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Influence of Sulfur Deficiency on the Expression of
Specific Sulfate Transporters and the Distribution of
Sulfur, Selenium, and Molybdenum in Wheat1

Fumie Shinmachi2,3, Peter Buchner2, Jacqueline L. Stroud, Saroj Parmar, Fang-Jie Zhao,
Steve P. McGrath, and Malcolm J. Hawkesford*

Rothamsted Research, West Common, Harpenden, Hertfordshire AL5 2JQ, United Kingdom (F.S., P.B., J.L.S.,
S.P., F.-J.Z., S.P.M., M.J.H.); and Nihon University, Fujizawa, Kanagawa 252–8510, Japan (F.S.)

Interactions between sulfur (S) nutritional status and sulfate transporter expression in field-grown wheat (Triticum aestivum)
were investigated using Broadbalk +S and 2S treatments (S fertilizer withheld) at Rothamsted, United Kingdom. In 2008, S,
sulfate, selenium (Se), and molybdenum (Mo) concentrations and sulfate transporter gene expression were analyzed
throughout development. Total S concentrations were lower in all tissues of 2S plants, principally as a result of decreased
sulfate pools. S, Se, and Mo concentrations increased in vegetative tissues until anthesis, and thereafter, with the exception of
Mo, decreased until maturity. At maturity, most of the S and Se were localized in the grain, indicating efficient remobilization
from vegetative tissues, whereas less Mo was remobilized. At maturity, Se and Mo were enhanced 7- and 3.7-fold, respectively,
in 2S compared with +S grain, while grain total S was not significantly reduced. Enhanced expression of sulfate transporters,
for example Sultr1;1 and Sultr4;1, in 2S plants explains the much increased accumulation of Se and Mo (7- and 3.7-fold
compared with +S in grain, respectively). Sultr5;2 (mot1), thought to be involved in Mo accumulation in Arabidopsis
(Arabidopsis thaliana), did not fully explain patterns of Mo distribution; it was expressed in all tissues, decreasing in leaf and
increasing in roots under 2S conditions, and was expressed in florets at anthesis but not in grain at any other time. In
conclusion, S fertilizer application has a marked impact on Mo and Se distribution and accumulation, which is at least partially
a result of altered gene expression of the sulfate transporter family.

Crops produced in many regions in the world,
including western Europe, north Africa, and some
parts of China, are low in selenium (Se) due to low
availability of Se in soil (Hawkesford and Zhao, 2007;
Zhu et al., 2009). Between 0.5 and 1 billion people
worldwide are estimated to have insufficient intake of
Se (Combs, 2001). Biofortification of crops through Se
fertilization is a feasible strategy to enhance human Se
intake, as has been practiced in Finland since the mid
1980s (Broadley et al., 2006). However, wheat (Triticum
aestivum) crops recover only 20% to 35% of the Se
fertilizer applied (Broadley et al., 2010; Stroud et al.,
2010), indicating a low utilization efficiency, with the
underlying reasons still unknown.
Se may be taken up by plants in the form of selenate,

selenite, or organic Se. Selenate uptake occurs through
sulfate transporters in the plasma membrane of plant

roots. The assimilation of selenate follows the sulfate
pathway (Sors et al., 2005a, 2005b; Kopsell and Kopsell,
2007), as the selenate molecule has a similar size and
charge to sulfate. It is widely known that the uptake
and assimilation of sulfate is regulated by the nutrient
status of the plant (Smith et al., 1995, 1997; Buchner
et al., 2004a). Laboratory studies have shown that a
decrease in sulfate availability results in a several-fold
enhanced expression of sulfate transporter genes,
which enhances the capacity for sulfate uptake
(Hawkesford, 2000; Hawkesford et al., 2003a, 2003b).
Arabidopsis (Arabidopsis thaliana) mutants containing
a lesion in the SULTR1;2 gene that encodes a high-
affinity sulfate transporter are selenate resistant, indi-
cating that selenate uptake occurs by this sulfate
transporter (Shibagaki et al., 2002; Kassis et al., 2007).
However, there are few studies concerned with other
sulfate transporters or Se transport to grain in crop
species such aswheat. Less is known about selenite up-
take, which may be related to the phosphate transport
pathway in the plasmamembrane (Hopper and Parker,
1999; Li et al., 2008). Selenate and selenite uptake are
enhanced in sulfur (S)-starved and phosphorus-starved
plants, respectively (Li et al., 2008). The antagonistic
impact of S on Se fertilization of crops has been shown
in many studies (Terry et al., 2000), but not all (Stroud
et al., 2010).

