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Abstract The present study was undertaken to test the
influence of exogenously applied traumatic acid (TA) upon
the activity of several antioxidant enzymes as well as lipid
and protein peroxidation in green algae Chlorella vulgaris.
Treatment with TA in concentration range of 10~°~107> M
resulted in an increase of antioxidant enzyme (sodium
dismutase, catalase, ascorbate peroxidase, NADH peroxi-
dase, glutathione reductase) activity. Moreover, TA sup-
pressed lipid peroxidation and oxidative destruction of
proteins belonging to the SH groups. This data suggest that
TA plays an important role in the metabolism of C. vul-
garis and probably in its high ability to adapt to various
environmental stress factors.
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Introduction

Typical phytohormones are not the only compounds which
participate in the control of plant development and growth.
These processes also involve other small-molecule chem-
ical compounds. An example of such a compound is plant
wound hormone traumatic acid, (TA, trans-2-dodeceno-
1.12-dicarboxylic acid). The first effect of TA in plants was
found to be an intense stimulation of cell division within
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a wounded area and the formation of callus tissue
(Zimmerman and Coudron 1979). Precursors of traumatic
acid are 18-carbon non-saturated fatty acids: linolic and
linolenic acids, which are released from membrane lipid
fractions as a result of phospholipases A, (EC 3.1.1.4) and
D (EC 3.1.4.4) It is also known that these phospholipases
are mainly activated as a reaction to an injury of the plant
(Leén et al. 2001; Grekchin 2002). However, research
carried out over the past several years has shown that the
synthesis of traumatic acid is induced not only through
injury, but also by other environmental stress factors such
as high and low temperature or UV radiation or osmotic
shock (Siedow 1991; Howe and Schilmiller 2002).

So far very few analyses of physiological and metabolic
effects of traumatic acid and its derivatives on plants have
been carried out. Our previous research has shown that TA
triggers an increase in cell number (by 77%), as well as cell
content of primary metabolites: monosaccharides by 111%,
chlorophyll a by 126%, chlorophyll b by 45%, carotenoids
by 65% and cell proteins by 37%, of Chlorella vulgaris
(C. vulgaris) in comparison with control, especially at
concentrations of 107°-107 M on the 3rd day of culture.
It has also been pointed out that new proteins (unidentified
in control) with molecular masses of 13—-103 kDa appear in
algae cells treated with exogenous TA (Pietryczuk et al.
2008). Experimentally there are also reasons to believe that
TA, most probably acting in synergy with other phytohor-
mones, particularly jasmonic acid (JA) and abscisic acid
(ABA), plays an important role in inducing physiological
and metabolic responses not only to injury but also to many
other environmental stress factors (Sivasankar et al. 2000).
From the data available in literature it also appears that TA
takes part in plant response to different stress factors,
accompanied by the production of large amounts of ROS
(reactive oxygen species). It is additionally known that ROS
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and antioxidant enzymes take part in the regulation of
plant growth and metabolism and play a role of a secondary
transmitter for many hormones, including jasmonic acid
which, like TA, is a derivative of polyunsaturated fatty
acids (Kwak et al. 2006). Hence, the aim of this research
became to gauge the influence of TA on select antioxidant
enzymes which probably take part in TA signaling on the
molecular level. With regard to the sparse scientific analy-
ses which has been carried out, it needs to be assumed that
TA is acompound which actively participates in controlling
many biochemical and physiological processes in plants,
particularly those related to the environmental stress
response mechanisms. So far, we still have not found
exactly which processes are controlled by TA.

In plant biochemistry and physiology the most conve-
nient experimental material is the unicellular alga C. vul-
garis since hormonal perception and biological response
take place within a single cell. Additionally, green algae
are evolutionally the nearest to vascular plants and their
metabolism is most closely related to that of higher plants.
Understanding the mechanisms of the workings of TA in
C. vulgaris would be a significant step to the recognition of
the role of this compound among higher plants.

