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Abstract Relatively little is known about the direct

influence of acid rain (AR) on pro- and antioxidative

changes in plant cells. Intercompartmental differences

between cytosol and mitochondria have not been studied

before. Aboveground parts of plants were treated with

different pH variants of AR and oxidative damages (lipid

peroxidation) as well as antioxidative enzyme activities

(superoxide dismutase, SOD; ascorbate peroxidase, APx;

glutathione peroxidase, GSH-Px) in the cytosolic and

mitochondrial fractions were examined. The character of

changes in antioxidative enzyme activities and of oxidative

damages was closely connected with the cell compartment

as well as with pH and time after treatment. The activity of

both APx and GSH-Px increased more intensively in

cytosol. Contrastingly, strong induction of lipid peroxide

formation was observed in the mitochondrial fraction. In

both cell compartments SOD activity did not change sig-

nificantly. The results suggest that cucumber mitochondria

are more susceptible to oxidative damage caused by AR

than cytosol. Antioxidative defence of cytosol appeared to

provide sufficient protection against the oxidative stress

imposed by AR.

Keywords Acid rain � Antioxidant enzymes � Cucumis

sativus L. � Cytosol � Lipid peroxidation � Plant

mitochondria

Introduction

Anthropogenic activities resulting in increased concen-

trations of sulphur dioxide (SO2) and nitrogen oxides

(NOx) in the atmosphere are responsible for acid rain

(AR). In spite of the restrictions on SO2 emission intro-

duced in many countries, NOx contamination, which

originates from motor vehicles and other combustion

processes carried out at high temperature, still remains at

a high level (Gimeno et al. 2001; Rosborg et al. 2003;

Tran et al. 2011). AR is a major environmental threat for

many regions in Europe, Asia and North America and

especially concerns developing countries (Kulshrestha

et al. 2003). In most regions its pH values range from 4.4

to 2.3 (Shan et al. 1996); however, Gravano reported AR

value as low as 1.4 on San Rossore Estate (Pisa, Italy)

(Gravano et al. 1999). Deleterious effects of AR on plant

development have been studied for almost three decades

and presented in several excellent articles (Ferenbaugh

1976; Haines et al. 1980; Neufeld et al. 1985). However,

most of the experimental observations reported in the

literature concern mainly changes in plant growth as well

as histology and ultrastructure (Evans et al. 1984;

Stoyanova 1997/98; Stoyanova and Velikova 1997/98;

Sant’Anna-Santos et al. 2006). In recent years biochemi-

cal studies concerning photosynthesis intensity as well as

pro- and antioxidative changes in plant tissue after AR

application have not been numerous (Yu et al. 2002;

Gabara et al. 2003; Wyrwicka and Skłodowska 2006;

Choi et al. 2010). Our previous research (Gabara et al.

2003; Wyrwicka and Skłodowska 2006) showed that

mitochondria were extremely susceptible to AR stress.

After exposure of tomato plants (Lycopersicon esculentum

Mill.) to AR, disturbances were observed only in 13 % of

chloroplasts, but the population of deformed mitochondria
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increased up to 95 %. Due to that, we chose mitochondria

for our biochemical research.

Mitochondria are an important cell compartment

because the electron transport chain functions there and it

harbours electrons with sufficient free energy to directly

reduce molecular oxygen. It is considered the unavoidable

primary source of mitochondrial reactive oxygen species

(ROS) production, a necessary accompaniment to aerobic

respiration (Rhoads and Subbaiah 2007). Formation of

mitochondria-derived ROS takes place under normal

respiratory conditions but can be enhanced in response to

exposition to biotic and abiotic stress factors. Mitochondria

and cells in general possess numerous ROS defence sys-

tems. Both enzymatic and nonenzymatic mechanisms have

evolved to protect this cell compartment from oxygen

toxicity. These include antioxidants such as ascorbate,

glutathione, as well as ROS-scavenging enzymes such as

superoxide dismutase (SOD; EC 1.15.1.1), ascorbate per-

oxidase (APx; EC 1.11.1.1) and glutathione peroxidase

(GSH-Px; EC 1.11.1.9) (Willekens et al. 1994; Miszalski

et al. 2001; Mittler 2002). It is suggested that the true

source of oxidative stress is not the ROS generation per se

but spatiotemporal imbalance of ROS production and

detoxification (Andreyev et al. 2005). Until now the

capacity of mitochondrial ROS defence is unknown.

