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Glutathione Concentration as Affected by Sulfate Supply Level
and its Relationship with Sulfate Uptake and Assimilatory
Enzymes Activity in Rape Plants

Lu-Shen Li and Tae-Hwan Kim
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[. INTRODUCTION

Sulfur (S), as one of the most versatile
elements in living organisms, is an essential
mineral nutrient required for all living organs

because it is an integral constituent of amino

acids (cysteine, methionine) and various secondary
sulfur compounds, such as glucosinolates,
glutathione, thioredoxins, sulpholipids and several
co-enzymes, which play an important role in the
nutritional physiology and in the protection and

adaptation of plants (Ruiz and Blumwald, 2002;
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Hesse et al., 2004; Hawkesford and De Kok,
2006). It is well known that adequate S supply
may improve the pools of these compounds in
plants that may lead to increase plant growth
and dry mass (Saito, 2000; Prosser et al., 2001).
high S

demanding crops such as Brassicas and legumes

Supplementary S fertilization to

has shown to enhance plant stress-defense
operations (Rausch and Wachter, 2005; Anjum et
al., 2008) and improve N wuse efficiency and
photosynthetic activity, growth and dry mass
accumulation of crops since the accumulation of
photoassimilates has a close relationship with N
and S assimilation (Kopriva and Rennenberg,
2004; Hawkesford and De Kok, 2006). Thus, S
nutrition may provide a novel strategy to reduce
the adverse effect of plant stresses and in turn
to improve plant growth and yield.

S is predominantly available to higher plants
as sulfate (SO427) taken up from soil by the
roots. After SOs> is taken up via the root from
the soil solution and transported by the xylem
to the leaves. It is then reduced to adenosine-5'-
phosphosulfate (APS),
methionine or incorporated into cysteine, gluta-
thione (GSH), and proteins (Saito 2000). The first

metabolic transformation in the sulfur assimilation

and either converted to

pathway is to generate adenosine-5'-phosphosulfate
and pyrophosphate (PPi), ATP-
sulfurylase (ATPS). The major one of the two
forms of ATPS is found in plastids and the

catalyzed by

other one is found in the cytoplasm (Leustek et
al., 2000). The products, APS and PPi, must be
converted to other compounds immediately so as
to drive the former reaction. APS is mainly
reduced to sulfite by adenosine-5'-phosphosulfate
reductase (APR) with the present of GSH (Suter
2000; Kopriva et al., 2002). The
remaining APS is partially assimilate to PAPS

et al,

(3'-phosphoadenosine-5'-phosphosulfate) by APS
kinase and converts consequently to O-sulfated
metabolites by sulfotransferase (Kopriva et al.,
2002). Sulfite is further reduced to sulphide
which is incorporated by O-acteylserine thiol-
lyase (OASTL) into the amino acid skeleton of
O-acetylserine (OAS) to form cysteine (Kopriva
and Rennenberg, 2004). O-acetylserine (OAS) is
formed from serine catalyzed by serine
acetyltransferase (Leustek et al., 2000). Cysteine
can be incorporated into protein and utilized for
further synthesis of methionine, coenzymes or
GSH. Since the carbon skeleton of cysteine is
derived from serine synthesized from both 3-
phosphoglycerate formed by the Calvin cycle in
the chloroplast and from glycine formed by
photorespiration in the mitochondria (Saito, 2000;
Linka and Weber, 2005), it is deemed to be a
central point of cellular metabolism of GSH
GSH, the

cysteinylglycine, is the

synthesis. tripeptide  y-glutamyl-

most abundant low
molecular thiol in plants and thus, the main
storage and transport form of reduced sulfur. It
plays an important role in the defense against
various biotic or abiotic stress conditions (Ruiz
and Blumwald, 2002) and is involved in redox
homeostasis and detoxification (Leustek et al.,
2000). GSH functions as

enzymatic

reductant in the

detoxification of reactive oxygen
species (ROS) in the ascorbate-GSH cycle and as
thiol buffer in the protection of proteins via
direct reaction with ROS or by the formation of
mixed disulfides (Rausch and Wachter, 2005).
of GSH were

