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Abstract Scavenger enzyme activities in subcellular
fractions under polyethylene glycol (PEG)-induced water
stress in white clover (Trifolium repens L.) were studied.
Water stress decreased ascorbic acid (AA) content and
catalase (CAT) activity and increased the contents of
hydrogen peroxide (H,O,), thiobarbituric acid reactive
substances (TBARS) (measure of lipid peroxidation), and
activities of superoxide dismutase (SOD), its various iso-
zymes, ascorbate peroxidase (APOX), and glutathione
reductase (GR) in cellular cytosol, chloroplasts, mito-
chondria, and peroxisomes of Trifolium repens leaves. In
both the PEG-treated plants and the control, chloroplastic
fractions showed the highest total SOD, APOX, and GR
activities, followed by mitochondrial fractions in the case
of total SOD and GR activities, whereas cytosolic fractions
had the second greatest APOX activity. However, CAT
activity was the highest in peroxisomes, followed by the
cytosol, mitochondria, and chloroplasts in decreasing
order. Although Mn-SOD activity was highest in mito-
chondrial fractions, residual activity was also observed in
cytosolic fractions. Cu/Zn-SOD and Fe-SOD were
observed in all subcellular fractions; however, the activities
were the highest in chloroplastic fractions for both iso-
forms. Total Cu/Zn-SOD activity, the sum of activities
observed in all fractions, was higher than other SOD iso-
forms. These results suggest that cytosolic and
chloroplastic APOX, chloroplastic and mitochondrial GR,
mitochondrial Mn-SOD, cytosolic and chloroplastic Cu/
Zn-SOD, and chloroplastic Fe-SOD are the major scaven-
ger enzymes, whereas cellular CAT may play a minor role
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Introduction

Because of its excellent forage quality and high animal-
feed value, Trifolium repens L. is an important forage
legume and cover crop, extensively grown in temperate and
subtropical regions of the world. T. repens is agronomically
highly valuable because it adds enormous amounts of
nitrogen to the degraded soils using nitrogen fixed by the
bacterium Rhizobium trifolii in the roots.

Water is essential for plant metabolism and any limitation
in its availability affects almost all plant functions, including
the assimilation and partitioning of carbon (Cabuslay and
others 2002; Wu and others 2008). Plants subjected to water
stress undergo increased exposure to activated forms of
oxygen and changes associated with damage to membranes
and buildup of lipid peroxides (Smirnoff 1993). In plant
cells chloroplasts, mitochondria, and peroxisomes are
important intracellular generators of reactive oxygen spe-
cies (ROS) (Rich and Bonner 1978; del Rio and others 1991;
Salin 1991). ROS produced as a result of various abiotic
stresses need to be scavenged for maintenance of normal
growth. The primary scavenger is superoxide dismutase
(SOD), which converts O; to H,O,. This toxic product of
the SOD reaction is eliminated by ascorbate peroxidase
(APOX) in association with dehydroascorbate reductase and
glutathione reductase (GR); the latter two help in regener-
ation of ascorbic acid (AA) (Asada and Takahashi 1987,
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Asada 1994). H,0, is also scavenged by catalase (CAT)
(Dhindsa and others 1981; Anderson and others 1995),
although the enzyme is less efficient than the APOX-GR
system. Water-stress-induced changes in activities of vari-
ous scavenger enzymes have been reported (Zhang and
Kirkham 1994; Hernandez and others 2000). Localization of
isozymes of SOD has been reported from various subcel-
lular organelles. Mn-SOD is reported to be located in
mitochondria and peroxisomes, Cu/Zn-SOD in chloroplasts,
mitochondria, and the cytosol, and Fe-SOD in chloroplasts
(Scandalios 1993; Bowler and others 1994). Two isozymes
of APOX have been reported, one from chloroplasts and the
other from cytosol (Chen and Asada 1989).

