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Abstract Sulfate transport processes and its regulation
were studied in roots of poplar trees (Populus tremula x P.
alba). From the exponential increase in sulfate uptake with
temperature an activation energy (Ea) of 9.0±0.8 kJ mol−1

was calculated. In the concentration range 0.005–10 mM
sulfate uptake showed biphasic Michaelis-Menten kinetics
with a Km of 3.2±3.4 μM and a Vmax of 49±11 nmol SO4

2−

g−1 FW h−1 for the high-affinity uptake system (phase 1)
and a Km of 1.33±0.41 mM and a Vmax of 255±25 nmol
SO4

2− g−1 FW h−1 for the low-affinity system (phase 2).
Xylem loading decreased linearly with temperature and
remained unchanged within the sulfate concentration
range studied. Regulation of sulfate uptake and xylem
loading by O-acetyl serine (OAS), Cys, reduced glutathi-
one (GSH), Met and S-methylmethionine (SMM) were
tested by perfusion into the xylem sap with the pressure
probe and by addition to the incubation medium. When
added directly to the transport medium, Cys and GSH
repressed, and OAS stimulated sulfate uptake; xylem
loading was stimulated by Cys, repressed by GSH and
only slightly affected by OAS. When perfused into the
xylem, none of the compounds tested affected sulfate
uptake of excised roots, but xylem loading was stimulated
by SMM and OAS and repressed by Met. Apparently, the
site of application strongly determined the effect of
regulatory compounds of sulfate transport processes.

Keywords Cysteine . Glutathione . Methionine . O-
Acetylserine . S-Methyl-L-methionine

Abbreviations

CHES: 2-(Cyclohexylamino)-ethanesulfonic acid
Ea: Activation energy
mBBr: Monobromobimane
MS: Murashige and Skoog
OAS: O-Acetyl-L-serine
OAS-TL: O-Acetyl-L-serine thiol lyase
SAT: Serine acetyl transferase
SMM: S-Methyl-L-methionine
SMMI: Iodide salt of SMM

Introduction

Sulfur is the fifth or sixth most abundant element in plants
(Herschbach and Rennenberg 2001). It is present in
essential compounds of the plant’s primary metabolism
like amino acids (Cys, Met), sulfolipids and the molyb-
denum cofactor, as well as in secondary metabolites like
DMSP, alliin, glucosinolates and isothiocyanates (Benning
1998; Kocsis et al. 1998; Mendel and Schwarz 1999;
Manabe et al. 2000; Tabe and Droux 2000; Fahey et al.
2001). Sulfur is mainly needed in its reduced form (e.g. as
Cys, Met), but is almost exclusively taken up in its
oxidized form as sulfate by the roots (Leustek et al. 2000),
although uptake of reduced sulfur has been observed under
controlled conditions (Seegmüller and Rennenberg 2002).
The uptake (and transport) of sulfate is facilitated by
sulfate transporter proteins and driven by a proton gradient
generated by ATPases (e.g. Nissen 1971; Hawkesford et
al. 1993; Smith et al. 1995, 1997). It is expected that
uptake is dependent on temperature, pH and sulfate
concentration. Part of the sulfate taken up is stored and/
or metabolized in the roots (Sunarpi and Anderson 1996),
the other part is loaded into the xylem and stored in the
stem or transported to the shoot (Herschbach and
Rennenberg 1997), where it is reduced and incorporated
into carbohydrate skeletons (Hell 2003; Herschbach
2003). Despite its significance in sulfur nutrition,
information about the characteristics and regulation of
xylem loading of sulfate is scarce (Herschbach and
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Rennenberg 1991; Kreuzwieser et al. 1996; Seegmüller et
al. 1996; Kreuzwieser and Rennenberg 1998). Most
studies on the characterization and regulation of sulfate
uptake and xylem loading by plant roots have been
focused on herbal plants and external ion concentration
(e.g. Clarkson et al. 1983; Herschbach and Rennenberg
1991; Nissen 1991; Hawkesford et al. 1993; Smith et al.
1995, 1997; Kreuzwieser and Rennenberg 1998; Hersch-
bach et al. 2002). But xylem loading of sulfate may also be
affected by the composition of the xylem sap. Reduced
sulfur compounds which play a role in the regulation of
sulfate uptake and xylem loading have been found in the
xylem sap (e.g. Schneider et al. 1994; Herschbach et al.
2000). In addition, research in the 1990s showed that the
characteristics and regulation of sulfate uptake and xylem
loading of trees can differ from those of herbs (Herschbach
and Rennenberg 1997), probably because trees intensively
store and remobilize sulfur compounds in the stem and/or
roots (Herschbach and Rennenberg 1995, 1996, 1997;
Hartmann et al. 2000).