deserved to the regulatory mechanism for sulfate

Other physiological functions

uptake and assimilation controlled by the
induction of sulfate transport system and key
enzymes (Lappartient and Touraine, 1996 Lappartient

et al., 1999) and by the level of transcription
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(Takahashi et al., 1997; Nikiforova et al., 2003).
Lappartient and Touraine (1996) showed that the
rate of SOs° uptake and the activity of ATP
sulfurylase increased simultaneously in Brassica
napus plants following SOs*  withdrawal from
decreased after

culture solution, and then

restoration of SO,” supply. These parallel

patterns were also observed in split root
experiments where the roots were continuously
supplied with SO,° , while the roots of the
same plant where fed with an S-free medium
(Lappartient et al., 1999). These results suggest
that the regulation involves inter-organ signaling.
It has been proposed that the signal responsible
for the repression of SOs° uptake could be
either internal SO427 (Smith, 1980; Datko and
Mudd,

reduction,

1984) or one of the products of its
such as GSH (Rennenberg et al,
1989; Kopriva and Rennenberg, 2004). Reduced
S molecules are translocated in the phloem
(Schneider et al., 1994; Lappartient et al., 1999).

In these contexts, we hypothesized in this
study that the change in GSH concentration as a
result of different levels of SO~ supply might
be associated with the control of SO,* uptake
and assimilation. In order to test this hypothesis,
GSH concentration was analyzed in leaves of
different maturities and roots of rape plants
supplied with four levels of external SO~
supply. The relationships of GSH concentration
in leaves with SO~ uptake and the activity of
key enzymes of SO4*~ assimilation were also

assessed.

II. MATERIALS AND METHODS
1. Plant culture and treatment

Seeds of rape (Brassica napus L. cv. Mosa)

were germinated in bed soil (containing peatmot,
perlite, cocopeat, and zeolite 15:15:60:10, v/v).
When plants were grown to the 3 leaves stage,
they were transferred to 2.3 L pots filled with 2
solution. The basic
nutrient solution contained 1 mM NH4NO;, 0.5
mM KH,PO4, 1.0 mM KoHPO4, 1.5mM CaCl, -
2H,0, 1.0mM MgSOs, 200 uM Fe - Na- EDTA,

and mixed micro-elements. The nutrient solution

L of complete nutrient

was continuously aerated and renewed every 5
shifts

depletion. The seedlings were cultivated in a

days to minimize pH and nutrient
greenhouse with a day/night mean temperature
of 27/20°C, and a relative humidity of 65/80%.
Natural light was supplemented by metal halide
lamps which generated approximately 400 pmol

photons m > s~

at the canopy height for 16 h
per day.

Eight-week-old plants with good uniformity
were selected for the treatment of SO,°  supply
level. Four levels of SO~ (0, 0.1, 1.0 and 2.0
mM) were supplied by modifying the concen-
tration of SO4 source in nutrient solution. For
the solutions lacking SOs ", as like 0 and 0.1
mM, were used, MgCl,
MgSO,.  Three

harvested at 25 hour after treatment. Each plant

was substituted for

plants per treatment were
was separated into old leaves, middle leaves,
young leaves, and roots. Leaves were separated
based on their ontogenic appearance defined as
the leaf rank number which was orderedfrom the
oldest to the youngest leaves. The old, middle
and young leaves were designated, respectively,
for the leaf rank number of 4-5, 8-9 and over
12. The tissue samples of each plant were
immediately frozen in liquid N and stored in

deep-freezer for further analysis.

