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SUMMARY

Impaired root development caused by aluminum (Al) toxicity is a major cause of grain yield reduction in
crops cultivated on acid soils, which are widespread worldwide. In sorghum, the major Al-tolerance locus,
Altsg, is due to the function of SbMATE, which is an Al-activated root citrate transporter. Here we
performed a molecular and physiological characterization of various Altsg donors and near-isogenic lines
harboring various Altsg alleles. We observed a partial transfer of Al tolerance from the parents to the near-
isogenic lines that was consistent across donor alleles, emphasizing the occurrence of strong genetic back-
ground effects related to Altsg. This reduction in tolerance was variable, with a 20% reduction being
observed when highly Al-tolerant lines were the Altsg donors, and a reduction as great as 70% when other
Altsg alleles were introgressed. This reduction in Al tolerance was closely correlated with a reduction in
SbMATE expression in near-isogenic lines, suggesting incomplete transfer of loci acting in trans on
SbMATE. Nevertheless, Altsg alleles from the highly Al-tolerant sources SC283 and SC566 were found to
retain high SbDMATE expression, presumably via elements present within or near the Altsg locus, resulting
in significant transfer of the Al-tolerance phenotype to the derived near-isogenic lines. Allelic effects could
not be explained by coding region polymorphisms, although occasional mutations may affect Al tolerance.
Finally, we report on the extensive occurrence of alternative splicing for SOMATE, which may be an impor-
tant component regulating SOMATE expression in sorghum by means of the nonsense-mediated RNA decay
pathway.

Keywords: sorghum, aluminum tolerance, multi-drug and toxic compound extrusion family, transporter
protein, alternative splicing, gene expression.

INTRODUCTION

Highly weathered soils such as those found in tropical and
sub-tropical regions are frequently acidic, and, at pH values
at or below 5.0, toxic forms of ionic aluminum (Al) are
released into the soil solution, damaging root systems and
inhibiting root growth, which in turn restricts water and
nutrient uptake (Jones and Kochian, 1995; Horst et al., 2010;
Ryan et al., 2010a). The resulting Al toxicity syndrome is
one of the most important causes of yield reduction for
crops cultivated on acid soils, which are widespread glob-
ally (von Uexkill and Mutert, 1995; Kochian et al., 2004). A
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widely investigated mechanism of Al tolerance involves the
release of organic acids such as malate and citrate, medi-
ated by transporters located in the plasma membrane of
cells of the root apex (Kinraide et al., 2005; Delhaize et al.,
2007). Once released into the rhizosphere, these organic
compounds form stable, non-toxic complexes with Al,
thereby providing a means for plants to withstand Al toxic-
ity (Ma et al., 2001; Kochian et al., 2004, 2005).

The first Al-tolerance gene to be cloned in plants was
TaALMTT1 (Triticum aestivum aluminum-activated malate
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transporter), which encodes a transmembrane protein
that mediates Al-activated malate efflux (Sasaki et al.,
2004). Additionally, transporter genes in the multi-drug
and toxic compound extrusion (MATE) family confer Al
tolerance via Al-activated root citrate release, as first
shown in barley (Hordeum vulgare L.) (HVAACT1, Furuka-
wa etal, 2007) and sorghum (Sorghum bicolor)
(SbMATE, Magalhaes et al., 2007). Co-occurrence of both
Al-activated malate and citrate release in Arabidopsis tha-
liana was shown to be due to members of the aluminum-
activated malate transporter (ALMT) and MATE families
(Liu et al., 2009).

There is growing evidence indicating that additional loci
modulate the expression of Al-tolerance genes, which may
translate into epistatic interactions among Al-tolerance loci,
converging to control a single, centralized physiological
mechanism. For example, in Arabidopsis, both AtALMT1
and AtMATE expression has been shown to be regulated by
a C2H2-type zinc finger transcription factor, STOP1, which is
also associated with tolerance to low pH (luchi et al., 2007;
Liu et al., 2009). A homolog of STOP1, ART1, regulates the
expression of a suite of genes related to Al tolerance in rice
(Oryza sativa), including STAR1T and STARZ2 (Yamaji et al.,
2009), Nrat1 (Xia et al., 2010), OsALS1 (an ABC transporter
involved in rice Al tolerance, Huang et al., 2012) and the
MATE family member OsFRDL4 (Yokosho et al., 2011).

In sorghum, Al tolerance and SbMATE expression were
correlated in a set of lines previously known to possess
various alleles at the Altsg locus on chromosome 3, which
harbors SbMATE (Caniato et al., 2007; Magalhaes et al.,
2007). Although a significant proportion of the Al tolerance
variation has been shown to be controlled by factors pre-
sent within the Altsg locus in certain segregating popula-
tions (Magalhaes et al, 2004), the involvement of
additional interacting loci acting across genetic back-
grounds cannot be ruled out.

Here we show that near-isogenic lines (NILs) generated
by marker-assisted introgression of various Altsg alleles
retain varying degrees of Al tolerance in comparison to the
original parents. The reduction in Al tolerance from parent
to NILs may be very dramatic, reaching approximately
70%, depending on the Altsg donor line. This incomplete
transfer of Al tolerance to NILs is associated with a reduc-
tion in SbBMATE expression, emphasizing the importance
of regulatory loci acting in trans. Cis-type regulation was
found in two highly Al-tolerant sources, which are pre-
ferred donors of Al tolerance in sorghum. Allelic effects at
Altsg resulting in variable Al tolerance were found to rely
extensively on polymorphisms that are unrelated to pro-
tein structure, with regulatory polymorphisms greatly
affecting Al tolerance. Finally, SOMATE alternative splicing
is shown here to be a potentially important level of regula-
tion, with a possible effect on sorghum Al tolerance con-
ferred by SODMATE.
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RESULTS
Physiological characterization of Al tolerance