The sulfate transporter gene family in plants was
described by Hawkesford (2003), and in Arabidopsis
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the gene family consists of 14 isoforms that may be
subdivided into at least five groups. Genome analysis
and systematic cloning studies indicate that wheat,
Brassica oleracea, and rice (Oryza sativa) have similar
sulfate transporter gene groups, and it is probable that
close homologs have similar functions (Buchner et al.,
2004a, 2004b, 2004c, 2010). The phylogenetic relation-
ships of Arabidopsis and wheat sulfate transporters
are shown in Figure 1. Group 1 comprises high-affinity
transporters located in the plasma membrane, group
2 contains low-affinity transporters in the plasma
membrane, group 3 is of unknown function but may
participate in heterodimer associations (Kataoka
et al., 2004a), group 4 catalyzes the efflux of sulfate
from the vacuole into the cytoplasm across the tono-
plast (Kataoka et al., 2004b), and a member of group
5 (Sultr5;2) is involved in molybdenum (Mo) metabo-
lism in Arabidopsis, probably as an intracellular trans-
porter, and has been termedmot1 (Tomatsu et al., 2007;
Baxter et al., 2008). As high-affinity sulfate transporters
are able to transport molybdate (Fitzpatrick et al., 2008),
Mo uptake, as for selenate, is likely to be via the sulfate
uptake pathway.

Under controlled laboratory conditions utilizing
agar plates, hydroponic culture systems, or green-

house pot experiments, the expression of group 1,
group 2, and group 4 sulfate transporter genes is
induced by S starvation in plant species including
barley (Hordeum vulgare; Smith et al., 1997), wheat
(Buchner et al., 2004b), Stylosanthes hamata (Smith et al.,
1995), Brassica (Buchner et al., 2004a), and Arabidopsis
(Takahashi et al., 1997, 2000; Yoshimoto et al., 2003).
Analysis of sulfate transporter expression in relation to
the S nutritional status in field-grown crops has not
previously been investigated and is reported here, to
our knowledge, for the first time.

Wheat was sampled from the Broadbalk winter
wheat field experiment at Rothamsted Research
(Harpenden, United Kingdom), the world’s oldest
continually running agronomic experiment, which
has investigated wheat crop nutrition for 165 years
(Poulton, 1995). S, Se, and Mo concentrations and
sulfate transporter gene expression were determined
in plant tissues, from seedling to grain-filling stage,
from plots in which S fertilization has been withheld
since 2000 and comparedwith +S plots, with the aim of
relating mineral accumulation patterns to expression
of the transport systems.

RESULTS

Total S and Sulfate Ion Concentrations

Figure 2 shows total S and sulfate ion concentrations
in defined wheat tissues from field plots with or
without S fertilization. In developing (fourth to sev-
enth harvest) florets and grains, there was little differ-
ence in S concentration between S-fertilized (+S) and
non-S-fertilized (2S) plants (Fig. 2A). In leaves of +S
plants, the total S concentration increased at flag leaf
emergence (third harvest) and remained at a high
concentration until 4 weeks post anthesis (wpa; sixth
harvest) but was substantially reduced at the final
harvest (seventh harvest). In the 2S plants, the total S
concentration was slightly lower than the +S until third
harvest and thereafter did not increase after anthesis,
resulting in a substantial difference between the treat-
ments (Fig. 2B). In stems (Fig. 2C), total S concentration
was lower in2S plants compared with the +S plants at
all time points. In roots (Fig. 2D), total S concentration
was similar in +S and 2S treatments at the second
harvest, but after the third harvest it increased slightly
in the +S plants and decreased in 2S plants.

In grain (florets at fourth harvest), sulfate concen-
trations decreased after anthesis and the absence of S
fertilization had little influence on the sulfate concen-
trations (Fig. 2E). In leaves (Fig. 2F), an increase of the
sulfate ion concentration was found at successive
sampling points in the +S plants and the sulfate
concentration in 2S plants was smaller at all sample
times, particularly after anthesis, when the sulfate ion
concentration of +S leaves continued to increase. The
observed difference in total S concentration between
+S and 2S plants (Fig. 2B) could be approximately

