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High-affinity sulfate transporters SULTR1;1 and SULTR1;2 are expressed at epidermis and cortex of Arabidopsis (Arabidopsis
thaliana) roots during sulfur limitation. Here, we report that SULTR1;1 and SULTR1;2 are two essential components of the
sulfate uptake system in roots and are regulated at posttranscriptional levels together with the previously reported tran-
scriptional control. Double knockout of SULTR1;1 and SULTR1;2 by T-DNA insertion gene disruption resulted in complete lack
of sulfate uptake capacity and severely affected plant growth under low-sulfur conditions. Expression of epitope-tagged pro-
teins SULTR1;1mycHis and SULTR1;2mycHis, under the control of the cauliflower mosaic virus 35S promoter, rescued the
uptake of sulfate and the growth of the sultr1;1 sultr1;2 double knockout mutant. The recovery of the double knockout pheno-
types was attributable to the posttranscriptional accumulation of sulfate transporter proteins that derive from the epitope-
tagged transgenic constructs. Both SULTR1;1mycHis and SUTLR1;2mycHis mRNAs were predominantly found in roots and
slightly induced by long-term sulfur limitation. SULTR1;1mycHis and SULTR1;2mycHis proteins were found exclusively in
roots, and significantly accumulated by sulfur limitation, correlating with the induction of sulfate uptake activities. In the time
course of short-term sulfate starvation treatment, SULTR1;1mycHis and SULTR1;2mycHis proteins were significantly accu-
mulated during the 8- to 72-h period, causing substantial induction of sulfate uptake activities, while their corresponding
mRNAs were expressed constantly around the initial levels, except for the transient induction in the first 2 h. This study
suggested the importance of root-specific and sulfur deficiency-inducible accumulation of SULTR1;1 and SULTR1;2 sulfate
transporter proteins for the acquisition of sulfate from low-sulfur environment.

Sulfur is a macronutrient required for plant growth.
Plants usually assimilate the oxidized form of sulfur,
sulfate anion, to generate essential sulfur-containing
amino acids (Leustek et al., 2000; Saito, 2004). The
plasma membrane-bound sulfate transporters mediate
the acquisition of sulfate at the root surface to initiate
this assimilatory metabolic process (Takahashi et al.,
2006).

Sulfate uptake and Cys synthesis are activated un-
der low-sulfur conditions where plants require high
demands for sulfur metabolites. Up to the present,
numerous molecular studies have been performed to
characterize the sulfur nutritional responses of meta-
bolic genes in plant sulfur assimilatory pathways.
Sulfate transporters adenosine 5#-phosphosulfate re-
ductases and Ser acetyltransferases are the represen-

tatives showing significant increase in their mRNAs
under sulfur-deficient conditions (Smith et al., 1995,
1997; Gutierrez-Marcos et al., 1996; Takahashi et al., 1997).
More recent analyses of transcriptomes of Arabidopsis
(Arabidopsis thaliana) plants indicated that sulfur-
responsive genes, including sulfate transporters and
metabolic enzymes, are coordinately regulated, respond-
ing to the changes in sulfur conditions (Hirai et al.,
2003, 2004; Maruyama-Nakashita et al., 2003, 2005, 2006;
Nikiforova et al., 2003, 2005).

Particularly for the sulfate acquisition process, two
high-affinity sulfate transporter genes, SULTR1;1 and
SULTR1;2, showed clear responses to sulfur limitation
at epidermis and cortex of Arabidopsis roots (Takahashi
et al., 2000; Shibagaki et al., 2002; Yoshimoto et al.,
2002). The SULTR1;1 and SULTR1;2 mRNA contents
were elevated during sulfur limitation in parallel
with the increase in sulfate uptake capacities of roots
(Vidmar et al., 2000; Shibagaki et al., 2002). These two
sulfate transporters exhibited slight differences in
mRNA inducibilities; SULTR1;1 mRNA was predomi-
nantly detected under sulfur-deficient conditions,
whereas SULTR1;2 was found abundantly even when
plants were supplied with adequate sulfate and was
less responsive to the fluctuation of sulfur status
compared to SULTR1;1 (Yoshimoto et al., 2002). Recent
studies on transgenic Arabidopsis plants expressing
the promoter-reporter systems for SULTR1;1 and
SULTR1;2 indicated that accumulation of their tran-
scripts during sulfur limitation depends on their pro-
moter activities (Maruyama-Nakashita et al., 2004,
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2005). In SULTR1;1, the sulfur-responsive cis-acting
element was present at the 22,777/22,762 region of its
promoter and served as an essential regulatory sequence
conferring the sulfur responsiveness (Maruyama-
Nakashita et al., 2005). Although the sulfur-responsive
element in SULTR1;2 promoter region has not been
verified, an EIL-family transcription factor, SLIM1, plays
a key role in regulating the expression of this major
sulfate uptake facilitator (Maruyama-Nakashita et al.,
2006). In addition to the physiological importance of the
demand-driven regulation of sulfate uptake processes,
sulfate transporters that facilitate root-to-shoot transport
(Takahashi et al., 1997; Kataoka et al., 2004a), phloem
transport (Yoshimoto et al., 2003), and remobilization of
vacuolar sulfate storage (Kataoka et al., 2004b) were gen-
erally responsive to sulfur-limitation stress. It is likely that
all these internal transport systems are systematically
controlled at mRNA levels to have an optimized balance
of sulfate allocation between tissues and organelles show-
ing varying sulfur requirements along with the changes
in developmental stages and metabolic states.

Contrary to the cumulative information on transcrip-
tional control, no reports (to our knowledge) have ever
demonstrated posttranscriptional control of mRNAs
and proteins of sulfate transporters in plants from the
perspective of their responses to the changes in envi-
ronmental sulfur conditions. In this study, we demon-
strate that posttranscriptional regulation plays an
important role in both sulfur-responsive and organ-
specific expression of SULTR1;1 and SULTR1;2 in Arabi-
dopsis roots. These additional regulatory mechanisms
can work in parallel with the on-offs of transcription
switches for SULTR1;1 and SULTR1;2 gene expression
and may have importance in adjustment of sulfate influx
under varying sulfur conditions in the environment.

