTs also was congruent in the 2B

Table 3 Characteristic of linkage

groups obtained for MP1 and F2 population Number of Chromosomal Number of markers Size of QTL
MP2: assignment of linkage linkage groups localization in linkage group group (cM) presence
groups to chromosomes, number
of markers in linkage group (in MP1 3 R 37(63) 84.6 +
brackets: number of markers in- 5R 2(4) 10.0 —
cluding 'their redundant counter- B 509) 1.1 _
parts), size of group (cM) and
QTL presence MP15 3 7R 39 (62) 117.8 +

SR 2(4) 10.0 -

2B 50) 9.0 -
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Fig. 1 The alignment of the SR
linkages of the MP1 and MP15
mapping populations and 5R
chromosome map published by

Alheit_5R

62.2~ "
62.4\
62.7

rPt-508222
rPt-505551
rPt-390344

: rPt-507480
Alheit et al. (2011). Common 62.9 rPt-400221
g : 63.0 rPt-389838
markers are indicated in red a3 {PL3950
635 rPt-400033
63.8 rPt-402400
64.1 rPt-401641
64.2 rPt-401561
rPt-505701
64.3 tPt-390306
64.7 rPt-509573
655 rPt-505590
65.8 rPt-509400
66.07 /A rPt-506971
67.1 rPt-507889
67.2 rPt-507127
68.6 ——— rPt-506308
69.4 ——— rPt-390157
71.2 ——— rPt-410905

71.8 ——— rPt-506131

linkage group (Fig. 2), with some shifts of a few markers within
a short genetic distance. Alignment of the 2B linkage groups
with maps by Alheit et al. (2011) showed the presence of one
common marker (wPt-1294). In case of both mapping popula-
tions there were no common markers for chromosome 5R and
2B with the map published by Tyrka et al. (2011).

The linkage group mapped to the 7R chromosome in the
MP1 population consisted of 37 markers. The same linkage
group evaluated for the MP15 population had 39 markers. The
number of markers increased almost double after adding their
redundant counterparts and was 63 and 62 for MP1 and MP15
respectively (Table 3). There were at least 55 common markers
shared between the two linkage groups. When comparing

7
MP1_5R MP15_5R
0.0 — I rPt-401561 rPt-505490 ®— 0.0 —— rPt-401561 rPt-505490
rPt-505818
rPt-389545
rPt-508794
rPt-507240
10.0 —2— rPt-402319 rPt-508257 e—e 10.0 —<— rPt-402319 rPt-508257

linkage group of MP1 with the 7R chromosome published
by Tyrka et al. (2011) and by Alheit et al. (2011), 16 and 31
common markers were detected, respectively (Fig. 3). In the
case of MP15, 14 and 28 markers common with Tyrka et al.
(2011) and Alheit et al. (2011) maps were detected, respec-
tively. Most of the markers exhibited colinearity.

QTL detection

Composite interval mapping (CIM) allowed identification of a
single QTL that mapped to the 7R chromosome in both
mapping populations (Table 3, Figs. 4 and 5). The maximum
of the LOD function exceeded values of 6.1 (MP1) and 9.0

Fig. 2 The alignment of the 2B Alheit_2B MP1_2B MP15_2B
linka; f the MP1 and MP1 O
£¢8 oL Hhe d 3 53.1 —T— wPt-4125 0.0 —7— wPt-4166 wPt-3109 ———* 0.0 —— wPt-4166 wPt-3109
mapping populations 2B 53.4 T~ wPt-8492
chromosome map published by
Alheit et al. (2011). Common 54.6 ——— wPt-2664
markers are indicated in red
56.3 —— rPt-506241
58.1 wPt-1357
58.2 §~ WPt-8460
58.3 —=— wPt-1294 N
554/ ||\ WPt:3132 WPt-9350 54 Xsom034 56— Xscm034
"\ wet-0950
58.9 WPt-0694
59.9 —— wPt-1646
7.9 | |378896 wPt-0189
: rPt-399303
8.4 ——— WPt-9654 rPt-411226
61.9 —— wPt-2293 8.8 ——— rPt-399303 00— wpt1204
62.4 7 wPt-4223 _| | 1378896 rPt-a11226
62.9 ——1— wPt-9190 9.7 wPt-0189

63.6 ——— tPt-513473

10.5 ——— wPt-9654
11.1 —— wPt-1294
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rPt-401480 rPt-509359 51.1 394 rPt-389812
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Fig.3 The alignment of the 7R linkages of the MP1 and MP15 mapping populations 7R chromosome map published by Tyrka et al. (2011) and Alheit
etal. (2011). Markers located in the Al tolerance QTL region are surrounded by green ellipse. Common markers are indicated in red
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(MP15) (Table 4), which passed the permutation test with
LOD cut-off values equal to 3.2 and 5.5, respectively. The
7R QTL showed an additive effect and explained 25.3 %
(MP1) and 35.9 % (MP15) of phenotypic variance.

