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Abstract Aluminum toxicity in acidic soils is a
major constraint to winter wheat productivity in the
southern Great Plains, USA. In this study, a population
of recombinant inbred lines generated from a cross
between two winter wheat cultivars, ‘Jagger’ with
high acidic soil tolerance and ‘2174’ with moderate
acidic soil tolerance, was used to map genes for acidic
soil tolerance in the field. As expected, a major QTL
centered on TaALMTI on chromosome 4DL was
observed. Further sequencing, however, indicated that
Jagger carried an allele having Type V of triplicated
sequence repeats in TaALMTI-1, whereas 2174 car-
ried an allele having Type IV of two (A-B) block
sequences in TaALMTI-2. The Jagger TaALMTI-1-
V allele was expressed at a significantly higher level
than the 2174 TaALMT1-2-1V allele not only in roots
as reported in previous studies but also in leaves found
in this study. No sequence was found for genes to be
homoeologous to TaALMTI in any of the recently
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released genomic sequences of diploid, tetraploid, or
hexaploid wheat, suggesting that neither TaALMT]I-
A nor TaALMTI-B exists in wheat. Therefore,
TaALMT] is a gene unique to genome D. In addition,
Jagger had the favorable allele at a QTL mapped on
chromosome 2DL, whereas 2174 had the favorable
allele at a QTL mapped on chromosome 7BL. The
combination of these three complementary QTLs/ge-
nes/alleles may help to generate winter wheat lines
that confer greater tolerance to acidic soils.

Keywords Aluminum tolerance - Quantitative trait
locus - TaALMTI gene - Allelic variation - Winter
wheat

Introduction

Aluminum (Al) toxicity released from acidic soils is
the major constraint to wheat productivity worldwide
(Raman and Gustafson 2014), particularly in the
southern Great Plains, USA, where soil acidity
formation is frequent (Carver et al. 1988). Hard red
winter wheat (HRW, Triticum aestivum, 2n = 6x =
42, AABBDD) is the primary crop in the southern
Great Plains, but growth and development of HRW
wheat are negatively affected by aluminum toxicity
(Carver et al. 1993). The pH value of surface soils is
5.0-6.0 (moderately acidic) in most fields but can fall
lower than 5.0 (strongly acidic) in some fields, a level
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which seriously threatens HRW wheat production
and even results in failure of the wheat crop in
central and western Oklahoma (Zhang and Raun
2006). Soil acidity is particularly critical for dual-
purpose wheat, which is used as forage for cattle
during the winter season and harvested for grain in
the following spring, because soil acidity reduces
both forage and grain yields (Carver et al. 1993;
Kariuki et al. 2007). With utilization of ammonia N
fertilizers and continued crop removal of soil basic
cations, soil acidity will continue to develop in the
HRW wheat region.

One way to ameliorate aluminum toxicity is to
apply lime to neutralize soil acidity (Kochian et al.
2004; Ryan et al. 2010). Lime application is the most
widely used long-term method of soil acidity amelio-
ration, and its success has been well documented;
however, liming may be impractical due to the high
cost of transportation and the volume of lime needed
across vast areas and also adverse due to subsequent
encouragement of root rot diseases (Haynes 1982;
Conyers et al. 1991; Scott et al. 2001). Another way to
ameliorate the effects of aluminum toxicity is to
improve the plant’s genetic constitution to enhance
tolerance to acidic soil (Garvin and Carver 2003). The
use of acidic soil-tolerant cultivars has been a
successful but temporary alternative to liming in
winter wheat production (Johnson et al. 1997a, b;
Delhaize et al. 2004; Dai et al. 2013).

Sufficient genetic variation in acidic soil tolerance
has been reported among wheat cultivars. On the basis
of acidic soil tolerance on a field scale, rankings were
established for winter wheat cultivars, including ‘Jag-
ger’ and ‘2174, that have been extensively utilized in
the southern Great Plains (Kariuki et al. 2007).
Whereas Jagger was ranked as one of the most acidic
soil-tolerant cultivars, 2174 was ranked as a moder-
ately tolerant one, compared with cultivar ‘Custer’ that
showed the lowest tolerance to acidic soils (Kariuki
et al. 2007). In many instances, genetic variation in
aluminum tolerance among wheat cultivars is due to a
difference in a single gene (Kerridge and Kronstad
1968; Delhaize et al. 1993; Somers and Gustafson
1995; Riede and Anderson 1996; Sasaki et al. 2004,
Raman et al. 2005), but evidence also suggests that
more than one aluminum tolerance gene may exist in
certain wheat cultivars (Berzonsky 1992; Carver and
Ownby 1995; Zhou et al. 2007; Dai et al. 2013; Ryan
et al. 2010). Genetic mechanisms underlying natural
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variation in HRW wheat cultivars produced in the
southern Great Plains have not been revealed.