RESULTS

sultr1;1 sultr1;2 Double Knockout Mutant Lacks
High-Affinity Sulfate Uptake Activity

The physiological roles of SULTR1;1 and SULTR1;2
high-affinity sulfate transporters were confirmed by
analyzing the phenotypes of knockout plants. We
isolated transferred DNA (T-DNA) insertion lines
(Arabidopsis Knockout Facility at the University of
Wisconsin Biotech Center) by PCR-based reverse ge-
netic strategy (Krysan et al., 1999). The mutant lines
containing the T-DNA insertions in the ninth intron of
SULTR1;1, and in the ninth exon of SULTR1;2, respec-
tively, were used for the experiment (Fig. 1A). The
sultr1;2 mutant used in this study is identical to the
sel1-10 mutant that was previously reported (Maruyama-
Nakashita et al., 2003). The sultr1;1 sultr1;2 double knock-
out mutant (DKO), which is deficient in both transport
components, was generated by cross-fertilization of
sultr1;1 (1;1KO) and sultr1;2 (1;2KO) knockout mutants.
The mRNAs translatable to the functional SULTR1;1
and SULTR1;2 sulfate transporter proteins were com-
pletely absent in these mutants (Fig. 1B).

To analyze the effects of gene disruption of SULTR1;1
and SULTR1;2 on morphological phenotypes, Was-
silewskija (Ws) wild-type, 1;1KO, 1;2KO, and DKO
plants were grown vertically for 10 d on agar medium
containing 1,500 or 5 mM sulfate as the sole sulfur
source. The growth of DKO was inhibited under both
sulfur-sufficient and -deficient conditions (Fig. 2A). In
particular, the DKO plants were stunted and unable to
expand their rosette leaves when grown with 5 mM

sulfate (Fig. 2A). Ws and 1;1KO were visibly identical,
and their plant biomasses were not significantly differ-
ent from each other (Fig. 2B). However, 1;2KO plants
showed slight growth retardation as compared to
Ws, which resulted in a decrease in the plant biomass
(Fig. 2B).

The activity of sulfate uptake was analyzed in Ws,
1;1KO, 1;2KO, and DKO plants (Fig. 2C). Plants were
grown for 15 d on agar medium containing 1,500 or
5 mM sulfate, and sulfate uptake rates were measured
in liquid medium containing 5 mM [35S]-labeled sulfate.
DKO plants completely lacked the ability to take up
sulfate (Fig. 2C), as expected from their growth defects
on low-sulfate medium. The results demonstrate
SULTR1;1 and SULTR1;2 are the two essential compo-
nents of the sulfate uptake system that ultimately
facilitates the absorption of sulfate externally supplied
to the root system. In contrast to a complete lack of
sulfate uptake in DKO under the low-sulfate condi-
tion, sulfate transport activities were substantially re-
tained in 1;1KO and 1;2KO plants (Fig. 2C), indicating
a single transport component, SULTR1;1 or SULTR1;2,
is sufficient to facilitate the uptake of sulfate in
Arabidopsis roots. The sulfate uptake rates of 1;2KO
plants were 50% to 60% of those of the Ws wild-type
plants (Fig. 2C). By contrast, 1;1KO plants showed
no significant changes of sulfate uptake activities as

Figure 1. Disruption of SULTR1;1 and SULTR1;2 genes by T-DNA
insertion. A, Location of T-DNAs within the SULTR1;1 and SULTR1;2
genes. Thick bars and lines indicate exons and introns, respectively.
White bars indicate the 5#- and 3#-untranslated regions. T-DNAs are
not described in actual sizes. B, RT-PCR analysis of SULTR1;1 and
SULTR1;2 in the Ws wild type and the DKO, 1;1KO, and 1;2KO
mutants. RNA was extracted from leaves and roots of plants grown for
10 d on sulfur-sufficient medium containing 1,500 mM sulfate.
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compared with Ws plants, irrespective of the sulfur
conditions of the preculture (Fig. 2C). However, con-
tribution of SULTR1;1 to the uptake of sulfate was
evident from the differences between DKO and 1;2KO.

Overexpression of SULTR1;1mycHis and
SULTR1;2mycHis Epitope-Tagged Sulfate

Transporters Rescues the Growth of DKO

Using DKO as a parental line, we generated trans-
genic plants overexpressing epitope-tagged proteins
of SULTR1;1 or SULTR1;2 under a constitutive promoter.
The c-myc epitope and hexa-His tags were tandemly
fused to the end of the coding region of SULTR1;1 and
SULTR1;2 (SULTR1;1mycHis and SULTR1;2mycHis, re-
spectively), and the fusion gene constructs were placed
under the control of the cauliflower mosaic virus (CaMV)
35S RNA promoter. These fusion constructs were trans-
formed to DKO plants, obtaining four independent,
homozygous, single-insertion transgenic lines for each
construct. Transgenic lines from both 35S:SULTR1;
1mycHis and 35S:SULTR1;2mycHis constructs were
able to rescue the growth of DKO parental plants on
5 mM sulfate medium (Fig. 3), indicating that both
SULTR1;1mycHis and SULTR1;2mycHis can serve as
functional sulfate transporters facilitating the uptake
of trace amounts of sulfate (5 mM) in the culture me-
dium. In particular, the growth of the aerial part was
better improved with SULTR1;2mycHis than with
SULTR1;1mycHis (Fig. 3).

SULTR1;1mycHis and SULTR1;2mycHis Transcripts Are
Predominantly Found in Roots

The SULTR1;1 and SULTR1;2 mRNA levels were
analyzed in 35S:SULTR1;1mycHis and 35S:SULTR1;
2mycHis transgenic plants and in Ws wild-type plants
grown continuously for 15 d on agar medium con-
taining 1,500 or 5 mM sulfate. The epitope-tagged and
endogenous transcripts in transgenic and wild-type
plants, respectively, were quantified by real-time reverse
transcription (RT)-PCR using gene-specific primers for
SULTR1;1 and SULTR1;2. In the roots of wild-type
plants, mRNA levels of SULTR1;1 and SULTR1;2 in
sulfur-starved plants (5 mM sulfate) were approximately
30 and 9 times higher, respectively, compared to those in
the control plants (1,500 mM sulfate; Fig. 4). These sulfur
responses were consistent with the results reported in
previous studies (Takahashi et al., 2000; Shibagaki et al.,
2002; Yoshimoto et al., 2002), which validates the exper-
imental conditions where posttranscriptional regulation
may take place in 35S:SULTR1;1mycHis and 35S:SULTR1;
2mycHis transgenic lines.