The B1, B26 and Xscm150 markers were 0.04 ¢cM and
0.02 cM away from the LOD function maximum in the MP1
and MP15 populations, respectively (Table 4). The above-
mentioned alleles originated from an aluminum-tolerant par-
ent. Markers linked with the aluminum-tolerance QTL had
positive additive effect (Table 4). Alignment of the linkage
groups for chromosome 7R in the QTL region demonstrated
that the markers were in the same order (Fig. 3) and the
maximums of the LOD functions overlapped.

The analysis using Kruskal-Wallis test revealed that all
markers located on chromosome 7R were significantly asso-
ciated with aluminum tolerance in the case of both mapping
populations. The highest significance level (p =0.0001) and
statistic value was observed in the case of B1 299; B26 287,
Xsem150 213, EMS5 156, Xrems1162 315, Xrems1234
278, Xrems1188 177, rPt-507379 and Xscm092 295
markers (Table 5). All those markers were assembled in the
QTL function maximum. Markers located on remaining chro-
mosomes were not associated with the trait.

Organic acid assays

The test for the presence of malate efflux in the root apices of
triticale F3 tolerant and non-tolerant plants indicated that the

samples treated with A" ions differed according to their toler-
ance in the MP15 (¢=10.86, p <0.001) and MP1 (¢=59.63,
p<0.0001) mapping populations. No differences were ob-
served when the samples representing the same MP15
(t=2.24, p=0.2677) and MP1 (¢=0.45, p =0.7323) lines were
not treated with A",

Similar tests for the presence of citric acid efflux stimulated
by the AI*" treatment revealed its absence in both mapping
populations.

Heritability coefficient

Broad sense heritability coefficient (h%) for aluminum toler-
ance equaled to 0.996 (95 % confidence interval (CI), 0.995,
0.996) and 0.994 (95 % confidence interval (CI), 0.993, 0.995)
in the case of MP1 and MP15 populations, respectively.

Discussion

The development of the first DArT-based genetic map of
triticale (Tyrka et al. 2011) facilitated new research to map
agricultural traits without the necessity of constructing satu-
rated genetic maps of the species. Assuming that DArTs
usually identify several thousand segregating polymorphisms
(Wenzl et al. 2006; Crossa et al. 2007; Bolibok-Bragoszewska
et al. 2009; Tyrka et al. 2011), the mapping populations used
in the study should be capable of detecting enough markers to

Table 4 Characteristics of QTL located on chromosome 7R for the F2 mapping populations. Flanking markers and their positions relative to the
aluminum tolerance QTL, logarithm of odd (LOD) values, marker effect, and explained phenotyping variance (% var.) are given

F2 Nearest Allele size Position on cM to the LOD Maximum Markers effect % var.
population markers (bp) the map (cM) maximum LOD value
Additive Dominance
MP1 Bl 265 39.96 0.04 6.11 0.278 —0.565 253
B26 287
Xsem092 295
Xsem150 213
Xsem049 231 40.53 0.5 - -
Xrems1162 315 39.41 0.59 - -
EMS 156 - -
Xrems1234 278 - -
MPI15 Bl 265 59.02 0.02 9.01 0.174 -0.322 359
B26 287
Xsem150 213 - -
Xsem049 231 58.39 0.39 - -
EMS 156 59.55 1.55 - -
Xrems1162 315 60.09 2.09 - -
Xrems1281 325 - -
Xrems1234 278 - -
Xrems1188 177 - -
Xsem019 187 - -
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Table 5 Results of Kruskal—

Wallis test showing the associa- Population ~ Marker df  Teststatistics (K)  Significance

tion between markers and Al

tolerance MP1 Xrems1162_315; Xrems1234_278; EM5_156 1 23.26 kool
B1 299; B26 287; Xscm092 295 Xscm150 213 1 22.23 ook
Xrems1188 177 1 22.03 Aok ok ook

df degrees of freedom MP15 rPt507379 1 32.022 ok

Significant at *P: 0.05, **P: rPt-347536 1 31622 ko

0.01, ***pP: 0.001, ****p: B1 299; B26 287; Xscml150 213 1 31.288 ook ok

0.005, ****%P. () 0], *****%p: EMS5 156 1 31.231 sk ok ook

0.0005, ##*xxxp- (0.0001

obtain saturated linkage groups. In the present work, a limited
number of polymorphisms were detected with DArTs or
other marker platforms. This could be due to the choice of
parental forms derived via androgenesis from plants of the
cultivar ‘Bogo’. We cannot exclude that the parental forms
were somaclones, which were selected based on differences
in Al tolerance. This would explain why few linkages were
detected and why they were poorly saturated with markers (a
homozygous genetic background within the genome regions
that was different from that encoding Al tolerance) except the
map of chromosome 7R. The parental forms seem to differ in
their Al tolerance due to chromosomal rearrangements that
are typical for triticale and predominantly affect the R ge-
nome (Oleszczuk et al. 2011). The somaclones, and the
rearrangements affecting the Al tolerant locus but not the other
genome regions, should limit the number of polymorphisms
and linkages identified.