Figure 1. Phylogenetic analysis. Neighbor-joining tree (MEGA4; Tamura
et al., 2007) from the multiple alignment (ClustalX version 1.81;
Thompson et al., 1997) of the coding cDNAs of the wheat (AJ512821,
AJ512820, BT009249, TC366953/ TC291347, FN432835, TC272130/
TC259376, TC318325/ TC314180, AM747385, BT009340, FN601348,
FN601349) and Arabidopsis (AB018695, AB042322, AB049624,
AB003591, D85416, D89631, AB004060, AB023423, AB054645,
AB061739, AB008782,AB052775, AC018848,AC006053) sulfate trans-
porter gene family. The bootstrap values, expressed as percentages, were
obtained from 1,000 replicate trees. Ara, Arabidopsis; Tae, wheat.
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attributed to the difference in sulfate concentrations
(Fig. 2F). In stems (Fig. 2G), the patterns of changes of
concentrations were similar to leaves. In roots (Fig.
2H), sulfate concentration increased in +S plants until
the fifth harvest and decreased slightly thereafter. In
the 2S plants, sulfate concentrations in the roots
remained low.

Changes of Se and Mo Concentrations

Se concentrations in 2S plants in floret and grain
tissues (Fig. 3A) were much higher than in +S plants.
Similarly, in leaves (Fig. 3B), high concentrations of Se
were observed in 2S plants. In the final (sixth and
seventh) harvests, the Se concentration decreased in
the leaves. In stems (Fig. 3C), the Se concentration of
2S plants was higher than +S plants and showed
similar changes to leaves. There were no significant
differences in Se concentration in root tissues between
+S and 2S plants (Fig. 3D).
The Mo concentration of floret and grain tissues

(Fig. 3E) was higher in 2S plants compared with +S
plants. In leaves (Fig. 3F) at the first harvest, the Mo
concentration was slightly higher in 2S plants, and

this difference increased until the sixth harvest. By the
final (seventh) harvest, the Mo concentrations were
high in both +S and 2S plants. Observed changes of
Mo concentrations in leaves were different from those
observed for Se in that they did not decrease at the
later harvests. In stems (Fig. 3G), a similar pattern to
that seen in leaves was observed, although absolute
concentrations were lower. There were no clear differ-
ences in the Mo concentrations in roots between +S
and 2S plants (Fig. 3H).

Tissue Distributions of S, Se, and Mo after Anthesis

Distributions of the S, Se, and Mo contents of grain,
leaf, and stem fractions were determined on a per
(main) tiller basis after anthesis, as calculated from the
concentrations and mean fraction weight (Fig. 4). The
+S plants had a greater quantity of S than the non-S-
fertilized plants (Fig. 4A), and this S was evenly
distributed between leaves and stems at anthesis. At
2 and 4 wpa, the S content of the S-fertilized plants
increased in leaves, stems, and grains. In 2S plants,
only the grain total S content increased, and no addi-
tional accumulation was observed in the stem or leaf

Figure 2. Total S (A–D) and sulfate ion
(E–H) concentrations in selected tis-
sues of wheat from S-fertilized field
plots (black bars) and non-S-fertilized
plots (white bars). First to seventh har-
vests were as follows: first, seedling
growth; second, stem elongation; third,
starting flag leaf; fourth, anthesis; fifth,
2 wpa; sixth, 4 wpa; seventh, 60 d post
anthesis. The total S concentrations of
the roots at first and last harvest were
not analyzed; significant stem tissue
was not present before stem extension
(first and second harvest); no floret/
grain tissues could be obtained before
emergence (first to third harvest). All
samples were collected in 2008. Re-
sults are mean values of plants (10 for
first and second harvest and five to
seven for later harvests) obtained from
three replicate areas of each plot. Error
bars indicate SE. The 6S comparisons
were submitted to t test variance anal-
ysis with two-tailed distribution and
two-sample equal variance, and aster-
isks represent significance at P , 0.05.
DW, Dry weight.
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fractions compared with anthesis. At the final harvest,
grain S contents were similar in +S and 2S plants but
higher in the stem fraction of the +S plants.

The Se contents were much higher in the 2S plants
comparedwith the +S plants (Fig. 4B). At 2 wpa, Se was
evenly distributed between leaves, stems, and grains,
although the distribution switched to being predomi-
nantly in the grain from 4 wpa. The total quantity of Se
in the tiller increased during maturation of the grain in
the weeks after anthesis in both +S and 2S plants.

