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Abstract – Essential signaling processes such as changes in calcium mobilization, protein
phosphorylation and gene expression are known to be modulated by hydrogen peroxide
(H2O2). A lot of silver maple trees in the city of Osijek (Croatia) were noticed to have
bleached leaves by early summer as well as during the whole vegetation season. In this
study we aimed to investigate the processes that regulate H2O2 levels in healthy (green)
and prematurely aged (bleached) leaves. For that purpose, photosynthetic performance
and antioxidative response of green and bleached silver maple leaves were studied.
Bleached leaves had higher hydrogen peroxide level, a three-fold level of total soluble
proteins as well as a lower level of ascorbic acid. Concentrations of chlorophyll a, chloro-
phyll b, total chlorophylls and total carotenoids as well as maximum quantum yield of
photosystem II were lower in bleached leaves. This indicated their impaired photo-
synthetic performance. Further more, bleached leaves were characterized by lower spe-
cific activities of the main antioxidative enzymes, which influenced their reactive oxygen
species scavenging capability. The higher level of H2O2 content in bleached leaves as the
consequence of reduced antioxidative enzyme specific activities as well as ascorbic acid
level could be the reason for the down-regulation of photosynthetic performance and pre-
mature aging of those leaves.
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Abbreviations: AA – ascorbic acid, APX – ascorbate peroxidase, BSA – bovine serum
albumin, Car – total carotenoids, CAT – catalase, Chl a – chlorophyll a, Chl b – chloro-
phyll b, Chl a+b – total chlorophylls, DM – dry mass, EDTA – ethylenediamine
tetraacetic acid, FM – fresh mass, Fv/Fm – maximum quantum yield of photosystem II,
GPOD – guaiacol peroxidase, NBT – nitroblue tetrazolium, PSII – photosystem II, PVP

– polyvinylpyrrolidone, ROS – reactive oxygen species, SOD – superoxide dismutase,
TBA – thiobarbituric acid, TBARS – thiobarbituric acid reactive substances

Introduction

Hydrogen peroxide (H2O2) is reactive oxygen species (ROS), continually generated
from various sources during normal metabolism and also as a result of oxidative stress
(NEILL et al. 2002a, NEILL et al. 2002b, YAN et al. 2010). H2O2 is mostly generated via
superoxide during electron transport processes in chloroplasts and mitochondria (DAT et al.
2000, ARORA et al. 2002). Also, H2O2 generation is induced in plants following exposure to
a wide variety of abiotic and biotic stimuli. These include extremes of temperatures,
drought, salinity, UV-B irradiation, excess excitation energy, ozone exposure, wounding,
pathogens and herbivores (LAMB and DIXON 1997, COSTA et al. 2002, KARPINSKI et al. 2003,
ŒLESAK et al. 2007). Oxidative stress arises from an imbalance in the metabolism of ROS,
with more ROS being produced than are catabolized (NEILL et al. 2002b). The high rates of
H2O2 production are normally balanced by very efficient antioxidant mechanisms, both en-
zymatic and non-enzymatic antioxidants, by which it is removed from the cell (NOCTOR

and FOYER 1998, CHEN and GALLIE 2006, ŒLESAK et al. 2007). The balance between
superoxide dismutase (SOD) and ascorbate peroxidase (APX) or catalase (CAT) activities
in cells is crucial for determining the steady-state level of hydrogen peroxide and super-
oxide radicals. These defence processes are not restricted to the intracellular compart-
ments, but are also found in the apoplast to a limited extent (ARORA et al. 2002). Abiotic and
biotic stresses can disturb this balance, by increased H2O2 initiating signaling responses
that include enzyme activation, gene expression, programmed cell death and cellular dam-
age (NEILL et al. 2002a, HUNG et al. 2005, van DORN 2008). Well established deleterious ef-
fects of ROS include damage to nucleic acids, protein oxidation, enzyme inhibition, and
membrane lipid peroxidation (MITTLER 2002).