2. Determination of sulfate uptake
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Sulfateuptake ~ was
method that determined the

estimated by depletion
reduced concen-
tration of specific ion in the complete nutrient
solution. At the solution sampling time, the
volume of nutrition solution was corrected to
400 ml with distilled water, and then 2ml of
well mixed solution was taken for analysis. The
SO, concentration in sample solution was
determined using an ion chromatography (Dionnex,
DX-120, USA) equipped with an Ionpac AS14A
column and AG4A-SC guard column. The eluent
solution consisted of 1.8 mM NayCOs; and 1.7
mM NaHCO; and the regenerant of 0.025 N
H,SO,. The flow rate was 2.3ml min . SO;
uptake was determined by subtracting the current
concentration at the sampling time from the
initial concentration, and expressed as jmol SO427

g ' fresh weight (FW).
3. Glutathione (GSH) measurement

For the measurement of GSH concentration in
shoot and root, 20 mg fresh ground tissue was
extracted by 1.0 ml 5% 5-sulfosalicylic acid. 900
pl reaction mixtures contained 143 mM Na-POy
buffer (pH 7.5), 6.3mM Na,-
etetraacetic acid (EDTA), 0.67 mM 5, 5-Dithiobis

acid(DTNB) and 0.22mM
adenine phosphate
(NADP"). Reaction was initiated with 100 ul
extracts by adding 10 pl glutathione reductase.
Changes in absorbance at 412 nm (AA412 nm)

Ethylenediamin-

-2-nitrobenzoic

Nicotinamide dinucleotide

during 2 minutes were measured. Standard curve
which was made with several different concen-
of GSH was

concentration of GSH in plant samples.

trations used to calculate the

4. Enzyme assays

About 200mg fresh tissues
ground with liquid N with, then use 1.0 ml
extract buffer which contains 10 mM Na;EDTA,
20mM Tris-HCI (pH 8.0), 2 mM Dithiothreitol
(DTT) and 1%
4C with rotation about 1

followed by centrifugation at 13000 rpm for 10

were quickly

polyvinylpyrrolidone (PVP),
extract at hour
minutes at the same temperature. The resulting
supernatant was used to determine the concen-
tration of soluble proteins by protein-dye binding
staining (Bradford, 1976). The supernatant was
collected to analyze the ATP sulfurylase activity.
Molybdate-dependent formation of pyrophosphate
was measured to represent the activity of
ATP-sulfurylase (Lappartient and Touraine 1996).

For the measurement of O-acetylserine (thiol)
lyase (OASTL) 100 mg fresh
ground sample was extracted with 1.0ml 20
mM Tris-HCIL, pH 7.5. The mixture was further

homogenized and centrifuged for 10 minutes at

activity, about

13,000 rpm. The final 1 ml assay mixture for
OASTL activity composed with SmM OAS, 5
mM Na,S, 33.4mM dithiotreitol, 100 mM Tris-
HCl(pH 7.5) and 50ul enzyme extract. The
initiated by adding NaS and
incubated for 30 minutes at 37°C, then the

reaction was

reaction was terminated by adding 1ml acidic
ninhydrin reagent (0.8% ninhydrin [w/v] in 1:4
concentrated HCl: CH3;COOH). The mixture was
heated at 100C for 10 minutes to develop the
color and then cooled on ice. The color
complex was stabilized by adding 2ml 95%
ethanol. Absorbance at 560 nm was read. The
OASTL activity was interpreted by quantification

of the enzymatically formed cysteine.

5. Statistical Analysis

A completely randomized design was utilized
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with three replicates. Duncan’s multiple range
test was employed to compare the means of
separate replicates. Regression analysis was also
closeness  of

undertaken to determine the

relationship between the measured variables.

Unless stated otherwise, the conclusions are

predicted on differences between the means,

with the significant level set at P=0.05.

. RESULTS

1. Effect of external S supply on S02~
uptake, ATP sulfurylase (ATPS) and O-
acetylserine (thiol) lyase (OASTL) activity

When plants were grown at four different
Nof
profound effect on growth and appearance of
S04
uptake, protein concentration and the activity of
ATPS and OASTL in

response to the external SOs*  supplied level

concentrations for 25h, there was not

forage rape plants (Data not shown).

leaves and roots in
are summarized at Table 1. The SO,° uptake
tended to increase with increasing external S
supply. The SOs* uptake sharply increased (3-
fold SOs  supply

increased from 0.1 mM to 1.0 mM, whereas only
1.2-fold between 1.0 and 2.0 mM. Protein

increase) when external

concentration was not significantly changed by
the external S supply level in both leaves and
roots.