Experiments with externally applied or phloem fed
compounds revealed that Cys, Met and glutathione
regulate sulfate uptake and adapt it to the plant’s demands
(e.g. Lappartient and Touraine 1996; Bolchi et al. 1999;
Herschbach and Rennenberg 2001). SMM is a reduced
sulfur compound in the phloem (Bourgis et al. 1999) with
so far unknown effects on the regulation of sulfate uptake
and xylem loading. OAS is the metabolic precursor that
provides the carbohydrate skeleton in Cys synthesis and is
thought to be involved in the metabolic cross-talk between
sulfur and nitrogen assimilation (Hell 2003). It is also
therefore a good candidate for a crosstalk between
nitrogen metabolism and sulfate transport processes. In
this study, we investigated the characteristics and regula-
tion of sulfate uptake and xylem loading of poplar roots
(Populus tremula x P. alba). For this purpose, we
optimized sulfate uptake and xylem loading for incubation
time, plant age and pH and measured the dependency of
sulfate uptake and xylem loading on temperature and
external sulfate with excised roots. To study the effect of
regulatory compounds we either exposed the excised roots
to these compounds in the incubation medium or perfused
the xylem with these compounds using a pressure probe
(Steudle 1993).

Materials and methods

Plant material and culture conditions

The experiments were performed with hybrid poplar trees
(Populus tremula x P. alba) clone INRA 717 1-B4,
(Strohm et al. 1995). Poplars were micropropagated and
cultivated on a 0.5 MS medium under sterile conditions
for 4 weeks as previously described. Explants were grown
for 6–8 weeks at a 16 h light/8 h dark period in a
greenhouse on a 1-l mixture of one part silica sand
(particle size 0.06–0.2 mm), one part sterilized commercial
soil and two parts Perlite (Agriperl, Perlite-Dämmstoff,

Dortmund, Germany). Plants were fertilized every 2 weeks
with a commercial fertilizer (Hakaphos blau, COMPO,
Münster, Germany) at 3 g/l, 200 ml/plant (for contents of
the fertilizer: see Herschbach et al. 2000). Plants grown for
6–8 weeks on this substrate showed no significant
difference in sulfate uptake and xylem loading rates
(data not shown) and were used for the experiments.

Uptake and xylem loading of sulfate

Sulfate uptake and xylem loading were measured with
excised roots in an incubation chamber as previously
described (Herschbach and Rennenberg 1991). Briefly,
poplar roots were washed with tap water and root ends
were cut in transport medium (standard conditions: 5 mM
bisTRIS, 0.5 mM CaCl2 and 0.5 mM K2SO4 at pH 7.0). A
total of six excised root ends were placed horizontally in
the chamber. After 2 h preincubation transport medium at
the root tips was exchanged and radioactivity (H2

25SO4 in
H2O, carrier-free; 1.85 105 kBq/charge; ICN, Irvine, USA;
150–300 μl, resulting in a radioactivity between 8.7 and
17.4 kBq ml−1) was added. Sulfate uptake and xylem
loading of sulfate were determined at 19°C under standard
conditions from the radioactivity in the roots and the
radioactivity exuded as previously described (Herschbach
and Rennenberg 1991). Both uptake processes, i.e. sulfate
uptake and xylem loading were linear with time after 1 h
up to 6 h of incubation and were measured for 4 h under
standard conditions. Since addition of sucrose did not
affect the transport processes, energy limitation of the cut
roots can be excluded.