Silver maple (Acer saccharinum L.) is a relatively fast-growing tree that is also highly
adaptable, although it has higher sunlight requirements than other maples. This species is
highly tolerant to a wide range of soils, drought, seasonal flooding and urban conditions;
therefore it is frequently planted next to streets. Also, it is widely used as ornamental tree in
parks especially because of its ease of propagation and transplanting (DAY et al. 2000,
HARDIN et al. 2001). However, a lot of silver maple trees in the city of Osijek (Croatia) were
noticed to have bleached leaves by early summer as well as during the whole vegetation
season. In this study we aimed to investigate the processes that regulate H2O2 levels in
healthy (green) and prematurely aged (bleached) leaves. For that purpose, hydrogen per-
oxide level, antioxidative responses and photosynthetic pigment content in green and
bleached silver maple leaves were studied.
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Material and methods

Plant material and sampling

The materials for study were healthy (green) and prematurely aged (bleached) silver
maple (Acer saccharinum L.) leaves (Fig. 1). Leaves were sampled from trees grown in the
city of Osijek (Croatia). The sampling was done in July 2006. Branches from ten trees of
each type were sampled from the lower part of the crown, put in a plastic bag and delivered
to the laboratory within one hour. For all extractions, leaves were cut into small pieces
without main veins and ground with liquid nitrogen in a mortar in order to obtain fine tissue
powder.

Determination of photosynthetic parameters

Leaf pigments were extracted from about 0.1 g of liquid-nitrogen-powdered leaves
with absolute ice-cold acetone in the presence of magnesium hydroxide carbonate. The
contents of chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophylls (Chl a+b) and
total carotenoids (Car) per dry mass of tissue (DM) were determined spectrophotometri-
cally (Specord 40 Analytic Jena) at 470, 644.8 and 661.6 nm, respectively (LICHTENTHALER

1987). Fluorescence measurements were done on dark-adapted (for 30 minutes) plant ma-
terial. Maximum quantum yield of photosystem II (PSII) (Fv/Fm) was measured by the sat-
urating pulse method (Mini-PAM, Waltz) according to SCHREIBER et al. (1994).

Enzyme assays

Activities of ascorbate peroxidase (APX; EC 1.11.1.11), guaiacol peroxidase (GPOD;
EC 1.11.1.7), catalase (CAT; EC 1.11.1.6) and superoxide dismutase (SOD; EC 1.15.1.1)
were assayed in leaf tissue extracts. The extraction of proteins for APX activity measure-
ments was done in ice-cold 100 mM potassium phosphate buffer (pH 7.0) with 5 mM so-
dium ascorbate and 1 mM ethylenediamine tetraacetic acid (EDTA), with the addition of
polyvinylpyrrolidone (PVP). The extractions for GPOD, CAT and SOD activity determi-
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Fig. 1. Silver maple (Acer saccharinum L.) leaves: (A) – healthy (green), (B) – prematurely aged
(bleached). Bar = 2 cm.
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nation were done in ice-cold 100 mM potassium phosphate buffer (pH 7.5) with the addi-
tion of PVP.

The APX activity was measured spectrophotometrically by monitoring the decrease in
absorbance at 290 nm, after NAKANO and ASADA (1981). The reaction mixture contained 50
mM potassium phosphate buffer (pH 7.0) with 0.1 mM EDTA, 50 mM ascorbic acid (AA)
and enzyme extract. The reaction was started with the addition 12 mM H2O2.

The GPOD activity was measured at 470 nm as described by SIEGEL and GALSTON

(1967). The reaction mixture consisted of 5 mM guaiacol and 5 mM H2O2 in 200 mM phos-
phate buffer (pH 5.8) and enzyme extract.

The CAT activity was determined in the presence of 50 mM potassium phosphate buffer
(pH 7.5), 10 mM H2O2 and enzyme extract according to AEBI (1984). The decrease in
absorbance at 240 nm was monitored.

The activity of SOD was assayed by measuring its ability to inhibit the photochemical
reduction of nitroblue tetrazolium (NBT) as described by GIANNOPOLITIS and RIES (1977).
The reaction mixture consisted of 50 mM potassium phosphate buffer (pH 7.5), 13 mM
methionine, 75 mM NBT, 0.1 mM EDTA, 2 mM riboflavin and enzyme extract. The reac-
tion mixture that was not exposed to light did not develop color, and served as control. The
absorbance was measured at 560 nm. One unit of SOD activity was defined as the amount
of enzyme required to cause 50% inhibition of the rate of NBT reduction at 560 nm.