CaMV 35S promoter is suggested to be constitu-
tively active irrespective of plant organs; however, the
accumulation of both SULTR1;1mycHis and SULTR1;
2mycHis mRNAs occurred predominantly in root tis-
sues (Fig. 4). SULTR1;1mycHis mRNA was detected
mainly in the roots of all four 35S:SULTR1;1mycHis
transgenic lines, showing 1.5- to 2-fold higher levels of

mRNA accumulation in sulfur-starved plants than in
the control plants grown with adequate sulfur supply
(Fig. 4A). This small increase was statistically signif-
icant by paired Student’s t test (P 5 0.007); however,
the rate of induction was rather limited as compared to
the strong induction of the endogenous SULTR1;1
mRNA in the wild type. SULTR1;2mycHis mRNA was
also regulated posttranscriptionally in 35S:SULTR1;
2mycHis plants (Fig. 4B). The SULTR1;2mycHis mRNA
was predominantly accumulated in the roots of all four
transgenic lines, although the transcript was detected
in both roots and leaves (Fig. 4B). As for the sulfur
responsiveness, the SULTR1;2mycHis mRNA levels in
roots were 2- to 3.5-fold higher in sulfur-starved plants
than in the control plants (P 5 0.003, paired Student’s t
test; Fig. 4B). The results indicated that SULTR1;
1mycHis and SULTR1;2mycHis mRNAs are strictly reg-
ulated to accumulate in roots and are increased by
long-term sulfur limitation, despite the fusion con-
structs were driven by constitutive CaMV 35S promoters.

SULTR1;1mycHis and SULTR1;2mycHis Proteins
Are Accumulated Exclusively in the Roots of
Sulfur-Starved Plants

We further analyzed the effects of sulfur deprivation
on protein levels of SULTR1;1mycHis and SULTR1;
2mycHis. 35S:SULTR1;1mycHis and 35S:SULTR1;
2mycHis transgenic lines were grown for 15 d on agar
medium containing 1,500 or 5 mM sulfate, and used for
preparation of crude protein extracts and subsequent
western-blot analysis. Anti-myc antibody detected a
specific band at approximately 59 kD in the extracts
from 35S:SULTR1;1mycHis and 35S:SULTR1;2mycHis
lines (Fig. 5, A and B), but not in the extract from Ws
wild-type plants (data not shown). These specific bands
migrated to somewhat lower positions than the pre-
dicted molecular masses of the SULTR1;1mycHis and
SULTR1,2mycHis proteins (72.6 and 73.7 kD, respec-
tively). High hydrophobicities of these membrane
proteins may have resulted in faster migration on
the gel.

Both SULTR1;1mycHis and SULTR1;2mycHis pro-
teins were accumulated significantly in the roots un-
der low-sulfate conditions (Fig. 5). Sulfur starvation
caused drastic accumulation of SULTR1;1mycHis pro-
tein (Fig. 5A), which cannot be explained by the mod-
erate increase of SULTR1;1mycHis mRNA (Fig. 4A). The
results indicated SULTR1;1mycHis is regulated pre-
dominantly at the level of protein accumulation upon
sulfur limitation. SULTR1;2mycHis protein was also
accumulated exclusively in the roots of sulfur-starved
plants (Fig. 5B). Although substantial quantities of
SULTR1;2mycHis mRNAs were found in leaves as well
as in roots of sulfur-starved plants (Fig. 4B), the signals
for SULTR1;2mycHis proteins were hardly detectable in
the leaves (Fig. 5B). In addition, the results indicated that
accumulation of SULTR1;2mycHis protein by sulfur
limitation (Fig. 5B) was significantly greater than the
increase of SULTR1;2mycHis mRNA in roots (Fig. 4B).
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Sulfur-Dependent Control of Sulfate Uptake in

SULTR1;1mycHis and SULTR1;2mycHis Overexpressors

Sulfate uptake rates of transgenic and wild-type
plants were measured to determine whether the sulfur-
dependent posttranscriptional regulation of SULTR1;
1mycHis and SULTR1;2mycHis causes the changes in
the capacities of sulfate uptake. Plants were precul-
tured for 15 d under sulfur-sufficient (1,500 mM sulfate)
or -deficient (5 mM sulfate) conditions, and the uptake
rates were measured in liquid medium containing
5 mM [35S]-labeled sulfate (Fig. 6).

When plants were precultured under sulfur-sufficient
conditions, 35S:SULTR1;1mycHis transgenic lines
showed 1.6 to 2.1 times greater capacities of sulfate
uptake compared with the Ws wild-type plants (Fig.
6A, black bars). The sulfate uptake capacities of 35S:
SULTR1;1mycHis transgenic lines increased about
7-fold by preculturing the plants under sulfur-deficient
conditions. The same low-sulfate culture of Ws plants
caused approximately 14-fold increase in sulfate up-
take (Fig. 6A). Consequently, the 35S:SULTR1;1mycHis
transgenic lines and Ws showed comparable levels of
sulfate uptake when plants were precultured under
5 mM sulfate (Fig. 6A). The induction of sulfate uptake
by sulfur limitation was fairly consistent with the
accumulation of SULTR1;1mycHis proteins in trans-
genic lines (Fig. 5A); however, the case in Ws wild-type
plants may also include the effects of the induction of
SULTR1;1 and SULTR1;2 transcripts under the native
promoters.

The SULTR1;2mycHis overexpressors showed slightly
different responses. The sulfate uptake rates in 35S:
SULTR1;2mycHis lines were around the same levels as
in Ws wild-type plants when plants were precultured
under sulfur-sufficient conditions. In three out of four
35S:SULTR1;2mycHis lines, the sulfate uptake rates
were elevated by sulfur limitation more significantly
than in Ws (Fig. 6B). The induction of sulfate uptake by
sulfur limitation was 16- to 24-fold in 35S:SULTR1;
2mycHis plants (Fig. 6B), which was higher than in
the case of 35S:SULTR1;1mycHis plants (Fig. 6A). The
induction of sulfate uptake was generally consistent
with the accumulation of SULTR1;2mycHis proteins in
roots (Fig. 5B).