The first gene controlling natural variation in
aluminum tolerance has been cloned from 7. aestivum,
and it is a gene that encodes an aluminum-activated
malate transporter (TaALMTI) (Sasaki et al. 2004).
Two alleles, TaALMTI-1 and TaALMTI-2, encode
discernible amino acid sequences, but no association
between the different alleles and aluminum tolerance
was observed (Raman et al. 2005). Due to the insertion
of duplicated or triplicated block sequences (Types I—
VI), the two TaALMT1 alleles were found to have six
different patterns in the upstream or promoter region
(Sasaki et al. 2004; Raman et al. 2005; Sasaki et al.
2006). TaALMTI expression levels were positively
correlated with the copy number of the inserted block
sequences and with aluminum tolerance among
diverse and non-Japanese wheat lines but not in
Japanese wheat lines (Sasaki et al. 2006). Wheat plants
may possess different mechanisms in resistance to
aluminum toxicity and acidic soils (Sasaki et al. 2004;
Ryan et al. 2009).

The detectable difference in acidic soil tolerance
between Jagger and 2174 and availability of a
mapping population of recombinant inbred lines
(RILs) generated from the two HRW cultivars provide
an opportunity to identify genes that can be directly
utilized in local HRW wheat breeding programs.
Several hundred SSR markers were mapped in the RIL
population for segregation in developmental traits
(Chen et al. 2009a, b; 2010; Li et al. 2013), and in
resistance to leaf rust (Cao et al. 2010), stripe rust
(Fang et al. 2011), powdery mildew (Chen et al.
2009a, b), and Hessian fly (Tan et al. 2013), but acidic
soil tolerance segregated in the population has not
been reported. Single nucleotide polymorphism (SNP)
markers have since been developed (Cavanagh et al.
2013). These SNP markers were utilized to genotype
the Jagger x 2174 RIL population so that we can (1)
better characterize the difference in acidic soil toler-
ance between two non-susceptible cultivars at the
molecular level and (2) identify complimentary genes
for acidic soil tolerance that may exist in HRW wheat.

Materials and methods

Jagger and 2174 were previously observed to differ in
their reactions in Oklahoma acidic soils, with Jagger
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being more tolerant than 2174 (Kariuki et al. 2007).
Therefore, the Jagger x 2174 population of 144 RILs
was tested for acidic soil tolerance during the
2008-2009 crop season at two naturally low-pH
locations—Stillwater and Enid, OK. The same RIL
population was also evaluated at only Enid during the
2007-2008 crop season. Plots were arranged in the
field in a completely randomized design with two
replications for the RILs and six replications for
parents. Each line was planted in two rows. The
experimental sites were previously described by
Johnson et al. (1997a, b) and Edwards et al. (2012)
as having a soil-water pH of about 4.5 and aluminum
saturation exceeding 10 %. Standard fertilization
practices were followed at each location according
to soil test recommendations, with the exception of
zero lime application.

Visual ratings of acidic soil tolerance were col-
lected from non-replicated trials with Jagger and 2174
interspersed as repeated checks. To further adjust for
spatial variability inherent to field screening, a control
plot of Jagger appeared once for every three plots
containing the RILs. Plot size was one row 3.0 m in
length, with a row spacing of 30 cm. The rating system
focused on secondary effects of low-pH-restricted root
growth in the aboveground foliage, such as highly
prostrate growth and poor plant vigor during juvenile
plant stages, leaf chlorosis and/or purpling, and poor
tillering or spike production (Carver and Ownby
1995).