Hydrogen peroxide and ascorbic acid determination

Concentrations of hydrogen peroxide (H2O2) and ascorbic acid (AA) were determined
by method described in MUKHERJEE and CHOUDHURI (1983). For the determination of H2O2

level, the absorbance was measured at 415 nm and concentration was calculated using an
extinction coefficient of 1.878 nM–1 cm–1. For the measurement of AA level the absorbance
was measured at 530 nm and concentration was calculated using an extinction coefficient
of 226.2 mM–1 cm–1.

Thiobarbituric acid reactive substances determination

Lipid peroxidation was measured as the amount of thiobarbituric acid reactive sub-
stances (TBARS) determined by the thiobarbituric acid (TBA) reaction as described by
VERMA and DUBEY (2003). The absorbance was measured at 532 nm. The value for
non-specific absorption at 600 nm was subtracted. The concentration of TBARS was cal-
culated using an extinction coefficient of 155 mM–1 cm–1.

Soluble proteins, organic nitrogen and tissue dry weight determination

The soluble proteins were assayed as described by BRADFORD (1976) using bovine
serum albumin (BSA) as a standard. Organic nitrogen was determined by standard Kjel-
dahl method. The amount of the tissue dry mass (DM) was determined by drying on 105 °C
for 24 hours.

Statistical analysis

Obtained data were analyzed using Student’s t-test modified for small samples (n = 10,
P < 0.05) (PETZ 1997).
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Results

Hydrogen peroxide level in green leaves was 39.94 ± 2.96 nmol g–1 DM, while in
bleached leaves it was 45.99 ± 6.42 nmol g–1 DM (Fig. 2). That is 15.16% higher in respect
to green leaves. Oppositely, the level of ascorbic acid in bleached leaves was 1.11 ± 0.15
mmol g–1 DM and in green ones 1.69 ± 0.15 mmol g–1 DM (Fig. 2). So, the amount of AAin
bleached leaves was 65.69% of the value in green leaves. TBARS level in green leaves was
19.01 ± 4.80 nmol g–1 DM and in bleached ones it was 20.42 ± 6.93 nmol g–1 DM (Fig. 2)
showing no difference between green and bleached leaves.

The mean values of antioxidative enzyme specific activities, ascorbate peroxidase, guaia-
col peroxidase, catalase and superoxide dismutase in green and bleached maple leaves are
shown on figure 3. The specific activities of APX were 1.82 ± 0.45 DA min–1 mg–1 proteins
in green leaves and 0.78 ± 0.21 DA min–1 mg–1 proteins in bleached leaves. GPOD specific
activity was 1.84 ± 0.50 DA min–1 mg–1 proteins in green leaves towards 0.63 ± 0.16 DA
min–1 mg–1 proteins in bleached ones. In green leaves the specific activity of CAT was
1.18 ± 0.13 DA min–1 mg–1 proteins while in bleached leaves it was 0.52 ± 0.11 DA min–1

mg–1 proteins. Relative activity of SOD was 15.62 ± 2.32 U mg–1 proteins in green and
8.79 ± 2.19 U mg–1 proteins in bleached leaves. The enzyme specific activities of APX,
GPOD, CAT and SOD in green leaves were almost twice those in bleached leaves.

The mean values of chlorophyll a, chlorophyll b, total chlorophyll and total carotenoid
concentrations in bleached leaves were significantly lower than in green leaves (Tab. 1).
Concentration of chlorophyll a in bleached leaves was 33.69% of that in green leaves.
Chlorophyll b concentration in bleached leaves was even lower, only 23.32% of the con-
centration in green leaves. Consequently, the concentration of total chlorophylls in bleach-
ed leaves was 29.13% of that in green leaves. Concentration of total carotenoids in
bleached leaves was 59.45% of that for green leaves. Chlorophyll a to chlorophyll b ratio
was 47.95% higher in bleached leavesthan green leaves). The total chlorophylls to total
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Fig. 2. The levels of hydrogen peroxide (H2O2), thiobarbituric acid reactive substances (TBARS)
and ascorbic acid (AA) in silver maple leaves (green leaves – grey columns, bleached leaves
– white columns). Collumn lengths indicate mean values expressed as 100% in green leaves
giving relative levels in white leaves in comparison to green ones. Vertical bars indicate ±

S.D., n = 10, P(t) < 0.05, * – significant difference, NS – not significant difference.
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carotenoids (Chl a+b/Car) ratio was 52.50% lower in bleached than in green leaves. The
mean value of maximum quantum yield of photosystem II (Fv/Fm) in bleached leaves was
also significantly lower, 78.59% of the value in green leaves.