When SO~ was totally withdrawn from the
nutrient solution (0 mM SO427), the activity of
ATPS was 187.84 and 21297 U g ' FW,
respectively, in leaf and root tissues. The ATPS
activity in leaves supplied with 0.1, 1.0 and 2.0
mM SO;*  decreased by 12.0, 38.0 and 45.2%,
respectively, compared to that of S-deprived
treatment (OmM SO,° ), and decreased with a
same way by 123, 48.8 and 58.3% in roots.
The activity of OASTL tended to decrease as
external S supply level was increased. When
SO was deprived from the nutrient solution
(0 mM SO ), the OASTL activity in leaf and
root tissues was 9.19 and 838 U g ' FW,
respectively. The OASTL activity in
supplied with 0.1, 1.0 and 2.0 mM SO
decreased by 13.2, 31.9 and 34.5.2%, respectively,
compared to that of S-deprived treatment. In

OASTL activity was

leaves

roots, the less varied,
showing no significant difference between 0 and
0.1 mM and also between 1.0 and 2.0 mM.

2. Glutathione concentration in response

to external S supply level

Table 1. Sulfate uptake, protein concentration, ATP-sulfurylase (ATPS) and O-acetylserine
(thiol) lyase (OASTL) activity in leaves and roots measured at 25h after different

SO4% supply levels

SO¢~ SO uptake Protein(mg g ' FW) ATPS (U g ' FW) OASTL (U g ' FW)
Supply level (unol f:’:1 FW)  Leaves Roots Leaves Roots Leaves Roots
0.0 mM - 15.50™ 9.88" 187.84°  212.97° 9.19* 8.38"
0.1 mM 1.64° 15.85" 9.39 16523  186.84° 7.97° 9.62"
1.0 mM 4.98" 16.62° 9.35" 11637°  109.01° 6.26° 6.62°
2.0 mM 5.81° 16.79° 9.18" 102.89¢ 88.82¢ 6.02° 7.81™

Values are the means of three replicates with three plants each. Values in a vertical column followed by
different letters are significantly different at P<0.05 according to Duncan’s multiple range test.
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The changes in glutathione concentration in

leaves being different maturities and roots as

2 .
affected by the SO4 supplied level are
presented at Fig. 1.
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Fig. 1. Effect of the SO, supplied level on
glutathione concentration in the leaves
at different maturities and roots. The
measurement was done at 25h after
S supply treatment. Bars labeled
with different letters in a plant organ
are  significantly  different (p<0.05)
according to Duncan’s multiple range
test.

The glutathione (GSH) concentrations in young
leaves were relatively higher than that in other
for all
applied, representing a range of 0.86~1.34 pmol

g ' FW. In the youngest leaves and middle

plant organs treatments of S levels

GSH

increased as the external S supply was increased.

leaves, the concentration  significantly
The GSH concentration in the youngest leaves
supplied with 0.1, 1.0 and 2.0 mM SO
increased by 27.9, 40.6 and 55.8%, respectively,
compared to that of S-deprived treatment (0 mM
S04 ). However, in the old leaves, no significant
change was observed. The GSH concentration in
the old leaves on average of four S levels was
43.4% lower than that in the young leaves. The
GSH concentration in the roots also increased
from 0.38 to 0.62 pmol g7l FW as the external

S supply was increased from 0 to 2.0 mM.

