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The first confirmed mechanism for aluminum (Al) resistance in plants is encoded by the wheat (Triticum aestivum) gene,
TaALMT1, on chromosome 4DL. TuALMT1 controls the Al-activated efflux of malate from roots, and this mechanism is
widespread among Al-resistant genotypes of diverse genetic origins. This study describes a second mechanism for Al
resistance in wheat that relies on citrate efflux. Citrate efflux occurred constitutively from the roots of Brazilian cultivars
Carazinho, Maringa, Toropi, and Trintecinco. Examination of two populations segregating for this trait showed that citrate
efflux was controlled by a single locus. Whole-genome linkage mapping using an F, population derived from a cross between
Carazinho (citrate efflux) and the cultivar EGA-Burke (no citrate efflux) identified a major locus on chromosome 4BL, Xce,,
which accounts for more than 50% of the phenotypic variation in citrate efflux. Mendelizing the quantitative variation in citrate
efflux into qualitative data, the Xce. locus was mapped within 6.3 cM of the microsatellite marker Xgwm495 locus. This linkage
was validated in a second population of F,; families derived from a cross between Carazinho and the cultivar Egret (no citrate
efflux). We show that expression of an expressed sequence tag, belonging to the multidrug and toxin efflux (MATE) gene
family, correlates with the citrate efflux phenotype. This study provides genetic and physiological evidence that citrate efflux is

a second mechanism for Al resistance in wheat.

Because 30% of the world’s ice-free land area has a
topsoil pH < 5.5, soil acidity remains a serious obstacle
for sustainable food production (von Uexkiill and
Mutert, 1995). Acid soils present a range of stresses
to plants, including nutrient deficiencies and mineral
toxicities (Matsumoto, 2000; Kochian et al., 2004), but
the major limitation to plant productivity on most acid
soils is aluminum (Al) toxicity (Taylor, 1988). Soil
acidity accelerates the release of Al from minerals
such as gibbsite and increases the concentration of
the toxic AI’* ions in the soil solution. The AI** ions
can inhibit root growth at micromolar concentrations
by disrupting the metabolically active cells at the root
apex (Ryan et al., 1993; Sivaguru and Horst, 1998).

Some plant species cope with the toxic Al cations
better than others. Even genotypes within certain
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species vary widely in their ability to grow and yield
on acid soils. Wheat (Triticum aestivum) shows a large
intraspecific variation in Al resistance (Polle et al.,
1978; Garvin and Carver, 2003; Stodart et al., 2007;
Raman et al., 2008), but establishing the genetic basis
for this variation has proved controversial. Reports are
generally divided into those that propose a single gene
model for resistance and those that argue two or more
genes are involved. These conflicting results arise, in
part, from the genetic material used. For instance,
where near-isogenic lines (NILs) are deliberately de-
veloped to differ at a single locus, the trait can be
shown to be monogenic. Where different conclusions
have emerged from studies of the same parental geno-
types, the screening conditions, especially the severity
of Al treatment, might have influenced the conclu-
sions. Clearly, our understanding of the genetic control
for Al resistance in wheat is incomplete (Garvin and
Carver, 2003).

Many studies have proposed that a single major
gene can account for most of the variation in resistance
in a range of genotypes (Kerridge and Kronstad, 1968;
Camargo, 1981; Delhaize et al., 1993a; Luo and Dvorak,
1996; Somers and Gustafson, 1995; Riede and Anderson,
1996; Raman et al., 2005, 2008). Indeed, accumulating
evidence is consistent with a major locus on the long
arm of chromosome 4D (4DL) being conserved among
wheats of diverse origins (Luo and Dvorak, 1996; Riede
and Anderson, 1996; Ma et al., 2005; Raman et al., 2005,
2008; Cai et al., 2008). The mechanism of resistance
encoded on the 4DL locus has now been attributed to
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the Al-dependent release of malate anions from roots
(Delhaize et al., 1993b; Ryan et al., 1995a, 1995b). This
model proposes that malate released from roots pro-
tects the sensitive growing a:Pices by binding with and
detoxifying the harmful AI’" cations in the apoplast
(Delhaize et al., 1993b; Delhaize and Ryan, 1995; Ryan
et al., 2001; Kinraide et al., 2005). Sasaki et al. (2004)
isolated a cDNA from the root apices of an Al-resistant
wheat genotype ET8, which encodes a membrane pro-
tein (TAALMT1) belonging to a member of a previously
uncharacterized gene family (Delhaize et al., 2007).
TaALMT1 is more highly expressed in the root apices of
Al-resistant wheat lines than sensitive lines and coseg-
regates with malate efflux and Al resistance in several
mapping populations (Sasaki et al., 2004, 2006; Ma
et al., 2005; Raman et al., 2005; Cai et al., 2008; Raman
et al., 2008). Heterologous expression of TaALMT1 in
tobacco (Nicotiana tabacum) suspension cells and barley
(Hordeum wulgare) confirmed TuALMTI to be an Al-
resistance gene (Delhaize et al., 2004; Sasaki et al., 2004).
Electrophysiological studies support a model whereby
TaALMT1 functions as a ligand-activated and voltage-
dependent anion channel to facilitate malate efflux
across the plasma membrane of root cells (Ryan et al,,
1997, 2001; Zhang et al., 2001, 2008; Yamaguchi et al.,
2005; Pifieros et al., 2008). TnALMT1 homologs recently
characterized in Arabidopsis (Arabidopsis thaliana;
AtALMT1) and Brassica napus (BnALMT1, BnALMT?2)
have also been shown to encode Al-activated malate
transport proteins (Hoekenga et al., 2006; Ligaba et al.,
2006). Furthermore, a cluster of TnALMT1 homologs on
chromosome 7R of rye (Secale cereale; SCALMT1-M39.1
to M39.5) colocalize with a locus-controlling organic
anion efflux and Al resistance (Fontecha et al., 2007;
Collins et al., 2008).