The majority of all mapped markers come from the R
genome, whereas saturation of the wheat one was the poorest.
A heterogeneous distribution of markers among the different
triticale genomes (Gonzélez et al. 2005; Alheit et al. 2011;
Tyrka et al. 2011) as well as problems with mapping wheat
genome in triticale (Francki et al. 2009) were reported previ-
ously. This phenomenon was explained by different polymor-
phic natures of the triticale genomes (Gonzalez et al. 2005;
Alheitetal. 2011; Badea etal. 2011; Tyrka etal. 2011). Higher
saturation of the R genome than the wheat genome relates to
the allogamous nature of the reproductive system of rye
(Gonzalez et al. 2005), or to the fact that it undergoes more
frequent rearrangements than the wheat genome. This is due
to the difference in the size of the rye and wheat chromo-
somes, which results in delayed replication of the R genome
(Oleszczuk et al. 2011).

Alignment of DArT markers encompassing the linkage
groups identified in the F2 mapping populations of MP1 and
MP15, and those described for genetic maps of triticale (Alheit
etal. 2011; Tyrka et al. 2011) and rye (Bolibok-Bragoszewska
et al. 2009), demonstrated nearly perfect matching of the data.
Thus, the order of the markers is consistent with previous
results (Alheit et al. 2011; Tyrka et al. 2011) and confirms
proper assignment of the linkage groups to the triticale

@ Springer

chromosomes. In the case of the largest linkage group mapped
to chromosome 7R, additional information on precise chromo-
somal assignment came from analyses with sequence-specific
and microsatellite markers directed to A/t4. Benito et al. (2010)
demonstrated that B1 and B26 sequence-specific markers and
microsatellite Xscm92 are mapped to the chromosome 7R in
rye. These markers also mapped on 7R in the MP1 and MP15
populations. The average density of markers forming linkage
groups in the MP1 and MP15 populations (2.4 cM and 3.0 cM)
was similar to that obtained by Alheit et al. (2011) and Tyrka
et al. (2011). This marker density is sufficient for QTL map-
ping (Piepho 2000). However, our phenotypic data did not
followed normal distribution. Deviation of a trait from normal
distribution has been observed by the others (Singh et al. 2009;
Septiningsih et al. 2003). The problem of skewed distribution
could be theoretically overcome by transformation of the data
or by using the non-parametric Kruskal-Wallis test. The test
usually provides further confirmation of the marker trait asso-
ciation, and indicates that the results of the QTL analysis were
not influenced by segregation distortion or non-normal distri-
bution of certain traits (Singh et al. 2009). Considering such a
problem in the case of our populations we correlated the
genotypic data with aluminum tolerance using Kruskal-
Wallis nonparametric test and succeeded in identification of
highly associated markers. All those markers mapped exclu-
sively to the chromosome 7R with the most associated markers
spanning over 3.0 cM reflecting the presence of the QTL that
was revealed by us using composite interval mapping.

The QTL analyses revealed that the locus that accounts for
up to 25 % and 36 % of explained phenotypic variance were
mapped on chromosome 7R for the F2 mapping populations
of MP1 and MP15. The QTL location is in agreement with our
previous results based on association mapping (at least in the
case of the QTL on 7R), which showed that only the rye
genome appears to be involved in Al tolerance in triticale
(Niedziela et al. 2012). Thus, either Al tolerance in our pop-
ulations is encoded exclusively by the R genome, or the
known QTL responsible for the trait and mapped by the others
(Sasaki et al. 2004) to wheat genome, might have explained
only minor phenotypic variance in our mapping populations
and were masked by the main QTL or were missing in the
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given plant materials. The presence of only a single QTL within
our mapping populations seems to be supported by the lack of
QTL located on chromosomes 3R (4/£2), 4RL (Alt3), 6RS
(Alt1), and TRS (Alt4, Alt5) (Aniot and Gustafson 1984;
Gallego and Benito 1997; Miftahudin et al. 2002; Matos et al.
2005; Benito et al. 2010; Silva-Navas et al. 2011) in rye or that
such QTL could be masked in triticale. Obviously, detection of
such QTL based on the MP1 and MP15 populations might
have been impossible due to small population sizes (or) and a
limited number of polymorphic markers available for the ‘A’
and ‘B’ genomes, but above all without the availability of a
genetic linkage map for the chromosomes of interest, except
chromosome 7.