In green leaves the amount of organic nitrogen was 2.72 ± 0.14 m/m% while in
bleached leaves it was 3.26 ± 0.38 m/m%, or 19.85% more (Fig. 4). The amount of soluble
proteins was almost 3 times higher in bleached leaves (12.21 ± 1.61 mg g–1 FM) than in
green leaves (3.97 ± 0.90 mg g–1 FM). The amount of dry mass was lower in bleached
leaves (0.29 ± 0.02 g g–1 FM) than in green leaves (0.34 ± 0.02 g g–1 FM).

Discussion

Hydrogen peroxide level in bleached leaves was 15.16% higher in respect to green
leaves (Fig. 2). Higher level of H2O2 content in bleached leaves could be due to decline in
its antioxidant response. Ascorbic acid level in bleached leaves was lower (65.69%) than
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Fig. 3. The antioxidative enzyme specific activity in silver maple leaves (green leaves – grey col-
umns, bleached leaves – white columns): (A) – ascorbate peroxidase (APX), guaiacol
peroxidase (GPOD) and catalase (CAT), (B) – superoxide dismutase (SOD). Vertical bars
indicate ± S.D., n = 10, P(t) < 0.05, * – significant difference.

Tab. 1. Mean values (± standard deviation) of photosynthetic parameters in green (G) and bleached
(B) leaves of silver maple (Acer saccharinum). Standard deviation (± S.D) is given in parentheses, n
= 10. Chlorophyll a – Chl a, chlorophyll b – Chl b, total chlorophylls – Chl a+b, total carotenoids –
Car, maximum quantum yield of PSII – Fv/Fm, P(t) – percent of similarity, DM – dry mass.

Parameter G B P (t)

Chl a (mg g–1 DM) 5.18 (± 0.62) 1.75 (± 0.31) < 0.05

Chl b (mg g–1 DM) 4.07 (± 0.78) 0.95 (± 0.38) < 0.05

Chl a+b (mg g–1 DM) 9.25 (± 0.93) 2.69 (± 0.63) < 0.05

Car (mg g–1 DM) 1.17 (± 0.26) 0.69 (± 0.09) < 0.05

Chl a/Chl b 1.32 (± 0.34) 1.96 (± 0.41) < 0.05

Chl a+b/Car 8.26 (± 1.85) 3.92 (± 0.97) < 0.05

Fv/Fm 0.81 (± 0.01) 0.64 (± 0.08) < 0.05
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the value in green leaves (Fig. 2). AA has multiple functions in photosynthesis and
photoprotection, and it plays an important role in the antioxidant defense system in plants
(NOCTOR and FOYER 1998, DAVEY et al. 2000). As the AA is involved in the detoxification
of ROS including H2O2 (CHEN and GALLIE 2006) reduced AA level in bleached leaves
could contribute to an increased level of H2O2 content in those leaves. Also, the correlation
between increase in ROS and suppressing dehydroascorbate reductase expression resulting
in less efficient AA recycling was shown (CHEN and GALLIE 2006).

The APX, GPOD, CAT and SOD enzyme specific activities were lower in bleached
than in green leaves: 43.05, 34.08, 43.66 and 56.27% of the values in green, respectively.
Bleached leaves characterized by lower specific activities of the antioxidative enzymes
showed declined antioxidative response and ROS scavenging capability. Free radicals and
antioxidants play a significant role during the natural senescence process (ARORA et al.
2002). PROCHAZKOVA et al. (2001) have reported in the case of maize that early senescence
was due to enhanced H2O2 production and lipid peroxidation, and lower SOD, APX and
CAT activity towards aging. Similar results were reported for ginkgo, and birch leaves
were H2O2 production increased and CAT activity decreased in the early phase of leaf se-
nescence (KUKAVICA and VELJOVIC-JOVANOVIC 2004). Decline in antioxidant enzymes ac-
tivity has been reported as the possible cause for leaf senescence in plants (YE et al. 2000).