Time-Course Induction of SULTR1;1mycHis and

SULTR1;2mycHis by Sulfur Starvation

To examine the kinetics of the induction of SULTR1;
1mycHis and SULTR1;2mycHis, a time-course ex-
periment was performed. Plants were grown for 12 d
on sulfur-replete agar medium containing 1,500 mM

Figure 2. Growth and sulfate uptake capacities of Ws, 1;1KO, 1;2KO,
and DKO plants. A, Plants were grown for 10 d on agar medium
containing 1,500 mM sulfate (1S) or 5 mM sulfate (2S) as the sole sulfur
source. Scale bars 5 1 cm. B, Biomass of plants. Plants were grown for
15 d on agar medium containing 1,500 mM sulfate (1S; black bars) or
5 mM sulfate (2S; white bars). Values are the means 6 SEs of four
replicates of 20 seedlings. The fresh weights measured for 1;2KO and
DKO were significantly different from Ws under both sulfur conditions.
C, Sulfate uptake capacities of Ws, 1;1KO, 1;2KO, and DKO plants.
Plants were grown for 15 d on agar medium containing 1,500 mM

sulfate (1S; black bars) or 5 mM sulfate (2S; white bars), and incubated
for 10 min in liquid medium containing 5 mM

35SO4
22. Accumulation of

radioactivities in the entire plants were determined (means 6 SEs, n 5

6–8). Statistical differences among the genotypes were calculated for
1S and 2S conditions independently by one-way ANOVA. Different
letters indicate means that were statistically different by Tukey’s
multiple-testing method (P , 0.05).
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sulfate, and then transferred onto agar medium con-
taining no sulfur source, harvesting root samples 0, 2,
8, 24, and 72 h after the transfer. The mRNA and pro-
tein levels of SULTR1;1mycHis or SULTR1;2mycHis
were determined during this time course.

In Ws wild-type plants, SULTR1;1 mRNA increased
continuously during the time course of sulfate starva-
tion, resulting in 13-fold induction in 72 h (Fig. 7A,
left). On the other hand, SULTR1;2 mRNA showed a
transient increase in the first 2 h but was resumed at
8 h, maintaining its level around 2- to 3-fold of the
initial level during the remaining period of sulfur star-
vation (Fig. 7B, left). Except for this transient induction
of SULTR1;2 at 2 h, the accumulation of SULTR1;1 and
SULTR1;2 mRNAs during the time course of sulfur
limitation from 8 to 72 h was generally consistent with
the results of previous reports (Takahashi et al., 2000;
Yoshimoto et al., 2002).

In 35S:SULTR1;1mycHis and 35S:SUTLR1;2mycHis
transgenic plants, SULTR1;1mycHis and SULTR1;
2mycHis transcripts were transiently accumulated
(2- to 3-fold), peaking 2 h after the transfer (Fig. 7, A
and B, right); however, this temporal induction was
not reflected to protein accumulation (Fig. 8, A and B).
During the period from 8 to 72 h, the transcript levels
of both SULTR1;1mycHis and SULTR1;2mycHis shifted
constantly around the initial level. The results were
consistent between the two independent transgenic
lines of each construct (Fig. 7, A and B). Contrary to
this static behavior of mRNA accumulation during the
8- to 72-h period, the abundance of both SULTR1;
1mycHis and SULTR1;2mycHis proteins drastically
increased at 8 h and reached the maximum at 24 h after
the withdrawal of sulfate (Fig. 8, A and B). It was
evident that the accumulation of SULTR1;1mycHis
and SULTR1;2mycHis proteins in the overexpressor
plants occurs rapidly and effectively by short-term
sulfate starvation, although the transgenes were ex-
pressed under the constitutive CaMV 35S promoters.

The physiological relevance of protein accumulation
was confirmed by measurements of sulfate uptake rates
in 35S:SULTR1;1mycHis and 35S:SUTLR1;2mycHis
transgenic plants. Transgenic and Ws wild-type plants
were precultured for 12 d on agar medium containing
1,500 mM sulfate and subjected to 24-h sulfur starva-
tion. Plants that were not subjected to this short-term

sulfur-starvation treatment were used as controls. Both
the wild-type and transgenic plants showed nearly the
same levels of sulfate uptake under the control condi-
tion (Fig. 9, 1S). Under sulfur-starved conditions (Fig.
9, 2S), two independent lines of 35S:SULTR1;1mycHis
plants, 1;1ox-1 and 1;1ox-2, showed 3.6- and 2.8-fold
increase in sulfate uptake rates, respectively. Those
were comparable to the induction of sulfate uptake
observed in wild-type plants. In 35S:SULTR1;2mycHis
plants, the induction of sulfate uptake by 24-h sul-
fur starvation was significantly higher than in the
wild type. The induction of sulfate uptake rates were
6.4- and 5.3-fold for line 1;2ox-11 and line 1;2ox-15,
respectively.

In both SULTR1;1mycHis and SULTR1;2mycHis over-
expressors, drastic increase of sulfate uptake by sulfur
limitation occurred even with constitutive CaMV 35S
promoters (Figs. 6 and 9). The induction of sulfate up-
take was generally consistent with the increase in
protein levels in both long-term (Fig. 5) and short-term
(Fig. 8) sulfur-starvation treatments.

DISCUSSION

Induction of sulfate uptake is the primary response
to sulfur-starvation stress. Previously we have reported
that SULTR1;1 and SULTR1;2 high-affinity sulfate trans-
porters are expressed at the cortical and epidermal cell
layers of Arabidopsis roots (Takahashi et al., 2000;
Shibagaki et al., 2002; Yoshimoto et al., 2002), and their
transcripts are strictly regulated by sulfur status un-
der the control of sulfur-responsive sequences in the
promoter regions (Maruyama-Nakashita et al., 2004,
2005). In this report, we proved that SULTR1;1 and
SULTR1;2 substantially function as two essential com-
ponents of the high-affinity sulfate uptake system
necessary for the acquisition of sulfate from the envi-
ronment. We further demonstrated that both SULTR1;1
and SULTR1;2 are controlled posttranscriptionally
mainly at the levels of protein accumulation in roots
responding to the changes in environmental sulfur con-
ditions. This study provides new regulatory schemes
of plant sulfur assimilation in addition to the previ-
ously reported transcriptional regulation of the sulfate
uptake systems.

Figure 3. Overexpression of SULTR1;1mycHis and
SULTR1;2mycHis rescues the growth of DKO plants.
Ws wild type, DKO parental line, and 35S:SULTR1;
1mycHis (1;1ox-1, 1;1ox-2, 1;1ox-6, and 1;1ox-7)
and 35S:SULTR1;2mycHis (1;2ox-2, 1;2ox-8, 1;2ox-11,
and 1;2ox-15) lines in DKO background were grown
for 10 d on agar medium containing 5 mM sulfate
as the sole sulfur source. Four independent trans-
genic lines from each construct were tested. Scale
bar 5 1 cm.