With reference to the abovementioned scientific reports,
the primary aim of the work was to determine the influence of
TA on the antioxidant processes required for neutralisation of
free radicals produced not only as an effect of various stress
factors that induce TA accumulation in plants, but also in
physiological conditions during normal biochemical oxi-
doreductive processes such as respiration or photosynthesis.
We tested the hypothesis that TA-induced changes in growth
and metabolism may be connected with its influence on the
oxidative response. For this purpose the influence of TA on
the activity of the primary antioxidant enzymes: glutathione
reductase (GR), superoxide dysmutase (SOD), NADH-
dependent peroxidase, ascorbate peroxidase (APX) and cat-
alase, has been analysed in a previously established optimal
scope of concentrations (Pietryczuk et al. 2008). The degree
of protein modification has also been analysed regarding
their content of the SH groups (reduced thiol group) and
lipids peroxidation, based on the content of malonic dialde-
hyde (MDA). An increase of activity of antioxidant enzymes
through the influence of TA would indicate high capabilities
of this phytohormone to participate in the plants’ response to
oxidative stress.

Materials and methods
Plant material and growth conditions

Axenic cultures of the green algae C. vulgaris Beijerinck
(Chlorophyceae) were obtained from the Department of
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Plant Biochemistry and Toxicology at the University of
Biatystok. C. vulgaris cells were cultivated for 7 days under
controlled conditions at 25 £ 0.5°C. Illumination was sup-
plied during a 16-h photoperiod (8-h dark period) by a bank
of fluorescent lights yielding a photon flux density of 50
pmol m~2 s~! of photosynthetically active radiation (PAR)
at tube surface. PAR was measured with a FF-01 (SOMO-
PAN, Poland) phytophotometre. Permanent synchronous
growth was established according to the Pirson and Lorenzen
method (1966). Culture medium used was a modified Knop’s
medium with the following components: 0.5 g KNO3, 0.5 g
Ca(NO;),-4H,0, 0.2 g KH,PO4 0.15 g MgSO,4-7H,0,
0.01 g FeCl3-6H,0, 0.003 g H3;BO;, 0.002 g MnCl,-4H,0,
0.0003 g NH4,VO; 0.0002 g ZnSO47H,O, 0.0001 g
(NH4)6Mo070,4-7H50 in 1 1 of distilled water. The culture
medium and glassware were sterilized by autoclaving at
125°C for 25 min. The pH of the medium was adjusted to 6.8
with 1 M NaOH. C. vulgaris was cultured in Erlenmeyer
flasks (500 ml) containing 250 ml of medium and shaken at
150 rpm in a rotary shaker. TA was obtained from Sigma
Chemical Co. (USA). TA dissolved in 0.1 M NaOH was
applied at two concentrations: 10> and 10~ M. C. vulgaris
cultures were treated with appropriate concentrations of TA
on the day of culture creation (day 0). An equal amount of
0.1 M NaOH was added to the control. Concentrations of TA
used to ascertain antioxidant enzyme activity were calculated
on the basis of our preliminary research. The influence of TA
in concentrations ranging from 107® to 107> M on growth
(expressed in number of cells) and on the content of basic
metabolites within the cells of the algae has been researched.
As a result of treatment of C. vulgaris with TA at 107°—
107> M the greatest increase (in comparison to control) in
cell number, proteins, monosaccharides and photosynthetic
pigments has been observed (Pietryczuk et al. 2008). These
concentrations therefore have been deemed as the most
active. Cultures were replicated five times. Algal samples for
determination of antioxidant enzyme activity were collected
onday 0, 1, 3, 5 and 7 of cultivation. The initial cell density
was about 10.6 x 10° cells per ml in all flasks.

Assay of enzyme activities

To extract ascorbate peroxidase, NADH peroxidase and
catalase, fresh weight of C. vulgaris was passed through
filter paper under pressure and homogenized using liquid
nitrogen and subsequently a lysis buffer containing 0.1 M
sodium phosphate buffer (pH 6.0), 0.1 mM EDTA and 1%
PVP. The homogenate was centrifuged at 12000xg for
20 min and the resulting supernatant was used for the
determination of enzyme activity. The entire extraction
procedure was carried out at 4°C.

Total ascorbate peroxidase (EC 1.11.1.11) was deter-
mined according to the method described by Nakano and
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Asada (1981). The reaction mixture consisted of 0.05 M
phosphate buffer (pH 7.0) (1.8 ml), 5 mM sodium ascorbate
(20 ul), 0.1 mM H,0, (100 pl), and supernatant (100 pl).
Total ascorbate peroxidase activity was determined as the
decrease in absorbance of ascorbate at 290 nm and calcu-
lated using a molar extension coefficient ¢ = 2.8 mM ™'
cm ™ '. The enzyme activity (U) was calculated as the amount
of the enzyme that oxidizes 1 pumol ascorbate consumed/mg
soluble protein per minute at 30°C.