The mean values of concentrations of chlorophyll a, chlorophyll b, total chlorophylls
and total carotenoids in bleached leaves were lower: 33.69, 23.32, 29.13 and 59.45% of the
values in green leaves, respectively (Tab. 1). In chloroplasts, the chlorophyll pigments as-
sociated with the electron transport system are the primary source for production and scav-
enging of ROS in leaf cells (ARORA et al. 2002). The lower pigment contents in maize leaves
were described previously as the consequence of increased hydrogen peroxide content
(PROCHAZKOVA et al. 2001). Chlorophyll a to chlorophyll b ratio was 47.95% higher in
bleached than in green leaves (Tab. 1). Such increased Chl a/Chl b ratio showed that chlo-
rophyll b was degraded faster in bleached leaves. Total chlorophylls to total carotenoids
(Chl a+b/Car) ratio was lower in bleached (for 52.50%) than in green leaves (Tab. 1), due to
faster chlorophyll degradation. Lower chlorophyll content in bleached leaves reflected on
its maximum quantum yield of PSII (Fv/Fm). The mean value of Fv/Fm in bleached leaves
was significantly lower, 78.59% of the value in green leaves (Tab. 1). The Fv/Fm in
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Fig. 4. Organic nitrogen (N), soluble proteins (SP) and dry mass (DM) in silver maple leaves (green
leaves – grey columns, bleached leaves – white columns). Column lengths present mean val-
ues expressed as 100% in green leaves giving relative levels in white leaves in comparison to
green ones. Vertical bars indicate ± S.D., n = 10, P(t) < 0.05, * – significant difference.
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bleached leaves was below 0.75, which is considered the boundary value for fully func-
tional PSII (BOLHÁR-NORDENKAMPF et al. 1989). A lower Fv/Fm value in bleached leaves
indicates a stress situation as well as declined photosynthesis. The lowering of photo-
synthetic parameters was previously reported in leaves of maize, ginkgo and birch that also
contained higher level of H2O2 (FOYER et al. 2002, KUKAVICA and VELJOVIC-JOVANOVIC

2004, OUGHAM et al. 2008).

Accumulation of thiobarbituric acid-reactive substances is often used as an indicator of
lipid peroxidation. In the present study, TBARS level did not show a difference between
green and bleached leaves (Fig. 2). Because of the unchanged TBARS level, increased
H2O2 level seems to be not very harmful for bleached leaves. Generally, a coordinated reg-
ulation of the free radical scavenging system comprising CAT, SOD, APX, ascorbate and
glutathione is essential (ZIMMERMANN and ZENTGRAF 2005). The promoted ability in scav-
enging does not always prevent the increase in H2O2 content (LU et al. 2009). Also, among
the different ROS, only H2O2 is relatively stable and able to penetrate the plasma membrane
as an uncharged molecule. In addition to being a toxicant H2O2 has been regarded as a sig-
naling molecule acting in initiating transduction pathway towards plant cell death (CHA-

KRABARTY et al. 2009). The increased radical levels displayed during senescence are not
only caused by the elevated production of radicals but also by a loss in antioxidant capacity.
The degradation of chlorophylls and the membranes causes an increase in the production of
free radicals. In addition, the amount of reduced oxygen, e. g. H2O2, increases greatly dur-
ing senescence. Lipid peroxidation, measured as TBARS level leads to the generation of
free radicals which in turn initiates an increase in ethylene formation leading to the promo-
tion of senescence (ZIMMERMANN and ZENTGRAF 2005, YAN et al. 2010). Although our in-
vestigations showed an increase of H2O2 and no significant increase of TBARS level, we
could speculate that the increase of 15% in H2O2 and increase of 7% in TBARS together
with the lowering of CAT, GPOD, APX and SOD activity leads to a certain loss in antioxi-
dant capacity and the slow promotion of senescence. Accelerated leaf senescence is one of
the harmful effects of elevated troposferic ozone concentrations on plants (GIELEN 2007,
YAN et al. 2010). Moreover, according to the data on the photosynthesis performance and
biochemistry this could indicate that bleaching was not a simple symptom of premature ag-
ing but also an adaptation to high-light induced oxidative stress during summer (LEPEDU[

et al. 2011).