Yoshimoto et al.
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We first clarified the functional significance of
SULTR1;1 and SULTR1;2 for the acquisition of sulfate
by analyzing the sulfate uptake capacities of the
knockout mutants. DKO plants failed to absorb sulfate
from low-sulfate medium (Fig. 2), demonstrating that
the high-affinity sulfate transporters SULTR1;1 and
SULTR1;2 are essentially required for the uptake of
micromolar sulfate from the rhizosphere. In contrast to
the severe growth defects and complete loss of sulfate
uptake in DKO, both 1;1KO and 1;2KO were viable and
retained substantial capacities to take up sulfate from
low-sulfate medium (Fig. 2). These results suggested
that SULTR1;1 and SULTR1;2 may have overlapping
functions and act independently for the uptake of
sulfate when either of them is deleted. In fact, over-
expression of SULTR1;1mycHis or SULTR1;2mycHis
alone conferred sulfate uptake activity in DKO plants
(Figs. 3 and 6), suggesting a single transporter com-
ponent is sufficient for the acquisition of sulfate.
Comparison of 1;1KO and 1;2KO suggested that the

contribution of SULTR1;2 to total sulfate uptake pre-
dominates over the function of SULTR1;1 (Fig. 2C),
reflecting the differences of their transcript abundance.
Furthermore, we found that overexpression of SULTR1;
1mycHis and SULTR1;2mycHis show slight differ-
ences in rescuing the sulfate uptake capacities of DKO;
the 35S:SULTR1;2mycHis plants were able to absorb
sulfate more efficiently compared to the 35S:SULTR1;
1mycHis plants during sulfur starvation (Figs. 6 and 9).
Consistent with the differences in sulfate uptake rates,
recovery of growth was more substantial in 35S:
SULTR1;2mycHis than in 35S:SULTR1;1mycHis plants
(Fig. 3). It is suggested that SULTR1;2 protein may have
a higher capacity for sulfate uptake as compared with
SULTR1;1.

The posttranscriptional regulation of SULTR1;1 and
SULTR1;2 was determined in transgenic plants over-
expressing the epitope-tagged proteins SULTR1;
1mycHis and SULTR1;2mycHis in DKO background.
Although the epitope-tagged transporters were ex-
pressed under the constitutive CaMV 35S promoters,
SULTR1;1mycHis and SULTR1;2mycHis mRNAs were
predominantly found in roots (Fig. 4). Furthermore,
the mRNA levels were slightly increased by a long-
term continuous low-sulfur culture (15 d from germi-
nation). It was previously reported that the levels of
CaMV 35S-driven GFP are unaffected by long-term
sulfur limitation (Ohkama et al., 2002). Therefore, the

Figure 4. Accumulation of SULTR1;1 and SULTR1;2 transcripts by
long-term sulfur limitation. A, SULTR1;1 mRNA levels in 35S:
SULTR1;1mycHis lines (1;1ox-1, 1;1ox-2, 1;1ox-6, and 1;1ox-7) and
Ws wild-type plants. B, SULTR1;2 mRNA levels in 35S:SULTR1;
2mycHis lines (1;2ox-2, 1;2ox-8, 1;2ox-11, and 1;2ox-15) and Ws wild-
type plants. Plants were continuously grown for 15 d on agar medium
containing 1,500 mM sulfate (1S; black bars) or 5 mM sulfate (2S; white
bars). The mRNA levels were determined by quantitative real-time
RT-PCR using gene-specific primers for SULTR1;1 (A) and SULTR1;2
(B), and normalized using UBQ2 as described in the ‘‘Materials and
Methods.’’ The mRNA levels are indicated as relative values calculated
by comparison with the value of 2S (5 mM sulfate) Ws root sample as 1.

Figure 5. SULTR1;1mycHis and SULTR1;2mycHis proteins are exclu-
sively accumulated in the roots of sulfur-starved plants. Protein-blot
analysis was performed on crude protein extracts from roots (R) and
leaves (L) of 35S:SULTR1;1mycHis lines (1;1ox-1, 1;1ox-2, 1;1ox-6,
and 1;1ox-7; A) and 35S:SULTR1;2mycHis lines (1;2ox-2, 1;2ox-8,
1;2ox-11, and 1;2ox-15; B). Plants were grown on agar medium
containing 1,500 mM sulfate (1) or 5 mM sulfate (2) for 15 d (same as in
Fig. 4). The presence of SULTR1;1mycHis (A) and SULTR1;2mycHis (B)
proteins was detected using anti-myc antibody. Each lane contains 5 mg
of crude protein extract. Gln synthetases GS1 (lower band) and GS2
(upper band) serve as the loading controls.
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increase of SULTR1;1mycHis and SULTR1;2mycHis
mRNAs on long-term sulfur limitation (Fig. 4) may
have some relevance to up-regulation of sulfate uptake
in response to sulfur starvation, although the effects
are suggested to be limited. In fact, the increase of
transcripts was rather moderate as compared with the
drastic changes in protein accumulation (Fig. 5), which
largely contributed to the induction of sulfate uptake
capacities (Fig. 6).

We further performed time-course sulfur-starvation
experiments to demonstrate the significance of post-
transcriptional regulation of sulfate transporters in
short time periods. For the time-course experiment,
plants were cultured for 12 d with adequate sulfur
supply before transfer to sulfur-less medium. There-
fore, the results indicated here represent the com-
parison of plants at the same developmental stages.
SULTR1;1mycHis and SULTR1;2mycHis proteins
started to accumulate no later than 8 h after the transfer
and reached the maximum levels in 24 h, whereas the
levels of their corresponding mRNAs showed no sig-
nificant increase under the same conditions (Figs. 7

and 8). It is suggested that accumulation of SULTR1;
1mycHis and SULTR1;2mycHis proteins during sulfur
starvation can be caused by increased translation or by
changes in protein turnover/stability. By contrast, ac-
cumulation of SULTR1;1mycHis and SULTR1;2mycHis
mRNAs occurred under prolonged low-sulfate stress
(Fig. 4) or transiently after the replacement of culture
medium (Fig. 7, 2 h), the latter of which had no
relevance to protein accumulation (Fig. 8). The time-
course experiments further indicated that the accu-
mulation of SULTR1;1mycHis or SULTR1;2mycHis
proteins in transgenic plants occurs rapidly and even
more significantly (Fig. 8) compared with the up-
regulation of SULTR1;1 or SULTR1;2 transcripts in
Ws wild-type plants (Fig. 7, A and B, left). These re-
sults suggest that control of protein level is a domi-
nant mechanism to optimize the uptake of sulfate in
response to sulfur deficiency. The mechanism pro-
posed here controls the amounts of SULTR1;1 and
SULTR1;2 sulfate transporters and may have close
linkage to the regulation of the sulfate uptake process
in roots.