NADH peroxidase (EC 1.11.1.1) activity was deter-
mined according to Ishida et al. (1987). The reaction
mixture consisted of 50 mM phosphate buffer (pH 6.0)
(1.8 ml) and 0.2 mM NADH (100 pl). The reaction was
initiated by adding the enzymatic extract (100 pl) and
lasted for up to 5 min. The peroxidase activator of 5 nM
MnCl, (12.5 ml) were used. The activity was calculated
with a molar extinction coefficient ¢ = 6.3 mM ™' cm™'
for NADH. One unit of NADH peroxidase activity (U) was
assumed to be the amount of the enzyme that oxidizes
1 umol NADH/mg soluble protein per minute at 30°C.

Catalase (EC 1.11.1.6) activity was determined following
Aeby (1984). The rate of H,O, decomposition at 240 nm
was measured spectrophotometrically and calculated using a
molar extension coefficient e = 45.2 mM~' cm™'. The
reaction mixture consisted of 0.05 M phosphate buffer (pH
7.0) (2 ml), 0.1 mM H,O, (1 ml), and supernatant (100 pl).
One unit of catalase activity (U) was assumed to be the
amount of enzyme that decomposed 1 pmol H,O,/mg sol-
uble protein per minute at 30°C.

For the extraction of glutathione reductase, fresh weight
of C. vulgaris was passed through filter paper under pres-
sure and homogenized using liquid nitrogen and subse-
quently a lysis buffer containing 0.02 M phosphate buffer
(pH 7.0). The homogenate was centrifuged at 12000x g for
10 min and the resulting supernatant was used to determine
of enzyme activity. The entire extraction procedure was
carried out at 4°C. Glutathione reductase (EC 1.6.4.2)
activity was determined according to Foyer and Halliwel
(1976). The reaction mixture consisted of 0.25 M KCl in
0.02 M phosphate buffer (pH = 7.0) (1 ml), 7 mM gluta-
thione disulfide (0.25 ml) and enzymatic extract (0.1 ml).
The reaction was initiated by adding 0.7 mM NADPH
(0.5 ml). NADPH concentration declined in the optical
density at 340 nm, and activity was calculated using the
extinction coefficient ¢ = 622 mM ™' cm™' for NADPH.
One unit of glutathione reductase was defined as the amount
of enzymes needed to break down 1 pmol of NADPH/mg
soluble protein per minute.

For the extraction of sodium dismutase, fresh weight of C.
vulgaris was passed through filter paper under pressure and
homogenized using liquid nitrogen and subsequently a lysis
buffer containing 0.1 M phosphate buffer (pH 7.8), 3 mM
MgSO,4, 1 mM dithiotreitol (DTT) and 3 mM EDTA. The

homogenate was centrifuged at 12000 x g for 10 min and the
resulting supernatant was used to determine enzyme activity.
Sodium dismutase (EC 1.15.1.1) activity was measured
based on the inhibition of the photochemical reduction of
nitroblue tetrazolium (NBT) according to Beauchamp and
Fridovich (1971). The reaction mixture consisted of 0.1 M
phosphate buffer (pH = 7.8) (2.2 ml), 0.156 mM riboflavin
(0.25 ml), 0.156 mM methionine (0.25 ml), 0.756 mM
NBT (0.25 ml) and enzymatic extract (50 pl). Samples were
incubated for 20 min in room temperature. The absorbance
of the extracts was measured spectrophotometrically at
560 nm. One unit of the SOD activity was defined as the
enzyme concentration required to inhibit the reduction of
NBT by 50%.

Determination of lipid peroxidation

Lipid peroxidation was determined by measuring malonic
dialdehyde (MDA) concentration, using the thiobarbituric
acid (TBA, Sigma) method described by Heath and Packer
(1968). Fresh weight of C. vulgaris was passed through filter
paper under pressure, homogenized in 0.1% trichloroacetic
acid (TCA) and centrifuged at 12000x g for 10 min. The
supernatant was used for MDA content determination.
MDA absorption was measured spectrophotometrically at
532 nm and MDA concentration was calculated using an
extinction coefficient e = 156 mM ™' cm™'. The concen-
tration of MDA was expressed as nmol mg ™" of the protein.