The rating scale ranged from O (highly tolerant,
with no apparent symptoms of acidic soil stress) to 5
(highly susceptible, in which the majority of plants in a
plot were non-recoverable or dead). Jagger was
usually scored as ‘2,” and 2174 was usually scored
as ‘3’. In comparison, the acidic soil-tolerant cultivar
‘Endurance’ was consistently scored as ‘1’ and the
acidic soil-susceptible cultivars TAM 110 and Custer
were consistently scored as ‘5. Using this rating
system, the RILs and the check plots of Jagger and
2174 were scored across multiple developmental
stages. Readings were taken at Enid on November 2,
2007 (Feekes 3.0), November 3, 2008 (Feekes 3.0),
February 6, 2009 (Feekes 4.0), and March 17, 2009
(Feekes 6.0-7.0), and Stillwater on May, 18 2009
(Feekes 11.0).

Approximately 1500 pairs of simple sequence
repeat (SSR) primers for genome-wide markers were
selected to screen the parents, and 400 SSR markers

were eventually mapped in the Jagger x 2174 RIL
population; however, no SSR marker was mapped
with linkage to a gene on chromosome 4DL for
tolerance to acidic soils. A high-throughput array to
interrogate 9000 gene-associated single nucleotide
polymorphisms (Wheat 9K iSelect SNP assay) in
wheat was developed to detect key genomic regions
(Cavanagh et al. 2013). The population of 144
Jagger x 2174 recombinant inbred lines (RILs) was
genotyped using the 9K SNP markers to saturate the
previous SSR genetic maps. Those SNP markers that
had less than 20 % missing data were selected for final
genetic maps, and the 8-digit SNP codes served as the
reference number for each SNP. The SNP mapping
method was described in a recent study (Li et al. 2013).
Briefly, the SNP markers were used to make linkage
groups using JoinMap 4.0 (Van Ooijen 2006), and the
interval mapping program was run to locate QTLs for
the acidic soil tolerance using MapQTL 6.0 (Van
Oojjen 2009). The SNP markers in the targeted region
were integrated with SSR markers mapped in previous
studies, and the Kosambi mapping function was used
to estimate the distance among the markers within the
targeted QTLs using MapMaker 3.0. The interval
mapping program was run to locate QTLs for the
acidic soil tolerance using WinQTL Cart 2.5. Loga-
rithm of the odds (LOD) threshold for significance was
2.5 for the presence of a putative QTL. Maximum
LOD values were used to estimate QTL peak
positions.

Allelic variation in TaALMT-1

The published cDNA sequences of TaALMTI-1 from
‘ET8’ (GenBank accession AB081803) and TaALMT1I-
2 from ‘ES8’ (GenBank accession AB081804) were
used as references to design primers and obtain the
genomic sequences of TaALMTI from the Jagger and
2174 alleles. The complete TaALMTI gene for each
allele was isolated using the primers ALMTI1-F5 5'-
CGCGGCCAGGAATTCGATCAC-3' and ALMTI-
R1 5-CTTCCTCCGTCACATCGTACA-3'. The
PCRs were performed using LongAmp Tag DNA
polymerase (New England BioLabs) and 35 thermal
cycles after denature at 95 °C for 5 min, each cycle
consisting of 94 °C for 30 s, 56 °C for 30 s, and 65 °C
for 6 min. The resulting PCR products were cloned into
a PCR-XL-TOPO vector for sequencing. Four clones
for each allele were sequenced. Primer ALMT-F5 was
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paired with another primer ALMT-In2R1 CGGAG-
GAAGTAATTAAAAAGAGAGTCTCAAAGGTAC
to map the promoter region. The PCRs were performed
using the protocol as described above except annealing
temperature that was changed to 60 °C and extension
time that was changed to 1 min 40 s. A new PCR
marker was developed to map a SNP in exon 6 using
ALMT-MF1 5-GATCGGAGGGAGTAGCTTTCAT
TTATTC-3' and ALMT-MR2 5'-AGCTAGAGTTA-
TACCTGGGTTTTTGAGG-3'. The PCR products
were digested with restriction enzyme Bcl I. The PCRs
were performed using the protocol as described above
except annealing temperature that was changed to
57 °C and extension time that was changed to 30 s.