The physiological significance of this regulatory
mechanism was manifested by the induction of sulfate
uptake (Figs. 6 and 9) that occurred in parallel with the

Figure 6. Sulfur-dependent regulation of the sulfate uptake activities of
35S:SULTR1;1mycHis and 35S:SULTR1;2mycHis plants. Sulfate uptake
activities were measured in 5 mM

35SO4
22 liquid medium as described

in Figure 2C using plants precultured for 15 d on 1,500 mM sulfate (1S;
black bars) or 5 mM sulfate (2S; white bars; means 6 SEs, n 5 6–8). The
transgenic lines and culture conditions were the same as in Figures 4
and 5. A, Sulfate uptake rates of 35S:SULTR1;1mycHis lines (1;1ox-1,
1;1ox-2, 1;1ox-6, and 1;1ox-7) and Ws wild-type plants. B, Sulfate up-
take rates of 35S:SULTR1;2mycHis lines (1;2ox-2, 1;2ox-8, 1;2ox-11,
and 1;2ox-15) and Ws wild-type plants. Statistical differences among
the wild-type and transgenic lines were calculated for 1S and 2S con-
ditions independently by one-way ANOVA. Different letters indicate
means that were statistically different by Tukey’s multiple-testing
method (P , 0.05).

Figure 7. Time-course analysis of SULTR1;1 and SULTR1;2 transcript
levels during short-term sulfate starvation. A, SULTR1;1 mRNA levels in
Ws wild-type plants (left) and 35S:SULTR1;1mycHis lines (1;1ox-1 and
1;1ox-2; right). B, SULTR1;2 mRNA levels in Ws wild-type plants (left)
and 35S:SULTR1;2mycHis lines (1;2ox-11 and 1;2ox-15; right). Plants
were grown for 12 d on agar medium containing 1,500 mM sulfate, and
then incubated for 0, 2, 8, 24, and 72 h on agar medium containing no
sulfur source. Total RNA was extracted from the root tissues, and
quantitative real-time RT-PCR was performed using gene-specific
primers for SULTR1;1 (A) and SULTR1;2 (B). The mRNA levels were
determined by fitting Ct values to standard curves and normalized by
UBQ2 as described in the ‘‘Materials and Methods.’’ Means of inde-
pendent triplicate RNA samples and SD values are shown for Ws wild-
type plants. For 35S:SULTR1;1mycHis and 35S:SULTR1;2mycHis
plants, two independent transgenic lines from each construct were
analyzed to confirm the reproducibility of the results. The mRNA levels
are indicated as relative values calculated by comparison with the
value of the 0-h sample in each line as 1.
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increase in SULTR1;1mycHis and SULTR1;2mycHis
proteins in sulfur-starved plants (Figs. 5 and 8). The
conditions where SULTR1;1mycHis and SULTR1;
2mycHis proteins accumulated in overexpressors
were identical with those necessary for the promoter-
dependent induction of the endogenous SULTR1;1 and
SULTR1;2 transcripts (Maruyama-Nakashita et al.,
2004, 2005). Under these conditions, Arabidopsis plants
strictly control the expression of SULTR1;1 and SULTR1;2,
increasing the transcript levels to induce de novo syn-
thesis of functional sulfate transporter proteins that fa-
cilitate the uptake of sulfate. The results presented in this
study clearly suggested the existence of an additional and
efficient mechanism that drives protein accumulation of
SULTR1;1 and SULTR1;2, fulfilling the demands to ele-
vate the sulfate uptake capacities upon sulfur deficiency.

Sulfate transporters contain a conserved region
named STAS (sulfate transporter and anti-sigma factor
antagonist) domain at their C terminus. The STAS
domain shares significant similarity with the Bacillus
sp. anti-sigma factor, and is suggested to function as a
domain for protein-protein interaction, which may
play a role in regulating the activity and/or stability of
sulfate transporters. The role of the STAS domain in
the control of both activity and biosynthesis/stability
of SULTR1;2 has been studied using yeast cells that
express SULTR1;2 proteins containing no or mutated
STAS domains (Rouached et al., 2005; Shibagaki and
Grossman, 2004, 2006). Mutation of the Thr residue in

the STAS domain resulted in complete reduction of
sulfate transport activity of SUTLR1;2, which may sug-
gest that phosphorylation of the STAS domain is a key
factor for modulation of SULTR1;2 activity (Rouached
et al., 2005). Functional interaction between multiple
sulfate transporter isoforms might be another pos-
sible posttranscriptional regulatory mechanism that
may modulate sulfate transport activities. Arabidopsis
SULTR3;5 sulfate transporter, which has no sulfate
transport activity itself, significantly up-regulated the
sulfate transport capacity of SULTR2;1 low-affinity
sulfate transporter when both were coexpressed in
yeast (Kataoka et al., 2004a). It is suggested that
SULTR3;5 might play roles in stabilizing or activating
SULTR2;1, presumably by forming a heteromeric sul-
fate transporter complex. The sulfate uptake process
can be regulated additionally by these posttransla-
tional mechanisms. However, the physiological rele-
vance of these mechanisms is still unverified.

Besides the regulation of sulfate transporters dem-
onstrated in this study, multiplicity of regulatory mech-
anisms has been reported for other nutrient uptake
systems. The root-specific and iron deficiency-inducible
expression of Arabidopsis IRT1, the major transporter
for high-affinity iron uptake, was controlled at the
levels of both transcription and protein accumulation
(Connolly et al., 2002). For nitrate acquisition, the
presence of ammonium-dependent decrease or inacti-
vation of NRT2.1 high-affinity nitrate transporter was
suggested from the analysis of transgenic Nicotiana

Figure 8. SULTR1;1mycHis and SULTR1;2mycHis proteins are accu-
mulated by short-term sulfate starvation. The transgenic lines and
culture conditions were the same as in Figure 7. A, SULTR1;1mycHis
proteins in 35S:SULTR1;1mycHis lines (1;1ox-1 and 1;1ox-2). B,
SULTR1;2mycHis proteins in 35S:SULTR1;2mycHis lines (1;2ox-11
and 1;2ox-15). One microgram (1;1ox-1) or 5 mg (1;1ox-2, 1;2ox-11,
and 1;2ox-15) of crude proteins from root tissues were loaded to each
lane of an SDS-polyacrylamide gel, and the accumulation of SULTR1;
1mycHis or SULTR1;2mycHis proteins was detected using anti-myc
antibody. Gln synthetases GS1 (lower band) and GS2 (upper band)
serve as the loading controls.

