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The capacity of antioxidant protection during modulated
ageing of bean (Phaseolus vulgaris L.) cotyledons. 1.
The antioxidant enzyme activities
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Reactive oxygen species are known to increase in plant senescence. We investigated the participation of antioxidative
enzymes in initiation of cotyledon senescence. Senescence of bean (Phaseolus vulgaris L.) cotyledons was modulated by
UV C irradiation and by the decapitation of plant apices. Senescence was accompanied by a decrease of protein content and
by a decrease of photochemical efficiency. A drop in activity of antioxidative enzymes preceded the onset of senescence in
control plants. In cotyledons with prolonged life span, the decrease of antioxidant activities and the markers of senescence
onset appeared at a similar age as in controls. Thus we presumed that the period from senescence initiation to cotyledon
abscission was extended. On the other hand, in UV C irradiated plants we did not observe actual senescence initiation, and
antioxidant enzymes although elevated, did not effectively play their role. The decrease of antioxidant enzymes activity and
the markers of senescence appeared at a similar age both in control and in decapitated (D) plants, so we can presume that we
prolonged mainly the period from senescence onset to cotyledon abscission in D plants. In UV C irradiated plants the anti-
oxidative enzymes were probably destroyed before the process of senescence could begin. Copyright# 2005 John Wiley &
Sons, Ltd.
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abbreviations—APOD, ascorbate peroxidase; C plants, control plants; CAT, catalase; Chl, chlorophyll; d, days; D plants,
decapitated plants; DTT, dithiothreitol; DW, dry weight; EDTA, ethylenediamine tetraacetic acid; Fv/Fm,
ratio of variable to maximum fluorescence—the quantum efficiency of open photosystem II centres;
FW, fresh weight; GR, glutathione reductase; MTT, [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide]; PS II, photosystem II; ROS, reactive oxygen species; SOD, superoxide dismutase;
UV plants, UV C irradiated plants.

INTRODUCTION

Ageing has been classically defined as the accumula-
tion of changes in plant development responsible
for slow, progressive and sequential alterations that
accompany the organism with time.1,2 Senescence is
considered to be the final developmental phase of a
plant or a plant organ.3 It is a genetically regulated

degradative process that involves a general decompo-
sition of cellular structures and the mobilization
of degradation products to younger or reproductive
organs of the plant. Senescence is mainly character-
ized by a cessation of photosynthesis, disintegration
of organelle structures, intensive losses of chlorophyll
and proteins, and dramatic increases in lipid peroxida-
tion and membrane leakiness.4

Senescence is induced at a certain age, which is
specific for every plant species. However, different
kinds of stress can induce senescence at any stage of
the plant life cycle. The basic metabolic aspects of
stress-induced senescence and of natural senescence
are in many cases identical or at least very similar.
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This is probably caused by the fact that in both cases,
the same adaptive mechanisms are triggered.5 But
stress-induced senescence and natural senescence
are not always identical. Kanazawa et al.6 found that
changes in the activity of the antioxidative enzymes
during dark-induced senescence are generally differ-
ent from changes during natural senescence. Becker
and Apel7 found that there could be differences in
gene expression between natural and stress-induced
senescence.8

The nature of the inducer(s), initiating a natural
senescence programme, is not yet understood.
Amongst the various possibilities that are discussed,
such as source-sink competitions during redirection
of nutrients, changing hormone levels, or changes of
the energy status of the cell,9–11 the free-radical theory
has attracted particular attention. The hypothesis was
developed that ageing results either particular or pre-
dominantly from an accumulation of deleterious free
radical reactions1 and that the onset of senescence is
mainly due to the uncontrolled strong enhancement
in the generation of reactive oxygen species.12 Reac-
tions involving reactive oxygen species (ROS) are an
intrinsic feature of plant senescence. They promote
the process of oxidative deterioration that contributes
to cell death.12 Amongst these ROS are superoxide
(O2

��), hydrogen peroxide (H2O2), hydroxyl radical
(OH�), singlet oxygen (1O2), alkoxyl radicals (RO�)
or peroxyl radicals (ROO�), which are produced in var-
ious metabolic pathways.
Plant cells possess both enzymic and non-enzymic

mechanisms, which can protect them against oxida-
tive damage to their components.13 Superoxide dis-
mutases (SODs; EC 1.15.1.1.) are metalloenzymes,
which catalyse the dismutation of O2