Determination of —SH groups

Fresh weight of C. vulgaris was passed through filter
paper under pressure and homogenized in 10 mM potas-
sium—phosphate buffer (pH 8.0) and centrifuged at
12000x g for 10 min. The supernatant was used to deter-
mine the content of SH groups. In order to ascertain the
content of SH groups the samples were mixed with Ell-
man’s reagent (5,5 ,-dithiobis-2-nitrobenzoic acid, DTNB,
Sigma) in 10 mM potassium—phosphate buffer (pH 8.0)
(Rice-Evans et al. 1991). Absorbance of the products of
DTNB reaction with SH groups was measured at 412 nm.
The SH group concentration was calculated using an
extinction coefficient e = 13.6 mM~' cm™'. The con-
centration of SH groups was expressed as nmol mg~" of
the protein.

Cell protein concentrations were measured according to
Lowry’s method (1951), using bovine serum albumin as a
calibration standard.

All enzyme activity was measured using a Shimadzu
UV-Vis 1201 spectrophotometer.

Each treatment was repeated five times and each
experiment was carried out at least twice at different times.
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Data was expressed as a mean = SE. A minitab statistical
package was used to carry out a one-way ANOVA. Stu-
dent’s r-test was used to estimate the difference between
means. Differences where P < 0.05 were considered sta-
tistically significant.

Results

The greatest influence of TA concentrations at 10~ and
10~ M on the activity of selected antioxidant enzymes and
on lipid and protein peroxidation was examined. Results
have been displayed on illustrations 1-7

The conducted research has pointed out that TA facili-
tates an increase of ascorbate peroxidase (APX) (Fig. 1)
activity. As a response to exogenous treatment with 10~°
and 107> M TA, the increase of the analysed enzyme in the
algae cells is highest on the 3rd day of the experiment. It is
from 45.7 to 50% higher when compared to the control.

Similar results have been obtained in case of the NADH-
dependent peroxidase (Fig. 2). Reacting to TA, the algae
cells demonstrate the highest level of this enzyme activity
on the 3rd day of culture, when it increases by 56.8—-64.9%
in comparison to control.

Catalase (CAT) is also an important enzyme that
participates in antioxidant processes of plants. The highest
increase of CAT in algae cells treated with 107® and
107> M TA, by 56.5 up to 62.3% in comparison to the
control, has been recorded on the 3rd day of the experiment
(Fig. 3).

Another enzyme whose activity has been analysed was
glutathione reductase (GR). NADPH oxidation catalysed
by GR, increases in the algae cells by 51.3-58.2% under
the influence of TA on the 3rd day of the experiment in
comparison to the control culture (Fig. 4).

1.27 [T control
T10'MTA
E10°MTA

[U mg” (protein)]
e e e =
2 o w o

2
L

Ascorbate peroxidase activity

1st 3rd 5th Tth
Time of cultivation (days)

Fig. 1 The effect of 107°-107° M traumatic acid on the ascorbate
peroxidase activity in Chlorella vulgaris. Data are the means of five
independent experiments £ SE, (* result significantly different in
comparison to the control)
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Fig. 2 The effect of 107°-107> M traumatic acid on the NADH
peroxidase activity in Chlorella vulgaris. Data are the means of five
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Fig. 3 The effect of 107°-107> M traumatic acid on the catalase
activity in Chlorella vulgaris. Data are the means of five independent
experiments & SE, (* result significantly different in comparison to
the control)

Similarly, as in case of the antioxidant enzymes
described so far, the activity of superoxide dismutase
(SOD) significantly increases as a response to treatment
with exogenous TA (Fig. 5). The algae cells treated with
TA demonstrate the highest increase of SOD activity on the
3rd day of culture, by 60.7 up to 69.4%, as compared with
the control sample.

Additionally, the influence of TA on lipid peroxidation
has been analysed on the basis of malonic dialdehyde
(MDA) content—the main marker of lipid peroxidation.
Under the influence of TA in the concentration range
between 107 and 10> M, a significant drop of MDA was
found in C. vulgaris cells, reaching 30-41% in relation to
control, on the 3rd and the 5th day of culture (Fig. 6).

The inhibition of the oxidation of cell proteins belonging
to the SH group was also observed in algae cells growing
with the presence of TA (Fig. 7) In response of exoge-
nously added TA, the content of SH group proteins in
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Fig. 4 The effect of 107°~107> M traumatic acid on the glutathione
reductase activity in Chlorella vulgaris. Data are the means of five
independent experiments = SE, (* result significantly different in
comparison to the control)
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Fig. 5 The effect of 107°~10> M traumatic acid on the sodium
dismutase activity in Chlorella vulgaris. Data are the means of five
independent experiments £+ SE, (* result significantly different in
comparison to the control)
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Fig. 6 The effect of 107°-107> M traumatic acid on the lipid
peroxidation (expressed by MDA content) in Chlorella vulgaris.
Data are the means of five independent experiments & SE, (* result
significantly different in comparison to the control)

C. vulgaris increases the most by 65.5-68.6% on the 3rd
day of the experiment in comparison to the control culture.
TA activity decreases along with the progression of time of
culture.