Other studies propose that Al resistance in wheat is
controlled by two or more genetic loci. Examination of
ditelosomic lines generated from Chinese Spring iden-
tified multiple loci on 5AS, 6AL, 7AS, 2DL, 3DL, and
4DL that were contributing to Al resistance in this
moderately resistant genotype (Aniol and Gustafson,
1984; Aniol, 1990; Papernik et al., 2001). Camargo
(1981) made multiple crosses between Al-resistant
genotypes (Atlas 66 and BH1146) with Al-sensitive
genotypes (Tordo and Siete Cerros) and concluded
that Atlas 66 possessed two dominant genes for Al
resistance and that BH1146 possessed a locus geneti-
cally distinct to either of them. Berzonsky (1992) and
Tang et al. (2002) similarly concluded that resistance in
Atlas 66 was a multigenic trait. Tang et al. (2002)
examined two separate BC,;-derived NILs developed
with Altas 66 and the Al-sensitive genotypes Chis-
holm and Century. Atlas 66 possesses the major locus
on 4DL, but neither of the NILs was as resistant to Al
stress, released as much malate, or was able to exclude
Al from their root apices as well as Atlas 66. The
authors offered two explanations for these observa-
tions: either multiple loci encode for a single mecha-
nism of Al resistance (based on malate efflux) or
“modifier loci” operate to enhance the malate efflux
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encoded by the 4DL locus. This study was unable to
support an earlier report that phosphate efflux con-
tributed to the Al resistance of Atlas 66 (Pellet et al.,
1996). More recently, a second quantitative trait locus
(QTL) for Al resistance in Atlas 66 was localized to the
long arm of chromosome 3B (3BL) in a population of
recombinant inbred lines derived from Chisholm
(Zhou et al., 2007). While the loci on 4DL and 3BL
collectively accounted for approximately 50% of the
variation, their effects were not additive because ex-
pression of the minor QTL on 3BL (accounting for
approximately 11% of the variation) was suppressed
by the major locus on 4DL (accounting for approxi-
mately 45% of the variation). Three significant QTLs
for Al resistance on 4DL, 3BL, and 2A were also
identified in a recombinant inbred line population
from a cross between Chinese wheat lines FSW (Al-
resistant) and ND35 (Al-sensitive; Cai et al., 2008). The
three QTLs collectively accounted for approximately
80% of the phenotypic variation for Al resistance, and
their effects were additive, which contrasts with the
report by Zhou et al. (2007). Collectively, these stud-
ies present a compelling case for a widespread Al-
resistance locus on 4DL, as well as multigenic control
of Al resistance in some genotypes of wheat.

The efflux of organic anions is an important mech-
anism for Al resistance in cereal and non-cereal species
(for review, see Ma et al, 2001; Ryan et al., 2001;
Kochian et al.,, 2004). The nature of organic anions
released from roots differs between species. Malate is
released from Arabidopsis as well as wheat (Hoekenga
et al., 2006), citrate is released from maize (Zea mays),
barley, snapbean (Phaseolus vulgaris), and Cassia tora
(Miyasaka et al., 1991; Pellet et al.,, 1995; Ma et al.,
1997), and oxalate is released from buckwheat (Fag-
opyrum esculentum Moench) and taro (Colocasia escu-
lenta; Ma and Miyasaka, 1998; Zheng et al., 1998a). The
Al-activated citrate efflux from barley and sorghum
(Sorghum bicolor) is not controlled by ALMTI-like
genes but by members of the multidrug and toxin
efflux (MATE) family of genes. For instance, the Al-
activated efflux from sorghum is encoded by SCJMATE
(Magalhaes et al., 2007), and citrate efflux from barley
is encoded by HvAACT1, also designated as HYMATE]
(Furukawa et al., 2007; Wang et al., 2007). More re-
cently, Stass et al. (2008) reported Al-activated citrate
efflux from roots of the highly resistant Brazilian
wheat cultivar Carazinho and suggested that it can
influence the Al resistance of triticale (X Triticosecale
Wittmack) generated from crosses between Carazinho
and rye.

This study investigates the efflux of citrate from
wheat roots in detail. We provide genetic and physi-
ological evidence that this trait is controlled by a single
major locus on the long arm of chromosome 4B (4BL)
and that it contributes to Al resistance. We also iden-
tify a MATE gene whose expression correlates with the
citrate efflux phenotype across several genotypes and
in a segregating population of F,, families. These
findings are consistent with citrate efflux being a
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second major Al resistance mechanism in wheat. To
our knowledge, we provide the first physiological
evidence that Al resistance in wheat can be a multi-
genic trait involving distinct mechanisms.

RESULTS
Characterization of Citrate Efflux from Carazinho

We characterized citrate efflux from the roots of the
Brazilian genotype Carazinho using intact seedlings
and excised root segments. Cumulative organic anion
efflux from intact wheat seedlings was monitored
through time from the Al-resistant genotype Cara-
zinho and the Al-sensitive genotype Egret. Consistent
with the previously characterized mechanism of Al
resistance in wheat controlled by TaALMT1 (see intro-
duction), Carazinho released malate from its roots
when exposed to Al but not in control solution (Fig. 1).
Carazinho also released citrate and, in contrast to the
malate efflux, the rates were comparable in the pres-
ence and absence of Al treatment. Egret released little
or no malate or citrate in either treatment (Fig. 1).

The variation in malate and citrate efflux along
Carazinho and Egret roots was monitored using ex-
cised root segments (Fig. 2). As for intact seedlings,
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Figure 1. Malate and citrate efflux from intact wheat seedlings.
Carazinho (@) or Egret (O) seeds were surface sterilized and grown in
conical flasks (12 seeds per flask) on a platform shaker with 20 mL of
sterile 0.2 mm CaCl,, pH 4.3. After 6 d, the solution was replaced with
similar solutions with (solid line) or without (dashed line) 50 um AICI,.
Solutions were replaced at each time point. Malate (A) and citrate (B)
concentrations were measured with enzyme assays. Data show the
mean and st (n = 4).
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malate efflux from Carazinho was activated by Al,
especially in the apical zone, whereas citrate efflux was
similar in control and Al treatments. Egret showed no
changes in the efflux of either anion with Al treatment
and very little variation along the root. The effluxes
measured in Egret are viewed as background rates that
include the residual leakage from the cut surfaces of
the excised tissue. Malate efflux decreased steadily
back from the root apices of Carazinho so that rates 15
mm back were similar to those measured in Egret.
Citrate efflux also decreased behind the apex, but there
were indications that the rates back from the apex
were slightly larger than in Egret.