Although water-stress responses of 7. repens at the
cellular level have been studied (Bermejo and others 2006;
Lee and others 2007), little is known about the effects of
water stress on the ROS metabolism in cytosolic, mito-
chondrial, chloroplastic, and peroxisomal fractions of T.
repens. This knowledge can supply information on the
possible involvement of ROS in the mechanism of damage
by water stress, thus allowing insight into the molecular
mechanisms of plant tolerance to water-stress-induced
oxidative stress. Hence, the objective of the present
investigation was to study the effects of short-term PEG-
induced water stress on various scavenger enzymes local-
ized in different subcellular fractions and their relevance in
terms of water-stress tolerance in 7. repens.

Materials and Methods
Plant Material and Water-Stress Treatments

Seedlings of white clover (Trifolium repens L.) cultivar
‘Syrian Selection’ were established as apical cuttings
consisting of two to three nodes in a sand—peat potting mix.
When a significant root system had developed, plants were
transplanted to plastic jugs of half-strength Hoagland
nutrient solution. The ambient temperature was 25 + 2°C,
relative humidity was 60%, photoperiod was 14-h light/10-
h dark, and photon flux density was 200 pmol m—2 s~ "
When plants had reached a sufficient size, comprising at
least eight to ten mature stolons, water stress was imposed.

For water-stress treatment, 7. repens plants were cultured
in half-strength Hoagland nutrient solution containing
polyethylene glycol (PEG) 6000 to create osmotic potentials
of —0.5, —1.0, and —1.5 MPa. After 72 h of incubation,
T. repens leaves were collected for various assays.

H,0,, Lipid Peroxidation, and Ascorbic Acid Assay

H,0,; estimation was done as we have described previously
(Wang and others 2007).
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Lipid peroxidation was estimated as thiobarbituric acid
reactive substances (TBARS) (Heath and Packer 1968). A
fresh leaf sample (0.5 g) or the liquid nitrogen-preserved
cell fractions were homogenized in 10 ml of 0.1% tri-
chloracetic acid (TCA), and the homogenate was
centrifuged at 15,000 g for 15 min. To a 1.0-ml aliquot of
the supernatant 4.0 ml of 0.5% thiobarbituric acid (TBA)
in 20% TCA was added. The mixture was heated at 95°C
for 30 min in the laboratory electric oven and then cooled
in an ice bath. After centrifugation at 10,000 g for 10 min,
the absorbance of the supernatant was recorded at 532 nm.
The TBARS content was calculated according to its
extinction coefficient of 155 mM ™' cm ™.

For ascorbic acid (AA) estimation a fresh leaf sample
(0.5 g) or subcellular fractions preserved in liquid nitrogen
were extracted with 10 ml of 6% trichloroacetic acid
(Mukherjee and Choudhari 1983). Four milliliters of the
extract was mixed with 2 ml of 2% dinitrophenylhydra-
zine (in acidic medium) followed by the addition of 1 drop
of 10% thiourea (in 70% ethanol). The mixture was boiled
for 15 min in a water bath and after cooling to room
temperature, 5 ml of 80% (v/v) H,SO,4 was added to the
mixture at 0°C (in an ice bath). The absorbance was
recorded at 530 nm. The concentration of AA was cal-
culated from a standard curve plotted with known
concentrations of AA.