Calculation of activation energy

Activation energy was calculated with the following
equation (Steinkamp 1984):

logðUPTÞ ¼ �Ea R
�1 T�1 2:303�1 þ logðAÞ (1)

with UPT: sulfate uptake (nmol SO4
2− g−1 FW h−1), Ea:

activation energy (J mol−1), R: gas constant (8.3143 J K−1

mol−1), T: temperature (K).

Synthesis of SMM

Because SMM is commercially available only as the toxic
iodide salt (SMMI), this compound was converted into its
non-toxic chloride by ion-exchange chromatography on a
AG2-X8-Cl resin (100–200 mesh; Bio-Rad, Hercules,
Canada, ion exchange capacity 1.2 mmol ml−1). To
remove water, SMMI (Sigma, St. Louis, Canada) was
first freeze-dried for 6 days; 3.278 g of SMMI was then
dissolved in 50 ml distilled water and 33.737 g of the ion
exchange resin was added. The mixture was stirred for 1 h
and then filtered, to remove the resin. During this
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procedure, the color of the solution turned from yellow to
colorless. The filtrate was frozen in 2-ml portions in liquid
nitrogen.

Solutions of regulatory compounds

The following compounds were applied as regulatory
substances: 1 mM OAS (Sigma, St. Louis, USA), 1 mM
Cys (min. 99%, Merck, Darmstadt), 10 mM GSH
(Boehringer Mannheim), 1 mM Met (minimum 99%,
Sigma Aldrich Chemie, Steinheim) and 1 mM SMM
(made from SMMI: Sigma, St. Louis, USA). Solutions
were made freshly before each experiment. Regulators
were dissolved at the concentrations mentioned in trans-
port medium and added to the root incubation chamber. In
xylem perfusion experiments, compounds were dissolved
in distilled water to a concentration resulting in a
calculated concentration of 1 or 10 mmol kg−1 root FW.
The pH was adjusted to 6.0, which corresponds to the pH
of the xylem sap (data not shown).

Perfusion of the root xylem

A pressure probe (Steudle 1993) was used for applying
regulatory solutions to the root xylem (Fig. 1). For this
purpose the shoots of the poplar trees were cut 5–10 cm
above the soil with a razor blade on the node above the
first internode (counted from the shoot base). A minimum
of 2 cm shoot length was required for putting the pressure
probe over the cut end. The leaf on this node was
removed, leaves below the cut node, which are close to the
soil, were left intact. The pressure probe was installed over
the cut end and was sealed by a flexible ring, 0.2–0.6 cm
in diameter (Fig. 1e). This ring was made of Xantropren L
blue paste made flexible with Xantropren Activator NF
Optosil liquid (Dormagen). Using a 100 μl syringe (Type
1710N, Hamilton, Bonadur, Switzerland) a defined vol-
ume of the solution was drawn into the capillary (Fig.
1b,,). The solution was injected into the root xylem by
applying an over pressure of 2.0±0.1 bar N2 (Nitrogen 5.0,
Sauerstoffwerk, Friedrichshafen) for 2 h (Fig. 1a–c). The
pressure was measured continuously during injection
(Type 230149-D1, Span Instruments, Plano, Texas,
USA). Guttation out of the leaves during injection was
unavoidable, but only a few drops were lost. Pilot
experiments with 1% (m/v) eosin scarlet dye solution
(91.1%, Fluka), which contrasted with the color of the
roots and substrate, showed that 2 h incubation was
sufficient to fill the xylem of the entire root with the
solution (data not shown). At the end of the injection
period, the remaining solution in the capillary was
removed and the volume was measured for calculation
of the theoretical regulator concentration in the roots
(Table 2). Poplar roots took up 0.870±0.329 ml solution
during a 2 h perfusion period with the pressure probe
under the conditions mentioned above. Sulfate transport

processes of the perfused roots were determined with
excised roots as described above.