Citrate release was assessed in eight sorghum lines (Fig-
ure 1) that were selected to represent a wide range of phe-
notypic responses to Al toxicity in sorghum (Caniato et al.,
2007). Based on previous data obtained at 27 pm Al%*, these
lines may be classified as Al-sensitive [BR007, BR012 and
IS8577, with slightly higher relative net root growth
(RNRG) in 1S8577] or tolerant to Al toxicity (3DX, SC175,
CMS225, SC283 and SC566) (Caniato et al., 2007). Based
on the RNRG at 39 pum AI**, SC283 and SC566 were highly
tolerant to Al toxicity (Caniato et al., 2007), and phenotyp-
ing at 60 um AI** indicated that SC566 shows the highest
level of Al tolerance (Caniato et al., 2007, 2011). Citrate
release in BRO0O7 was extremely low at all Al®* activities
tested, consistent with its extreme degree of Al sensitivity.
Citrate release in the remaining lines was activated by
11 um AI* and inhibited at higher AI** activities, except in
SC566. At 27 um AI**, tolerant lines were able to maintain
higher rates of citrate exudation compared to Al-sensitive
lines. In the most Al-tolerant line, SC566 (Caniato et al.,
2007, 2011), its highest citrate release rate of approximately
600 pmol per plant per hour reached at 20 um AI** was not
inhibited even at the highest Al activity of 39 um AP,
These results suggest that very high levels of Al tolerance
in sorghum are related both to high rates of root citrate
release and a lack of citrate release inhibition caused by
high AP** activities.

Phenotypic characterization of Al tolerance in parents and
derived NILs

The Altsg locus from the various donors was introgressed
by marker-assisted selection, using BR012 (Al-sensitive) as
the common recurrent parent, to generate NILs. Figure 2
shows that the NILs differed for Al tolerance based on
RNRG, with the RNRG ranging from nearly 20-100%. Inter-
estingly, a reduction in Al tolerance between tolerant par-
ents and their respective NILs was observed in all cases,
and the extent of this decrease was variable. The most
pronounced reduction in RNRG was observed in NILs
derived from 3DX (approximately 70%), SC175 (approxi-
mately 50%) and CMS225 (approximately 40%), whereas
NILs derived from the most Al-tolerant lines, SC283 and
SC566, were only 20% less tolerant than their respective
parents, indicating extensive retention of Al tolerance by
the parent alleles when introgressed into the BR012
genetic background.

Analysis of SOMATE expression

Figure 3(a) shows that Al exposure up-regulated SODMATE
expression in the Al-tolerant lines CMS225, SC283 and
SC566 by 1.5-3.2-fold, whereas SbMATE expression in
other lines was repressed by Al. Interestingly, the lines
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Figure 1. Root citrate exudation.

Sorghum lines (names shown at the top of each
graph) were grown in nutrient solution pH 4.0
for 5 days under increasing AI** activities fol-
lowed by exudate collection for 6 h. Values are
means + SEM of five replicates.
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showing increased expression in response to Al are the
most Al-tolerant lines (Caniato et al., 2007), suggesting that
Al up-regulation of SODMATE expression is related to specific
changes in cis factors leading to high SbBMATE expression
and Al tolerance. In barley, at least in the basal root tip
region, HVAACTT1 expression was apparently down-regu-
lated by Al in the Al-sensitive cultivar Morex (Furukawa
et al., 2007), suggesting a degree of conserved functional
evolution of cis factors controlling the expression of MATE
genes. Interestingly, in all cases, SDMATE expression was
lower in the NILs compared with their respective parents,
consistent with the observed decrease in Al tolerance in the
NILs. Comparing tolerant parents to derived NILs, the steep-
est decrease in SODMATE expression of approximately 80%
was observed in 3DX, leading to very low expression levels
comparable to those observed in the Al-sensitive lines. In

Al Activity {um}

contrast, although reduced relative to the parents, SODMATE
expression in the NILs derived from CMS225, SC283 and
SC566 was still 25-, 60- and 70-fold higher, respectively,
than the Al-sensitive line, BR012. This indicates that the sig-
nificant retention of Al tolerance in these NILs was associ-
ated with high SbBMATE expression in the donor alleles and
a comparatively higher maintenance of SODMATE expression
compared to other NILs such as that derived from 3DX.
SbMATE expression and Al tolerance were moderately cor-
related in the parents (Figure 3b), but, within a common
genetic background, this correlation increased to r=0.91 in
the NILs (Figure 3c).

Genomic structure and haplotype variation for SOBMATE

Genomic sequences for SOMATE were obtained for 13 sor-
ghum lines, including those used to generate NILs (Fig-
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ure 4a,b). Eleven SNPs and one indel were found across
the four SODMATE introns, with nine polymorphisms being
found within the second intron of SODMATE.

In contrast, coding region polymorphisms were far more
rare, being observed in only two lines, Tx642 and SC566,
which were highly Al-sensitive (RNRG = 15%, Caniato
et al., 2011) and Al-tolerant, respectively. Exon 1 of Tx642
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Figure 2. Aluminum tolerance
genic lines (NILs) for Altsp.
The Altsg locus from the donor lines (gray bars) was introgressed by
molecular-assisted backcrossing, using the Al-sensitive line, BR012, as the
common recurrent parent, to generate NILs (black bars). The Al-sensitive
and Al-tolerant standards BR007 and SC283, respectively, are included.
Percentage relative net root growth (RNRG) is a standard measure of Al
tolerance, and was determined after 5 days of treatment with 27 pm A** in
nutrient solution at pH 4.0. The RNRG (%) is calculated from root growth in
Al divided by root growth without Al x 100. Values are means + SEM of
three replicates.

in sorghum lines and respective near-iso-
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includes SNPs, insertions and deletions that create a pre-
mature stop codon, resulting in a truncated SbMATE pro-
tein with 241 amino acids. In SC566, a T—A change in the
first exon of SDMATE resulted in a Leu—His substitution at
amino acid position 261 of SbOMATE. Protein domain analy-
sis indicates that SOMATE is a member of the NorM-like
subset of the MATE super-family. Structural predictions
using the Phyre2 fold recognition server (Kelley and Stern-
berg, 2009) resulted in a 3D model structure (Figure 4c)
with strong support for homology to the structure
described for NorM from Vibrio cholerae (NorM-VC), the
first and only MATE structure resolved to date (He et al.,
2010). The Leu—His substitution is predicted to occur at a
helix (transmembrane domain 3, TM3) that does not line
the internal cavity, but is peripheral towards the lipid
bilayer. Within this helix, the His residue faces towards the
outside surface of the molecule.