The relative levels of organic nitrogen (for 19.85%) and soluble proteins (for 208.05%),
were higher in bleached leaves while dry mass was lower than in green ones (85.49% of the
value in green leaves) (Fig. 4). PERRY and HICKMAN (2001) have reported that mean leaf ni-
trogen concentrations for silver maple healthy leaves was 2.52%. data revealed that the ni-
trogen level in bleached leaves (3.26%) was higher than that mean value (PERRY and
HICKMAN 2001) and higher than the value in green leaves (2.72%). Natural senescence is
characterized by protein degradation and mobilization of released nitrogen to the develop-
ing parts of the tree or to the storage tissues (VALJAKKA et al. 1999, VANACKER et al. 2006).
In our study, bleached leaves do have more nitrogen and especially more soluble proteins,
although antioxidative enzymes specific activities were reduced showing that some other
proteins were having a more intensive biosynthesis. This is rather the indication of some
type of stress situation leading to premature aging of bleached leaves, than of the natural se-
nescence process.
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It can be concluded that decreased chloroplast pigments concentrations and reduced
maximum quantum yield PSII (Fv/Fm) in bleached leaves indicated their impaired photo-
synthetic performance. Bleached leaves were also characterized by lower specific activi-
ties of the antioxidative enzymes showing declined antioxidative response and ROS scav-
enging capability. Increased level of hydrogen peroxide content in bleached leaves as the
consequence of deficient antioxidative response could be the reason for the down-regula-
tion of photosynthetic performance as well as premature aging of those leaves. Judging
from unchanged the TBARS level, the increased H2O2 level was not deleterious to
bleached leaves. It can be concluded that the down-regulation of photosynthetic perfor-
mance was sufficient to enable the bleached leaves to keep their functionality in the begin-
ning of summer. Extended investigations will comprise detailed analysis of PSII photoche-
mistry and abundance of key photosynthetic proteins in order to investigate mechanisms of
photosynthetic down regulation in bleached leaves.

Acknowledgments

This work was supported by the scientific research grants to H. L. (research agreement
073-0731674-1673), V.C. (research agreement 073-0731674-0841) and D.[. (research
agreement 073-0730463-0203), all funded by the Ministry of Science, Education and
Sports of the Republic of Croatia.

References

AEBI, H., 1984: Catalase in vitro. Methods in enzymology 105, 121–126.

ARORA, A., SAIRAM R. K., SRIVASTAVA, G. C., 2002: Oxidative stress and antioxidative sys-
tem in plants. Current Science 82, 1227–1238.

BOLHÀR-NORDENKAMPF, H. R., LONG, S. P., BAKER, N. R., ÖUQUIST G., SCHREIBER, U.,
LECHNER, E. G., 1989: Chlorophyll fluorescence as a probe of the photosynthetic com-
petence of leaves in the field: A Review of Current Instrumentation. Functional Ecol-
ogy 3, 497–514.

BRADFORD, M. M., 1976: A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Analytical Biochem-
istry 72, 248–254.

CHAKRABARTY, D., VERMA, A. K., DATTA, S. K., 2009: Oxidative stress and antioxidant ac-
tivity as the basis of senescence in Hemerocallis (day lily) flowers. Journal of Horticul-
ture and Forestry 1, 113–119.

CHEN, Z., GALLIE, D. R., 2006: Dehydroascorbate reductase affects leaf growth, develop-
ment and function. Plant Physiology 142, 775–787.

COSTA, H., GALLEGO, S. M., TOMARO, M. L., 2002: Effect of UV-B radiation on antioxidant
defense system in sunflower cotyledons. Plant Science 162, 939–945.

DAT, J., VANDENBEELE, S., VRANOVA, E., VAN MONTAGU, M., INZÉ, D., VAN BREUSEGEM, F.,
2000: Dual action of the active oxygen species during plant stress responses. Cellular
and Molecular Life Sciences 57, 779–795.

ACTA BOT. CROAT. 70 (2), 2011 129

HYDROGEN PEROXIDE, ANTIOXIDATIVE RESPONSES AND PIGMENTS IN ACER

U:\ACTA BOTANICA\Acta-Botan 2-11\Uzarevic et al.vp
8. rujan 2011 15:46:43

Color profile: Disabled
Composite  150 lpi at 45 degrees



DAVEY, M. W., VAN MONTAGU, M., INZÉ, D., SANMARTIN, M., KANELLIS, A., SMIRNOFF, N.,
BENZIE, I. J. J., STRAIN, J. J., FAVELL, D., FLETCHER, J., 2000: Plant L-ascorbic acid:
chemistry, function, metabolism, bioavailability and effects of processing. Journal of
the Science of Food Agriculture 80, 825–860.

DAY, S. D., SEILER, J. R., PERSAUD, N., 2000: A comparison of root growth dynamics of sil-
ver maple and flowering dogwood in compacted soil at differing soil water contents.
Tree Physiology 20, 257–263.