Subcellular Fractionation

Cell fractionations were conducted for the purpose of
localizing various antioxidant enzymes, and H,O,,
TBARS, and AA contents in subcellular fractions. Isolation
of chloroplasts was as described earlier (KuZniak and
Sktodowska 2001, 2005). The activity of NADP*-glycer-
aldehyde-3-phosphate dehydrogenase (EC 1.2.1.9), used as
a stromal marker, was assayed as described by Bradbeer
(1969). According to Hatch (1978), the activity of fuma-
rase (EC 4.2.1.2) as a specific mitochondrial marker was
assayed using the UV method described by Dhindsa and
others (1981). Glucose-6-phosphate dehydrogenase (EC
1.1.1.49) was considered an auxiliary marker for cytosol
and was assayed using a Sigma diagnostic kit. Chlorophyll
was extracted with 80% acetone and measured according to
Porra and others (1989). T. repens leaf mitochondria were
isolated as described by Kuzniak and Sktodowska (2004,
2005) and purified by a Percoll density-gradient-containing
sucrose according to Struglics and others (1993). The
mitochondrial fraction located close to the top was iden-
tified based on the activity of specific marker enzymes,
succinate:cytochrome ¢ oxidoreductase (EC 1.6.99.3) and
NADH:cytochrome ¢ oxidoreductase, both assayed as
described by Douce and others (1972), and fumarase.
To determine the purity of the mitochondrial fraction,
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chlorophyll content and the following marker enzyme
activities were assayed: glucose-6-phosphate dehydroge-
nase for cytosol, NADP"-glyceraldehyde-3-phosphate
dehydrogenase for the chloroplast stroma. The intactness of
all organelles was determined on the basis of enzyme
latency calculated for the activities of specific marker
enzymes in the isotonic medium and in the subcellular
fractions according to the formula of Burgess and others
(1985).

Peroxisomes were purified from 7. repens leaves by
differential and sucrose density-gradient centrifugation
(35-60% w/w), as described by Lopez-Huertas and others
(1995). All operations were performed at 0—4°C. Peroxi-
somes purified by this method were essentially free of
contamination by other cellular organelles (Lopez-Huertas
and others 1995; Distefano and others 1997). Peroxisomal-
soluble fractions were obtained by hypotonic shock and
ultracentrifugation (Lopez-Huertas and others 1995).

Enzyme Assays

SOD activity in different cell fractions was estimated as we
have described previously (Wang and others 2008). To
distinguish Cu/Zn-SOD, Fe-SOD, and Mn-SOD, the sen-
sitivity of Cu/Zn-SOD to cyanide (3 mM) and of Cu/Zn-
SOD and Fe-SOD to H,O, (5 mM) was used, whereas
Mn-SOD was unaffected. The complete reaction mixture
plus KCN (3 mM) was used to inhibit Cu/Zn-SOD, whereas
the complete reaction mixture plus 3 mM KCN and 5 mM
H,0, were used to inhibit both Cu/Zn-SOD and Fe-SOD
activities. Separate controls (lacking enzymes) were used
for total SOD and inhibitor studies. The absorbance was
recorded at 560 nm, and one unit of enzyme activity was
taken as that amount of enzyme that reduces the absorbance
reading to 50% in comparison with tubes lacking enzyme.

APOX was assayed by recording the decrease in optical
density due to AA at 290 nm (Nakano and Asada 1981).
The 3-ml reaction mixture contained 50 mM potassium
phosphate buffer (pH 7.0), 0.5 mM AA, 0.1 mM EDTA,
1.5 mM H,0,, and 0.1 ml enzyme. The reaction was
started with the addition of H,0,. Absorbance was mea-
sured at 290 nm in a UV-visible spectrophotometer (756B,
Shanghai Spectrum Instrumental Company, China), and
0.01 change of absorbance at 290 nm was defined as one
unit (U) of APOX activity.

GR was assayed by recording the increase in absorbance
in the presence of oxidized glutathione and DTNB (5,
5(-dithiobis-2-nitrobenzoic acid) (Smith and others 1988).
The 3-ml reaction mixture contained 200 pmol potassium
phosphate buffer (pH 7.5), which contained 1 umol EDTA,
1.5 pmol DTNB in 0.01 M potassium phosphate buffer
(pH 7.5), 0.2 umol NADPH, 0.1 ml enzyme extract, and
distilled water to make up the volume. The reaction was

initiated by adding 0.2 pmol GSSG (oxidized glutathione
or glutathione disulfide). The increase in absorbance at
412 nm was recorded at 25°C over a period of 5 min
spectrophotometrically. A change of absorbance of 0.01 at
412 nm was defined as one unit (U) of GR activity. Each
measurement was done in triplicate.