Several lines of evidence indicate the importance of

mitochondria in integration of cell signals. They point to a

mitochondrion as a central player in the reception and

amplification of cell-death signals. Levels of cellular

messengers such as calcium, changes in cellular pH or

changes in the levels of metabolites that reflect the energy

status of the cell (ATP, ADP, NADH?H?, NADPH?H?)

as well ROS concentration or carbon status can be signals

for mitochondrion response (Lam et al. 2001).

Activities of the antioxidative enzymes such as SOD,

APx and GSH-Px were investigated to compare the anti-

oxidant systems operating in cytosol and mitochondria

isolated from cucumber (Cucumis sativus L.) leaves sub-

jected to different intensity of AR stress. In addition, to

characterise the range of lipid oxidative damages, the

concentration of 2-thiobarbituric acid reactive substances

(TBARS) was measured. To the best of our knowledge,

changes in pro- and antioxidative systems in plant cytosol

and mitochondria caused by AR treatment have not been

studied simultaneously before.

Materials and methods

Plant material

Cucumber seeds (Cucumis sativus L.) cv ‘‘Cezar’’ were

germinated in Petri dishes for 5 days. Seedlings were

planted into soil-containing plastic pots. Plants were grown

in a controlled environment growth chamber under the

temperature of 23 ± 0.5 �C with 16 h light/8 h dark pho-

toperiod at light intensity of 150 lmol m-2 s-1 photon flux

density and 60 % relative humidity. 5-week-old plants with

four fully expanded leaves were used in the experiment.

All biochemical analyses were carried out on the second,

third and fourth leaves from the control and treated plants.

The leaves were harvested on the first, third, fifth and

seventh day after a single AR treatment. In each experi-

ment the material was harvested from two plants, mixed

and was treated as one sample.

AR treatment

Each cucumber plant was sprayed once with 10 cm3 of

simulated AR or distilled water. The following variants

were used:

1. AR pH 4.4 containing 0.222 mM (NH4
?), 3.6 lM

(NO2
-), 0.129 mM (NO3

-), 0.220 mM (Na?),

0.111 mM (SO4
2-), 0.750 mM (Cl-).

2. AR pH 3.0 containing 0.222 mM (NH4
?), 2.4 lM

(NO2
-), 0.353 mM (NO3

-), 0.190 mM (Na?),

0.111 mM (SO4
2-), 1.831 mM (Cl-).

3. AR pH 1.8 containing 0.222 mM (NH4
?), 1.74 lM

(NO2
-), 0.129 mM (NO3

-), 0.217 mM (Na?),

39.35 mM (SO4
2-), 0.219 mM (Cl-).

The sizes of minute droplets that appeared at the surface

of leaves directly after spraying ranged between 0.02 and

0.005 cm3. All plants were sprayed in the middle of the day

cycle. To avoid soil acidification it was covered with

plastic foil during spraying. The control plants were

sprayed with distilled water (pH 6.0).

Preparation of cytosolic fraction

Whole leaves were homogenised (1:6 w/v) in an ice-cold

mortar using 50 mM sodium phosphate buffer pH 7.0

containing 0.5 M NaCl, 1 mM EDTA and 1 mM sodium

ascorbate. After centrifugation (20,0009g for 15 min) the

supernatant was used for determination of SOD, APx and

GSH-Px activities as well as content of TBARS.

Isolation of leaf mitochondria

Mitochondria were isolated from the leaves by differential

centrifugation method of Warrilow and Hawkesford

(1998). The leaves (5 g) without the main midribs were cut

into pieces, chilled in an ice bath for 20 min and homog-

enized two times, for 10 and 35 s in a blender in an ice-

cold homogenisation medium (1:12 w/v) containing

50 mM TRIS–HCl, 0.33 M D-mannitol, 2.5 mM EDTA,
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2.5 mM sodium ascorbate and 2 mM MgCl2 (pH 8.1). The

homogenates were filtered through four layers of Miracloth

(crude extract) and then centrifuged at 1,5009g for 3 min

to remove chloroplasts. The supernatant was further cen-

trifuged at 8,2009g for 10 min and the obtained superna-

tant was subsequently called ‘‘supernatant 8,2009g’’. To

obtain pure mitochondrial fraction the pellet (mitochondria

and peroxisomes) was gently resuspended twice in a

washing medium containing: 50 mM TRIS–HCl, 2 mM

MgCl2 and 2 mM sodium ascorbate (pH 8.1) and centri-

fuged at 8,2009g for 10 min. The resulting pellet was the

final mitochondrial fraction. All operations were carried

out at 0–4 �C.