�� to H2O2 and
O2. Removal of H2O2 is catalyzed by ascorbate perox-
idases (APOD; EC 1.11.1.11) and catalases (CAT; EC
1.11.1.6). Foyer and Halliwell14 have shown that glu-
tathione reductase (GR; EC 1.6.4.2) and reduced glu-
tathione, one of the non-enzymic antioxidants, in
association with ascorbate, another non-enzymic
low-molecular weight antioxidant, form a protective
system in the so-called Halliwell—Foyer—Asada
cycle.
The activity of antioxidative enzymes during senes-

cence usually decreases but the results vary depending
on the plant and/or the organ studied. Total SOD activ-
ity declined with increasing age in bean cotyledons.15

In tobacco leaves the activity started to decline after a
full leaf expansion was reached.16 APOD activity
decreased in senescent pea leaves,17 in maize leaves18

and in senescing detached rice leaves grown both in
light and dark conditions.19 However, APOD activity

increased during senescence in both natural and dark
grown senescing cucumber cotyledons.6 CAT activity
decreased during senescence in bean cotyledons,15

tobacco leaves,16 cucumber cotyledons6 and rice
leaves.20 GR activity decreased in ageing of chry-
santhemum petals.21 Its activity decreased during nat-
ural and dark induced senescence of cucumber
cotyledons.6 On the contrary, in rice leaves, GR activ-
ity increased in light grown senescing leaves but
slightly decreased in dark grown senescing leaves.19

We studied bean cotyledons as they have a quite
definite life span. This was further modulated in order
to find the role of antioxidant protection at the onset of
senescence in the same organ but with different
lengths of life span. The life span length was either
prolonged by apiceś decapitation or shortened by
UV irradiation.

MATERIALS AND METHODS

Plant material

Bean (Phaseolus vulgaris L., cv. Jantar) cotyledons
were studied. Bean plants were grown in sand in plas-
tic trays.

Control plants (C plants) were grown in a growing
chamber (Klimax 1300, Czechoslovakia) with 16 h
photoperiod under the following conditions: tempera-
ture 24�/18�C, air humidity 60/80% and irradiation of
220/0 mmol (PAR)m�2 s�1 day/night, respectively.22

Supplemental irradiation with UV C 253.7 nm was
used to shorten the life span in the case of UV plants
(UV lamp Philips TUV 30W, 6.1W/cm2 at leaf sur-
face from 8th day for 8 h per day). Cotyledon life span
was extended by repeated decapitation of plant shoots
(D plants). The whole shoot above the cotyledons
was excised on the 7th day (d) and then whenever
needed.

All plants were watered daily with distilled water
and twice a week with Hewitt solution. The cotyle-
dons of C plants finished their life span at the age of
16 d and were harvested at plant age 8, 10, 13 and
16 d. The cotyledons of D plants finished their life
span at the age of 28 d and were harvested at plant
age 8, 10, 13, 16, 21 and 28 d. The first sampling of
UV plants was carried out on the 8th d before start
of UV C irradiation and the second sampling was car-
ried out 2 h after start of irradiation. Cotyledons of UV
plants finished their life span at the age of 13 d and
were harvested at plant age 8, 10 and 13 d. Samples
were deep frozen in liquid nitrogen immediately after
harvesting and stored at �70�C until analysis for
content of proteins, pigments and antioxidants.
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Antioxidant enzymes activities

For APOD, CAT and GR assays, bean cotyledons
were homogenized in the extraction medium (0.1M
Tris, 1mM dithiothreitol, 1mM EDTA Na2, 1%
Triton X-100, 5mM ascorbic acid, pH 7.8), 5ml/1 g
fresh weight (FW) using an Ultra Turrax (Ika,
Germany) at half speed. The samples were processed
for 2min by ultrasound in an ice bath and incubated in
ice for 30min in the dark. Finally they were centri-
fuged at 20 000 g and 2�C for 10min.