The potential effect of this substitution on functionality
was assessed in vitro by heterologously expressing both
the wild-type SbMATE (Leu at position 261) and the mutant
SbMATE allele (SbMATE L261H, with His at position 261)
in Xenopus laevis oocytes (Figure 5). Although cells
expressing either SOMATE or SOMATE L261H showed sig-
nificantly different electrical properties than non-express-
ing oocytes (i.e. control), the basic transport properties for
the wild-type SbMATE did not differ from those of the
mutant allele. Resting potential measurements in standard
bath solution at pH 7.5 showed that cells expressing either
variant were significantly more depolarized (approximately
—20 + 3 mV) than control cells (—59 £ 5 mV). Under volt-
age clamp conditions, oocytes expressing either SOMATE
transporter showed significantly greater electrogenic

—

b)

(a)
120
5
H O {0} pmAI
3 W (27} pM AR*
® 100
o
x
@
u
S 8
3
%)
-
S
g 0
c
2
s
T
g
£ 40
c
&
3
o
o
2
g
o
4
0
[ T S B s S B G L S < I R}
g &g 5 z = z @ =z = z § z §
¥ ¢ ® £ O & x O &b ® & O
a 4o 2 K O < o ®o ~ = o9 o
5 = Q = 3 g
1 O O 2]
2] 2] » =
o
Genotypes

Figure 3. Expression analysis of SODMATE.
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(a) Relative quantification of SOMATE expression was performed using seedlings grown in nutrient solution without (white bars) and with 27 pm AI** (black bars)
at pH 4.0 for 5 days. The Al-sensitive and Al-tolerant standards BR007 and SC283, respectively, are included. Expression in the Al-sensitive line, BR012, treated
with Al was used as the reference. Values are means + SD of three replicates. (b, ¢) Correlation analysis between Al tolerance as determined by relative net root

growth (RNRG) and SbMATE expression in (b) lines and (c) derived NILs.
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Figure 4. SbDMATE haplotypes in 13 sorghum lines showing differential tolerance to Al.

(a) Genomic structure of SDOMATE. The black boxes indicate five exons (numbered 1-5) interrupted by four introns (1-4).

(b) Partial alignment of SOMATE using CLUSTAL W, indicating polymorphisms. Thick lines above and below the alignments represent exons and introns,
respectively, which are numbered sequentially as in (a). The A/T SNP in the first exon of SC566 is shown with the A allele present (box).

(c) 3D structural model (outward-facing configuration) of SOMATE based on structural homology. The model was generated by the Phyre2 fold recognition ser-
ver (Kelley and Sternberg, 2009) using the NorM-VC MATE structure (He et al., 2010) as a template. Left panel: Back view from the membrane side of SOMATE.
with the extracellular and cytoplasmic sides indicated. Right panel: view from the outside of the cell. The internal cavity opens to the extracellular space and is
occluded on the cytoplasmic side. Helices are colored using a rainbow gradient from N-terminus (blue) to C-terminus (red). The arrows indicate the location of
the His residue 261 (colored in red with atoms represented as balls and sticks) in the third helix (TM3, shown in cyan). The molecule surface is shown as a trans-
parency. The model does not take into account a longer loop region (approximately 70 amino acids) connecting the TM2 and TM3 helices, nor 95 residues con-

stituting a cytoplasmic tail at the N-terminal end.

activity (i.e. negative currents) relative to the lack of activity
elicited in control cells, with SbOMATE-mediated currents
reversing at holding potentials that were approximately
40 mV less negative than those observed in control cells
(Figure b5a,b). Acidification of the bath media (from pH 7.5
to 4.5) resulted in a significant increase in the magnitude
of SbMATE-mediated currents. In addition, increasing the
cytosolic concentration of the organic anion substrate (i.e.
citrate) resulted in a modest re-polarization of SbMATE-
expressing cells, with resting potentials shifting from
—-20 £ 3 to —35 + 5 mV. Under voltage clamp conditions,
SbMATE-mediated currents remained pH-dependent. How-
ever, under these conditions, the SbMATE-mediated cur-
rents were apparently slightly greater than those recorded
in the absence of cytosolic citrate. It is worth noting that,
although smaller in magnitude, an endogenous conduc-
tance was observed in control cells micro-injected with
citrate (Figure 5c, left panel). Overall, the electrophysiologi-
cal analysis indicates that: (i) SOMATE mediates cation-

coupled (i.e. proton-coupled) transport, typical of MATE
transporters, and (ii) the Leu—His residue substitution at
position 261 does not have a significant effect on the elec-
trogenic characteristics of SOMATE transport, at least when
expressed heterologously in X. laevis oocytes.

Alternative splicing of SOBMATE

Because of the presence of intronic polymorphisms, prim-
ers were designed to amplify various regions of SOMATE
in order to detect possible alternative transcripts. Amplifi-
cation of cDNA samples using primers spanning intron 1
(Figure 6a,A) yielded a fragment of the same size as the
610 bp fragment amplified from genomic DNA (Figure 6a,B),
in addition to the expected 494 bp fragment from cDNA
with fully spliced intron 1 (Figure 6a,C). These results sug-
gest the presence of alternative transcripts that possibly
show complete retention of intron 1. In order to verify the
presence of additional SbMATE isoforms, amplification
was performed using primers that anneal to the first and
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Figure 5. Electrophysiologically determined transport properties for wild-type SOMATE (with Leu at position 261) and SODMATE L261H (with His substitution at
position 261) via expression in X. laevis oocytes using two-electrode voltage clamp.

(a) Examples of SOMATE- and SbMATE L261H-mediated currents elicited in response to holding potentials ranging from +40 to —140 mV (in 20 mV increments)
in standard bath solution at pH 7.5 or pH 4.5, as indicated. Currents recorded in control cells (i.e. not injected with cRNA) are shown for reference. The horizontal
arrow on the left margin of the traces indicates the zero current level. Time and current scales are given on the left.