Mo distribution (Fig. 4C) was different from S and
Se. Similar to Se, Mo contents were much higher in the
2S plants compared with the +S plants at all time
points after anthesis. The total tiller Mo content con-
tinued to increase after anthesis, although by the final
harvest, much of the Mo still remained in the nongrain
fraction (leaves and stems).

Expression of Sultr1;1, Sultr1;3, and Sultr2;1

Sultr1;1, Sultr1;3, and Sultr2;1 are sulfate ion trans-
porters located in the plasma membrane. Sultr1;1, a

high-affinity-type transporter, had higher expression
(as measured by corresponding mRNA abundance)
in all tissues examined in the samples isolated from
the 2S field plots (Fig. 5, A–E). Sultr1;1 expression
decreased in the grain tissues following anthesis,
whereas expression increased in the rachis in succes-
sive samples after anthesis. In leaf and stem fractions,
Sultr1;1 expression increased after anthesis in non-S-
fertilized leaves. There was a high expression of
Sultr1;1 in the roots from the second harvest onward
in the 2S roots.

Sultr1;3, a high-affinity sulfate ion transporter ex-
pressed in the phloem of Arabidopsis (Yoshimoto
et al., 2003), was expressed in all tissues and was
unaffected by the S nutritional status of the plants (Fig.
5, F–J). In the grain, Sultr1;3 expression deceased at
successive sample times after anthesis.

Sultr2;1, a low-affinity sulfate ion transporter ex-
pressed in the vascular tissue, the central cylinder, and
the root cap of Arabidopsis (Takahashi et al., 2000),
was also expressed in all tissues examined except the
grain (Fig. 5, K–O). Up-regulation of expression was

Figure 3. Se (A–D) and Mo (E–H) con-
centrations in selected tissues of wheat
from S-fertilized field plots (black bars)
and non-S-fertilized plots (white bars).
Sample details are as in legend for
Figure 2. Error bars indicate SE. The
data were submitted to t test variance
analysis with two-tailed distribution
and two-sample equal variance, and
asterisks represent significance at P ,
0.05. DW, Dry weight.
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detectable in the roots, stems, and rachis of the 2S
plants. In shoots and leaves, Sultr2;1 expression was
not influenced by S fertilization.
Expression of Sultr1;1 and Sultr1;3, but not Sultr2;1,

was detected in grain tissues after anthesis (fourth
harvest). Expression decrease with time and was
higher under S-limiting conditions for Sultr1;1.

Expression of Sultr4;1, Sultr5;1, and Sultr5;2

Sultr4;1 is a sulfate ion transporter that, at least in
Arabidopsis, is located in the tonoplast of vacuoles
and facilitates the efflux of sulfate from the vacuole
into the cytoplasm, influencing the capacity for vacu-
ole storage of sulfate (Kataoka et al., 2004b). In all
tissues except grain, Sultr4;1 expression increased
relative to the control (+S) in the 2S plants from the
second harvest in the root tissues and following an-
thesis in the leaf, rachis, and stem (Fig. 6, A–E). Sultr4;1
expression decreased in the grain after anthesis.

Sultr5;1, which belongs to the SulP gene family
(Hawkesford, 2003) but has not been shown, to date, to
have any specific transporter function, was expressed
in all tissues but was not affected by S fertilization
except in the floret at anthesis (fourth harvest) and
grain (fifth harvest), where expression was higher in
the 2S plants (Fig. 6, F–J). Expression in the grain
decreased during development, while there was a
marked developmental increase in expression in ra-
chis, stem, and root but not in leaf tissues.

Sultr5;2 (mot1), which has been implicated in the
ability of Arabidopsis to accumulate Mo (Tomatsu
et al., 2007; Baxter et al., 2008), was expressed in all
tissues, with decreasing expression at successive sam-
pling points under S-limiting conditions in the leaf
fraction, paralleling increasing expression in the roots,
which was higher in 2S plants. Expression of Sultr5;2
was observed in florets at anthesis (fourth harvest) and
not at any other time in grain tissues (caryopses).

DISCUSSION

S is essential to wheat crops, for both optimal growth
and breadmaking quality, with crops requiring 2 to 3 kg
S per tonne grain produced (Zhao et al., 1999). No S has
been applied to one specific Broadbalk plot since 2000,
which has resulted in a small but consistent effect on
yield compared with the +S plot in this experiment
(http://www.rothamsted.bbsrc.ac.uk/eRA/), but with
a clear reduction in grain S concentration at harvest
concomitant with an enrichment of Se and Mo. The
decrease in grain S causes a higher N-S ratio (Godfrey
et al., 2010) and will likely impact protein quality (Zhao
et al., 1999).