For SOD assay, bean cotyledons were homogenized
in the extraction medium (0.01M phosphate buffer,
0.03M KCl, pH 7.4), 5ml/1 g FW. The samples were
processed by ultrasound in an ice bath as for other
enzymes. After centrifugation for 10min, 20 000 g at
2�C the supernatant was desalted through Sephadex
G-25 column, using the extraction medium for the pre-
paration of the column. The supernatants were frozen
in liquid nitrogen and stored at �70�C for further use.

The activities of SOD, APOD and GR were mea-
sured spectrophotometrically (Hitachi U 3300, Japan)
at 25�C. SOD activity was measured at 550 nm with
the cytochrome c method.23 One unit of SOD activity
was defined as the amount of enzyme necessary to
produce a 50% inhibition of the cytochrome c reduc-
tion rate. APOD activity was determined by the decre-
ase in absorbance at 290 nm due to ascorbate
oxidation.24 GR activity was determined by the
decrease in absorbance at 340 nm due to the oxidation
of NADPH.25 CAT activity was estimated polarogra-
phically26 using a liquid-phase oxygen electrode
(Hansatech Instruments, Great Britain).

SOD and GR isoenzymes were visualised on 7.5%
homogenous gels after discontinuous PAGE under
non-denaturing and non-reducing conditions. The
methods used for SOD detection were standard meth-
ods for gel staining with nitrotetrazolium blue chlor-
ide.27 The different isoenzymes were distinguished
by their sensitivity to inhibition by 2mM KCN and
5mM H2O2. Mn SOD is resistant to both KCN and
H2O2, Fe SOD is resistant to KCN but inhibited by
H2O2, Cu/Zn SOD is inhibited by both inhibitors.28

For detection of GR isoenzymes detection a staining
method with 3-(4,5-dimethylthiazol-2-4)-2,5diphenyl
tetrazolium bromide (MTT) and 2,6-dichloropheno-
lindophenol was used.29 The duplicate gels without
GSSG were used as a control.

Content of pigments

The pigment contents were determined in acetone
extracts by high performance liquid chromatography

(Spectra-Physics, USA) using a reverse phase column
(Sepharon SGX C 18, Tessek, Czech Republic). Four
to ten cotyledons were homogenized in acetone with a
mortar and pestle and centrifuged. The supernatant
was dried by gaseous nitrogen and the sediment was
dissolved in 50 ml acetone. The solvent system was
acetonitrile/methanol/water (80/12/6 v/v/v) for 8min
followed by 100% methanol for 13min. The gradient
run was 25min, the flow rate 1 cm/min, and the detec-
tion wavelength was 445 nm.

Fluorescence parameters

Photochemical efficiency of electron transport
through photosystem II (PS II) was specified from
chlorophyll fluorescence induction kinetics. It was
measured after a 15min dark period with the PAM
Chlorophyll Fluorometer (Walz, Effeltrich, Germany)
on detached fresh cotyledons at room temperature.
Three to five cotyledons (depending on size) were
stuck on a tape to cover the whole area of a chamber.
Measuring irradiation was 0.35 mmolm�2 s�1, actinic
irradiation 200 mmolm�2 s�1, 700ms saturated flash
2500 mmolm�2 s�1. The DA 100 Data Acquisition
System (Walz, Effeltrich, Germany) was used for
sampling and calculation. The chlorophyll fluores-
cence parameter Fv/Fm (Fv¼ Fm� F0) was calculated
using the nomenclature according to van Kooten and
Snel.30

Protein content

Protein content was determined by the method of
Bradford,31 with standard curves prepared using
bovine serum albumin.

Statistical evaluation

The data of all measurements are means from four
experiments with three replications, except the data
concerning pigment analysis that are from two experi-
ments with three replications. Data and statistical sig-
nificance of difference were evaluated with analysis of
variance (ANOVA) using program NCSS 6.0. 21 Jr
(NCSS, USA) in the case of enzyme activities and
photochemical efficiency and with t-test in the case
of pigment contents.