CAT activity was determined by following the con-
sumption of H,O, (extinction coefficient = 39.4 mM em™h
at 240 nm for 30 s (Aeby 1984). The assay mixture contained
100 mM potassium phosphate buffer (pH 7.0), 15 mM H,0,,
and 50 pl leaf extract in a 3-ml volume.

The protein content was determined by using bovine
serum albumin as the standard according to Bradford
(1976).

Results

Hydrogen Peroxide and Thiobarbituric Acid Reactive
Substances

H,0, and TBARS contents in different subcellular frac-
tions were proportionally enhanced with the decreasing
values of the osmotic potential; the differences between
PEG-treated plants and the controls were significant
(p < 0.1) (Figs. 1 and 2). Although in the control plants the
H,0O, contents in peroxisomes, cytosol, and chloroplasts
were the similar, after different levels of PEG-induced
water stress, the highest H,O, accumulation was observed
in chloroplasts, followed by peroxisomes, cytosol, and
mitochondria in decreasing order. The highest TBARS
contents were observed in chloroplastic fractions followed
by peroxisomal, mitochondrial, and cytosolic fractions
both in the PEG-treated and the control plants.
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Fig. 1 The H,O, contents in different cell fractions of 7. repens
exposed to different levels of polyethylene glycol-induced water
stress and control. CYT: cytosolic fraction; CHL: chloroplastic
fraction; MIT: mitochondrial fraction; PER: peroxisomal fractions.
Data are mean = standard error (SE) (n = 5), and the differences
between PEG-treated plants and controls are indicated by
**(p < 0.01)
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Fig. 2 The TBARS contents in different cell fractions of T. repens
exposed to different levels of polyethylene glycol-induced water
stress and control. CYT: cytosolic fraction; CHL: chloroplastic
fraction; MIT: mitochondrial fraction; PER: peroxisomal fractions.
Data are mean = standard error (SE) (n = 5), and the differences
between PEG-treated plants and control are indicated by **(p < 0.01)
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Fig. 3 The AA contents in different cell fractions of 7. repens
exposed to different levels of polyethylene glycol-induced water
stress and control. CYT: cytosolic fraction; CHL: chloroplastic
fraction; MIT: mitochondrial fraction; PER: peroxisomal fractions.
Data are mean = standard error (SE) (n = 5), and the differences
between PEG-treated plants and controls are indicated by *(p < 0.05)
and **(p < 0.01)

Fig. 4 The total SOD (a), Mn-
SOD (b), Cu/Zn-SOD (c¢), and
Fe-SOD (d) activities in
different cell fractions of 7.
repens exposed to different
levels of polyethylene glycol-
induced water stress and
control. CYT: cytosolic
fraction; CHL: chloroplastic
fraction; MIT: mitochondrial
fraction; PER: peroxisomal
fractions. Data are

mean =+ standard error (SE) 9re
(n = 5), and the differences 100
between PEG-treated plants and 80 + -5
controls are indicated by 80 - :
*(p < 0.05) and **(p < 0.01) w0k
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Ascorbic Acid

AA contents decreased with decreasing osmotic potentials
in all subcellular fractions in 7. repens leaves (Fig. 3), with
significant differences between PEG-treated plants and
controls (p < 0.1). Chloroplast fractions contained the
highest AA content, followed by mitochondrial, peroxi-
somal, and cytosolic fractions in the PEG-treated and
control plants.