Organelle intactness and enzyme latency

The quality of mitochondrial preparation was monitored by

measuring marker enzyme activities and chlorophyll con-

tent. All determinations were conducted in the cytosolic

fraction in the supernatant obtained after centrifugation of

the final mitochondrial fraction (isotonic medium) and in

the mitochondrial extract achieved by homogenisation and

centrifugation of the final mitochondrial fraction. To assess

contamination with other organelles, the activities of the

following enzymes were measured: fumarase (EC 4.2.1.2)

(Hatch 1978) and glucose-6-phosphate dehydrogenase (EC

1.1.1.49) (using Sigma-Aldrich diagnostic kit; Steinheim,

Germany), which are markers for mitochondria and cytosol

respectively as well as catalase (EC 1.11.1.6) (Dhindsa

et al. 1981) and hydroxypuryvate reductase (EC 1.1.1.29)

(Tolbert 1971) which are specific enzymes for peroxy-

somes. Moreover, chlorophyll concentration (Porra et al.

1989),which is a characteristic compound of chloroplasts,

was assessed.

The integrity of the outer mitochondrial membrane was

estimated from the activity of fumarase (Hatch 1978),

succinate:cytochrome c oxidoreductase (EC 1.3.99.1) and

NADH?H?:cytochrome c oxidoreductase (EC 1.6.99.3) in

the presence or absence of antimycyn A as described by

Douce et al. (1972). The activities of both enzymes were

assayed for the mitochondria in the isotonic medium and

the mitochondrial extract. Organelle intactness was calcu-

lated according to the formula of Burgess et al. (1985)

(Kuźniak and Skłodowska 2004); [100 - (activity associ-

ated with intact organelle/activity associated with perme-

abilized organelle) 9 100].

Preparation of enzyme extracts from mitochondrial

fraction

The final mitochondrial fraction was homogenised in an

ice-cold mortar using 50 mM sodium phosphate buffer pH

7.0 containing 0.5 M NaCl, 1 mM EDTA and 1 mM

sodium ascorbate. After centrifugation (20,0009g for

15 min) the supernatant (mitochondrial extract) was used

for determination of SOD, APx and GSH-Px activities. To

determine TBARS concentration homogenised mitochon-

drial pellet was taken to analyses before centrifugation.

Enzyme assay

Total SOD activity was determined by the method of Mi-

nami and Yoshikawa (1979) with 50 mM TRIS-cacodylic

buffer pH 8.2 containing 0.1 mM EDTA, 1.4 % (v/v)

Triton X-100, 0.055 lM NBT, 16 lM pyrogallol and

enzyme extract. The concentration of reduced form of NBT

was measured at 540 nm. The activity unit (50 % inhibi-

tion) was defined according to McCord and Fridovich

(1969). SOD activity was expressed in lg enzyme mg-1

protein.

APx activity was assayed following the oxidation of

ascorbate to dehydroascorbate at 265 nm (e = 13.7 mM-1

cm-1) by a method of Nakano and Asada (1981) modified

by Kuźniak and Skłodowska (1999). The assay mixture

contained 50 mM sodium phosphate buffer pH 7.0,

0.25 mM sodium ascorbate, 25 lM H2O2 and enzyme

extract (5–10 lg protein). Addition of H2O2 started the

reaction. Rates were corrected for the nonenzymatic oxi-

dation of ascorbate by the inclusion of reaction mixture

without enzyme extract. Enzyme activity was expressed in

lmol ascorbate min-1 mg-1 protein.

To detect GSH-Px activity, the method of Hopkins and

Tudhope (1973) with t-butyl hydroperoxide as a substrate

was used. The reaction mixture comprised 50 mM potas-

sium phosphate buffer pH 7.0, 2 mM EDTA, 0.28 lM

NADPH?H?, 0.13 lM GSH, 0.16 U GR, 0.073 lM

t-butyl hydroperoxide and enzyme extract (50 lg protein).

GSH-Px activity was expressed in lmol NADPH?H?

min-1 mg-1 protein.

Determination of lipid peroxidation

The concentration of lipid peroxides was estimated spec-

trofluorometrically according to Yagi (1982) by measuring

the content of 2-thiobarbituric acid reactive substances

(TBARS). The concentration of lipid peroxides was cal-

culated in terms of 1,1,3,3-tetraethoxypropane which was

used as a standard and expressed in nmol mg-1 protein.