Thiol analysis

Preparation of the samples was performed with a modi-
fication of the method reported by Strohm et al. (1995).
Fine roots were homogenized in liquid nitrogen and

Fig. 1 Schematic drawing of the pressure probe. a pressurized N2, b
capillary, c injection device for the regulator solutions, d septum, e
flexible ring, f screw for tightening the plant to the pressure probe, g
decapitated poplar tree in pot

206



aliquots of 100 mg root powder were added to pre-cooled
1 ml 0.1 M HCl containing 100 mg cleaned insoluble
PVPP. The samples were shaken and then centrifuged at
4°C and 14,000 g for 30 min. An aliquot of 240 μl of each
sample was mixed with 260 μl 0.2 M CHES (Sigma
Chemie, Deisenhoven) (pH 9.3); 30 μl 6 mM DTT (Sigma
Chemie, Deisenhoven) were added and the mixture was
incubated for 1 h to reduce oxidized thiols. For deriva-
tization 10 μl 30 mM of the fluorescent dye mono-
bromobimane (mBBr, Thiolyte MB, Calbiochem-Behring,
Frankfurt) in acetonitrile (Merck, 99.8%) were added to
the samples and incubated for 15 min in the dark. Thiol
derivatives were stabilized by acidification with acetic acid
(80 μl 30% v/v; Merck, 99.8%) and stored at 4°C until
analysis. Samples were centrifuged at 4°C and 14,000 g
for 20 min to remove fine particles. The supernatants were
taken for thiol analysis.

Thiol content was measured by reverse-phase HPLC
(Beckman HPLC-Gold, Beckman Instruments, Bioindus-
trial Business Unit, Fullerton, USA) by a modified
protocol after Schupp and Rennenberg (1988). Aliquots
of 200 μl per sample were injected. Identification and
quantification of the peaks were achieved with a standard
containing 0.1 mM Cys (min. 99%, Merck, Darmstadt)
and 1 mM reduced GSH (Boehringer Mannheim).
Recovery was 76±34% for Cys and 79±26% for GSH
(n=60 and 61, respectively).

Results

Sulfate uptake and xylem loading are temperature
dependent

Sulfate uptake and xylem loading showed an optimum at
pH 6.0–7.0 and were dependent on temperature in the
range from 9°C to 29°C (Fig. 2). From 9°C to 21.5°C
sulfate uptake increased exponentially. An Ea for sulfate
uptake of 9.0±0.8 kJ mol−1 was calculated in this range.
Between 21.5°C and 29°C sulfate uptake showed a broad
temperature optimum. Xylem loading of sulfate declined
linearly from 9°C to 29°C (relative xylem loading =
−0.29T+10.36, R2=0.40, P<0.0001).

Sulfate uptake shows biphasic Michaelis-Menten
kinetics

Sulfate uptake showed biphasic Michaelis-Menten kinetics
between 0.005 mM and 10 mM sulfate (Fig. 3). Affinity

(Km) and maximum uptake velocity (Vmax) were calculated
from Lineweaver-Burk, Eadie-Hofstee and Hanes plots
(Bisswanger 1979). The Km of the high-affinity uptake
system (phase 1) amounted to 3.2±3.4 μM and the Vmax to
49±11 nmol SO4

2− g−1 FW h−1; the Km of the low-affinity
system (phase 2) amounted to 1.33±0.41 mM and the Vmax

255±25 nmol SO4
2− g−1 FW h−1. The transition from

phase 1 to 2 was found at 0.302±0.048 mM SO4
2− (Table

1). Xylem loading of sulfate remained unchanged in the
concentration range of 0.005–10 mM sulfate (Fig. 4).