TaALMTI gene expression

RNA samples were collected from the entire roots and
shoots from five plants of five- and six-leaf seedlings
grown in commercial soil. RNAs were extracted from
leaves using the TRIzol method (Invitrogen) and
reverse-transcribed to cDNA using a poly(dT) primer.
RT-PCRs were performed to determine TaALMTI
transcriptional levels using SYBR Green I kit (Bio-
Rad). The primers ALMT-RT-FI 5-AAGAGCGTC
CTTAATTCG-3' and ALMT-RT-R2 5-TAAG-
CACCTTGGAGGAATGC-3' amplified a 274-bp
fragment of the gene. The forward primer was the
same as reported in the previous study (Sasaki et al.
2004), but the reverse primer was modified to avoid a
SNP in the primer region between the Jagger and 2174
alleles. The same cDNA sample was used for
TaALMTI and two endogenous control genes: [-
tubulin gene (Sasaki et al. 2004) and actin gene (Li
et al. 2013). The RT-PCRs were performed using 40
thermal cycling after denature at 95 °C for 2 min, each
cycle consisting of 95 °C for 15 s, 55 °C for 20 s and
72 °C for 31 s.

Results

Complementary effects of three QTLs
on aluminum tolerance

Wide phenotypic segregation in acidic soil tolerance
was observed among the Jagger x 2174 RILs, and the
segregated phenotypes were used to map QTLs for
acidic soil tolerance. Of the approximately 400 SSR
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markers used to genotype the population in previous
studies, two SSR markers Xbarc105 and Xgpw94042
were mapped to chromosome 4DL, but neither of them
showed an association with the phenotypes. After SNP
markers were mapped in the population, three QTLs
for acidic soil tolerance were detected.

The first one was located on chromosome 4DL
(QAIlmt.osu-4D). Nineteen SNP markers were assem-
bled into a group that included the two mapped SSR
markers Xbarcl05 and Xgpw94042. This linkage
group spanned 50.9 cM and produced a major QTL
accounting for up to 38.5 % of the total phenotypic
variation (Fig. 1a). The effect of this QTL was most
noticeable following the onset of stem elongation—
hence in the adult plant stages (Table 1; Fig. 1a). Both
Xbarcl05 and Xgpw94042 were on the border of this
QTL, explaining why no QTL was formed using SSR
markers. QAlmt.osu-4D showed consistent effects on
acidic soil tolerance across environments.

The second QTL was located on chromosome 2DL
(QAlmt.osu-2D), where a group of seven SSR markers
and 15 SNP markers spanned 11.7 c¢cM across the QTL
region (Fig. 1b). QAlmt.osu-2D showed variable
effects on acidic soil tolerance across developmental
stages, years, and locations. Its effect was most
pronounced in the vegetative stages, where it
accounted for 29 and 32 % of the total phenotypic
variation at Feekes stage 3.0 at Enid in 2007 and 2008,
respectively. It showed much less or no significant
effects on phenotypes characterized in the adult stages.

The third QTL was located on chromosome 7BL
(QAlmt.osu-7B), where 4 SSR markers and 35 SNP
markers were grouped and spanned 15.7 cM covering the
QTL region (Fig. 1c). Similar to QAlmt.osu-2D, QAlm-
tosu-7B also showed variable effect on acidic soil
tolerance across developmental stages and environments.
While this QTL explained up to 25.1 % of the total
phenotypic variation (Feekes stage 4.0 at Enid in 2009),
the effect was most evident prior to full stem extension.

The genetic effects of the three QTLs on acidic soil
tolerance are summarized in Table 1. No significant
interaction was observed among the three QTLs.
Whereas Jagger showed a tolerant allele at TaALMTI
and QAlmt.osu-7B, 2174 showed a tolerant allele at
QAlmt.osu-2D. A full complement of tolerant alleles
at all three QTLs made some RILs more tolerant than
others and the parental lines. Among 141 RILs that
were phenotyped at Feekes stage 11.0 at Stillwater in
2009, 39 RILs were highly tolerant and scored as ‘1,



Mol Breeding (2015) 35:205

Page 5 of 12 205

Fig. 1 Genetic effects of
three QTLs for acidic soil
tolerance in the

Jagger x 2174 RIL
population. a QAlmt.osu-4D
on chromosome 4DL.
TaALMTI was mapped
under the peak of the QTL.
b QAlmt.osu-2D on
chromosome 2DL.