Citrate efflux from excised root apices was about 10-
fold smaller than malate efflux, which contrasts with
the findings from intact seedlings. This may be due to
a wider distribution of citrate efflux along the root, but
it will also be explained, in part, by the more rapid
decrease in citrate efflux from the excised root tissues.
Malate efflux from excised root apices of Carazinho
decreased by only 40% over 6 h in Al treatment,
whereas the citrate efflux decreased by 90% over the
same period and was unaffected by Al (Supplemental
Fig. S1). Subsequent experiments on excised root api-
ces were run for less than 2.5 h.

Citrate Efflux in Other Genotypes of Wheat

Genotypes from China (Chuan Mai 18, Chinese
Spring), USA (Atlas 66), Australia (EGA-Burke, Egret,
Tasman, ES8, ET8, CD87, Currawong, Vigor 18, Cran-
brook, Spica, Kukri, Sunco, Halberd, Janz, Diamond-
bird), and South America (Carazinho, Toropi,
Trintecinco, Maringa, Petiblanco, Veranopolis, Fron-
teira, BH1146) were tested for citrate efflux to deter-
mine how widely the phenotype is distributed. Figure
3 shows that of the 26 genotypes tested here, consti-
tutive citrate release was detected only in Carazinho,
Maringa, Toropi, and Trintecinco.

Genetic Control of Citrate Efflux

The genetics of citrate efflux was investigated in two
wheat populations segregating for the trait that was
derived from crosses between the Brazilian cultivar
Carazinho and two Australian cultivars. These in-
cluded an F, population generated from Carazinho
and EGA-Burke (low citrate efflux) and a set of F,;
families developed from Carazinho and Egret (low
citrate efflux).

F, Population Derived from EGA-Burkel/Carazinho

Carazinho and EGA-Burke are both Al-resistant
cultivars, but Carazinho is more resistant, averaging
50% greater relative root growth over a range of Al
concentrations (data not shown). Both parents possess
the same resistance allele for TaALMT1, the major
resistance gene on chromosome 4DL that controls Al-
activated malate efflux. EGA-Burke/Carazinho F,;
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Figure 2. Distribution of citrate and malate efflux
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plants show an intermediate phenotype for Al resis-
tance and for citrate efflux, whereas malate efflux was
similar in all three lines (Fig. 4). Variation did occur
between experiments, and on other occasions, malate
efflux was 10% to 20% greater from Carazinho than
from EGA-Burke. We also scored 13 BC,F; plants
(back-crossed to EGA-Burke) for citrate efflux and
found five with low efflux (similar to EGA-Burke) and
eight with an intermediate efflux between the parental
lines (Supplemental Fig. 52).

Citrate efflux in 132 individual F, plants showed a
continuous distribution with a peak toward the EGA-
Burke parental line (Fig. 5). In 37 of these F, seedlings,
Al resistance (net root growth in 30 um Al), malate
efflux, and citrate efflux were measured in each seed-
ling. Al resistance varied 2-fold, malate efflux 4-fold,
and citrate efflux by 20-fold among the F, seedlings.
The variation in malate efflux was larger than ex-
pected, considering that both parents have the malate
efflux phenotype. Although part of this spread may
reflect experimental variation, it could also indicate
that more than one locus influences malate efflux in
Carazinho. This idea would be consistent with Car-
azinho showing greater malate efflux than EGA-Burke
in some experiments. Average malate efflux from the
Carazinho and EGA-Burke parental lines was 1.78 *
0.10 and 1.35 + 0.25 nmol apex ' h™! and citrate efflux
was 26.5 + 3.7 and 3.0 = 1.2 pmol apex ' h™*, respec-
tively (Fig. 6). The average net root growth for the
lowest and highest nine seedlings in the distribution
was 19.0 = 0.5 mm and 30.0 = 0.6 mm, respectively,
and average citrate efflux from these same plants was
82 * 1.0 mm and 23.8 = 3.7 pmol apex_1 h™t,
respectively. Al resistance for each seedling was then
plotted against the efflux of each anion. Malate efflux
was not correlated with Al resistance, and, therefore,

Plant Physiol. Vol. 149, 2009

was not responsible for the variation in Al resistance in
this population (Fig. 6B). By contrast, citrate efflux
showed a positive and significant correlation with Al
resistance and accounted for 27% of the variation (r =
0.52; Fig. 6C). This result indicates that citrate efflux
contributes to Al resistance in this F, population over
and above the effect of malate efflux.

F, ; Families Derived from Egret/Carazinho

Egret is an Al-sensitive cultivar that possesses nei-
ther Al-activated malate efflux nor citrate efflux (see
Fig. 1). Egret/Carazinho F, seedlings showed a phe-
notype for citrate efflux that was intermediate between
the parental genotypes (Supplemental Fig. 3). Insuffi-
cient F, seeds were available to measure relative root
length (RRL). The malate and citrate effluxes were
measured in the presence of 50 um Al in a set of 45 F, ,
families derived from this cross, and the results indi-
cate that these phenotypes segregate independently
from one another (Supplemental Table S1). The fre-
quency of the fluxes is summarized in Figure 7. The
families were then scored as either being similar to one
of the parental genotypes or intermediate between the
parents. This analysis generated a ratio of 13:23:9 (low
to intermediate to high) for malate efflux and 13:27:5
for citrate efflux (see Fig. 7). Chi-squared tests indicate
that these ratios fit a 1:2:1 segregation (P > 0.05).
Collectively, these results are consistent with malate
and citrate efflux each being controlled by single
independent loci.