DORN, W. G. VAN, 2008: Is the onset of senescence in leaf cells of intact plants due to low
or high sugar levels? Journal of Experimental Botany 59, 1963–1972.

FOYER, C. H., VANACKER, H., GOMEZ, L. D., HARBINSON, J. 2002: Regulation of photosyn-
thesis and antioxidant metabolism in maize leaves at optimal and chilling temperatures:
review. Plant Physiology and Biochemistry 40, 659–668.

GIANNOPOLITIS, C. N., RIES, S. K., 1977: Superoxide dismutase in higher plants. Plant
Physiology 59, 309–314.

GIELEN, B., LÖW, M., DECKMYN, G., METZGER, U., FRANCK, F., HEERDT, C., MATYSSEK, R.,
VALACKE, R., CEULEMANS, R., 2007: Chronic ozone exposure affects leaf senescence of
adult beech trees: a chlorophyll fluorescence approach. Journal of Experimental Bot-
any 58, 785–795.

HARDIN, J. W., LEOPOLD, D. J., WHITE, F. M., 2001: Harlow and Harrar’s Textbook of Den-
drology. McGraw-Hill, New York.

HUNG, S-H., YU, C-W., LIN, C-H., 2005: Hydrogen peroxide functions as a stress signal in
plants. Botanical Bulletin of Academia Sinica 46, 1–10.

KARPINSKI, S., GABRYS, H., MATEO, A., KARPINSKA, B., MULLINEAUX, P. M., 2003: Light
perception in plant disease defense signaling. Current Opinion in Plant Biology 6,
390–396.

KUKAVICA, B., VELJOVIC-JOVANOVIC, S., 2004: Senescence-related changes in the antioxi-
dant status of ginkgo and birch leaves during autumn yellowing. Physiologia Plantarum
122, 321–327.

LAMB, C., DIXON, R. A., 1997: The oxidative burst in plant disease resistance. Annual Re-
view of Plant Physiology and Plant Molecular Biology 48, 251–275.

LEPEDU[, H., BEGOVI], L., MLINARI], S., [IMI], D., [TOLFA, I., PARA\IKOVI], N., U@AREVI],
Z., JURKOVI], V., CESAR, V., 2011: Physiology and biochemistry of leaves bleaching in
prematurely aging maple (Acer saccharinum L.) trees: II. Functional and molecular ad-
justment of PSII. Acta Botanica Croatica 70, 133–146.

LICHTENTHALER, H. K., 1987: Chlorophyll and carotenoids: pigments of photosynthetic
biomembranes. Methods in Enzymology 148, 350–382.

LU, T., HE, X., CHEN, W., YAN, K., ZHAO, T., 2009: Effects of elevated O3 and/or elevated
CO2 on lipid peroxidation and antioxidant systems in Ginko biloba leaves. Bulletin of
Environmnental Contamination and Toxicology 83, 92–96.

MITTLER, R., 2002: Oxidative stress, antioxidants and stress tolerance. Trends in Plant Sci-
ence 7, 405–410.

130 ACTA BOT. CROAT. 70 (2), 2011

U@AREVI] Z., [TOLFA I., PARA\IKOVI] N., CESAR V., LEPEDU[ H.

U:\ACTA BOTANICA\Acta-Botan 2-11\Uzarevic et al.vp
26. rujan 2011 13:49:34

Color profile: Disabled
Composite  150 lpi at 45 degrees



MUKHERJEE, S. P., CHOUDHURI, M. A., 1983: Implications of water stress-induced changes
in the levels of endogenous ascorbic acid and hydrogen peroxide in Vigna seedlings.
Physiologia Plantarum 58, 166–170.

NAKANO, Y., ASADA, K., 1981: Hydrogen peroxide is scavenged by ascorbate-specific
peroxidase in spinach chloroplasts. Plant and Cell Physiology 22, 867–880.

NEILL, S., DESIKAN, R., HANCOCK, J., 2002a: Hydrogen peroxide signaling. Current Opin-
ion in Plant Biology 5, 388–395.

NEILL, S. J., DESIKAN, R., CLARKE, A., HURST, R. D., HANCOCK, J. T., 2002b: Hydrogen per-
oxide and nitric oxide as signaling molecules in plants. Journal of Experimental Botany
53, 1237–1247.