Discussion

In living cells ROS (reactive oxygen species) are produced
as side products or intermediates of oxygen metabolism as
a result of correct metabolic transformations during bio-
chemical oxidoreductive processes such as: respiration,
light phase of photosynthesis and reactions catalysed by
oxidoreductases localised in peroxisomes and glycoxy-
somes, as well as in pathological situations caused by
unfavourable environmental conditions. In physiological
conditions these processes are precisely controlled by the
organism, as a result of the enzymatic and non-enzymatic
defensive mechanisms.

Plants have efficiently functioning defensive systems
against reactive oxygen forms. They consist of enzymes
neutralising ROS, most important of which are: superoxide
dismutases (SOD), catalase (CAT), ascorbate peroxidase
(APX), NADH-dependent peroxidase as well as reductase
and glutathione peroxidase.

Sparse analyses indicate that TA is accumulated in plant
tissues as a result of stress factors such as high and low
temperature, drought and injury, as well as the attack of
pathogens which generate high amounts of ROS. There-
fore, it seems probable that TA participates in activation of
the immunity of plants against various types of environ-
mental stress by intensifying the activity of antioxidant
enzymes. Our research has shown that in fact TA demon-
strates antioxidant activity. In C. vulgaris cells treated with
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Fig. 7 The effect of 107°-10> M traumatic acid on the SH groups
content in Chlorella vulgaris. Data are the means of five independent
experiments £ SE, (* result significantly different in comparison to
the control)
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this hormone a significant increase of activity of antioxi-
dant enzymes has been observed as compared with control
cultures, even under normal physiological conditions, with
correct course of metabolic processes. Additionally TA
most powerfully stimulates activity of superoxide dismu-
tase which increases by 61-69% in relation to the control
culture.

Bowler et al. (1992) suggest that derivatives of non-
saturated fatty acids, in all probability TA as well, can
assume the role of transmitters of signals to the nucleus
and can induce the expression of SOD genes. Further-
more, stimulation of SOD activity can be positively cor-
related with the increase of GR activity. It has been
pointed out that for certain plant species, for instance
tobacco, increased concentration of reduced glutathione
(product of reaction catalysed by GR) induces an increase
of mRNA content of cytosolic CuZnSOD (Zuchowski
1999). It cannot be excluded, though, that a similar
dependence occurs in C. vulgaris as well. It is also known
that ROS as well as antioxidant enzymes, particularly
plant peroxidases (APX and NADH-dependent), actively
participate in the regulation and modification of various
physiological and metabolic processes, both at the cell
level and in reference to the entire multi-cellular plant.
They play an active part, among others, in controlling
such processes as: cell divisions, programmed cell death
(PCD), regulation of stomata movements, morphogenesis,
gravitropism, growth and development of roots, cell wall
metabolism, ageing, auxin catabolism and hormonal sig-
nalling. Numerous publications state that ROS, and
especially H,O,, fulfill the role of secondary transmitters
in hormone signaling. This includes JA, which, similarly
to TA, is a derivative of polyunsaturated fatty acids in
plant tissue. ROS induces also gene expression and syn-
thesis of different proteins relating to hormones. It has
been additionally shown that some phytohormones,
including JA, can regulate the synthesis and activity of
antioxidant enzymes which take part in the growth and
development process of plants. Moreover, Carpin and
others (2001) suggested that the epidermis of zucchini
(Cucurbita pepo) has strong peroxidase activity which
stimulates polymerization of phenolics. Peroxidases are
also known to participate in lignin and suberin formation
in the cell walls and in the establishment of covalent
bonds between hydroxycinnamate ester moieties or
flavonoids associated with pectins or hemicelluloses as
well as in the catabolism of auxins (Maksymiec and
Krupa 2002; Pasternak et al. 2002; Kawano 2003; Mittler
et al. 2004; Gapper and Dolan 2006; Kwak et al. 2006;
Haluskova et al. 2010). Therefore, it can be supposed that
in C. vulgaris the stimulation of antioxidant enzymes by
TA is related to the control of growth and numerous
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metabolic processes which leading to the induction of cell
division and, as we pointed out in the previous study, to
the intensification of biosynthesis in them, as well as the
accumulation of primary metabolites. Moreover, traumatic
acid, especially at concentrations of 107°-107° M, on the
3rd day of culture caused more than doubling of algae
cell growth (by 77% in comparison with control) (Pie-
tryczuk et al. 2008). This is closely related to the increase
of antioxidant enzyme activity, which has also been
observed to be the most active, in comparison to control,
on the 3rd day of the experiment. Data obtained from
literature states that phytohormones can regulate the
activity of antioxidant enzymes which, especially plant
peroxideses, take part in the growth and development
processes of plants (Kwak et al. 2006). The aim of our
work was therefore to check if the induction of cell
division and other metabolic processes could be con-
nected with an increase in the activity of antioxidant
enzymes. Additionally, stimulation of activity of CAT,
APX and NADH-dependent peroxidase has been recog-
nised in W. arrhiza (Piotrowska et al. 2010) and CAT,
APX and GPX (guaiacol peroxidase) in a sunflower
(Helianthus annuus) (Parra-Lobato et al. 2009) grown in
physiological conditions with the influence of another
derivative of polyunsaturated fatty acids—IJA. It is known
from literature (May et al. 1998; Ogawa 2005) that
reduced glutathione (GSH) also participates in the stim-
ulation of the immune system of plants to act against
pathogen attacks. Our research has shown that TA acti-
vates GR, while in older literature (Lee et al. 1998; Howe
and Schilmiller 2002; Szczegielniak 2007) it can be found
that TA, in fact, participates in the plant’s reaction to
pathogen attacks.