¢ QAlmt.osu-7B on
chromosome 7BL. EN3.0-
2007 represents the
phenotype collected at
Feekes stage 3.0 at Enid in
2007. EN3.0-2008, EN4.0-
2009, and EN6.0-2009
represent phenotypes
collected at Feekes stages
3.0, 4.0, and 6.0 at Enid in
the 2008-2009 crop season.
ST11.0-2009 represents the
phenotype collected at
Feekes stages 11.0 at
Stillwater. The 8-digit SNP
codes served as the
reference number for each
SNP (Cavanagh et al. 2013).
Logarithm of the odds
(LOD) threshold for
significance was 2.5 for the
presence of the three QTLs
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Fig. 1 continued (C) LoD
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Table 1 Genetic effect of QTLs on aluminum tolerance

Rating QAlmt.osu-4D QAlmt.osu-2D QAlmt.osu-7B
LOD value Phenotypic LOD value Phenotypic LOD value Phenotypic
variation (%) variation (%) variation (%)

EN3.0-2007 N/A NS 7.0 29.3 24 12.3
EN3.0-2008 4.6 14.7 7.6 323 4.9 22
EN4.0-2009 8.0 25.1 4.5 19.9 6.1 274
EN6.0-2009 13.3 38.5 1.2 6 2.6 12.6
ST11.0-2009 12.9 37.6 22 10.3 N/A NS

and 13 RILs were highly susceptible and scored as ‘5’
for acidic soil tolerance.

Allelic variation in TaALMT-1

To test whether TaALMT] is linked with the gene
causing QAlmt.osu-4D, the complete TaALMTI gene
consisting of six exons and five introns was isolated
and sequenced from each of the two alleles. Sequenc-
ing results showed that the Jagger TaALMT -1 allele is
5345 bp in length, including 1286 bp from the
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translational start codon, 3968 bp from the start codon
to the stop codon, and 91 bp after the stop codon. The
2174 TaALMTI-2 allele is 5048 bp in length, includ-
ing 1006 bp from the translational start codon,
3951 bp from the start codon to the stop codon, and
91 bp after the stop codon. TaALMTI-1 was an allele
that had the same sequence from the translational start
codon to the stop codon as haplotype ALMTI-I
reported in ET8 and Atlas66, and TaALMTI-2 was
an allele that had the same sequence from the
translational start codon to the stop codon as haplotype
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ALMTI-2 reported in ES8, CS, and Scout 66.
TaALMTI-1 and TaALMTI-2 were distinguished in
the gene region by 44 SNPs or small insertions/
deletions (indels) including six single nucleotide
polymorphisms (SNPs) in the coding region resulting
in different TaALMT 1 proteins.

TaALMTI in T. tauschii has the promoter Type I
(DQO72271), which has the simplest structure, while
other accessions tested in the previous studies have
block A, B, C, and/or D sequences that are duplicated
or triplicated in different arrangements (Sasaki et al.
2006). Further sequence analysis indicated that the
Jagger allele had triplicates of blocks A-B producing
the pattern A-B, A-B, A-B, C, and D in the promoter
region (Type 5) (Fig. 2a), but 2174 had duplicates of
blocks A-B producing the pattern A-B, A-B, C, and D
in the promoter (Type IV) (Fig. 2b). Hence, the Jagger
TaALMTI-1-V allele and the 2174 TaALMTI-2-1V
allele were distinguished from one another by one
more or less copy of block A (172 bp) and block B
(108 bp). A total difference of 280 bp of blocks A-B
in the TaALMTI promoter size was detectable in an
agarose gel as shown in Fig. 2c. This marker was used
to map TaALMT1 in the population (Fig. 1a). Another
PCR marker for a SNP in exon 6 was also developed

(A)
Type V ATG

D C BA BA BA
Jagger

(B) TypeIV

4

Fig. 2 Gene structure and PCR markers of TaALMT]. a Dia-
gram of TaALMT1-1-V gene structure. The Jagger TaALMTI-1-
V allele consists of the Type V promoter and the TaALMTI-1
gene region that has six exons and five introns. b Diagram of
TaALMTI-2-1V gene structure. The 2174 TaALMTI-2-1V allele
consists of the Type IV promoter and the TaALMTI-1 gene
region that has six exons and five introns. Promoter Type V has

(Fig. 2d), and it mapped TaALMTI to chromosome
4DL.