There is good evidence that both selenate and mo-
lybdate are transported via sulfate transporters and
that these anions will interact with the transporters
competitively with one another (Leggett and Epstein,
1956; Fitzpatrick et al., 2008). The high-affinity sulfate
transporter, SHST1, from S. hamata, which is primarily
responsible for the uptake of sulfate from the soil
solution (Smith et al., 1995), has definitively been
shown to transport molybdate (Fitzpatrick et al.,
2008). The enhancement of Se and Mo uptake under
conditions of reduced S inputs (no S fertilizer) would
be expected if low sulfate concentrations in the soil
favored uptake of the other anions. In addition, it is
well documented that expression of many sulfate

Figure 4. Distribution of total S (A), Se (B), and Mo (C) between plant
parts in the main tiller. Plant parts are leaf (white bars), expanded
leaves, stem (without sheaths; gray bars), and grain (except fourth
harvest = florets; black bars). Total tissue content was calculated using
the concentrations (Figs. 2 and 3) and mass data for individual plant
parts from corresponding samples collected in 2005 (mean of 10 plants;
data not shown). Error bars indicate SE.
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transporters, including those involved in uptake, is
enhanced by S limitation coincident with reduced
tissue sulfate pools (Smith et al., 1997; Buchner et al.,
2004a). This effect is also demonstrated in field-grown

wheat in this study. It is probable that competition
between ions for the transporters and the observed up-
regulation of expression (Fig. 5) contributed to the
observed increased uptake of both Se and Mo in the

Figure 5. Expression analysis of Sultr1;1, Sultr1;3, and Sultr2;1 by semiquantitative RT-PCR. Relative expression of Sultr1;1,
Sultr1;3, and Sultr2;1 in relation to the first S-fertilized time point set to 1 is shown in A to E, F to J, and K to O, respectively.
S-fertilized plants are shown by black bars, and non-S-fertilized plants are shown by white bars. Sample details are as in legend
for Figure 2. Results are mean values of three replicates from independent areas within the plots. Error bars indicate SE. The 6S
comparisons were submitted to t test variance analysis with two-tailed distribution and two-sample equal variance, and asterisks
represent significance at P , 0.05.
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2S plants relative to the S-fertilized plants. Prior to the
S fertilizer application, soil sulfate levels were similar
in the two plots (data not shown) and no differential
uptake would be expected, as was observed at the

earliest sampling time points. In S-fertilized plots,
following application, soil sulfate would be increased
andwould effectively compete against the much lower
Se and Mo levels in the soil.

Figure 6. Expression analysis of Sult4;1, Sultr5;1, and Sultr5;2 by semiquantitative RT-PCR. Relative expression of Sultr4;1,
Sultr5;1, and Sultr5;2 expression in relation to the first S-fertilized time point set to 1 is shown in A to E, F to J, and K to O,
respectively. S-fertilized plants are shown by black bars, and non-S-fertilized plants are shown by white bars. Sample details are
as in legend for Figure 2. Results are mean values obtained from three replicate sets of plants from independent areas within the
plots. Error bars indicate SE. The6S comparisons were submitted to t test variance analysis with two-tailed distribution and two-
sample equal variance, and asterisks represent significance at P , 0.05.
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Induction of expression of Sultr1;1 in the roots
occurred by the second harvest, particularly in the
2S plants, coincident with an acceleration of plant
growth (stem elongation stage). At this time point,
there was a noticeable difference in the sulfate pools of
all tissues between control and 2S plants. The almost
complete absence of sulfate pools in tissues from the
nonfertilized plots indicated that sulfate taken up was
directly assimilated and utilized for biosynthesis (Fig.
2, E–H).

The depletion of tissue sulfate content resulted in
the induction of the inducible sulfate transporters in
the respective tissues. As selenate and molybdate are
either nonessential or only required in small amounts,
the active sulfate transporters would transport these
anions around the plant and into subcellular storage
compartments such as the vacuole in place of free
sulfate ions. Interestingly, the root tissues showed little
enrichment of Se and Mo, indicating that the two
elements were effectively translocated to the above-
ground part of the plant. This would be facilitated by
enhanced expression of the key sulfate transporters.
The high expression of Sultr4;1, particularly in the
roots, and thought to be responsible for vacuole
unloading (Kataoka et al., 2004b), might mitigate
against high accumulations of vacuolar anions under
these conditions in the roots. During this period, any
sulfate ions, as well as selenate and molybdate, would

be directed toward the aboveground tissues and ulti-
mately to the grain, and selenate followed this pattern.