Scavenger Enzymes

PEG-induced water stress significantly increased leaf total
SOD activity in all subcellular fractions. Total SOD
activity was higher in chloroplastic fractions, followed by
mitochondrial and peroxisomal fractions, and was lowest
in cytosolic fractions in PEG-treated and control plants
(Fig. 4a). The activities of three SOD isoforms in all
subcellular fractions were promoted at different levels
except for Mn-SOD in chloroplasts and Cu/Zn-SOD in
mitochondria. Mn-SOD activity was the highest in the
mitochondrial fraction, followed by peroxisomal fractions
and some marginal activity in cytosolic fractions. No Mn-
SOD activity was observed in chloroplasts (Fig. 4b). Cu/
Zn-SOD activity was observed in all fractions; however,
the highest activity was observed in chloroplastic frac-
tions, followed by cytosolic and mitochondrial fractions,
and the lowest activity was in peroxisomal fractions
(Fig. 4c). Fe-SOD activity was again highest in chloro-
plastic fractions, with very low activity in cytosolic,
peroxisomal, and mitochondrial fractions (Fig. 4d). Total
Cu/Zn-SOD activity, the sum of activities observed in all
the fractions, was higher than Mn-SOD and Fe-SOD
isoforms.
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APOX and GR activities in all subcellular fractions
increased with PEG-induced water stress except that
APOX activity in mitochondria was unchanged (Figs. 5
and 6). APOX and GR activities were the highest in
chloroplastic fractions, whereas the lowest APOX activity
was in peroxisomal fractions and the lowest GR activity
was in cytosolic fractions. Even though APOX activities
significantly increased in cytosolic, chloroplastic, and
peroxisomal fractions during PEG-induced water stress, no
increase was detected in the mitochondrial fractions. Fur-
thermore, the increase in chloroplasts was much higher
than that in cytosolic and peroxisomal fractions.

In contrast to SOD, APOX, and GR, CAT activity
decreased with decreasing osmotic potentials in all sub-
cellular fractions in 7. repens leaves (Fig. 7). In both the
PEG-treated and control plants, the highest CAT activity
was found in peroxisomal fractions, followed by cytosolic
and mitochondrial fractions; some marginal activity in the
chloroplastic fractions was also observed.
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Fig. 5 The APOX activities in different cell fractions of 7. repens
exposed to different levels of polyethylene glycol-induced water
stress and control. CYT: cytosolic fraction; CHL: chloroplastic
fraction; MIT: mitochondrial fraction; PER: peroxisomal fractions.
Data are mean = standard error (SE) (n = 5), and the differences
between PEG-treated plants and controls are indicated by *(p < 0.05)
and **(p < 0.01)
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Fig. 6 The GR activities in different cell fractions of 7. repens
exposed to different levels of polyethylene glycol-induced water
stress and control. CYT: cytosolic fraction; CHL: chloroplastic
fraction; MIT: mitochondrial fraction; PER: peroxisomal fractions.
Data are mean = standard error (SE) (n = 5), and the differences
between PEG-treated plants and controls are indicated by *(p < 0.05)
and **(p < 0.01)
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Fig. 7 The CAT activities in different cell fractions of 7. repens
exposed to different levels of polyethylene glycol-induced water
stress and control. CYT: cytosolic fraction; CHL: chloroplastic
fraction; MIT: mitochondrial fraction; PER: peroxisomal fractions.
Data are mean = standard error (SE) (n = 5), and the differences
between PEG-treated plants and controls are indicated by *(p < 0.05)
and **(p < 0.01)