Expression of TaALMT1 not only in roots
but also in leaves

TaALMTI gene expression was tested for five pro-
moter types, except for Type IV that was not found in
any of 34 lines tested by Sasaki et al. (2006). In order
to test whether there was differential expression
between TaALMTI-1-V and TaALMTI-2-1V, a regular
PCR assay was used to qualitatively characterize gene
expression. Surprisingly, both of the two alleles were
found to be expressed not only in roots (Fig. 3a, lanes
5-8) but also in leaves (lanes 1-4) of seedling plants.
Moreover, TaALMT1 was hardly observed in roots of
adult plants (lanes 13-16) but were clearly
detectable in leaves (lanes 9-12) as well as in spikes
(lanes 17-20).

Real-time quantitative PCR was used to quantita-
tively determine the difference in transcriptional level
between the Jagger TaALMTI-1-V allele and the 2174
TaALMTI-2-1V allele, and tubulin was used as an
endogenous control for each sample (Fig. 3b). Com-
pared with tubulin, TaALMTI-1-V was expressed at a

TaALMTI-1
TAA

l_

TaALMTI-2

(D)
500 bp—

M1 2 3 4

triplicates of blocks A (shaded box in black) and B (shaded box
in dark gray), whereas promoter Type IV has duplicates of
blocks A and B. ¢ A PCR marker for promoters differing in
length between TaALMTI-1 and TaALMTI-2-1V. D. A PCR
marker for one SNP (X) in exon 6. M denotes a DNA marker.
Lanes 1 and 2 represent the Jagger TaALMTI-1-V allele,
whereas lanes 3 and 4 represent the 2174 TaALMTI1-2-1V allele
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(A) Seedlings

Leaves Roots

Leaves

Adult plants

Roots Spikes

M 1 2 3 4 5 6 7 8 9

40 +

30

20 -

T !
04 . , ; ;‘

Jagger root 2174 root Jagger leaf 2174 leaf

Fig. 3 Expression profiles of TaALMTI. a Tissue-specific
expression profiles of TaALMT] in different tissues in seedling
plants. Odd numbers indicate the Jagger TaALMTI-1-V allele,
whereas even numbers indicate the 2174 TaALMT1-2-1V allele.
Lanes 21 and 22 represent gDNA used as a control. b Differential
transcriptional levels in roots and leaves, with standard error
bars, between TaALMT1-1-V and TaALMTI1-2-1V. Tubulin was

very high level in roots, whereas TaALMTI-2-1V was
minimally expressed in roots. In leaves, TaALMT]I-1-
V was clearly expressed, but TaALMTI-2-1V was
expressed at a very low level.

To further test the possibility that low expression of
the 2174 TaALMTI-2-1V allele was caused by varia-
tion in tubulin primer sequences, actin was used as an
endogenous control to quantitatively determine the
difference in transcriptional level between the Jagger
TaALMTI-1-V allele and the 2174 TaALMTI-2-1V
allele. As shown in Fig. 3c, in roots, TaALMTI-1-
V was expressed twice as much as TaALMTI-2-1V.
Although TaALMTI-1 was detected at a much lower
transcriptional level in leaves than in roots, the
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11 12 13 14 15 16 17 18 19 20 21

(D)
(-AACT)
50
45 4
40
35+
30
25 4
20 1
15 1
10 -

2174 root Jagger leaf 2174 leaf

Jagger root

used as an endogenous gene control. ¢ Differential transcrip-
tional levels in roots, with standard error bars, between
TaALMTI-1-V and TaALMTI-2-1V. d Differential transcrip-
tional levels in leaves, with standard error bars, between
TaALMTI-1-V and TaALMTI-2-1V. ¢, d Actin was used as an
endogenous gene control. Sixteen PCRs for each allele were
performed

difference in gene expression between the two alleles
was significant (Fig. 3d).

No homoeologous TaALMT] sequences in wheat

Hexaploid wheat has three homoeologous genomes, and
each gene is expected to have three homoeologous genes.
In order to determine whether there is homoeologous
TaALMT-A1I or homoeologous TaALMT-BI in wheat, the
complete TaALMT1 gene sequence was used to search the
IWGSC databases (http://www.wheatgenome.org), and
two sequence contigs were hit. One is IWGSC_chr4
DL_V3_ab_k71_contigs_longerthan_200_14215826
(3301 bp), and the other is IWGSC_chr4dDL_V3_ab_k
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71_contigs_longerthan_200_14459193 (3090 bp).
The two sequences were from two parts of the same
TaALMT-D1 gene. However, no homoeologous
TaALMT-AI or TaALMT-BI1 gene was found in any
contig on genome-wide sequences.