Figure 9. Sulfate uptake activities are increased by short-term sulfur
starvation in 35S:SULTR1;1mycHis and 35S:SULTR1;2mycHis plants.
The experiments were carried out in the same transgenic lines used for
the RT-PCR (Fig. 7) and protein-blot analysis (Fig. 8). 35S:SULTR1;
1mycHis lines (1;1ox-1 and 1;1ox-2), 35S:SULTR1;2mycHis lines
(1;2ox-11 and 1;2ox-15), and Ws wild-type plants were grown for
12 d on agar medium containing 1,500 mM sulfate (1S; black bars), and
then incubated for 24 h on agar medium without sulfur source (2S;
white bars). Sulfate uptake activities were measured in 5 mM

35SO4
22

liquid medium as described in Figure 2C (means 6 SEs, n 5 10).
Induction of sulfate uptake by 24-h sulfur starvation was statistically
significant (P , 0.00001, Student’s t test) in all transgenic lines and
wild-type plants. Statistical differences among the wild type and
transgenic lines were calculated for 1S and 2S conditions indepen-
dently by one-way ANOVA. Different letters indicate means that were
statistically different by Tukey’s multiple-testing method (P , 0.05).
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plumbaginifolia plants overexpressing NRT2.1 under
control of the constitutive promoter (Fraisier et al.,
2000). This mechanism seems to work in parallel with
down-regulation of endogenous NRT2.1 transcript un-
der ammonium-excess conditions. The posttranscrip-
tional mechanisms might be a general phenomenon in
plant nutrient response.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) plants were grown on agar medium

(Fujiwara et al., 1992) at 22�C under 16-h-light/8-h-dark cycles. Sulfate-

deficient medium was prepared by replacing sulfate salts contained in the me-

dium with equivalent chloride salts as described previously (Hirai et al., 1995).

The Arabidopsis sultr1;1 mutant (Wisconsin T-DNA insertion lines, Ws

accession, available from the Arabidopsis Biological Resource Center) was

isolated by PCR screening as described by Krysan et al. (1999). The integration

site of the T-DNA in SULTR1;1 was determined by sequencing the PCR

product amplified with the SULTR1;1-specific primer and T-DNA border

primer. The sultr1;1 sulr1;2 double mutant was generated by cross-fertilization

of sultr1;1 and sultr1;2 (Maruyama-Nakashita et al., 2003) mutants.

RT-PCR

Total RNA was extracted using the RNeasy plant mini kit (Qiagen) and

treated with DNase I (Invitrogen). RT was carried out using OmniScript

reverse transcriptase (Qiagen) and oligo-d(T)12-18. Knockouts of SULTR1;1 and

SULTR1;2 (Fig. 1) were confirmed by RT-PCR using the primer pairs described

by Yoshimoto et al. (2002). The PCR products were separated in agarose

gels and stained with SYBR green (Takara). Signals were detected using

FluorImager 595 (Molecular Dynamics) with a 515- to 545-nm band-pass filter.

Real-time RT-PCR was performed for the quantification of SULTR1;1 and

SULTR1;2 transcript levels (Figs. 4 and 7). First-strand cDNA was synthesized

from 1 mg of total RNA using oligo-d(T)12-18 and OmniScript reverse tran-

scriptase (Qiagen). The first-strand cDNA that derives from 10 ng of total RNA

was used for real-time PCR. The reaction was performed using SYBR Premix Ex

Taq (Takara), and the signals were detected with 7500 Fast Real-Time PCR system

(Applied Biosystems). The SULTR1;1mycHis and SULTR1;2mycHis mRNA levels

were determined using the gene-specific primer pairs for SULTR1;1, SULTR1;2,

and UBIQUITIN2 (UBQ2), reported previously by Maruyama-Nakashita et al.

(2004). Plasmid DNAs harboring SULTR1;1, SULTR1;2, and UBQ2 cDNAs,

respectively, were used to generate the standard curves of Ct values versus the

amounts of target cDNAs. The standard plasmid DNAs ranging from 0.1 fg to

10 pg were used as templates to generate the standard curves. The amounts of

SULTR1;1, SULTR1;2, and UBQ2 mRNAs in each sample were calculated from

these standard curves. The mRNA levels of SULTR1;1 and SULTR1;2 were

normalized by those of UBQ2 as an internal control.

Transgenic Plants Expressing SULTR1;1mycHis

and SULTR1;2mycHis

Molecular biological experiments were carried out according to the stan-

dard protocols (Sambrook et al., 1989). The fusion gene of CaMV 35S RNA

promoter and SULTR1;1mycHis (35S:SULTR1;1mycHis) was constructed as

follows. The 3# end of the coding region of SULTR1;1 cDNA was tagged with

myc-epitope and amplified by PCR using oligonucleotide primers 1;1-SalI

(5#-GTCGACATGTCCGGGACTATTAATCCCCCGGA-3#) and 1;1-myc-R

(5#-CAGGTCCTCCTCTGAGATCAGCTTCTGCTCAGTTTGTTGCTCAGCC-

ACT-3#). The SULTR1;1myc fragment, the product of first PCR, was sub-

sequently tagged with six His residues and reamplified by PCR using

oligonucleotides 1;1-SalI and SacI-His-R (5#-GAGCTCTCAATGGTGATGGT-

GATGATGCAGGTCCTCCTCTGAGATC-3#). The underlined sequences in

the 1;1-SalI and SacI-His-R primers correspond to the SalI and SacI restriction

sites used for fusion construction. The resultant PCR-amplified fragment of

SULTR1;1mycHis was cloned into pCR-BluntII-TOPO (Invitrogen) and fully

sequenced. The HindIII-SalI fragment of CaMV 35S promoter from pTH2

vector (Chiu et al., 1996) and the SalI-SacI fragment of SULTR1;1mycHis were

ligated to obtain the HindIII-SacI fragment of the 35S:SULTR1;1mycHis fusion

cassette.