The independent segregation of malate efflux and
citrate efflux allowed us to test whether citrate efflux
was contributing to Al resistance in the F,,, families.
We identified one F,, family (family no. 30) from the
45 tested that was null for malate efflux and homozy-
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Figure 3. Survey of citrate efflux among different genotypes of wheat.
Citrate efflux was measured from root apices excised from 6-d-old
seedlings in the absence of Al. Al-resistant genotypes are denoted by
the gray bars and Al-sensitive genotypes by the white bars. Two
separate measurements for Carazinho are presented to show the
variability between experiments. Data show the mean and st (n = 3).

gous for citrate efflux. We also selected additional
families that were either null for malate and citrate
efflux (family no. 29) or null for malate efflux and
segregating for citrate efflux (family nos. 9, 43B, and
44). The Al resistance of these lines was compared
with Egret, which is null for malate efflux and citrate
efflux (Fig. 8). All four families with citrate efflux were
more Al resistant than Egret at one or more of the Al
treatments. The single family homozygous for citrate
efflux, number 30, showed the greatest level of resis-
tance compared to Egret, with 50% to 100% greater
RRL over the range of Al concentrations. We also
compared the resistance conferred by citrate efflux
with the resistance conferred by malate efflux. Figure
8B shows the RRL in 10 um Al of Egret and two
additional families that are homozygous for malate
efflux but null for citrate efflux (nos. 3 and 5; Supple-
mental Table S1). The malate efflux conferred signifi-
cantly greater resistance than the citrate efflux. These
data are consistent with the relatively lower efflux of
citrate compared with malate.

Molecular Mapping and Validation of Xce,

Because Chinese Spring does not show the citrate
efflux phenotype (see Fig. 3), we were unable to map
this trait to a physical map using deletion lines.

344

Instead, the locus conditioning citrate efflux, Xce,
was tagged by whole-genome linkage mapping.
DNA of the Carazinho and EGA-Burke parental lines
and 67 F, individuals was analyzed with the diversity
microarray technology (DArT). DArT analysis identi-
fied 676 polymorphic markers covering all 21 chro-
mosomes of the wheat genome, except 5D (data not
shown). A skeleton linkage map was used to find a
genomic region associated with citrate efflux. Single
marker regression analysis identified a major QTL,
Qce-4BL, on the long arm of chromosome 4B that
explained more than 50% of the phenotypic variation
for citrate efflux. The association between DATrT
markers and citrate efflux was highly significant
(P < 0.0001), with a likelihood ratio statistic (LRS) of
46 (Table I, Fig. 9; Supplemental Fig. S4). Interval
mapping indicated that Qce -4BL is delimited by DArT
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Figure 4. Phenotypes of Carazinho, EGA-Burke, and their F, progeny.
RRL (A) was calculated from net root growth after 4 d in 0 and 30 um Al
(n = 7). To account for the accumulation of errors associated with
deriving RRL, the errors were calculated as follows: segge; = RRG [(s£/%)* +
(SEy/y)z]”z, where x and y represent the mean net root length in the
control treatment and the mean net root length in the Al treatment.
Malate (B) and citrate (C) efflux from excised root apices were mea-
sured in the presence of 50 um Al. Data show the mean and st (n = 3).
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Figure 5. Frequency distribution of citrate efflux among F, seedlings.
Citrate efflux was measured in root apices excised from 132 F, 6-d-old
seedlings derived from EGA-Burke/Carazinho (four to five apices per
seedling). Carazinho was included in each experiment to account for
the variation between experiments. The apices were washed and
treated with 1T mL of 0.2 mm CaCl,, pH 4.3, for 2 h on a shaker. The
data are presented as a percentage of the efflux from Carazinho
seedlings and grouped into bins as shown. Mean values for the parental
lines are indicated.
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markers Xwpt-8397/Xwpt-8292 with Xwpt-8397 ex-
plaining most of the phenotypic variation for citrate
efflux in this population. Marker analysis confirmed
that citrate efflux was inherited from the Carazinho
parent.

DArT markers are dominant and, therefore, cannot
distinguish heterozygotes in segregating populations.
Codominant markers are more useful for marker-
assisted selection, so we mapped the Qce-4BL region
using microsatellite markers, also called single se-
quence repeat markers (SSR), specific to chromosome
4B. SSR markers Xwmc349, Xbarc163, Xgwm251,
Xgwm495, Xgwmb13, and Xbarc340 were polymorphic
in the F, population and were used to construct a
linkage map of chromosome 4B. Regression analysis
revealed a highly significant QTL Qce ~4BL (P < 0.001)
for citrate efflux, with SSR marker Xgwm495 detecting
51% of the phenotypic variation for citrate efflux (Table
I; Supplemental Fig. 54). Integration of SSR and DArT
marker data with citrate efflux phenotypes for the
EGA-Burke/Carazinho F, population revealed that
the Xce, was flanked with Xgwm495 and Xwpt-8397
loci (Fig. 9; Table I).

The two polymorphic SSR markers closely linked
with Xce, Xgwm495 and Xgwmb13, were further val-
idated in an independent F, , population derived from
Egret/Carazinho. These markers predicted 96% and
91%, respectively, of phenotypic variation for citrate
efflux in this population.

We also investigated the linkage between Al re-
sistance and citrate efflux in the F, seedlings from
EGA-Burke/Carazinho (see Fig. 6). The Xce, locus
conditioning citrate efflux showed a significant effect
on net root growth (P > 0.05) and explained 56% of
phenotypic variance in this phenotype in the F, pop-
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ulation, which is consistent with the results presented
in Figure 6. This result indicates that while the contri-
bution of citrate efflux to Al resistance is smaller than
the contribution from malate efflux (see Fig. 8), its
effect is significant and additive.