The complete TaALMT] gene sequence was used to
search for TaALMT-A1 and TaALMT-BI in transcrip-
tome sequences of T. urartu containing genome A and
T. turgidum containing genomes A and B in GrainGe-
nes databases, genome sequences of 7. urartu, and all
other databases in GenBank, but neither TaALMT-A1
nor TaALMT-B1 was found in these databases.

Discussion

In this study, two locally adapted cultivars known to
differ in tolerance to acidic soils were used to generate
a biparental population and to map acidic soil
tolerance genes. As a result, the aluminum tolerance
gene TaALMTI was found to be one of the candidate
genes for segregation of acidic soil tolerance in the
population. The tolerant cultivar, Jagger, carries
TaALMTI-1-V, the same allele present in ET8 and
Atlas66. 2174, with moderate or intermediate toler-
ance, carries TaALMTI-2-1V, which may carry the
same TaALMTI-2 as TaALMTI-2-IV that was
described but not sequenced in a previous study
(Raman et al. 2008). TaALMT1-2 was reported to have
promoter Types L, II, III, V, and VI, and TaALMTI-1
was reported to have promoter Types I and V only
(Sasaki et al. 2006; Raman et al. 2008). Promoter Type
IV was reported to exist in 4 of 73 lines screened in a
previous study, including Bariacora M92, CDS§7,
Currawong, and Genaro-1 (Sasaki et al. 2006), but
the sequence of the gene region of TaALMT]I in these
four lines was not reported. 2174 has the same
sequences in the gene region of TaALMTI-2 as ESS,
CS, and Scout 66, but different sequences in the
promoter. Gene expression was increased when a
TaALMT-1 allele contained tandem repeated elements
in its promoter (Sasaki et al. 2006). The effect of
tandem repeated block sequences in enhancing gene
expression has been demonstrated in transformation
experiments (Ryan et al. 2010). The Jagger TaALMT1I-
1-V allele has triplicated sequence repeats (Type V),
whereas the 2174 TaALMT1-2-1V allele has duplicated
sequence repeats (Type IV). This study has experi-
mentally demonstrated that TaALMTI-1-V had the

higher transcriptional level and conferred greater
tolerance to acidic soils compared to TaALMTI-2-1V
probably due to greater aluminum tolerance. The
positive association of the number of block sequence
repeats in the ALMT] promoters with gene transcrip-
tional level and acidic soil tolerance was observed in
non-Japanese lines but not in Japanese lines (Sasaki
et al. 20006).

Malate is the predominant organic acid that is
released in aluminum-tolerant but not aluminum-
sensitive genotypes of ALMTI (Raman et al. 2005;
Sasaki et al. 2006). ALMTI in crops encodes a
membrane transporter that mediates malate efflux
underlying wheat aluminum tolerance in roots (Del-
haize et al. 1993, 2012). TaALMT1 was reported to be
constitutively expressed in root apices in a previous
study, in which northern blots were used to investigate
the transcriptional profiles (Sasaki et al. 2004).
However, extraction of RNAs from root tissue makes
it inconvenient to study 7aALMTI function. This
study used the more sensitive quantitative PCRs to test
the TaALMTI expression and showed that TaALMTI
was expressed not only in roots but also in seedling
leaves, as well as in spikes of adult plants. It is likely
that TaALMT1 was predominantly in roots and partly
expressed in shoots due to the specificity of the
TaALMTI promoter, but the possibility that the RNA
transcripts detected in leaves were transported from
roots cannot be excluded. When grown in acidic soils,
plants can accumulate aluminum in leaves in wheat.
The presence of more TaALMT] transcripts in tolerant
wheat cultivars may effectively detoxify internal
aluminum by forming aluminum-organic acid com-
plexes (Ma et al. 2001). The difference in the
TaALMTI transcriptional level in leaves between the
TaALMTI-1-V and TaALMT1-2-1V alleles was signif-
icant and consistent. Therefore, RNAs from leaves can
be used to determine TaALMT] transcriptional levels
for allele variation or experimental effects in future
studies.