(b) Mean current/voltage (//V) curves constructed from steady-state currents recordings such as those shown in (a), for SOMATE (left panel) and SbOMATE L261H
(right panel) in standard bath solutions at pH 7.5 (open symbols) and pH 4.5 (filled symbols). For reference, values for non-expressing cells are shown in the left
panel. The symbols correspond to those shown above the example traces in part (a). Values are means = SD (n = 10 cells for each cRNA tested). The SEM is
shown only when larger than the symbol.

(c) Mean current/voltage (//V) curves for cells expressing SbMATE (left panel) and SbMATE L261H (right panel) in the presence of increased intracellular citrate.
The intracellular citrate activities were increased by pre-loading the cells via micro-injection with 50 nl of 100 mwm sodium citrate 2 h prior to electrophysiological
recordings. Recordings were performed as described in (a) in standard bath solutions at pH 7.5 (open symbols) and pH 4.5 (filled symbols), and //V curves were

constructed as described in (b) (n = 6 cells for each cRNA tested).

last exons (Figure 6b). A 1638 bp fragment was observed
in genomic DNA samples (Figure 6b,D), as expected based
on the SbMATE sequence. Two bands were observed in
cDNA templates. A weaker band, which was slightly larger
than 1018 bp, was more visible in cDNA templates from
the Al-tolerant lines SC566, SC283, SC175 and CMS225
(Figure 6b,E,F), although it was also faintly detected in
Al-sensitive lines upon gel inspection. A stronger band
with molecular size of 1033 bp, corresponding to the
expected size of the fully spliced cDNA fragment, was also
detected (Figure 6b,G). The cDNA bands were subse-
quently cloned and sequenced, confirming the presence of
transcripts generated by alternative splicing. The molecular
sizes for alternative transcripts retaining intron 1 were 610
(amplified using primers EXON-1R/EXON-2F, Figure 6a,B)
and 1149 bp (amplified using primers EXON-1R/EXON-5F,
Figure 6b,E), and that for those retaining intron 3 was
1126 bp (Figure 6b,F). These sizes exactly match the
known genomic DNA sequence, confirming complete
retention of introns 1 or 3. Sequencing of all genomic DNA
bands in addition to the fully spliced SbMATE transcript
(Figure 6b,G) also matched the expected sizes based on
the SbBMATE sequence.

© 2012 The Authors

RNA-seq (Figure S1) validated the isoforms retaining
introns 1 or 3 described above. Strikingly, a previously
unknown intron in the 5 untranslated region (5 UTR),
and additional transcripts retaining each of the four
SbMATE introns were also detected. The data also sug-
gested the presence of partially retained introns, as seen
for intron 2.

The predicted SbMATE proteins encoded by isoforms
completely retaining each of the four introns were found
to be truncated as a result of premature termination
codons (Figure 6¢). Thus, retention of introns 1-4 gener-
ates truncated SOMATE proteins ranging from 299 to 398
amino acids.

Expression analysis of SBMATE splice variants

We studied expression of the various splice variants of
SbMATE using quantitative real-time PCR (Figure 7-a-d).
Al-tolerant lines showed higher expression for all isoforms
compared to the sensitive lines. For all isoforms, Al expo-
sure either led to reduction or no dramatic change in the
comparatively low SbMATE expression in Al-sensitive
lines. Al up-regulation of SOMATE expression in Al-tolerant
lines was clearly observed in CMS225 and SC283 for the

The Plant Journal © 2012 Blackwell Publishing Ltd, The Plant Journal, (2013), 73, 276-288
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Figure 6. Alternative splicing of SBMATE.

Premature
termination codon

(a) Amplification profiles of SOMATE genomic DNA (indicated as ‘g’ in genotype designations at the top of the gel image) and cDNA (indicated as ‘c’), using
primers EXON-1R and EXON-2F spanning intron 1. (A) Intron (thin lines) and exon (black boxes) structure of SbDMATE, with numbers indicating sizes in bp and
arrows representing primer binding sites; (B) 610 bp fragment containing unspliced intron 1 in cDNA samples; (C) 494 bp fragment corresponding to the fully

spliced cDNA.

(b) Amplification profiles of SbMATE genomic DNA and cDNA using primers EXON-1R and EXON-5F. (D) 1638 bp fragment corresponding to genomic
SbMATE; (E, F) 1149 and 1126 bp cDNA fragments with unspliced introns 1 and 3, respectively; (G) 1033 bp fragment of the completely spliced cDNA. Retained
introns are depicted by single diagonal lines connecting exons, whereas normal splicing events are depicted by double diagonal lines connecting exons.

(c) Schematic depicting predicted proteins resulting from normal transcription and translation of the alternative splicing forms. The number of amino acids (aa)
for each predicted protein is shown, in addition to the position of premature stop codons. Predicted molecular sizes are based on DNA sequencing.

isoform retaining intron 2 (i.e. the intron 2 isoform),
whereas strong down-regulation of expression was
observed in SC566 for the intron 2 isoform (Figure 7b). In
fact, in the most Al-tolerant line, SC566, which also
showed the highest level of SbMATE expression (Fig-
ure 3a), Al up-regulated SbMATE expression only for the
intron 1 isoform, and expression in this line was strongly
down-regulated for all other isoforms, particularly the
intron 4 isoform (Figure 7d). A temporal analysis of expres-
sion under Al treatment focusing on the intron 1 isoform
revealed a general time-dependent increase in expression,
with much steeper increments in Al-tolerant lines, consis-
tent with their higher levels of SbDMATE expression com-
pared to Al-sensitive lines (Figure S2). Finally, expression
of the intron 1 isoform was assessed in both the parents
and NILs to clarify a possible effect of the genetic back-
ground on alternative splicing (Figure S3). In general, both
under Al treatment and control conditions, expression was
higher in parents compared to the respective NILs. Expres-
sion of the intron 1 isoform in SC566 in the presence of Al
was significantly higher than in the derived NIL. However,

this may reflect the reduction in SbMATE expression
observed in the NIL in comparison with the high expres-
sion observed in SC566, rather than a genetic background
effect on alternative splicing.