Discussion

H,0, is a toxic ROS and has deleterious effects on plant
tissues (Asada and Takahashi 1987; Salin 1988; Sairam and
others 1998). Chloroplastic fractions showed higher H,O,
accumulation compared with cytosolic, mitochondrial, and
peroxisomal fractions (Fig. 1), indicating greater dismuta-
tion of Oy in chloroplasts resulting in higher H,O,
production than cytosolic, mitochondrial, and peroxisomal
fractions under PEG-induced water stress. The deleterious
effect of H,O, is further reflected in higher lipid peroxi-
dation (estimated as TBARS) in chloroplasts (Fig. 2).
PEG-induced water stress caused a significant decrease
in AA content (Fig. 3). AA is an antioxidant that can
scavenge O, and H,O, nonenzymatically and also takes
part in APOX-mediated scavenging of H,O, (Asada 1992).
Higher AA content in chloroplasts, followed by mito-
chondrial, peroxisomal, and cytosolic fractions, is
consistent with the higher antioxidant enzyme activity
observed in chloroplasts (Figs. 4-6). However, the com-
paratively higher levels of AA in mitochondrial and
peroxisomal fractions than in cytosolic fractions suggest a
role in nonenzymatic scavenging of O, and H,O, in
mitochondria and peroxisomes because very low APOX
activity was detected in mitochondrial and peroxisomal
fractions (Fig. 5). SOD is responsible for scavenging of
toxic O3 in different cell organelles (Fridovich 1986; Pang
and others 2005; Sigaud-Kutner and others 2002; Yu and
Rengel 1999). Water-stress-induced increases in SOD
activity have been reported in various studies (Foyer and
others 1994; Martinez and others 2001). Mn-SOD activity,
although highest in mitochondrial fractions, was also
detected in cytosolic and peroxisomal fractions but no
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Mn-SOD activity was detected in chloroplasts. Mn-SOD
activity in all subcellular fractions increased under PEG-
induced water stress (Fig. 4b). This is consistent with the
results in Medicago sativa (Hernandez and others 1994)
and Pisum sativum (Hernandez and others 2000). Cytosolic
Mn-SOD activity was very rudimentary, suggesting that
cytosolic Mn-SOD has a limited role in scavenging water-
stress-induced production of O;. Cu/Zn-SOD was
observed in all four fractions but was highest in chloro-
plasts, followed by mitochondria, cytosol, and peroxisomes
(Fig. 4c). It was interesting to note that although water
stress increased the Cu/Zn-SOD activity in cytosolic,
chloroplastic, and peroxisomal fractions, in mitochondria
there was very little or no increase in Cu/Zn-SOD activity
in T. repens. Fe-SOD was predominantly present in chlo-
roplastic fractions, whereas some residual activity was also
detected in cytosolic, mitochondrial, and peroxisomal
fractions (Fig. 4d). Furthermore, the increase in Fe-SOD
activity in chloroplastic fractions was much more signifi-
cant than that in cytosolic, mitochondrial, and peroxisomal
fractions under PEG-induced water stress.

The presence of APOX, GR, and CAT in chloroplastic,
mitochondrial, cytosolic, and peroxisomal fractions has
been reported (Becana and others 1986; Creissen and
others 1995; Gomez and others 1999; Hernandez and
others 2006). In the present study, APOX, GR, and CAT,
which are responsible for scavenging H,0O,, were detected
in all four subcellular fractions, and the highest activities of
APOX and GR were observed in chloroplasts, whereas the
lowest APOX activity was in peroxisomal fractions and the
lowest GR activity was in cytosolic fractions. APOX and
GR activities in all subcellular fractions both increased
with PEG-induced water stress except that APOX activity
in mitochondria remained unchanged (Figs. 5 and 6). The
highest CAT activity was in peroxisomal fractions and the
lowest activity was in chloroplastic fractions, and CAT
activity decreased with the decreasing osmotic potentials in
all subcellular fractions in the PEG-treated and control
plants (Fig. 7). Furthermore, the water-stress-induced
increases in APOX and GR activities in chloroplasts were
much higher than those in the cytosol, peroxisomes, and
mitochondria. These results suggest that APOX and GR in
chloroplasts rather than CAT play major roles in the
scavenging of water-stress-induced H,O, CAT may be the
key scavenger enzyme in peroxisomes.

A perusal of the foregoing discussion reveals that cyto-
solic and chloroplastic ~APOX, chloroplastic and
mitochondrial GR, mitochondrial Mn-SOD, cytosolic and
chloroplastic Cu/Zn-SOD, and chloroplastic Fe-SOD are
the major scavenger enzymes engaged in the scavenging of
O, and H,O; produced in 7. repens under water stress. It is
also evident that in spite of higher AA content and antiox-
idant activity, chloroplasts are the major site of H,O,
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production and lipid peroxidation, suggesting that the rate
of ROS production in chloroplasts is much higher than the
scavenging mechanism. It is also apparent that there is very
rapid diffusion of H,O, from chloroplasts and mitochondria
into the cytosol, as the lowest SOD activity and significantly
higher levels of H,O, were detected in the cytosol.
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