E A ,
E 30} oo
p= o
s
S 20f
(@]
2
© 10}
©
pd

0

Individual seedlings
€ |B
o

£ 30} 20 o0
= o ® - s o
= T T e e % g OO 28—
S 20¢ o © ‘ Pede o
(o)) [ ] O Y
©
e 10} r =-0.044
g . | | - P<079

00 05 10 15 20

Malate efflux (nmol apex'h™)

€ |C o
E 30} ol Y
< PR .—/ e — ®
2 )~ ¢ %
2 20f { i ]
> |y
5
= Ao r=0.52
z P<0.001

0 L L L
0 10 20 30 40 50

Citrate efflux (pmol apex’1h'1)

Figure 6. Net root growth and organic anion efflux from F, seedlings
derived from EGA-Burke/Carazinho. A, Net root growth was measured
after 4 d in nutrient solution with 30 um AICl,. The seedlings were
moved to a control solution and allowed to recover for 3 d. Root apices
were then excised from the seedlings (four to five apices per seedling),
washed, and treated with 1 mL of 0.2 mm CaCl,, pH 4.3, on a shaker.
After 2 h, 0.1 mL of each sample was used for malate assays (B) and
0.9 mL was dried down for citrate assays (C). The triangles in B and C
indicate the mean values for the Carazinho parent and the squares indicate
the mean values for the EGA-Burke parent. The dashed lines indicate linear
regressions with regression coefficients shown.
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Figure 7. Frequency distribution of malate and citrate efflux from F,.,
families derived from Egret/Carazinho. Six to eight seedlings from each
of the 45 F,, families were grown in nutrient solution for 6 d.
Measurements of citrate efflux were either made separately on the
individual seedlings in each family and the average value used to
represent the family, or root apices were bulked from all seedlings (two
apices per seedling) and a single bulked sample was measured per
family. The data are presented as a percentage of Carazinho seedlings
and grouped into bins as shown. Carazinho was included in each
experiment to account for the variation between experiments. The
hatched bars were scored as being similar to either of the parental
genotypes (arrows) to estimate the segregation ratios.

Citrate Efflux Cosegregates with Expression of a MATE
Gene on Chromosome 4BL

Several SSR markers closely linked with Xce, have
been mapped with the Chinese Spring deletion lines.
Markers Xgwmb13 and Xgwm251/Xbarc163 are allo-
cated to 4BL-5 (fraction length C to 0.71) and 4BL-1
(fraction length 0.86-1.00), respectively (http://wheat.
pw.usda.gov/cgi-bin/graingenes; Sourdille et al.,
2004). This region (4BL-1 fraction length 0.71-0.86)
also includes a wheat EST (GenBank accession no.
BE605049) that shows a predicted 94% amino acid
sequence identity with a MATE gene from barley,
HvAACT1, also designated HvMATE1 (Furukawa
et al.,, 2007; Wang et al., 2007). HvAACT1 controls Al
resistance in barley by facilitating Al-activated citrate
efflux (Furukawa et al.,, 2007). Primers to an EST
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(GenBank accession no. BE498331) representing the
putative 3’ end of a wheat gene encoding the MATE
located at 4BL (TaMATE1) were used to quantify gene
expression by real-time PCR (qRT-PCR) in all geno-
types listed in Figure 3. TaMATE] expression was
detected only in the four genotypes showing citrate
efflux (Carazinho, Toropi, Maringa, and Trintecinco).
We then tested TaMATE1 expression in the F, ; families
derived from Egret/Carazinho. Families with TaMATE1
expression below the limits of detection were also null
for citrate efflux (Fig. 10; Supplemental Fig. S5). All
other F,, families tested showed citrate efflux and
detectable TaMATE1 expression.

DISCUSSION

This study has identified a second mechanism of Al
resistance in wheat that relies on citrate efflux. We
show that citrate efflux is controlled by a single co-
dominant locus on chromosome 4BL. The first mech-
anism relies on malate efflux and is controlled by
the TaALMT1 gene on chromosome 4DL (Delhaize
et al., 1993b; Ryan et al., 1995b; Raman et al., 2005).
Our results demonstrate that Al resistance is a multi-
genic trait in some genotypes and that these genes
do not necessarily act by modifying the function of
TaALMTI.

Stass et al. (2008) first reported citrate efflux from the
roots of Carazinho while investigating the Al resis-
tance of triticale. They found that citrate was activated
by Al treatment and that the wheat parent could
influence the Al resistance of progeny from wheat/
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Figure 8. RRL of F,., families compared to Egret. A, RRL was measured
in Egret (white) and five F,.; families. The identities and phenotypes of
the F,., families are as follows: null for malate and citrate efflux (no. 29,
white hatched), null for malate and homozygous for citrate efflux (no.
30, black), and null for malate efflux and segregating for citrate efflux
(no. 9, dark gray; no. 44, light gray; no. 43B, gray dotted). RRL was
calculated by measuring net root growth in 10 seedlings for each line in
four Al treatments (0, 2, 5, and 10 um AICl,). B, RRL was measured in
Egret (white) and two F,., families that are null for citrate efflux and
homozygous for malate (no. 3, dark gray; no. 5 light gray). RRL was
calculated by measuring net root growth in 10 seedlings for each line in
0 and 10 um Al treatments. Data show the mean and sts. ses were
calculated using the formula presented in the legend to Figure 4.
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Table I. DArT and SSR markers closely linked with a major QTL for citrate efflux

The QTL was identified on the long arm of chromosome 4B (Qce_4BL) in an F, population derived from
EGA-Burke/Carazinho. Linked markers were determined using simple regression analysis (Manly et al.,

2001).