DISCUSSION

The genetic complexity underlying a target trait is essential
information when predicting the effectiveness by which
plant breeding strategies can lead to crop improvement.
Accordingly, single major genes may be transferred to
breeding lines by marker-assisted backcrossing to
improve cultivars that were originally deficient in a given
phenotype, with reasonable population sizes and in a
timely manner. However, genetic background effects may
represent a possible block in the path to improved crop
performance on acidic, Al-toxic soils.

Here we report on extensive functional allelic variation
present at the Altsg locus, which results in highly variable
Al-tolerance phenotypes. We have shown that, in addition
to the respective parents, derived NILs also exhibited dif-
ferent levels of SbMATE expression and Al tolerance. As
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such, our data imply the importance of regulatory factors
acting in cis within the Altsg locus, leading to a broad spec-
trum of Al-tolerance phenotypes. Examples of cis-acting
regulatory elements influencing flowering time and plant
architecture have been reported for the maize (Zea mays)
loci Vgt1 (Salvi et al., 2007) and tb1, respectively (Clark
et al., 2006; Studer et al., 2011). In addition, cis-acting ele-
ments altering Al-tolerance gene expression have been
reported for TaALMT1 in wheat (Ryan et al., 2010b) and
HVAACTT1 in barley (Fujii et al., 2012). For SOMATE in sor-
ghum, repeat variations within a Tourist-like miniature
inverted-repeat transposable element (MITE) inserted in
the promoter region correlated with aluminum tolerance in
various sorghum lines, suggesting that these repeats har-
bor cis elements that enhance SbMATE expression and
thus Al tolerance (Magalhaes et al., 2007).

However, the present data also indicate that SODMATE
expression is regulated at multiple levels, and the relative
importance of each component depends on the genetic
context, i.e. the findings presented here suggest that
SbMATE expression depends on the Altsg donor allele and
also on trans-acting factors that are located outside the
introgression region in the NILs. The importance of foreign
trans-acting factors is emphasized by the parallel reduction
in both SbMATE expression and Al tolerance in NILs in
which only the region harboring Altsg was introgressed,
compared to the respective parents, resulting in introgres-

© 2012 The Authors

sion lines that were always less tolerant than the original
parents. The increase in the correlation between SbMATE
expression and Al tolerance from 0.6 in the parents to 0.9 in
the NILs suggest that distinctly different Al-tolerant genes
to SbBMATE may also contribute to the Al tolerance dis-
played by the parents, as previously reported (Caniato
et al., 2007). However, the fact that NILs derived from the
very Al-tolerant lines SC566 and SC283 were still highly
Al-tolerant suggests a minor effect of additional
Al-tolerance genes compared to that conferred by Altsg, at
least in highly Al-tolerant donors.

The model shown in Figure S4 depicts the joint role of
cis and trans effects in controlling SDMATE expression in
sorghum, emphasizing the dominance of cis effects in
explaining differential levels of SbMATE expression, and
the reduction of SOMATE expression in NILs due to loss of
trans-acting factors. Recent published data suggest that
changes in both cis and trans factors are responsible for
overall regulation of gene expression (Shi et al., 2012). Con-
sistent with our findings indicating dominance of cis effects
in explaining the variation in SbMATE expression, expres-
sion divergence between species, including Arabidopsis,
appears to be more influenced by cis effects (Kuo et al.,
2010). This may result from the high plasticity of cis-regula-
tory regions, while transcription factors, for example, may
evolve at a comparatively slower rate (Wray, 2007;
Kuo et al, 2010). Our model suggests that there is
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compensatory evolution of cis factors in highly Al-tolerant
lines such as SC566, which conceivably enables mainte-
nance of high SODMATE expression despite deleterious alle-
lic variation at trans-factor loci. As a precedent, Tsong
et al., (2006) reported specific and sequential changes in
both cis- and trans-regulatory elements, resulting in a shift
from positive to negative regulation of genes involved with
mating type in yeast. In addition, an instance of coordinated
evolution between a DNA-binding transcription factor and
its cis-regulatory site was reported in yeast, leading to a
‘regulatory homeostasis’ scenario whereby mutations in cis
and trans factors occur in a compensatory fashion to main-
tain transcriptional regulation (Kuo et al., 2010).

Genetic background effects related to Al tolerance have
been reported (reviewed by Magalhaes, 2006). Similar to
the case in sorghum, Johnson et al.,, (1997) observed
incomplete transfer of Al tolerance in wheat NILs, which
was hypothesized to be the result of the loss of additional
genes present in the parent or reduced expression of Al
tolerance in the hard red winter genetic background. In
Arabidopsis, Hoekenga et al., (2006) also observed genetic
background effects related to AtALMT1. It is tempting to
speculate that the association between Al tolerance and
gene expression typically observed for genes belonging to
the MATE and ALMT families (reviewed by Delhaize et al.,
2012) involves a number of master switches. Mutations at
these accessory loci may lead to the reduction or loss of
regulatory function in a given genetic context, resulting in
frustrated expectations when only the transporter loci are
targeted in NIL development. As suggested by Delhaize
et al., (2012), the existence of multiple genes acting within
common physiological mechanisms may reconcile a possi-
ble paradox regarding the apparently large number of
genes involved in Al tolerance in rice and Arabidopsis. A
possible candidate for a transcription factor affecting
SbMATE expression is a sorghum homolog of STOPT,
which, at least in Arabidopsis (luchi et al., 2007) and rice
(Yamaji et al, 2009), has been shown to influence the
expression of Al-tolerance genes. However, we used quan-
titative RT-PCR to study the expression of the best hit
in sorghum (Sb03g041170) for Arabidopsis STOP1
(At1g34370), and did not observe a consistent decrease in
expression in the NILs compared to the parents. This sug-
gests that additional, as yet unidentified, regulatory loci
are involved in reduced SbDMATE expression in sorghum.