The aluminum-tolerance QTL mapped on chromosome 7R
of triticale in this work occupies the same locus as 4/#4 in rye
(Miftahudin et al. 2005; Benito et al. 2010), therefore we
suggest the gene encoding aluminum tolerance should be the
same, with possibly different alleles in the two species. A
confirmation of this hypothesis was obtained with the analy-
ses of the sequence-specific markers (Miftahudin et al. 2004,
2005) and SSRs (Benito et al. 2010). The B26 marker mapped
to the 7RS chromosome with a distance of 0.05 cM from the
Alt4 locus in rye, whereas the B1 marker had a distance of
0.4 cM to Alt4 (Miftahudin et al. 2005). The B1 and B26
markers segregated in the MP1 and MP15 populations and
linked to the aluminum-tolerance QTL of the chromosome 7R
in triticale. The B1 marker was 0.04 ¢cM from the QTL in the
MP1 population and 0.02 cM from the QTL in the MP15
population. Marker B26 mapped in the same position as Bl
for both populations. Moreover, the Xscm92 marker that
segregates in rye and maps about 17.2 cM from the Alt4 locus
(Benito et al. 2010) was identified in the 7R linkage group of
the MP1 population, where it maps 0.04 cM away from the
QTL maximum in MP1 and 20.3 ¢cM in MP15. Moreover, our
study demonstrated that the microsatellites XremsI188,
Xsem019 and Xscml50 previously localized on 7R
(Hackaufand Wehling 2001; Khlestkina et al. 2004) also were
linked to the B1 and B26 markers. These B1 and B26
sequence-specific markers are associated with the 4/4 locus
that encodes the SCALMT]1 (Fontecha et al. 2007), which is
known to be involved in aluminum tolerance in rye via malate
efflux mechanisms. Biochemical analysis of our data con-
firmed presence of malic acid in treatment solution containing
AP jons. Thus, we suggest that in rye and triticale, the same
locus that is located on chromosome 7RS may control at least
part of the aluminum tolerance response. By assuming that the
markers linked with the aluminum-tolerance QTL had a pos-
itive additive effect, and considering the way that the mapping
populations were arranged, the most tightly linked markers
should prevail among tolerant individuals.

Considering the very few markers mapped on chro-
mosome 3R we failed to detect a QTL on chromosome 3R in
both mapping populations. However, this QTL was found by

us (Niedziela et al. 2012) and the others (Ma et al. 2000;
Budzianowski and Wo$ 2004) using association mapping. If
detected it usually explains most of the available phenotypic
variance of the trait (Ma et al. 2000; Budzianowski and Wo$
2004). Recently, Silva-Navas et al. (2011) have suggested that
it could be responsible for the expression of a putative tran-
scriptional factor regulating Al tolerant genes located on 7R.
Possibly the lack of this QTL may explain why only a single
Al tolerance QTL mapped to the chromosome 7R was detect-
ed by us. As in both mapping populations Al tolerance was
related to malic acid exudation one may speculate that the
transcriptional factor activates gene coding for the expression
of citric efflux.

The traits under control of additive genes have usually high
heritability (Manal 2009; Ajmal et al. 2009). It was demon-
strated that Al tolerance in triticale could be inherited in 85—
89 % (Schlegel 1996; Zhang et al. 2001). Our results clearly
support those data demonstrating that the heritability in triti-
cale could be even greater reaching 99 %. Such great values of
Al tolerance heritability were also published for Arabidopsis
thaliana (Kobayashi and Koyama 2002). Broad sense herita-
bility can be controlled by several factors (Ukai 2000). In case
of aluminum tolerance such high values are undoubtedly
connected with accurate determination of the phenotypes
and slight environment effect due to control conditions of
experiment. The results of phenotypic variance (25 % and
36 %) and heritability coefficient obtained by us may suggest
that triticale selection for aluminum tolerance would be effec-
tive in MP1 and MP15 populations involving crosses of
sensitive and tolerant parents and the QTL identified in this
study could be efficiently transferred to another population by
marker-assisted backcrossing procedures.

Conclusions

The results of the present study indicate that aluminum toler-
ance in triticale is related to the QTL located on chromosome
7R. This proposal is consistent with association mapping
studies in which numerous markers assigned to chromosome
7R were strongly associated with the trait (Niedziela et al.
2012). By considering the location of the B1 and B26 markers
and the known location of microsatellite markers (Benito et al.
2010), it is also likely that the QTL is on the short arm of
chromosome 7R. Moreover, based on the biochemical tests
performed by us, linkage group of the markers specific for the
QTL identified in the present study and in previous studies
(Miftahudin et al. 2005; Benito et al. 2010), the documented
presence of the ScALMTI gene in the locus, and the linkage
group of markers with the aluminum-tolerance QTL in triti-
cale, our data confirm that malate efflux mechanisms play
important roles in the aluminum tolerance of triticale.
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