Fig. 2 Temperature-dependent sulfate uptake (a), exudation (b) and
xylem loading (c). Sulfate concentration in the transport medium
was 0.5 mM. For experimental details see Materials and methods.
Statistics were performed with ORIGIN5.0 using non-linear (sulfate
uptake: Boltzmann formula, sulfate exudation: Gaussian formula)
and linear (xylem loading of sulfate) regression with single values.
Data shown are means ± SD from experiments with 3–4 plants with
2–3 replicates each (n=6–18)

Table 1 Affinity (Km) and maximum transport velocity of sulfate
uptake (Vmax) of poplar roots. Km and Vmax of sulfate uptake at
0.005–10 mM sulfate in the transport medium were calculated with
linear regression from Lineweaver-Burk-, Eadie-Hofstee- and

Hanes-transformations of the concentration-dependent sulfate up-
take (Bisswanger 1979). The transition concentration was calculated
from the crossing point of the two lines. Means ± SD at n=90 are
shown

Phase Sulfate concentration range (mM) Km (mM) Vmax (nmol SO4
2− g−1 FW h−1) Transition (mM)

1 (high affinity) 0.005–0.25 0.0032±0.0034 49±11 0.302±0.048
2 (low affinity) 0.5–10 1.33±0.41 255±25
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The pressure probe is a suitable means to inject
regulatory solutions into the root xylem

Perfusion of poplar roots with distilled water overnight
caused a significant reduction in sulfate uptake and
absolute xylem loading of sulfate (data not shown).
Therefore, perfusion was reduced to 2 h. To compare
xylem and medium treatments with regulatory com-
pounds, poplar trees used for the medium treatments of
excised roots were also decapitated 2 h before starting
sulfate uptake experiments. The amount of regulatory
solution used for perfusion was independent from plant
age and treatment (data not shown). Statistical analysis
indicated a weak linear correlation of perfused distilled
water with shoot height (R2=0.40) and root + stump FW
(R2=0.52). Compared to xylem sap concentrations of Cys,
GSH and Met, perfusion resulted in an enrichment of
about 2–3 orders of magnitude based on root fresh weight
(Table 2).

Fig. 3 Sulfate uptake as a function of sulfate concentration [high
affinity uptake system (insert): 0.005–0.250 mM; low affinity
uptake system: 0.5–10.0 mM] in the transport medium. Incubation
temperature was 19°C. For experimental details see Materials and
methods. Statistics were performed with ORIGIN5.0 using non-
linear (Michaelis-Menten formula) regression with single values.
Data shown are means ± SD from experiments with three plants with
two replicates each (n=6)

Fig. 4 Xylem loading of sulfate as a function of sulfate concen-
tration (a 0.005–0.100 mM; b 0.25–1.00 mM; c 2.5–10.0 mM) in
the transport medium. Linear regression was performed with
ORIGIN 5.0 with single data points. Data shown are means ± SD
from n=6 experiments with three plants

Table 2 Concentration of sulfur compounds and calculated enrich-
ment of xylem sap from the perfusion in the roots. Known volumes
of distilled water or solution were injected for 2 h with a pressure
probe with 2.0±0.1 bar pressure into the roots. Enrichment data were
calculated using injection volume, root + stump FW and concen-

tration of the injected solution. Calculated concentrations were
tested to the expected concentration (1 mM for Cys, Met, SMM,
OAS; 10 mM for GSH) with ORIGIN 5.0 using one-sample t-test.
Data shown are means ± SD from experiments with ten plants

Compound Calculated enrichment (μmol g−1 FW roots) Original xylem sap concentration (nmol ml−1)a

Cys 2.3±1.0* 0.51±0.21
GSH 11.7±4.9 5.4±2.5
Met 1.1±0.5 39±27
SMM 2.2±1.2* n.d
OAS 1.2±0.5 n.d

*Significantly different at the 0.05-level from expected level
aFrom: Herschbach et al. (2000)
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Xylem loading but not sulfate uptake is regulated by
compounds perfused into the xylem

If Met was perfused into the xylem, a slight repression of
absolute xylem loading (P<0.14) and percentile xylem
loading (P<0.09) was observed (Fig. 5). Xylem loading
kinetics of sulfate in the presence of Met were signifi-
cantly repressed (Fig. 6). In contrast, SMM stimulated
absolute and percentile xylem loading (Fig. 5). Due to the
high variation, P-values amounted to 0.08 for absolute and
to 0.12 for percentile xylem loading, respectively. Xylem
loading kinetics were significantly stimulated by SMM
(Fig. 6). The difference in the amount of stimulation of
xylem loading by SMM in Figs. 5 (percentage of control)
and 6 (absolute values) is due to different calculation
procedures of the raw data. Between different sets of
experiments high difference in absolute values for xylem
loading (0.9±0.6 nmol SO4