Citrate Efflux
DArT Marker Locus

Citrate Efflux
SSR Marker Locus

LRS? R LRS R
XwPt-8291 20.1 26 Xwmc349 26.5 33
XwPt-6209 28.1 34 Xbarc163 30.4 37
XwPt-8796 30.0 36 Xgwm251 41.6 46
XwPt-8397 46.0 50 Xgwm495 47.1 51
XwPt-8292 14.6 20 Xgwmb513 42.2 47
Xbarc340 43.9 48
LRS (P < 0.05)¢ 13.8 13.8
LRS (P < 0.001)¢ 21.1 24.3

?LRS value for the association of the trait with the locus.

efflux explained by a QTL.
permutations.

sz, Phenotypic variance (%) of citrate

“Significance thresholds for the statistics were estimated with 1,000

rye crosses. The current study provides a detailed
characterization of citrate efflux from wheat roots. We
have extended the work of Stass et al. (2008) by
demonstrating that citrate efflux actually occurs con-
stitutively in Carazinho and several other highly Al-
resistant Brazilian cultivars. This finding contrasts
with the citrate efflux characterized in other cereal
species such as barley, sorghum, and maize where the
citrate efflux is activated by Al in much the same way
that malate efflux is activated from Al-resistant wheat
plants (Pellet et al., 1995; Furukawa et al., 2007;
Magalhaes et al., 2007). We show that the expression
of an EST from the MATE family, designated here as
TaMATEI1, is greater in genotypes with high citrate
efflux than in genotypes with low efflux and is corre-
lated with citrate efflux in 45 F, 4 families segregating
for this trait. The close similarity of TaMATE1 with
HvAACT1, a MATE gene that controls citrate efflux in
barley, identified this gene as a candidate controlling
the citrate efflux phenotype in wheat.

Our conclusion that citrate efflux is controlled by a
single codominant locus relies on two results: (1) the
segregation of citrate efflux in F,; families (Egret/
Carazinho) is consistent with a 1:2:1 ratio (low to
intermediate to high); and (2) whole-genome mapping
identified a single highly significant QTL on 4BL in an
F, population derived from EGA-Burke/Carazinho as
well F, ; families derived from Egret/Carazinho. Dis-
tribution of citrate efflux in F, plants did not show the
expected 1:2:1 segregation but instead produced a
skewed distribution toward the EGA-Burke parent.
The difficulty in scoring this trait on single seedlings
could have obscured the underlying inheritance. The
observed bias of data toward the lower fluxes is
consistent with some loss of sensitivity in the mea-
surements. The 4-fold variation in malate efflux in this
F, population was unexpected, because both geno-
types possess the malate efflux phenotype controlled
by TuALMTI1. This may be explained, in part, by
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experimental error, but it could also indicate that other
loci contribute to this phenotype in Carazinho.

Citrate efflux from excised root apices of Carazinho
is about 10-fold smaller than malate efflux, while in
intact seedlings, the efflux of citrate and malate are
comparable. At least part of this discrepancy is likely
to be due to the faster decrease in citrate efflux from
excised root tissue compared to malate efflux (Sup-
plemental Fig. S1), which means the citrate efflux from
excised tissue becomes relatively smaller the longer
the measurements are made after excision. We also
argue that a comparison between Carazinho and Egret
indicates that the citrate efflux extends farther along
the root than malate efflux (Fig. 2). Nevertheless,
tricarboxylic anions such as citrate form stronger
complexes with Al than dicarboxylic anions such as
malate (Hue et al., 1986), and a relatively small efflux
of citrate from the root apices could afford significant
protection from Al stress. Growth experiments sup-
port this idea by showing that citrate is approximately
8-fold more effective than malate at ameliorating the
inhibition of root growth by Al (Delhaize et al., 1993b;
Ryan et al., 1995b; Zheng et al., 1998b; Zhao et al.,
2003).

Our conclusion that citrate efflux contributes to Al
resistance relies on three results: (1) Al resistance in a
population of F, plants (EGA-Burke/Carazinho) was
significantly correlated with citrate efflux; (2) Al resis-
tance was linked with Xce,, the citrate efflux locus on
4BL; and (3) F,; families (Egret/Carazinho) that dis-
played citrate efflux were more Al resistant than Egret
and another family that did not show citrate efflux.
Further experiments are required to confirm that these
citrate and malate mechanisms are additive. The in-
termediate phenotypes of the EGA-Burke/Carazinho
F, plants (both of which show malate efflux) and the
correlation between citrate efflux and Al resistance in
the F, seedlings also support this idea. Therefore,
citrate efflux does contribute to the Al resistance of
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Figure 9. Mapping the Xce. locus. Graphical representation of an
integrated map based upon DArTand SSR markers showing the position
of a major locus conditioning citrate efflux on the long arm of
chromosome 4B in an F, population from Carazinho (Al resistant,
positive for citrate efflux) and EGA-Burke (Al resistant, negative for
citrate efflux). The bold marker loci Xgwm495 (SSR) and Xwpt-8397
(DArT) flank the Xce, for citrate efflux and account for 51% and 50% of
phenotypic variation in citrate efflux, respectively. The thin line on the
right side indicates Qce.-4BL, the genomic region that is significantly
associated with citrate efflux (P < 0.05). The solid bold line indicates
the genomic region for Qce_-4BL that is highly significantly associated
with citrate efflux (P < 0.001). The numbers on the right side refer to
linkage distance in centimorgans. Variation in citrate efflux was cal-
culated as a percentage of the Carazinho donor parent.

wheat, but the degree of protection is smaller than that
provided by malate efflux. This is demonstrated in
Figure 8B, where Egret/Carazinho F,; families, which
are null for citrate efflux but homozygous for malate
efflux, are significantly more resistant to 10 um AlCl,
than the F,; family 30, which is homozygous for the
citrate efflux phenotype but null for malate efflux. It is
important to note that Al resistance in this study was
measured at a single pH. The relative effectiveness
of citrate and malate efflux in protecting plants
from Al stress will also vary with external pH due to
the speciation of both Al (AI** < AIOH* + H' «
AL(OH)," + 2H", etc.) and the organic anions (citrate®”~ +
3H' < citrate’” + 2H" < citrate + H", etc.).

The evidence to date indicates that citrate efflux is
restricted to a relatively few highly resistant genotypes
from Brazil, including Carazinho, Toropi, Maringa,
and Trintecinco. Interestingly, this trait is not present
in Fronteira, Veranopolis, and Petiblanco, which are
either derived from those genotypes or are among
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their progenitors. Surveys are on-going to establish
how widely this trait is distributed among other
cultivars, landraces, and subspecies of wheat. Atlas
66 (USA) and BH1146 (Brazil) are two highly Al-
resistant cultivars that have been widely used in
genetic studies. Many of those studies conclude that
Atlas 66 and BH1146 possess more than one resistance
gene (see introduction). Because the ancestries of
Carazinho, Atlas 66, and BH1146 have several geno-
types in common (e.g. Polyssu, Alfredo Chaves 6,
Fronteira), we investigated whether they also have
similar resistance mechanisms (de Sousa, 1998). Al-
though both Atlas 66 and BH1146 show the Al-activated
malate efflux, neither shows citrate efflux. It appears
that citrate efflux does not contribute to the strong
resistance of these two genotypes. Instead, a recently
identified locus on chromosome 3BL of Atlas 66 and a
Chinese genotype FSW appears to be important (Zhou
et al., 2007; Cai et al., 2008), and this could encode a
third mechanism conserved among genetically diverse
genotypes.