Sequence alignment for various sorghum genotypes,
including highly Al-sensitive and Al-tolerant lines, uncov-
ered the strikingly monomorphic nature of the SbMATE
coding region in sorghum, with highly Al-sensitive and Al-
tolerant lines, such as BR007 and SC283, showing identical
SbMATE haplotypes. Therefore, as observed for TaALMT1
in wheat (Sasaki et al., 2006) and HVAACTT in barley
(Furukawa et al., 2007), SNPs located in the coding region
do not appear to explain differences in Al tolerance,

reinforcing the importance of regulatory loci in Al toler-
ance conferred by SOMATE. Nevertheless, the only coding
region polymorphisms found were coincidental with the
extremely Al-sensitive and Al-tolerant phenotypes in Tx642
and SC566, respectively. A premature stop codon in Tx642
probably leads to complete loss of SOMATE function and
extreme Al sensitivity. In SC566, electrophysiological anal-
ysis of SOMATE L261H did not support a role for the His
residue at position 261 in its high citrate release rate that is
not inhibited even at high AI** activities in nutrient solu-
tion. Alternatively, given its peripheral orientation towards
the lipid bilayer, this residue may be involved in the trans-
porter's regulation in planta, via indirect mechanism(s)
involving other interacting proteins that are absent in the
heterologous expression system. However, we cannot rule
out the possibility that the pattern of citrate release
observed in SC566 is solely due to its high SbMATE
expression level.

This study reports on the occurrence of extensive alter-
native splicing in SODMATE transcripts. In humans, hMATE2-K
was found to be due to alternative splicing of hMATE2,
and results in organ-specific expression patterns leading to
functional divergence (Masuda et al., 2006). In the current
study, intron retention was observed for SODMATE alterna-
tive transcripts, consistent with the high frequency of this
event reported in Arabidopsis (Filichkin et al., 2010).
Although the fact that all alternative SbMATE transcripts
were found to contain premature termination codons
raises questions with regards to the functionality of the
various isoforms in citrate transport, the observed higher
expression of SbMATE isoforms in Al-tolerant versus
Al-sensitive lines suggests a possible role for alternative
splicing in regulating SbBMATE expression and differential
Al tolerance.

Given the position of the premature termination codons
in SbMATE, all isoforms except the intron 3-retaining iso-
form may ultimately be degraded via nonsense-mediated
RNA decay, which is a quality control-based surveillance
mechanism that avoids the production of truncated pro-
teins (Maquat, 2004; Hori and Watanabe, 2005). Coupling
of alternative splicing and nonsense-mediated RNA decay
is now viewed as a possibly important mechanism that
helps regulate gene expression (Hillman et al., 2004; Ka-
lyna et al., 2011). As shown here in Figure 3 and observed
in our previous study (Magalhaes et al., 2007), SODMATE is
also expressed in the absence of Al. In both the presence
and absence of Al, SbDMATE expression in sorghum is
localized to the epidermis and outer cortical cells of the
root apex. Thus the spatial localization of SODMATE expres-
sion is unlike that of its homolog in barley, HVAACT1. In
barley, HVAACT1 encodes the root Al-activated citrate
efflux transporter in Al-tolerant barley lines (Fujii et al.,
2012). However, unlike SbMATE, HVAACT1 functions pri-
marily as a transporter localized to root pericycle cells,
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where it releases citrate to the xylem for the transport of
iron to the shoot. Fujii et al., (2012) found that, in Al-toler-
ant barley lines, there is a 1 kb insertion upstream of the
HvAACT1 coding region that changes the location of HvA-
ACT expression from the root stele to the epidermis and
outer cortex of root tips, where it can also transport citrate
into the rhizosphere for Al tolerance. The moderately high
level of SbMATE transcripts in sorghum roots in the
absence of Al may not be translated into functional pro-
tein, as it is possible that SOMATE translation under these
conditions may impose an undesirable energy cost and be
detrimental to Al-tolerant lines when cultivated in soils
without Al toxicity.

Interestingly, a link between stress factors and alterna-
tive splicing has been reported (lida et al., 2004; Ner-Gaon
et al., 2004; Nakaminami et al., 2011). Therefore, it is possi-
ble that, in avoiding the production of truncated proteins
with possibly no functional role in Al-induced citrate
release, nonsense-mediated RNA decay may contribute to
a more efficient use of energy under Al stress, without
reduced fitness in non-stress environments. In fact, non-
sense-mediated RNA decay has been hypothesized to be a
means to rapidly switch off gene expression (Neu-Yilik
et al., 2004). At this time, this possibility is highly specula-
tive, and further investigations are needed to clarify the
possible role of alternative splicing and nonsense-medi-
ated RNA decay in differential Al tolerance.

This study indicates that reduced SbMATE expression
gives rise to potentially strong genetic background effects
that may reduce the efficiency of molecular breeding
approaches aimed at enhancing sorghum Al tolerance
based on the Altsg locus. Possibly due to the nature of the
cis-acting sequences, the Altsg locus from certain highly
Al-tolerant sources, namely SC283 and SC566, control a
significant proportion of the Al-tolerance phenotype. There-
fore, choice of donor lines in molecular breeding programs
should be based not only on the Al-tolerance phenotype but
also on sustained SbMATE expression in various genetic
backgrounds. While the existence of trans-acting factors
creates difficulties for allele mining approaches aimed at
isolating highly Al-tolerant lines based solely on SbMATE
haplotype information, they offer the potential to explore
transgressive segregation for Al tolerance in sorghum. This
justifies our current efforts to isolate the genetic factors
affecting SDMATE expression, enabling their exploitation in
molecular breeding approaches aimed at improved vyield
performance for sorghum cultivated on acid, Al-toxic soils.

EXPERIMENTAL PROCEDURES
Plant materials

Near-isogenic lines were developed by marker-assisted back-
crossing to introgress the Altsg locus from the various parents
using the Al-sensitive line BRO12 as common recurrent parent.

© 2012 The Authors
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BCs(F3 ) NILs fixed for the Altsg donor alleles were generated
using foreground selection for markers S17, S73, CTG29 and
M181 previously described by Caniato et al., (2007, 2011). Three
additional backcross generations were used for the CMS225 NIL.
As these flanking markers show extremely tight genetic and
physical linkage to Altsg (Caniato et al., 2007, 2011), recombina-
tion events are not expected given the population sizes used
here. In fact, we sequenced amplicons spanning polymorphic
regions between each parent to confirm fixation of the donor
alleles in the NiLs.