In contrast, a large proportion of the Mo remained in
the vegetative tissues, indicating that either the trans-
port pathways were not effective for molybdate or that
the Mo was in other storage pools not influenced by
the remobilization processes. A member of the sulfate
transporter gene family, Sultr5;2 (also named mot1),
has been reported to be involved either in Mo uptake/
translocation (Tomatsu et al., 2007) or specifically in
Mo transport and shoot accumulation (Baxter et al.,
2008). MOT1 has been localized to either the plasma
membrane/vesicular fraction (Tomatsu et al., 2007) or
the mitochondrial fraction (Baxter et al., 2008), and
although apparently essential for Mo accumulation in
Arabidopsis, a precise role remains unclear. Expres-
sion of a homolog was detected in wheat to our
knowledge for the first time, and expression was
both developmentally and nutritionally regulated
with tissue-specific patterns of expression. The devel-
opmental increase in expression in roots was coinci-
dent with a decreasing Mo concentration (compare
Figs. 3H and 6O). The highest concentrations in the
leaf fraction were coincident with lower levels of
expression (Figs. 3F and 6M). High expression appears
to coincide with lower Mo concentration. However,
the apparent restricted expression of Sultr5;2 in the
grain had no correlation with the observed grain

Table I. Plant harvesting

Fertilizer was applied on April 4, 2008, as sulfate of potash and Kieserite.

Harvest Growth Stage (Code) Date

First Seedling growth, five leaves unfold (15) April 9, 2008
Second Stem elongation, second node detectable (32) April 28, 2008
Third Booting, flag leaf sheath opening (47) May 28, 2008
Fourth Anthesis, anthesis halfway (64) June 17, 2008
Fifth Milk development, early milk (73) July 1, 2008 (2 wpa)
Sixth Dough development, early dough (83) July 15, 2008 (4 wpa)
Seventh Ripening, caryopsis hard (92) August 16, 2008 (60 d post anthesis)

Table II. Sequences of primers used in this work

Gene Accession/Gene Index No. Primer Sequence (5#/3#) Strand Product Size

bp

TaSultr1;1 AJ512821 ACGTATCCATCTGCACATAGG Forward 508
GACCGATGGCTATATCCCTGG Reverse

TaSultr1;3 FN432835 GGATTGACCATCGCAAGTCTCT Forward 505
CCAGGAAAGATACGCCAATCAC Reverse

TaSultr2;1 TC366953/TC291347 CCGGATCTCTATCCTCGTGCTA Forward 507
GATGAAAGTCGCGTTGATGAAGC Reverse

TaSultr4;1 BT009340 GCTGTCACTGGCCTGGTAGATT Forward 498
CGCTATAGCAATCTGGATGTCG Reverse

TaSultr5;1 FN601348 GGCCTCTCCTTCGCCTTCAC Forward 504
TTCATGAGCCCCACGCTGAC Reverse

TaSultr5;2 FN601349 AGGACCTTGGCAAGGGCAAG Forward 485
ATGGTCACCGACACCGACGTC Reverse

Ta actin TC234027 CCTTCAATGTTCCAGCCATGTA Forward 538
ATAGTTGAGCCACCACTGAGCA Reverse

Ta proteasome subunit BQ806121 CTTCTCCACGCGAATCAGCTA Forward 452
CTGCTCGCAGCCGATAACTAC Reverse
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accumulation of Mo (Figs. 3E and 6K). Taken together,
this indicates that while Sultr5;2 may be involved in
leaf Mo accumulation, it is unlikely to be solely re-
sponsible for uptake and distribution in the maturing
wheat plant. However, it is highly probable that Mo
uptake will be via the high-affinity transporters
(Fitzpatrick et al., 2008).
While S from aerial sources and frommineralization

of soil organic matter provides the crop with mar-
ginally sufficient S to minimize yield losses in the
nonfertilized plots, there is a major impact on the
accumulation of Se and Mo. Efficient capture of S by
the crop is in part facilitated by the up-regulation of
the transporter systems. However, the absence of an
excess of sulfate in the soil and enhanced expression of
sulfate transporters result in a remarkable accumula-
tion of Se andMo as a result of their uptake in the form
of the analogous anions, selenate and molybdate.