RESULTS

Cotyledons of C plants were abscised on the 16th d
after sowing. At this stage they were yellow and had
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shrunk extensively. The cotyledons of D plants
remained in place up to the 28th d after sowing. On
the other hand, in plants with a shortened life span
(UV plants), cotyledons fell off on the 13th d after
sowing. Their cotyledons turned brown probably due
to protective pigments.
The content of soluble proteins in cotyledons

decreased at the end of the life span of bean cotyle-
dons, that is on the 13th, 16th and 28th d in the case
of UV, C and D plants, respectively (Figure 1A). This
content in senescent cotyledons was not significantly
different from the content in 8 d old plants in the case
of C plants. In 28 d old D plants the content was sig-
nificantly higher compared to 8 d old D plants. At the
end of the life span of UV plants the level was almost
two times higher than at the end of life span of C
plants.
The content of total chlorophyll in C plants reached

its maximum on the 13th d (Figure 1B). The highest
content was in D plants. Its level increased until the
13th d, for next three days it remained practically con-
stant and then decreased during the whole remaining
life span. In the case of UV plants the chlorophyll con-
tent increased during the whole life period.
The Fv/Fm ratio, which reflects the maximum

photochemical efficiency of PS II, decreased during
ageing in all studied cultivations (Figure 1C). The
optimum value of the Fv/Fm ratio of a mature healthy
plant is in the range 0.75–0.85. C plants fell to a value
lower than 0.75 after the 13th d and D plants on the
16th d. In the case of UV plants this ratio was already
lower after 2 h of irradiation and decreased during the
whole remaining life span.
During ageing the activity of antioxidant enzymes

usually decreased. Total SOD activity attained a
maximum value on the 10th d in C plants, in D plants
it was almost constant until the decrease on the 28th
d (Figure 2A). Total SOD activity in UV plants
attained the highest values of all the studied cultiva-
tions with the maximum on the 10th d. By using par-
ticular inhibitors we probed individual isoenzyme
activities. The presence of Fe SOD in bean cotyle-
dons was not detected. The main activity of SOD
was represented by Cu/Zn SOD (Figure 2B). Its
course was very similar to the course of total SOD
activity. Activity of Mn SOD was highest in C and
D plants on the 13th d (Figure 2C). In UV plants
its course was the same as in the case of total SOD
and Cu/Zn SOD.
Five bands of SOD activity were distinguishable

in zymograms after gel staining of overall activity;
one band for Mn SOD, four bands for Cu/Zn SOD
(Figure 3). Individual Cu/Zn SOD isoenzymes were

marked by numbers 2–5 according to increasing
mobility on the gel. Bands 3 and 4 showed decreasing
intensity with increasing age in all cultivations.

The activity of APOD in C plants attained a maxi-
mum value on the 10th d (Figure 4A). In 8 d old D
plants the activity was lower than in the case of other

Figure 1. Content of soluble proteins (A), total chlorophyll (B)
and maximal efficiency of photosystem II (Fv/Fm) (C) in bean
(Phaseolus vulgaris L.) cotyledons with natural life span (C plants)
and with artificially prolonged (D plants) and shortened (UV plants)
life span. Measurements were repeated three times. Means and
standard deviations are given. Where bars are not shown, they are
smaller than the symbols in the plot
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cultivations and increased on the 10th d. On the 13th d
it decreased, but by the 16th d it doubled and then
started to decrease again. In UV plants the activity
of APOD was higher during the whole life span than

in the case of cotyledons of the same age in other
cultivations. They attained a maximum value on
the 10th d.

The maximum GR activity in C plants was
observed on the 10th d (Figure 4B). In D plants, its
activity decreased from the 13th d up to the end of
their life span. The highest GR activity was observed
again in UV plants. It had already increased two-fold
2 h after start of irradiation and attained its highest
value on the 10th d.

Five isoenzymes of GR were distinguishable in
zymograms after gel staining with MTT (Figure 5).
Individual isoenzymes were marked by numbers 1–5
according to increasing mobility on the gel. The max-
imum changes in intensity were observed in band
number 4 whose intensity increased on the 13th d in
C plants, on the 16th d in D plants and was very
intense in 10 and 13 d old UV plants. The changes
in intensity of other bands during ageing were not
so conspicuous.

The CAT activity continuously decreased in C
plants during the whole life span (Figure 4C).
The same situation occurred in D plants with only
one exception—an insignificant increase between
13th and 16th d. On the other hand, CAT acti-
vity increased in UV plants during the whole life
span.