Determination of root citrate exudation in sorghum lines

Seed surface sterilization, germination and seedling growth condi-
tions were as described below for hydroponic analysis of Al toler-
ance. For citrate exudation experiments, after 24 h of stabilization
in nutrient solution without Al, the solution was changed to either
control (—Al) nutrient solution or nutrient solution containing 11,
20, 27 or 39 um AP (values indicate AI** activity estimated using
the speciation software GEOCHEM-PC, Parker et al., 1995). Each
experimental unit consisted of six seedlings, and five replications
were performed. After 5 days, root exudate collection began by
transferring six seedlings per genotype to 50 ml plastic centrifuge
tubes containing 4.3 mm CaCl,-6 H,0, without or with Al added as
AlICI3-6 H,0 at pH 4.5. The same free AI** activities as used when
seedlings were grown in the complete nutrient solution were used
for collection of root exudates. Root exudates were collected for
6 h, and the resultant exudation solution was passed through an
OnGuard® Il Ag anionic silver chromatograph column (Dionex,
http://www.dionex.com), and then treated with Dowex® 50WX8
cationic resin (Sigma Aldrich, http://www.sigmaaldrich.com). Sub-
sequently, 1 ml sub-samples were lyophilized and resuspended in
0.1 ml ultrapure water. Organic acid analysis was performed using
a capillary electrophoresis system as described by Piferos et al.,
(2002).

Hydroponic analysis of aluminum tolerance

Phenotypic analysis of Al tolerance was performed in nutrient
solution containing either 0 or 27 um AI**, as described by Can-
iato et al., (2007, 2011). The experiment consisted of a com-
pletely randomized design with three replications and seven
plants per replication. Briefly, seeds were sterilized with 0.525%
NaOCI and rinsed with de-ionized water. After 3 days of germi-
nation, seedlings were transferred to polyethylene cups placed
into containers filled with 8 L of nutrient solution lacking Al at
pH 4.0, under aeration, and placed in a growth chamber with
27°C day and 20°C night temperatures, a light intensity of
330 pmol photons m 2 sec™' and a 12 h photoperiod. After 24 h
of acclimation, the initial length of each seedling’s root growing
in control solution (IL;) was measured. The solution was then
replaced by nutrient solution of identical composition but con-
taining either no Al or 27 um A+ supplied as AIK(SO4),-12 H,0.
Final root lengths under Al treatment (FLa) or control solution
(FL,) were obtained after 5 days of exposure to Al. For each
inbred line, mean values for relative percentage net root growth
(RNRG) at 27 um AI**, were estimated by dividing the net root
growth under Al treatment (FLa — IL;) by the net root growth
without Al (FL - IL;).

Analysis of SBMATE expression in sorghum lines and NiLs

Sorghum seedlings were grown using the same methods used for
assessment of Al tolerance in nutrient solution. Each experimental
unit consisted of the first centimeter of root apices collected from
28 intact plants after 5 days of Al treatment. The tissue was col-
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lected and immediately frozen in liquid N,. Total RNA was
extracted using an RNeasy plant mini kit (Qiagen, http://www.qia-
gen.com), and 10 units of RNase-free DNase | (Qiagen) were
added to each sample after incubation at room temperature for
15 min. First-strand cDNA was synthesized using 2 pg total RNA
with a high-capacity cDNA reverse transcription kit (Applied Bio-
systems, http://www.appliedbiosystems.com).

SbMATE transcripts were quantified using a TagMan gene
expression kit on an ABI Prism 7500 real-time PCR system (Applied
Biosystems). A series of cDNA dilutions were used to create stan-
dard curves for both SbBMATE transcripts and 18S rRNA, which
was used as the endogenous control. Then, the selected dilutions
for specific cDNA samples (10 ng for SDMATE transcripts and
0.01 ng for 18S rRNA) were used as real-time PCR templates to
quantify relative transcript levels according to the manufac-
turer’s instructions. The forward and reverse primers are 5-CAG
CCATTGCCCATGTTCTTT-3 and 5-ACCAGCTTGCTCAGCATTATCA
-3, respectively, and the probe sequence is 6FAM CCCAGTACC
TGATAACGC TAMRA. Levels of expression for endogenous 18S
rRNA were determined using TagMan ribosomal RNA control
reagents (Applied Biosystems). Reactions with distilled water were
used as negative controls. Relative quantification was calculated
using AAGr method with the Al-sensitive accession BR012 as cali-
brator (Schmittgen and Livak, 2008), and three technical replicates
were performed.

Analysis of the genomic structure of SOD(MATE

Genomic DNA was isolated from leaf tissue as described by Sag-
hai-Maroof et al., (1984). Complete sequencing of SbBMATE was

performed using the following primer pairs: (i) 5-CAC-
GTGAGCCTGCATCTTTA-3' (annealing to the 5’ region) and 5-GA-
AGCCGCAGTACCATTCTC-3' (annealing to exon 1), (i) 5-

AACAAGTGGCCAAGTGGGTGATCA-3' (annealing to the 5’ region)
and 5-GGCACGCACAGGCACAGTAACTTA-3' (annealing to intron
1), (iii) 5-GGGAACAGGAGGTTCGTGCCGTCC-3' (annealing to
exon 1) and 5'-CCTACTGATCGACTACTGACCGCA-3' (annealing to
the exon 4fintron 4 junction), (iv) 5-GCCCGCGCTGCG
CTACCTGA-3' (annealing to exon 2) and 5-CCTACTGATCGAC
TACTGACCGCA-3' (annealing to the exon 4/intron 4 junction), (v)
5-ACGCTGATAATGCTGAGCAAGCTG-3' (annealing to exon 4) and
5-ACGTACTAGGGTCGTTTGGGTTGT-3' (annealing to the 3
region).

PCR fragments were resolved in 1% agarose gels and purified
using a QlAquick gel extraction kit (Qiagen). Sequencing reactions
were performed using a Big Dye version 3.1 kit (Applied Biosys-
tems) in an ABI PRISM 3100 genetic analyzer (Applied Biosystems)
according to the manufacturer’'s instructions. Sequences were
aligned using CLUSTAL W (Thompson et al., 1994).