CONCLUSION

This study describes a second mechanism for Al
resistance in wheat located on chromosome 4BL, a
region of the genome not previously associated with
this phenotype. We provide evidence that the trait is
likely encoded by a member of the MATE family of
genes, TaMATE]. These results provide physiological
evidence that Al resistance in wheat is a multigenic
trait encoding for different mechanisms. Finally,
we have identified SSR markers that will allow the
rapid introgression of this locus into elite breeding
material.
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Figure 10. Relationship between TaMATET expression and citrate
efflux in F,., families derived from Egret/Carazinho. TaMATET expres-
sion in 3-mm root apices was measured by qRT-PCR and is shown
relative to the expression of the wheat PT-1 gene. Citrate efflux was
assayed as described in the legend of Figure 7 and is expressed as a
percent of Carazinho. White circles (O) indicate families that have
detectable TaMATET expression and black circles (@) are families with
undetectable TaMATET expression.
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MATERIALS AND METHODS
Plant Material

Seeds for the genotypes investigated here were obtained from collections at
CSIRO Plant Industry in Canberra, Australia, or from the Australian Winter
Cereal Collection of the NSW Department of Primary Industries, Tamworth.

Parents of the segregating populations used in this study included
Carazinho, an Al-resistant Brazilian wheat that carries the TRALMT1-1 allele
associated for Al resistance (Raman et al., 2008). Carazinho is derived from
Polyssu/Alfredo Chaves 6//Fronteira/Mentana//Frontana/Egret. EGA-
Burke (TuALMT1-1 allele) is an Australian Al-resistant cultivar derived from
Sunco and Hartog. The third parental line is Egret, an Al-sensitive cultivar
(TaALMT1-2 allele) with a pedigree of Heron/2*WW15. The F, population
derived from EGA-Burke/Carazinho and 13 BC,F; plants (EGA-Burke/
Carazinho//EGA-Burke) were generated at CSIRO Plant Industry in Can-
berra, Australia. The 45 F,; families derived from Egret/Carazinho were also
generated at CSIRO Plant Industry.

Growth Conditions and Measurements of RRL

Seeds were germinated for 2 d on moist filter paper and then planted over
20 L of aerated nutrient solution (Delhaize et al., 2004) on laboratory benches.
Seedlings were grown for 4 d before being used in experiments. To estimate
RRL, the length of the longest root was measured before and after 4 d of
growth in the same nutrient solution with a range of Al concentrations. RRL
was calculated as (net root growth in Al treatment/net root growth in control
solution) X 100. RRL could not be measured for single F, seedlings. Instead,
net root growth was measured after 4 d in 30 um Al treatment.

Measurement of Citrate and Malate Efflux

The measurement of organic anion efflux from intact seedlings followed
the procedure of Delhaize et al. (1993b) and Ryan et al. (1995a). Briefly, seeds
were surface sterilized with bleach and thoroughly rinsed in sterile water.
Twelve seeds were placed in sterile conical flasks with 20 mL of 0.2 mm CaCl,,
pH 4.3, and kept on a rotary shaker. After 6 d, the solution was replaced with
treatment solution, and aliquots were removed periodically for malate and
citrate analysis. The concentration of malate and citrate were estimated with
coupled enzyme assays that detect the production or consumption of NADH
(Delhaize et al., 1993b; Wang et al., 2007).

Organic anion efflux from excised root apices could be measured on
individual seedlings using as few as four apices by modifying the method
described by Ryan et al. (1995a) and Wang et al. (2007). Briefly, approximately
4-mm root segments were excised in petri dishes and washed in 1 mL of
control solution (0.2 mm CaCl,, pH 4.3) for 1 h on a platform shaker (60 rpm).
The solutions were replaced by 1 mL of treatments solution (with or without
Al) and returned to the shaker for 1.5 to 2.5 h. For citrate measurements,
samples were dried on a rotary vacuum drier and resuspended in 80 uL assay
solution consisting of 100 mm Tris, pH 8.0, containing malate dehydrogenase
(4 units), lactate dehydrogenase (1.5 units), and 15 uL. NADH (prepared by
dissolving 16 mg NADH and 15 mg NaHCO; in 2 mL water). The change in
Ay was monitored after the reaction was initiated with citrate lyase (0.01
units). All chemicals were obtained from Sigma-Aldrich. Malate assay
followed the procedure described by Ryan et al. (1995a). In some experiments,
the samples were divided so that malate and citrate could be measured on the
same sample. To gauge the efficiency of citrate recovery after drying, samples
were spiked with known amounts of citrate. Approximately 40% of the citrate
was unretrievable when citrate was dried in control solution (0.2 mm CaCl,)
and 60% was unretrievable when Al was present. These losses did not occur
with malate, because the samples were not dried down prior to assaying. All
data presented here show the corrected values for citrate efflux.

The variation observed between experiments probably relates to differ-
ences in the tissue to solution ratio, the length of the treatment, and laboratory
environment (especially temperature). To account for this variation, Cara-
zinho, and often Egret, were included in all experiments to act as internal
standards. In some figures, the results are expressed as a percentage of
Carazinho measured in the same experiment.

Genetic Mapping of Citrate Efflux

Leaf tissue was excised from each F, line after phenotyping for citrate
efflux. Tissue samples were frozen in liquid nitrogen and pulverized using a
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Mixer-Mill (Retsch). Genomic DNA was extracted using a standard phenol-
chloroform method. For the Egret/Carazinho population, genotypes of the F,
parents for each F,; family were reconstituted for mapping purposes by
extracting DNA from bulks of leaf tissue from eight individual F,; seedlings.