NOCTOR, G., FOYER, C. H., 1998: Ascorbate and glutathione: keeping active oxygen under
control. Annual Review of Plant Physiology and Plant Molecular Biology 49, 249–279.

OUGHAM, H., HÖRTENSTEINER, S., ARMSTEAD, I., DONNISON, I., KING, I., THOMAS, H., MUR,
L., 2008: The control of chlorophyll catabolism and the status of yellowing as a
biomarker of leaf senescence. Plant Biology 10 (supplement 1), 4–14.

PERRY, E., HICKMAN, G. W., 2001: Asurvey to determine the leaf nitrogen concentrations of
25 landscape tree species. Journal of Arboriculture 27, 152–159.

PETZ, B., 1997: Basic statistic methods for non mathematicians (In Croatian). Naklada
Slap, Zagreb.

PROCHAZKOVA, D., SAIRAM, R. K., SRIVASTAVA, G. C., SINGH, D. V., 2001: Oxidative stress
and antioxidant activity as the basis of senescence in maize leaves. Plant Science 161,
765–771.

SCHREIBER, U., BILGER, W., NEUBAUER, C., 1994: Chlorophyll fluorescence as a nonintrusive
indicator for rapid assessment of in vivo photosynthesis. In: SCHULZE, E. D., CALDWELL,
M. M., (eds), Ecophysiology of Photosynthesis Ecological Studies, 100, 49–70. Sprin-
ger, Berlin.

SIEGEL, B. Z., GALSTON, W., 1967: The isoperoxidases of Pisum sativum. Plant Physiology
42, 221–226.

ŒLESAK, I., LIBIK, M., KARPINSKA, B., KARPINSKI, S., MISZALSKI, Z., 2007: The role of hy-
drogen peroxide in regulation of plant metabolism and cellular signaling in response to
environmental stresses. Acta Biochimica Polonica 54, 39–50.

VALJAKKA, M., LUOMALA, E-M., KANGASJÄRVI, J., VAPAAVUORI, E., 1999: Expression of
photosynthesis- and senescence-related genes during leaf development and senescence
in silver birch (Betula pendula) seedlings. Physiologia Plantarum 106, 302–310.

VANACKER, H., SANDALIO, L. M., JIMÉNEZ, A., PALMA, J. M., CORPAS, F. J., MESEGUER, V.,
GÓMEZ, M., SEVILLA, F., LETERRIER, M., FOYER, C. H., DEL RIO, L. A., 2006: Roles for
redox regulation in leaf senescence of pea plants grown on different sources of nitrogen
nutrition. Journal of Experimental Botany 57, 1735–1745.

VERMA, S., DUBEY, R. S., 2003: Leads toxicity induces lipid peroxidation and alters the ac-
tivities of antioxidant enzymes in growing rice plants. Plant Science 164, 645–655.

YAN, K., CHEN, W., HE, X., ZHANG, G., XU S., WANG, L., 2010: Responses of photosynthe-
sis, lipid peroxidation and antioxidant system in leaves of Quercus mongolica to ele-
vated O3. Environmental and Experimental Botany 69, 198–204.

ACTA BOT. CROAT. 70 (2), 2011 131

HYDROGEN PEROXIDE, ANTIOXIDATIVE RESPONSES AND PIGMENTS IN ACER

U:\ACTA BOTANICA\Acta-Botan 2-11\Uzarevic et al.vp
26. rujan 2011 13:49:34

Color profile: Disabled
Composite  150 lpi at 45 degrees



YE, Z., RODRIGUEZ, R., TRAN, A., HOANG, H., DE LOS SANTOS, D., BROWN, S., VELLANO-

WETH, R. L., 2000: The developmental transition to flowering represses ascorbate
peroxidase activity and induces enzymatic lipid peroxidation in leaf tissue in Ara-

bidopsis thaliana. Plant Science 158, 115–127.

ZIMMERMANN, P., ZENTGGRAF, U., 2005: The correlation between oxidative stress and leaf
senescence during plant development. Cellular and Molecular Biology Letters 10,
515–534.

132 ACTA BOT. CROAT. 70 (2), 2011

U@AREVI] Z., [TOLFA I., PARA\IKOVI] N., CESAR V., LEPEDU[ H.

U:\ACTA BOTANICA\Acta-Botan 2-11\Uzarevic et al.vp
8. rujan 2011 15:46:43

Color profile: Disabled
Composite  150 lpi at 45 degrees