2− g−1 FW h−1 and 1.9±1.3
nmol SO4

2− g−1 FW h−1) of controls was observed (Fig.
6). Similarly to SMM, OAS caused a slight stimulation of
absolute xylem loading of sulfate (P<0.10) and percentile
xylem loading (P<0.15). Although effects of xylem-
applied compounds were detectable, the Cys and gluta-
thione contents of the roots perfused with Met, SMM and
OAS remained unchanged (data not shown). Xylem
loading kinetics of sulfate were linear and lag phases did
not exceed 0.4 h (data not shown). Met, SMM and OAS

applied to the xylem did not alter sulfate uptake; Cys and
GSH applied to the xylem did not have any effect on
sulfate transport processes (Fig. 5).

Sulfate uptake and xylem loading are regulated by
compounds in the transport medium

Cys added to the transport medium significantly repressed
sulfate uptake, but stimulated percentile xylem loading
(Fig. 7). GSH repressed sulfate uptake slightly (P<0.08)
and absolute and percentile xylem loading significantly
(Fig. 7). Met, SMM and OAS in the transport medium had
no effect on sulfate uptake and xylem loading (Fig. 7).
Xylem loading kinetics of sulfate were linear and lag
phases did not exceed 0.4 h (data not shown).

Fig. 5 Regulation of sulfate uptake, absolute and percentile xylem
loading by organic compounds in the root xylem. Excised roots
were incubated in 35S-sulfate for 2.5 h at pH=6.0. For each
experimental day, the control treatment was set at 100%. Data
shown are means ± SD from experiments with n=10 plants.
Horizontal line 100±17% (control)

Fig. 6 Influence of 1 mM methionine (Met) and S-methylmethio-
nine (SMM) in the root xylem on the xylem loading kinetics of
sulfate. The results of Met and SMM presented in Figs. 5 and 6 are
from the same experiments. Perfusion of the root xylem was
performed as described in Materials and methods. Excised roots
were incubated at pH=6.0. Statistics were performed with SPSS 9.0
using linear regression with single values. Comparison of two
straight lines was performed with EXCEL 6.0 (Mead et al. 1993).
Significant differences at the 0.05-level are indicated by different
letters. Data shown are means ± SD from experiments with 9–10
replicate plants (n=9–10). Open symbols controls; filled symbols
Met, SMM
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Discussion

Characteristics of sulfate uptake and xylem loading

The present experiments provide the first data for the
activation energy Ea of sulfate uptake by tree roots.
Although the value may be inaccurate because of the
complex nature of the sulfate transport process (Bassirirad
2000), the Ea obtained is comparable to the activation
energy found for algae and herbs (Holmern et al. 1974;
Biedlingmaier and Schmidt 1989; Bassirirad 2000).

Because different transformations of the Michaelis-
Menten formula (Eadie-Hofstee, Lineweaver-Burk and
Hanes) with each having particular weaknesses (Bisswan-
ger 1979), Km and Vmax were calculated as means of each
of these transformations. Sulfate uptake of poplar roots
showed for each transformation biphasic Michaelis-Ment-
en kinetics (Table 1). Mono- and multiphasic sulfate
uptake kinetics were found in fungi (Cuppoletti and Segel
1974, 1975; Yildiz et al. 1994; Cherest et al. 1997),
bacteria (Menon and Varma 1982; Ritchie 1996), and
several lower (Coughlan 1977; Matsuda and Colman
1995; Mimura et al. 1998) and higher plant species (e.g.
Clarkson et al. 1983; Hawkesford et al. 1993; Kreuzwieser
et al. 1996; Seegmüller et al. 1996). The number of phases,
as well as Km and Vmax values were dependent on plant