Figure 2. Activity of total superoxide dismutase (A), Cu/Zn
superoxide dismutase (B) and Mn superoxide dismutase (C) per mg
protein (p) in bean (Phaseolus vulgaris L.) cotyledons with natural
life span (C plants) and with artificially prolonged (D plants) and
shortened (UV plants) life span. One unit of superoxide dismutase was
defined as the amount of enzyme necessary to produce a 50% inhi-
bition of the cytochrome c reduction rate.Measurements were repea-
ted three times. Means and standard deviations are given. Where
bars are not shown, they are smaller than the symbols in the plot

Figure 3. Zymograms of superoxide dismutase isoenzymes in
bean (Phaseolus vulgaris L.) cotyledons with natural life span
(C plants) and with artificially prolonged (D plants) and shortened
(UV plants) life span. Non denaturating electrophoresis was carried
out on 7.5% gels and stained with nitrobluetetrazolium blue
chloride. Band marked No. 1 is Mn superoxide dismutase, bands
No. 2–5 are Cu/Zn superoxide dismutase
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DISCUSSION

The aim of this study was to examine any relationship
between changes in antioxidative capacity and the
onset of senescence dependent on the length of coty-
ledon life span.

Chlorophyll content has been widely used as a
benchmark of leaf senescence.9,32 In senescent leaves
chlorophyll is generally degraded and the rate of
photosynthesis declines.33 We used photochemical
efficiency (Fv/Fm ratio) and protein content as further
markers for the determination of senescence. The
information available about changes of photochemical
efficiency during cotyledon ageing is very limited,
because the majority of the work has been done on
leaves. Our results indicate that the Fv/Fm changes
in bean cotyledons are very similar to the changes
seen in leaves. We can conclude from decreases in
both chlorophyll and Fv/Fm values that onset of senes-
cence occurred after the 13th d in C plants. Finally, it
was in agreement with another marker of senescence:
the sharp decrease of protein content. Leaf senescence
involves the transport of nutrients resulting from pro-
tein degradation to other regions of plant.34 According
to Thimannś theory and from measurements of mar-
kers we concluded that senescence of bean cotyledons
was initiated in the 13th d in control plants.

The maximum activity of SOD, APOD and GR in C
plants occurred on the 10th d. The ratio of individual
Cu/Zn SOD isoforms was influenced by the age of the
plants: The third and fourth isoforms practically dis-
appeared in old plants. It could be explained by obser-
vations that oxidative stress induced different changes
in SOD isoforms.35,36

Figure 4. Activity of ascorbate peroxidase (A), glutathione
reductase (B) and catalase (C) per mg protein (p) in bean (Phaseolus
vulgaris L.) cotyledons with natural life span (C plants) and with
artificially prolonged (D plants) and shortened (UV plants) life span.
Measurements were repeated three times. Means and standard
deviations are given. Where bars are not shown, they are smaller
than symbols in the plot

Figure 5. Zymograms of GR isoenzymes in bean (Phaseolus
vulgaris L.) cotyledons with natural life span (C plants) and with
artificially prolonged (D plants) and shortened (UV plants) life span.
Non denaturating electrophoresis was carried out on 7.5% gels
and stained with 3-(4,5-dimethyazol-2-4)-2,5diphenyl tetrazolium
bromide
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A drop in activities of these enzymes preceded
the onset of senescence in C plants. Thus the hypoth-
esis is that this drop allows ROS to increase in concen-
tration and act as a signal and/or cause of oxidative
stress.

On the contrary, CAT activity declined during the
whole life span of C plants. As a consequence of the
decrease in CAT activity an accumulation of H2O2 in
peroxisomes would normally take place. A certain
amount of H2O2 may leak into the cytosol. This could
be in agreement with the conclusion of Kanazawa
et al.6 that peroxisomes are responsible for the
increased oxidative damage of senescent cells by gen-
erating H2O2. The senescence-inducing H2O2 leaked
from peroxisomes might also act in the cytosol as a
second messenger in cellular signal transduction path-
ways that lead to specific gene expression.37,38

Surprisingly, the chlorophyll content increased dur-
ing the whole life span in UV plants. Exceptions to
the rule of chlorophyll content decrease as a marker
of onset of senescence have been described pre-
viously33,39 and this could be a case of such excep-
tions as follows from other parameters. Moreover, in
UV plants the chlorophyll breakdown was probably
effectively prevented by a brown layer on the surface
of their cotyledons. We presume that this layer con-
sists mainly of phenolic compounds, which have an
antioxidant protective function. Isolated anthocyanins
were found to have greater antioxidative ability than
that of �-tocopherol.40