The 35S:SULTR1;2mycHis fusion was constructed as follows. CaMV 35S

promoter fragment from pTH2 vector (Chiu et al., 1996) and the coding region

of SULTR1;2 cDNA was fused by adaptamer-mediated PCR. The 3# end of the

CaMV 35S promoter and the 5# end of the SULTR1;2 coding region were

fused using a set of oligonucleotide primers, 35Somega-1;2-F (5#-CAGTC-

GACTCTAGAGGATCCATGTCGTCAAGAGCTCACCCTGTGGACG-3#) and

35Somega-1;2-R (5#-TGAGCTCTTGACGACATGGATCCTCTAGAGTCGAC-

TGTAATTGTAAATA-3#), followed by amplification of 35S:SULTR1;2 fusion.

The 3# end of the 35S:SULTR1;2 fusion gene was tagged with myc-epitope

and amplified by PCR using oligonucleotide primers pBI-35Somega-F

(5#-AAGCTTGCATGCCTGCAGATCCCCCCTCAGAAGACC-3#) and 1;2-

myc-R (5#-CAGGTCCTCCTCTGAGATCAGCTTCTGCTCGACCTCGTTGG-

AGAG-3#). The 35S:SULTR1;2myc fusion was subsequently tagged with six

His residues and reamplified by PCR using the pBI-35Somega-F and SacI-His-R

primers. pBI-35Somega-F and SacI-His-R contain HindIII and SacI restriction

sites (underlined), respectively, for the fusion construction. The final PCR

product that corresponded to the 35S:SULTR1;2mycHis fusion cassette was

cloned into pCR-BluntII-TOPO (Invitrogen) and fully sequenced.

The kanamycin selection marker in pBI101 (CLONTECH) was replaced

with the hygromycin resistance gene. The NheI-HindIII fragment covering the

3#-end region of nopaline synthase promoter, hygromycin phosphotransferase

coding region, and polyadenylation signal of Arabidopsis RbcS-2B gene was

cut out from the pSMAH vector (provided by Dr. H. Ichikawa, National

Institute of Agrobiological Sciences, Japan), and inserted between the NheI and

HindIII sites in pBI101 (CLONTECH) for reconstruction of nopaline synthase

promoter at the NheI site and for complete replacement of neomycin phospho-

transferase II and nopaline synthase terminator with hygromycin phospho-

transferase and RbcS-2B terminator. This hygromycin-resistant binary vector

was used for plant transformation. The HindIII-SacI fragments of the 35S:

SULTR1;1mycHis and 35S:SULTR1;2mycHis fusion cassettes were inserted

between the HindIII and SacI sites of this binary vector, replacing the GUS gene.

The resulting binary plasmids were transferred to Agrobacterium tumefa-

ciens GV3101(pMP90) (Koncz and Schell, 1986) by the freeze-thaw method

(Höfgen and Willmitzer, 1988). Arabidopsis sultr1;1 sultr1;2 double mutant

plants were transformed according to the floral dip method (Clough and Bent,

1998). Transgenic plants were selected on agar medium containing half-

strength Murashige and Skoog salts (Murashige and Skoog, 1962), 1% (w/v)

Suc, and 25 mg L21 hygromycin B. All experiments were conducted using

homozygous T3 transgenic segregants containing a single T-DNA insertion.

Protein Extraction and Immunoblot Analysis

Total protein was prepared from the roots and leaves of plants grown

vertically on agar medium containing 1,500 or 5 mM sulfate as the sole sulfur

source. Tissues were ground under liquid N2 and homogenized in the ex-

traction buffer [50 mM Tris-MES, pH 7.5, 300 mM Suc, 150 mM NaCl, 10 mM

CH3COOK, 5 mM EDTA, 20 mM leupeptin, 10 mM 4-(2-aminoethyl)benzene-

sulfonyl fluoride, 200 mM phenylmethylsulfonyl fluoride]. After centrifuga-

tion at 9,000g for 10 min to remove cell debris, the supernatant was used as a

total protein fraction. Protein content was determined by the Coomassie Blue

dye-binding method (Bio-Rad) using bovine serum albumin as a standard.

To detect SULTR1;1mycHis and SULTR1;2mycHis proteins, total protein

was mixed with the SDS-PAGE sample buffer and incubated for 30 min at 4�C,

and applied to the 7.5% (w/v) polyacrylamide gel. The amount of total protein

used for the analysis is described in the figure legends. Protein was separated

in the gel and transferred to Hybond-P (Amersham Biosciences). The blot was

incubated with anti-myc mouse monoclonal antibody (Invitrogen), followed

by the incubation with goat anti-mouse IgG conjugated to alkaline phospha-

tase (Promega). As a control for equal loading, two different isozymes of Gln

synthetase, GS1 and GS2, were detected using anti-GS1 polyclonal antibody

and goat anti-rabbit IgG alkaline phosphatase conjugate (Promega) as de-

scribed previously by Ishiyama et al. (2004). GS1 (40 kD) is constitutively

expressed in leaves and roots, whereas GS2 (44 kD) is present predominantly

in leaves. The presence of immunoreactive protein was detected by ECL

chemiluminescence (Amersham Bioscience).

35SO4
22 Influx Assay

Experiments were carried out according to the method described by

Kataoka et al. (2004b) and Maruyama-Nakashita et al. (2004) with minor
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modifications. For the experiments of long-term continuous sulfur deficiency

(Fig. 6), plants were germinated on nylon mesh and grown vertically for 15 d

on agar medium containing 1,500 or 5 mM sulfate as the sole sulfur source. For

the experiments of short-time sulfur limitation (Fig. 9), plants were grown for

12 d on the sulfur-replete agar medium containing 1,500 mM sulfate, and then

transferred on agar medium without any sulfur source and incubated for 24 h

before the analysis. Labeling was started by submerging the roots into liquid

nutrient medium (Hirai et al., 1995) containing 5 mM Na2
35SO4 (Amersham

Bioscience). After 10 min of incubation, plants were rinsed twice in nonlabeled

liquid medium and left 1 h in the nonlabeled liquid medium to wash out the

radioactivities in the apoplasm. Plants were weighed in scintillation vials and

covered with 0.1 N HCl. The vials were left overnight for extraction. Scintil-

lation cocktail (Perkin-Elmer) was added to the extract, and the incorporated

radioactivity was determined in a scintillation counter (Aloka).

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

libraries under accession numbers AB018695 (SULTR1;1), AB042322

(SULTR1;2), and J05508 (UBQ2).
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