The genetic effects of TaALMT1 were observed in
several populations (Ma et al. 2005; Raman et al.
2005; Sasaki et al. 2004; Zhou et al. 2007; Dai et al.
2013). This locus explained various proportions of the
total phenotypic variation in several biparental popu-
lations, including 84 % for HSS x NRG (Dai et al.
2013), approximately 50 % for Atlas 66 x Century
(Ma et al. 2005), 45 % for Atlas 66 x Chisholm
(Zhou et al. 2007), and 51 % for FSW x ND35 (Cai
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et al. 2008). The maximum effect was 38 % as
observed in the Jagger x 2174 RIL population.
Across studies, the large variation in genetic effect
of TaALMT] is related not only to experimental soil
conditions (field) and phenotypic methods (above-
ground traits or root staining pattern) but also to the
parental difference relative to aluminum tolerance and
genetic backgrounds of tested materials. TaALMT]I in
wheat behaved as a monogene controlling aluminum
tolerance under some genetic backgrounds (Raman
et al. 2005; Riede and Anderson 1996) but as part of
multiple gene effects under other genetic backgrounds
(Berzonsky 1992; Cai et al. 2008; Zhou et al. 2007).
Other genes/loci related to aluminum tolerance
included those on 1A, 1B, 2A, 2B, 2D, 3A, 3B, 4A,
4B, 4D, 5B, 6A, 6B, 7A, and 7B that were identified by
genome-wide association analysis and those on 2A,
3B, and 4B by QTL mapping (Dai et al. 2013). The
observation of genetic effects of genes/QTLs on 4A or
4B for aluminum tolerance raised the hypothesis
whether there is homoeologous TaALMT-A1 on 4A or
homoeologous TaALMT-B]1 that plays a similar role as
TaALMTI on 4DL. Interestingly, no sequence for such
a gene was found in any databases of wheat genome
sequences currently available. A gene on chromosome
4B for aluminum tolerance was cloned but it encodes a
MATE transport protein and belongs to a different
family from the ALMT proteins (Tovkach et al. 2013),
supporting the hypothesis that a close homolog of
TaALMT] is not present on chromosome 4B or the
entire genome of hexaploid wheat. An extensive
screen of aluminum resistance in Triticum germplasm
showed no aluminum tolerance from either A or B
genomes in tetraploid species 7. turgidum and T.
dicoccoides or from only the A genome or its relative
in diploid T. urartu and T monococcum, tetraploid T.
timopheevii, and hexaploid T. zhukovskyi showed on
resistance to aluminum, but significant or moderate
aluminum tolerance from 7. tauschii that is the donor
of the D genome in bread wheat (Ryan et al. 2010).
The frequent observation of aluminum tolerance in
diverse populations irrespective of their geographic
origins (Luo and Dvorak 1996; Riede and Anderson
1996; Ma et al. 2005; Raman et al. 2005, 2006, 2008;
Ryan et al. 2009) suggested that TaALMT] is a gene
unique to genome D in wheat.

Many previously reported QTLs/genomic regions
were identified for aluminum tolerance that were
phenotyped based on staining of roots tested in
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hydroponic solutions containing aluminum. This
study collected the phenotypic data from field and
identified the same major QTL as reported on
chromosome 4DL, indicating the phenotyping
method was feasible. The two new QTL for acidic
soil tolerance identified in the same system can be
utilized in winter wheat breeding programs. The
variability of acidic soil tolerance may be caused by
different seasons, in addition to developmental stages
of plants and years and locations of experiments. For
example, plant shoots may be less dependent on roots
in taking up water from deep soils in a wet season
than a dry season. The peak of the QAlmt.osu-2D was
in a 5.7-cM region between CFD16 and
SNP51738501, and the peak of the QAlmt.osu-7B
was in a 4.0-cM region between SNP55699328 and
GWMS577. These flanking markers and their linked
markers can be used in molecular breeding for
improvement of acidic soil tolerance in wheat.

This study indicates that the tolerance of winter
wheat cultivars grown in the southern Great Plains to
acidic soils is mainly controlled by three genes: two in
Jagger (TaALMT] and QAlmt.osu-7B) and one in 2174
(QAIlmt.osu-2D). Sufficient levels of tolerance have
been observed in hard red winter wheat cultivars
(Kariuki et al. 2007), which may be inadvertently
retained or selected by local breeders. Instead, breed-
ers would be better served with selection tools that
enable favorable alleles to be combined across mul-
tiple loci into a single genotype. Development of
molecular markers for the presence of the resistant
allele at all of the three genes/loci will accelerate their
utilization in future breeding of novel winter wheat
cultivars adapted to acid soil conditions throughout
wheat plant development.
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