3. Relationship of glutathione concentration
with SO,°~ uptake and assimilation

Correlation between glutathione (GSH) concen-
tration and SOs° uptake, as affected by the
SO,”  levels supplied, were assessed (Fig. 2A).
The increase in SO;° uptake by the increased
SO supply was strongly associated with an
enhancement of GSH in leaves (r=0.797, p<0.01)
and in roots (r=0.718, p<0.01).
further the physiological significance of GSH

To examine

accumulation in shoot in regulating SOs

assimilation, the relationships of GSH concentration

Leaves (@) (r=0.757, p=0.01) Leaves (@) {r="0.897, p<0.001) Leaves (@): (r=0.613, p=0.05)
Roots (o) (r=0.718, p=0.01) Roots (=} (r=0.820, p=0.001} Roots (=} ir=0.428, ns)
300 2z 12 e =S
§ A . r B 2
g 13 ® 2 250 - g 10
L ] B o
$210 ) g 200 | E_8
B b’ e% HE
go 2 ]
308 S 150 | 2h g |
E o o L L =AY
23 E2 2 25
E'o.s 3 =100 | E24 |
£ o & b o 2
9 03 < 50 | 2.1
0.0 0 & o
0.00 2.00 4.00 6.00 0.00 0.50 1.00 1.50 2.00 0.00 0.50 1.00 1.50 2.00
§0,* uptake (pmol g' FW) Glutathione (pmol g FW) Glutathione {(pmol g FW)

Fig. 2. The relationships of glutathione concentration, as affected by the external S supply
level, with (A) SO.*  uptake, (B) ATP sulfurylase and (C) O-acetylserine (thiol) lyase
activity in leaves (closed symbols) and roots (open symbols) (n=12).
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in leaves with the activity of ATPS (Fig. 2B)
and OASTL (Fig. 2C) were also analyzed. As
indicated at Fig. 2B, the increase in endogenous
GSH affected by the SO~
supply level, was significantly related with the

concentration,

decrease in ATPS activity in leaves (r=0.897,
p<0.001) and roots (r=0.820, p<0.001). The
relationship of GSH concentration with OASTL
activity in leaves was also significant (r=0.613,
p<0.05), but not with OASTL activity in roots.

IV. DISCUSSION

The SO,° uptake was well reflected on the
external SOs°  supply level (Table 1). Total S
concentration in the leaves is closely paralleled
with SO,>~ concentration in the nutrient solution
(Mechteld et al., 1998). These results suggest
that uptake and subsequent distribution of SO,
to the leaves are closely associated with S-
demand and S-status in plant tissues. In the
previous study (Li et al. 2009), we reported that
sulfate distribution and accumulation in the old
matured leaf might be the first magnitude, and
that the in SO
caused by S-deficiency or S-

percentage of decrease
concentration
deprivation was the highest in the young leaves,
even though the absolute concentration was
lowest among leaf tissues. It has been widely
documented that there is a clear difference in
the distribution of sulfur between leaves of
different ages (Smith, 1980 Blake-Kalff et al.,
1998; Prosser et al., 2001), suggesting that SO;"
assimilation in response to the external S supply
reflects a sink-source relationship for their
metabolites among different ages of leaf. We
previously reported thatthe activities of ATP
sulfurylase (ATPS) and adenosine 5' phosphosul-

phate reductase (APR) in the young leaves were

higher than in the matured old leaves, and the
changes in enzymes activity to the external S
supply level was the most distinct in the young
leaves (Li et al., 2009). The present data also
showed that ATPS and O-acetylserine (thiol)
lyase (OASTL) activity in leaves was significantly
restricted as the external S supply was increased
(Table 1). In the oil seed rape plants supplied
with a sufficient external S supply, approximately
50% of total S in the youngest leaves was
incorporated into insoluble S, 2% into GSH, 6%
and 42%
SO, , whereas in the oldest leaves 70% to
90% of S accumulated as SO,° (Blake-Kalff et
al. 1998). It has been reported that in soybean

into glucosinolates, accumulated as

plants, SO in the transpiration stream was
predominantly delivered to developing leaves,
despite the fact that matured and young leaves
transpired at an equal rate (Smith and Lang,
1988). In this study, GSH concentrations, which
an immediate S assimilates, in the young and
the middle leaves were much higher than those
GSH

concentration in the young leaves significantly

in old leaves or roots, and the

decreased (Fig. 1) with a concomitant decrease
in the activity of ATPS and OASTL (Table 1)
as external SOs supply was lowered. These
of SO

assimilation might be young tissue rather than

suggested that the active site

old or mature leaf tissues, and sulfate
metabolism would be much more restricted by
S-limited nutrition. It has long been known that
S starvation results in a strong increase of the
activity of ATPS and APR