MATERIALS AND METHODS

Plant Materials

Winter wheat (Triticum aestivum var Hereward [RAGT Seeds]) was sam-

pled from the Broadbalk continuous wheat experiment in 2008 from plots

9 (+S) and 14 (2S, after 2001) section 1 (last fallowed in 1965). The Broadbalk

wheat experiment is located at Rothamsted, Hertfordshire, United Kingdom.

Winter wheat was sown 400 seeds per m2 on October 15, 2007.

Nitrogen was applied to both plots in a single dressing in mid April at

192 kg ha21 (the typical rate used in UK winter wheat). Plot 14 received KCl at

a rate of 90 kg ha21, and plot 9 received K2SO4 at the same amount. Plot 9

received 12 kg of magnesium as kieserite, and plot 14 received none since

1999; neither plot is limited in soil magnesium.

Harvesting was carried out at seven time points (Table I). Five to 10 plants

were taken from each of three areas (pseudoreplicates) with a trowel to

remove the whole plant, including roots, from soil. Roots were rinsed twice in

deionized water to remove remaining soil. Roots as well as other separated

plant parts, shoot and root (first and second harvest), leaf, stem, and root

(third harvest), floret, rachis, leaf, stem, and root (fourth harvest), grain, rachis,

leaf, stem, and root (fifth and sixth harvest), were frozen in liquid nitrogen in

the field. Frozen plant tissues were ground to a fine powder with a mortar and

pestle with liquid nitrogen. Ground plant tissues were stored at 280�C and

used for RNA extraction and chemical analysis.

The seventh harvest comprised five main tillers from each area. The sepa-

rated plant parts, grain, leaf, and stem, were dried at 80�C for 2 d and weighed.

Dried plant materials were ground with a mill and used for chemical analysis.

Sulfate Determination

Ground plant tissue samples were freeze dried and used for sulfate

extraction. One milliliter of deionized water was added to 0.02 g of dried

tissue and incubated at 80ºC for 2 to 4 h with shaking. After incubation, the

extracts were centrifuged and the supernatant was filtered into a 1.5-mL tube

using a 0.2-mm membrane syringe filter. Extracted solutions were diluted

further (15-fold) prior to analysis by ion chromatography (Dionex DX 500 with

G50 gradient pump and ED 40 conductivity detector). The eluent was 1.8 mM

Na2CO3 and 1.7 mM NaHCO3, which was pumped isocratically over an

AG9SC guard column coupled to an AS9SC separation column.

Analysis of Elements

Ground plant tissue samples were transferred into weighed digestion test

tubes and dried at 70�C for 2 d. Dried plant tissues (0.2–0.5 g) were digested

with 5 mL of nitric acid:perchloric acid (87:13, v/v; 70% concentration, trace

analysis grade; Fisher Scientific; Zhao et al., 1994). The digest solution samples

were analyzed for Se and Mo by inductively coupled plasma mass spectrom-

etry (ICP-MS) and for S by inductively coupled plasma atomic emission

spectrometry (ICP-AES) analysis. Repeat samples were carried out every 10

samples; blanks and standard reference material (NIST 1567, a wheat flour)

were used for quality control.

Inductively coupled plasma analysis was carried out using a 7500ce

Octopole Reaction System ICP-MS apparatus (Agilent Technologies) to deter-

mine concentrations of Se and Mo. The sample introduction system consisted

of a micromist glass concentric nebulizer, quartz Scott-type double-pass spray

chamber at 2�C, and nickel sample (1 mm) and skimmer (0.4-mm cones).

Operating parameters were optimized daily using a tune solution containing

1 mg L21 cerium, lithium, tellurium, and yttrium. Other instrument conditions

were radiofrequency forward power of 1,550, sample depth of 8.0 mm, carrier

gas flow rate of 0.89 L min21, reaction gas flow rate (H2) of 4 mL min21 or

(helium) of 4.5 mL min21. An internal standard (500 mg L21 germanium) was

used to correct for signal drift. The analytical procedures gave satisfactory

values for the standard reference materials. Concentrations of S were deter-

mined by an Accuris ICP-AES system (ARL).