An increase in the activity of antioxidant enzymes in a
cell results in the inhibition of the process of oxidation of
membrane phospholipids and thiol group proteins. This is
the reason that the content of malonic dialdehyde
(MDA)—the marker of peroxidation of lipids, and the
reduction of thiol group proteins in the cells of C. vulgaris
treated with optimal TA concentrations, was determined.
The results obtained indicate that TA contributes to the
reduction of intensity of oxidation of membrane phospho-
lipids and has a positive influence on proteins that contain
sulfhydryl groups. During the experiment, along with the
passage of time, the MDA content increased in the control
cultures of C. vulgaris. This is probably related to the
process of cell ageing and the intensification of free radical
reactions.

Glutathione reductase (GR) is the major cell enzyme
that maintains proper relation between reduced glutathione
(GSH) and its oxidised form—glutathione disulphide
(GSSG). Our research implies that TA stimulates GR
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activity, which is probably followed by an increase of GSH
concentration in C. vulgaris. GSH is responsible, among
others, for the protection of cysteine residues against oxi-
dation and for the removal of harmful products of lipid
peroxidation. Most recent studies (Szalai et al. 2009)
indicate that in plants, at optimal conditions of growth,
which are not exposed to any stress factors, there occurs a
high relation of GSH to GSSG, which induces the forma-
tion of a reductive environment in cells, favourable for
maintaining proper biological structure and activity of cell
proteins. In our research shown in this paper it has been
pointed out that the decrease of MDA concentration and
the increase of the content of the proteins belonging to the
SH groups is induced by TA and correlates with an
increase of activity of the enzyme GR. It has also been
indicated experimentally that JA controls the transcription
of GSHI and GSH2 genes, which encode GSH synthesis,
and those genes whose products are engaged in GSH
metabolism (Foyer and Noctor 2005; Sasaki-Sekimoto
et al. 2005). Data from literature and the results of our
research imply that GSH metabolism is most probably
controlled by TA as well.

To sum up, it should be stated that TA has a positive
influence on the primary biochemical parameters related to
the plants’ adaptation to oxidative stress. Above all, it
intensifies activity of antioxidant enzymes and inhibits the
processes of oxidative degradation of lipids and proteins
caused by ROS, even in physiologically optimal environ-
mental conditions. The results obtained can indicate the
high possibility that TA participates in plants’ response to
oxidative stress. Furthermore, it seems that the mechanisms
of molecular action of TA on the cellular level, which
control growth and metabolism of plants, are related to the
activation of antioxidant enzymes which actively partici-
pate in the control and modification of various physiolog-
ical and metabolic processes, both at the cell level and in
reference to the entire multi-cellular plant.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.
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