The Fv/Fm ratio, reflecting photochemical effi-
ciency, was already lower than the optimum value
(0.85–0.75) after 2 h of UV C irradiation. This sug-
gests that from the very beginning of UV C irradia-
tion, these plants were under a severe stress, which
remained during their whole life span. Casati and
Andreo41 found that UV C irradiation enhanced the
levels of ROS and caused inhibition and damage to
the photosynthetic apparatus, such as PS II degrada-
tion. Simultaneous enhancement of the protein con-
tent in whole life span of UV cotyledons reflected
stress response expression of stress proteins. On the
other hand, the decrease of chlorophyll content as a
principal marker of senescence did not occur. So we
can hypothesize that cotyledons in this cultivation suf-
fered from strong oxidative stress that prevented the
senescence program from being initiated. UV C irra-
diation is very effectively absorbed by nucleic acids42

causing their direct damage. As is well known, the
initiation of senescence requires the coordinated
activation of a suite of specific genes34 and therefore
in the case of UV plants, senescence was probably
prevented due to impairment of genetic apparatus.

In UV plants we observed increased activities of all
antioxidant enzymes compared to controls. They were
probably induced by the imposed oxidative stress. It is
known that plants activate protective enzymes when
production of oxygen radicals is stimulated by
stress.43 The maximum activities of antioxidant activ-
ities except CAT were observed on the 10th d. The
observed decrease of the activity of SOD, APOD
and GR on the 13th d could be connected with
destruction of proteins and inhibition of protein synth-
esis. On the other hand, CAT activity increased during
their whole life span. Boldt and Scandalios44 observed
that UV light in the range of 240–400 nm can cause a
strong transient induction of CAT. Maybe the 8 h long
period of UV C irradiation used in our experiments
was long enough to induce a strong induction of
CAT. During the following 16 h period without irra-
diation, the CAT activity remained at the same level
and the next 8 h of irradiation caused another strong
induction of CAT.

UV plants were exposed to strong oxidative stress
and the senescence programme did not proceed. The
senescence initiation was prevented by cellular oxida-
tive damage. The severe oxidative stress was sup-
ported by our previous findings of an extremely high
level of lipid peroxidation, which increased steadily
with cotyledon age of UV plants.45 Antioxidative
protection finally failed.

Decapitation prolonged cotyledons life span up to
28 d. The removal of epicotyls leads to an elevation
in the ratio of cytokinins to auxins in the rest of the
plant.46 Cotyledons of D plants were influenced by
three factors: 1) after the removal of the leaves the
cotyledons took over the function of the leaves, 2)
cotyledons were without leaf cover and were exposed
to higher irradiation than controls, 3) plants were
damaged by repeated wounding.

Similar to C plants, the decrease of antioxidant
enzymes activity preceded the decrease of chlorophyll
content and photochemical efficiency. Although the
decrease of antioxidative protection and the markers
of senescence appeared after the 13th and 16th d
respectively, the period between the onset of senes-
cence and abscission was prolonged for up to 28th
d. Considering the time when the decrease of antiox-
idative protection and the markers of senescence
appeared, we can presume that we prolonged the per-
iod from senescence onset to cotyledon abscission.

We found that the time course of antioxidant
enzymes activities in cotyledons with manipulated life
span differed from those in control plants. The stress
imposed through our interventions interfered with the
senescence programme. The strength of stress was
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decisive: In UV plants the oxidative stress was very
strong and prevailed. In D plants, peaks of antioxidant
enzyme activities did not closely precede cotyledon
death. The age when their maximum activities was
achieved corresponded, surprisingly, to that of con-
trols and also initiation of senescence was at a similar
age i.e. fairly long before cotyledon death. Thus,
the onset of senescence corresponded with the decre-
ase of antioxidant enzyme activities in these two
cultivations.
The onset of senescence programme which is inher-

ent in bean cotyledons and is induced in normal con-
ditions could be overcome by imposing a mild stress.
Prolonged life span was only due to a prolonged
period of senescence, not due to its postponed onset.
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