RNA Extraction

RNA extractionwas conducted by amodified hot phenolmethod (Verwoerd

et al., 1989). One milliliter of hot (80�C) phenol:extraction buffer (1:1, v/v) was

added to approximately 1 mL of frozen ground plant tissue and mixed. After

further addition of 0.5 mL of chloroform:isoamyl alcohol (IAA; 24:1, v/v),

mixing, and centrifugation for 5 min at 4�C, the aqueous phases were trans-

ferred to new tubes. After an additional chloroform:IAA extraction, the total

RNAwas precipitated by 2 M LiCl overnight at 4�C. After collection of the total

RNA by centrifugation and a 70% ethanol wash, putative DNA contamination

was removed by DNase treatment. After further purification by phenol:chlo-

roform:IAA and chloroform:IAA extraction, the final total RNA was collected

by ethanol precipitation and dissolved in diethylpyrocarbonate-treated water.

Semiquantitative Reverse Transcription-PCR

Sulfate transporter gene expression was analyzed by two-step semiquan-

titative reverse transcription (RT)-PCR. First-strand cDNA synthesis was

performed with 2-mg aliquots of total RNA and a dT-adapter primer using

Invitrogen SuperScript III according to the standard protocol except for a 2-h

synthesis time. Subsequently, semiquantitative PCRwas performed as a 15-mL

reaction using 1 mL of each first-strand cDNA solution, specific primer

combinations for the respective sulfate transporters (Table II), and Red Taq

mix (Sigma-Aldrich) containing loading dye. The PCR amplification for

expression analysis was stopped during the linear amplification phase of

the expressed analyzed sulfate transporter. In all tissues apart from the grain,

linear amplification of Sultr1;1, Sultr1;3, Sultr2;1, and Sultr4;1 was in the range

of 20 to 30 cycles; for grain tissues, this was in the range of 32 to 38 cycles. The

linear amplification of Sultr5;1 was between 30 and 36 cycles in all tissues, and

the linear amplification of Sultr5;2 could be determined in the range of 30 to 36

cycles in roots and between 36 to 40 cycles in nonroot tissues. As a constitutive

control, semiquantitative RT-PCR was performed using wheat actin2-specific

oligonucleotide sense and antisense primers in nongrain tissues. For grain

tissues, oligonucleotide sense and antisense primers corresponding to the

proteasome subunit family protein (GenBank accession no. BQ806121) gene

were used as a constitutive control (Wan et al., 2008). For both actin2 and the

proteasome subunit family protein, linear amplification occurred in the range

of 22 to 28 cycles in all tissues analyzed.

PCR products (11 mL) were applied to a 1.2% (w/v) agarose gel of Tris-

acetate EDTA buffer containing 0.3 mg mL21 ethidium bromide. After elec-

trophoresis, the gel was analyzed by a digital image system using Gene Snap

software (Syngene, Synoptics Ltd.). The fluorescence values of products were

analyzed by Gene Tools software (Syngene, Synoptics Ltd.). Gene expression

values were determined as peak volumes. Specific gene expression values

were normalized to the actin2 or proteasome subunit family protein expres-

sion value, and relative values (with respect to the 2S at the first time point

measured for any specific tissue) are presented. A comparison of absolute

expression levels for the different transporters in different wheat tissues is

presented by Buchner et al. (2010).

Sequence data from this article can be found in the GenBank/EMBL data

libraries under the following accession numbers: TaSultr1;1a (AJ512821),TaSultr1;1b

(AJ512820), TaSultr1;3 (BT009249), TaSultr2;1 (TC366953/TC291347), TaSultr3;1

(FN432835), TaSultr3;2 (FN599528), TaSultr3;3 (TC272130/TC259376), TaSultr3;4

(TC318325/TC314180), TaSultr3;5 (AM747385), TaSultr4;1 (BT009340), TaSultr5;1

(FN601348), TaSultr5;2 (FN601349), AtSultr1;1 (AB018695), AtSultr1;2 (AB042322),

S, Se, and Mo Transport in Wheat

Plant Physiol. Vol. 153, 2010 335
 www.plantphysiol.orgon February 12, 2019 - Published by Downloaded from 

Copyright © 2010 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


AtSultr1;3 (AB049624), AtSultr2;1 (AB003591), AtSultr2;2 (D85416), AtSultr3;1

(D89631), AtSultr3;2 (AB004060), AtSultr3;3 (AB023423), AtSultr3;4 (AB054645),

AtSultr3;5 (AB061739), AtSultr4;1 (AB008782), AtSultr4;2 (AB052775), AtSultr5;1

(NM_106680), AtSultr5;2 or mot1 (NM_128127), Ta Actin (TC234027), and Ta

Proteasome subunit (BQ806121).
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