Qualitative (Xce,) and quantitative (Qce,) scores were used for mapping
citrate efflux on the wheat genome. Xce. was mapped by whole-genome
mapping of 67 F, lines derived from EGA-Burke/Carazinho. Whole-genome
profiling was performed using a DArT microarray chip (version 2.3) that
contained approximately 5,000 unique DArT clones (www.triticarte.com.au).
Twenty-five F, lines were randomly selected and replicated to determine the
accuracy of DArT marker scores. DArT marker analysis was conducted as
described previously (Akbari et al., 2006). Clones with a call rate >80% and
98% to 100% allele-calling concordance across the replicated assays were
selected for mapping. The score of all segregating DArT markers were
converted into “A” and ‘B’ according to allele scores of the parental genotypes.

A skeleton linkage map was constructed with the Map Manager program,
version QTX20b (Manly et al., 2001) using the Kosambi function (Kosambi,
1944). This map was subsequently employed to identify genomic region(s)
associated with citrate efflux in an F, population from EGA-Burke/Carazinho
using simple and interval mapping analyses as described in Manly et al.
(2001). Accuracy of the order for DArT and SSR markers was checked with the
RECORD computer package (Van os et al., 2005) and previously published
maps (Akbari et al., 2006; www.triticarte.com.au).

Quantitative data on citrate efflux (relative to Carazinho) was used for QTL
identification. Significance thresholds for the test statistics were estimated by
1,000 permutations at the significance of P = 0.001 (Churchill and Doerge,
1994; Doerge and Churchill, 1996) by following the algorithm implemented in
Map Manager. The genomic region and chromosomal location associated with
citrate efflux was designated as Qce -4BL.

SSR markers specific to chromosome 4B were tested for their association
with Xce. (Roder et al., 1998; Pestova et al., 2000; Guyomarc’h et al., 2002;
Somers et al., 2004; Sourdille et al., 2004; Song et al., 2005). Markers Xgwm251,
Xgwmb13, Xgwm495, Xcfd54, Xwmc48, Xwmc349, Xbarc340, Xcfd39, Xgwm165,
Xgwmb38, Xbarc163, and Xdupw43 were tested for polymorphisms between
the parental lines Carazinho and EGA-Burke. Polymorphic markers were
subsequently analyzed in each individual of an F, population. PCR amplifi-
cations were performed in 10-uL volumes on a Gene Amp PCR system 2700
(Applied Biosystems) thermal cycler using a touch-down PCR program
(annealing temperature 65°C to 55°C with a decrease of 1°C for 10 cycles) as
described previously by Raman et al. (2005). The 5" end of the forward primer
from each primer pair was tailed with a 19-nucleotide-long M13 sequence.
Amplicons generated with fluorescent-labeled primers were analyzed using
capillary electrophoresis on a CEQ8000 genetic analysis system (Beckman
Coulter) as described by Raman et al. (2005). The score of SSR markers were
converted into ‘A’ (homozygous for Carazinho), ‘B’ (homozygous for EGA-
Burke), and ‘H’ (heterozygous allele from Carazinho and EGA-Burke). An
integrated map based upon DArT and SSR loci was constructed using the
RECORD program (Van os et al., 2005).

Quantitative citrate efflux data from an individual F, plant were binned
into three categories according to their percentage of Carazinho: low (0%-
27%), medium (36.4%-71.2%), and high (>71.2%). These scores were then
converted into B, H, and A representing low, medium, and high citrate efflux
phenotypes to predict homozygous and heterozygous alleles from EGA-Burke
and Carazinho. Chi-square tests were performed on 67 F, lines to determine
the goodness-of-fit of the phenotypes and markers into Mendelian segregation
ratios. Citrate efflux and codominant SSR markers were used for linkage
analysis using the Map Manager program. Linkage between citrate efflux and
molecular marker(s) was determined at a threshold of P = 0.001. Map
distances were calculated using the Kosambi function (Kosambi, 1944).
Preferred orders of markers relative to Xce, were checked by the “ripple”
command within the Map Manager and the RECORD program. These linkage
data were exported into Map Chart package (Voorrips, 2002) to display the
trait-marker data graphically.

Measurements of TaMATE1 Expression by
Real-Time qRT-PCR

The expression level of a putative MATE gene from wheat (TaMATE1) was
analyzed by qRT-PCR using procedures based on those described by Delhaize
et al. (2004). RNA from 4-mm root tips was extracted with an RNeasy kit
and used to synthesize first-strand cDNA, which was then diluted 64-fold
prior to gqRT-PCR. Primers GATTGCCGCGACCTCTCGTGTT (forward) and
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GATGCCGTCGAACACGAACG (reverse) were used to amplify a 199-bp
fragment from the cDNA by qRT-PCR. Expression of a phosphate transporter
gene (PT1; GenBank accession no. AF110180; primers GAAGGACATCTT-
CACGGCGATC and CACGGCCATGAAGAAGAAGC) was used as an in-
ternal reference for each sample. PCR products were sequenced to confirm
their identities. Data were analyzed by comparative quantification using
Rotor-Gene software version 6.0 (Corbett Research), and expression of the
TuMATE1 gene was expressed relative to the expression of the PT1 reference
gene.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers BE605049, BE498331, and AF110180.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Time course of malate and citrate efflux from
excised root apices.

Supplemental Figure S2. Frequency distribution of citrate efflux in BC,F,;
seedlings derived from EGA-Burke/Carazinho.

Supplemental Figure S3. Comparison of citrate efflux from Carazinho,
Egret, and their F,; progeny.

Supplemental Figure S4. A major QTL for citrate efflux maps to chromo-
some 4B.

Supplemental Figure S5. Endpoint products from qRT-PCR used to
measure TaMATE1 expression in F, ; families derived from a Carazhino
by Egret cross.

Supplemental Table S1. Malate and citrate efflux from F,; families
derived from Egret/Carazinho.
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