(Reuveny et al., 1980) and on the whole plant

in plant cells
level (Lappartient et al., 1999). The increase in
steady-state levels of mRNAs for high affinity
sulfate transporters, ATPS, and APR upon S
been

starvation, has detected by northern
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analysis (Takahashi et al., 1997) or cDNA array
(Nikiforova et al., 2003). The consequences of S
starvation was most pronounced in the enzymes
involved in the uptake and assimilation of SO,
~, but the synthesis of the amino acid acceptor
O- actylserine also seemed to be influenced
(Takahashi et al., 1997). On the other hand, the
OASTL activity was reported either to be
reduced by S deficiency in spinach (Warrilow
and Hawkesford, 1998) or not to be affected
(Smith, 1980; Takahashi and Saito, 1996).

In this study, the increase in SO  uptake,
which was attributed to the increased SO;°
supply, was strongly associated with an
enhancement of GSH in both leaves and roots
(Fig. 2A). Blake-Kalff et al. (1998) suggested
that in the oil seed rape plants grown on plus S
and low N, the surplus of S resulted in the
accumulation of GSH or glucosinolates. The
GSH synthesis of plant cells is dependent on
the S

deficiency GSH content rapidly decreased in

and regulated by supply. During S
tobacco cell cultures but was rebuilt upon the
supply of SO  and cysteine (Smith, 1980). It
has been proposed that GSH acts as a
regulatory signal to decrease the SO, uptake
in the roots (Rennenberg et al., 1989; Lappartient
1996).
experiment in Brassica napus, Lappartient and
Touraine (1996) demonstrated that the
regulation of ATPS protein and mRNA underlies

of root ATPS activity to S

and Touraine, Conducting  spilt-root

have

the responses
depletion. The present data showed that the
increased GSH concentration in leaves, as a
consequence of the SO~ uptake increased by a
high external supply, was significantly related
with the decreased activity of ATPS in leaves
and roots (Fig. 2B) and OASTL activity in
leaves (Fig. 2C). These results well reflects the

earlier works in Brassica napus (Lappartient and
Touraine, 1996) which suggested that the control
of root ATPS activity and SOy uptake is
mediated by phloem-translocated GSH. Consistent
with these suggestions, the abundance of
transcripts in S-starved plants was increased, and
GSH feeding resulted in a decline in transcript
levels (Lappartient et al., 1999).

Taken together, SO~ uptake and assimilation
are closely associated with the GSH concen-
tration and the operating process enables plants
to respond with general flexibility to fluctuation
of S availability in root environment. If so, it
would be an important component for the
development of field diagnostic tests to deter-

mine whether plants are S-deficient.

V. ABSTRACT

The glutathione (GSH) concentration in leaves
of different maturities and roots of forage rape
(Brassica napus L.) supplied with four levels of
external SO4° (0, 0.1, 1.0 and 2.0 mM) supply
of GSH
concentration with SOs° uptake, ATP sulfurylase
(ATPS) and O-acteylserine (thiol) lyase (OASTL)

activity were also assessed. The SO uptake

were measured. The relationships

increased in parallel with the external SO,

supply,
significantly changed. The ATPS activity increased

while protein concentration was not

continuously with decreasing SOs°~ supply from
20 to 0 mM, while the OASTL activity
decreased S-deficient
conditions (0 and 0.1 mM). The GSH concen-

tration in the young leaves, middle leaves and

significantly only at

roots continuously increased (except for between
1.0 and 2.0 mM in the middle leaves and roots)
as the external S supply was increased, but no

significant changes occurred in the old leaves.
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The increased endogenous GSH concentration,
affected by the SO~ supply level, was signifi-
in ATPS
and the

cantly related with the decrease

activity in both leaves and roots,

decrease in OASTL activity only in leaves..
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