Functional characterization of SOMATE and SbMATE
L261H in Xenopus oocytes

cRNAs were prepared using an Ambion® mMessage mMachine®
T7 in vitro transcription kit (Invitrogen, www.invitrogen.com) from
1 ug of Scal-linearized T7TS plasmid template containing the
SbMATE or SbMATE L261H coding region, flanked by the 3'- and
5'-untranslated regions of a Xenopus p-globin gene. Harvesting of
Xenopus laevis oocytes, micro-injection and whole-cell recordings
under two-electrode voltage clamp were performed as described
previously (Pineros et al., 2008). Briefly, stage V-VI oocytes were
injected with 48 nl water containing 20 ng of cRNA encoding
SbMATE or SbMATE L261H. Whole-cell currents were recorded
for 2-3 days after the micro-injections using an Axoclamp 900A
amplifier/PClamp 10 data acquisition system (Molecular Devices

http://moleculardevices.com). Recordings were performed under
voltage clamp in a solution consisting of 48 mm NaCl, 1 mm KCI
and 0.8 mm CaCl,, adjusted to 195 mOsmol using sorbitol. The pH
of the solution was adjusted to pH 7.5 or 4.5 as indicated in the
figure legends. The holding potential was set to 0 mV, and voltage
test pulses (2.5 sec duration) were step-increased from +40 mV to
—140 mV (in 20 mV increments), with a 7.5 sec resting phase at
0 mV between each voltage pulse. The current/voltage (/V) rela-
tionships were determined by measuring the current amplitude at
the end of the test pulses. Recordings were performed using two
biological replicates (i.e. two frog donors).

Alternative splicing of SBMATE

Genomic DNA and cDNA from each sorghum line were used as
templates with primers EXON-1R 5- CAGGTCATGAAGGTGTG
CAT-3' and EXON-2F 5-CTTGCATGGCGAGAGACAG-3' or EXON-
5F 5'-GAACTGCAGCCCGAGTCC-3'. Amplifications were performed
in a 20 pl reaction that contained 30 ng genomic DNA or 3 pl
c¢DNA, 10 x Taq reaction buffer, 0.5 mm dNTP, 2 mm MgCl,,
10 pmol of each primer, 5% dimethyl sulfoxide and 0.5 units of
Tag DNA polymerase (Invitrogen). Amplification proceeded with
an initial denaturation step of 95°C for 2 min, followed by 40
cycles at 94°C for 30 sec, 57°C for 30 sec and 72°C for 2 min and
30 sec, with a final extension step at 72°C for 5 min. PCR products
were resolved in a 1.5% agarose gel, and extracted from the gel
using a QlAquick gel extraction kit (Qiagen) according to the man-
ufacturer’s instructions. PCR fragments were subsequently cloned
into the pGEM®™-T Easy vector (Promega, http://www.pro-
mega.com) and sequenced using M13 primers as described for
SbMATE sequencing above.

In order to analyze expression of the various splice variants of
SbMATE, seedlings were grown in nutrient solution at pH 4.0 with
or without 27 pm AI**. The first centimeter of 14 root tips per geno-
type was collected after 1, 3 and 6 days of Al exposure. Total RNA
was isolated using an RNeasy plant mini kit (Qiagen), and cDNA
was obtained using a high-capacity cDNA reverse transcription kit
(Applied Biosystems). The following primers that anneal to each
of the SBMATE introns were used: INTRON-1F, 5-TGCACCGACGA
ATCTAGTTCAC-3' and INTRON-1R, 5-GCGTCAAGCCGGTAAGT
TACTG-3; INTRON-2F, 5-GACATGTGTCCTTACTCTCTCATCCA-3'
and INTRON-2R, 5-CGCTTTGAGATGTGTGTTTGC-3'; INTRON-3F,
5'-CATGACCACCGCATCTCCTT-3' and INTRON-3R, 5-GTCAGTT
GTTGCGGCCAAT-3; INTRON-4F, 5-TCCATTAACAAGACGAGAT
GATGAC-3' and INTRON-4R, 5-TGCCAGCAGAAGGAATCCTATAC
-3'. Quantitative real-time PCR was performed using an ABI Prism
7500 real-time PCR system (Applied Biosystems) as follows: each
PCR reaction contained the selected dilution for specific cDNA
samples (5 ng for SbMATE transcripts and 0.005 ng for 18S
rRNA), 0.25 um of each primer and 5 pl Fast SYBR Green Master
Mix (Applied Biosystems) in a final volume of 10 pl. 18S rRNA
was used as an endogenous control using the primers 5-
AATCCCTTAACGAGGATCCATTG-3' and 5-CGCTATTGGAGCTGG
AATTACC-3'. Dissociation curves were generated to ensure ampli-
fication of a single target, and relative quantification was calcu-
lated using AACy method (Schmittgen and Livak, 2008).

Alternative transcripts were confirmed by high-throughput RNA
sequencing using the lllumina platform (lllumina, http:/www.illu-
mina.com). RNA extraction and strand-specific RNA-seq library
preparations were performed as described previously (Zhong
et al., 2011). The resulting sequences were aligned to the sorghum
genome sequence using Tophat (Trapnell et al., 2009), and visual-
ized using Integrative Genomics Viewer software (Robinson et al.,
2011).

© 2012 The Authors

The Plant Journal © 2012 Blackwell Publishing Ltd, The Plant Journal, (2013), 73, 276-288



ACKNOWLEDGEMENTS

We acknowledge funding from the Consultative Group on Interna-
tional Agricultural Research (CGIAR) Generation Challenge Pro-
gram and the Embrapa Macroprogram. We are also grateful to the
Fundacao de Amparo a Pesquisa do Estado de Minas Gerais for a
fellowship granted to J.0.M., and to the National Council for Sci-
entific and Technological Development for a PhD fellowship
granted to J.0.M. and support for J.V.M. and C.T.G.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.

Figure S1. Alternative splicing events for SOMATE as determined
by RNA-seq.

Figure S2. Expression analysis for alternative transcripts for
SbMATE that retain intron 1.

Figure S3. Expression analysis for alternative transcripts for
SbMATE that retain intron 1 in parents and NILs.

Figure S4. Bi-factorial model showing the roles of and interaction
between cis and trans effects in regulation of SOBMATE expression.
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