species and varieties (e.g. Jones and Smith 1981;
Rennenberg et al. 1988). Beech trees showed triphasic
sulfate uptake kinetics (Kreuzwieser et al. 1996), but oak
trees only one phase (Seegmüller et al. 1996). Km of the
high affinity uptake system of poplar is comparable to oak
trees, but much lower than that of beech trees. Whether
multiphasic uptake kinetics are due to different conforma-
tions of one individual sulfate transporter or due to the
action of several transporters is a matter of debate (Nissen
1971, 1991; Borstlap 1983). Indications that sulfate
transporters have several conformations are lacking.
Experimental evidence, however, suggests the existence
of more than one isozyme of sulfate transporter (e.g. Smith
et al. 1995; Hawkesford and Prosser 2000; Takahashi et al.
2000).

Relative xylem loading of sulfate in poplar trees (Fig. 4)
is comparable to beech (Kreuzwieser et al. 1996) and oak
(Seegmüller et al. 1996) trees, but clearly lower than that
observed in tobacco (Herschbach and Rennenberg 1991).
This may be due to the fact that trees are perennials which
predominantly store sulfur in the roots, and tobacco is an
annual which invests sulfur more directly in growth and
development. Part of the sulfate taken up is reduced in
poplar roots, but sulfate reduction is clearly low compared
to the shoot (Hartmann et al. 2000; Herschbach, personal
communication). Also the concentration of sulfate in the
xylem is much higher than that of reduced sulfur
compounds (Herschbach et al. 2000). High sulfate
concentrations in the roots (40–60 μmol g−1 FW,
Herschbach et al. 2000) as a consequence of low relative
xylem loading of sulfate indicate storage of sulfate in the
roots. This storage of sulfate, its liberation from decaying
roots, and its uptake by newly developed roots are
considered a set of processes that keep sulfate in the
rhizosphere. This may be required, because sulfate can be
rapidly washed out from the soil by precipitation.

Regulation of sulfate uptake and xylem loading

Incubation of poplar roots in media containing regulatory
substances and perfusion of the root xylem with a solution
of the same regulator have in common that both treatments
act via the apoplast. Therefore, it was expected that the
regulatory effects are the same. The data presented in Figs.
5 and 7, however, reveal that this is not the case. Cys and
GSH added to the incubation medium repressed sulfate
uptake; Met repressed, SMM and OAS stimulated xylem
loading of sulfate in perfusion experiments. Apparently,
not only the regulatory compound itself, but also the site
of application is of importance for the regulatory effect on
sulfate uptake and xylem loading.

Together with Met, glutathione is the most abundant
reduced sulfur compound in poplar trees (Herschbach et
al. 2000). From previous studies glutathione is known to
repress sulfate uptake and xylem loading (Fig. 7, see also
Herschbach and Rennenberg 1991; Lappartient and Tou-
raine 1996; Leustek et al. 2000; Vauclare et al. 2002). In
poplar trees, however, not glutathione itself, but the SO4

2−/

Fig. 7 Regulation of sulfate uptake, absolute and percentile xylem
loading by organic compounds in the transport medium. For
experimental conditions, calculations and statistics see Fig. 5.
Significant differences at the 0.05-level are indicated with asterisks.
Data shown are means ± SD from experiments with n=9–10 plants.
* P<0.05; horizontal line 100±15% (control)
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glutathione ratio in the phloem seems to be responsible for
regulation of sulfate uptake and xylem loading (Hersch-
bach et al. 2000). In these previous studies GSH was
applied to the symplast (phloem), whereas both techniques
used in this study provided GSH to the apoplastic space
(medium, xylem). This difference in application could
explain the differences in regulation of sulfate uptake and
xylem loading observed between this and previous
experiments.

The slight stimulatory effect of OAS on sulfate uptake
and absolute xylem loading (Figs. 5, 7) confirms earlier
findings on the regulatory properties of this compound
(e.g. Kreuzwieser 1997; Clarkson et al. 1999; Hatzfeld and
Saito 2000; Hirai et al. 2003). The absence of a
stimulatory effect of OAS fed to the xylem on sulfate
uptake might be due to the lability of OAS (Kredich 1993)
that probably was metabolized before it could reach the
root cortex.
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