Other determinations

The protein content was determined by Bradford’s method

(1976) with standard curves prepared using bovine serum

albumine.

All assays were performed spectrophotometrically

(UNICAM UV 300 UV–visible spectrometer) at 25 �C.
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Statistical analysis

All measurements were performed in two replicates in four

to five independent experiments (n = 8–10). Sample vari-

ability was calculated as the standard deviation (SD) of the

means. Values of particular parameters were given as

percentage of control. The significance of differences

between mean values was determined by a nonparametric

Mann–Whitney Rank Sum Test. Differences at P \ 0.05

were considered significant. All statistical estimates were

performed using the STATISTICA 10 software.

Results

Some visible symptoms were observed already on the first

day after a single treatment with AR pH 3.0 and 1.8

(Fig. 1). However, at pH 3.0 small brown spots appeared

after 24 h only on the oldest leaves and white greater

ones—after 48 h. Such symptoms were also observed after

pH 1.8 treatment but they were more intensive and

appeared on all leaves. At the latter case bleaching of the

leaf surface within the ribs was observed. During the first

hours after AR pH 1.8 spraying the plant leaves had

reduced turgor, but it was recovered 24 h after treatment.

In the purified mitochondria obtained from both the

control and AR-treated leaves, the activity of glucose-6-

phosphate dehydrogenase was negligible indicating high

purity of the collected fraction (Table 1). The mitochon-

drial extract did not contain chlorophyll. The activities of

catalase and hydroxypyruvate reductase indicated that the

isolated mitochondria could be slightly contaminated with

peroxisomes (Table 1).

The calculated latency values for fumarase, succi-

nate:cytochrome c oxidoreductase and NADH?H?:cyto-

chrome c oxidoreductase were 98, 87 and 90 %,

respectively, and indicated high integrity of outer mito-

chondrial membrane (Table 2).

The character of changes of antioxidative enzyme

activities was closely connected with the cell compartment

as well as with pH of the applied AR and time after

treatment. Significant differences in the total SOD activity

between AR-treated and the control plants were noticed

only in the cytosolic fraction (Fig. 2). Increase up to 150 %

(P \ 0.05) of the control value was observed in this cell

compartment on the third day of experiment after exposure

to AR pH 1.8. In the cytosolic fraction significant differ-

ences in the total SOD activities were found also between

different experimental variants. In mitochondrial fraction

gradual lowering of SOD activity was observed in each

variant of AR-treated plants; on the fifth and seventh day it

was lower than that in the control. However, this tendency

was not statistically important. In the control the mean

value of SOD activity in the cytosolic fraction was 32 lg

SOD mg-1 protein and in the mitochondrial fraction—

251 lg SOD mg-1 protein.

On the first day, exposure to AR pH 1.8 decreased

mitochondrial APx activity to 68 % (P \ 0.01) of the

control (Fig. 3). On the following days increase in APx

activity in pH 1.8 treated plants was significant both in the

cytosolic and mitochondrial fractions; however, it was

more intensive in the former one. On the third, fifth and

seventh day after AR treatment the activity of cytosolic

APx increased up to 350 (P \ 0.01), 267 (P \ 0.001) and

299 % (P \ 0.001) of the control and that of mitochondrial

APx up to 155 (P \ 0.05), 175 (P \ 0.01) and 155 %

(P \ 0.05) of the control, respectively (Fig. 3). On the first

day AR pH 3.0 significantly increased cytosolic APx

activity (to 176 % of the control value, P \ 0.05) but

caused few changes in mitochondria where the statistically

important rise was observed only on the third day of

experiment and reached 137 % (P \ 0.05) of the control.

Additionally, on the seventh day of experiment in the

mitochondrial fraction significant decreases in APx activity

were observed after the application of AR: for pH

3.0–72 % (P \ 0.05) and for pH 4.4–77 % (P \ 0.05) of

the control value. In the control plants the mean value of

cytosolic APx activity was 0.463 lmol ascorbate min-1

mg-1 protein and of mitochondrial, 0.651 lmol ascorbate

min-1 mg-1 protein.

Changes of GSH-Px activity differed between the cyto-

solic and mitochondrial fractions (Fig. 4). However, sig-

nificant differences were observed only in AR pH 1.8-

treated plants. In contrast to the mitochondrial GSH-Px

activity which in all pH variants was similar to the control

value, the activity of the cytosolic enzyme isolated from the

leaves treated with AR pH 1.8 was significantly increased to

207 (P \ 0.05), 128 (P \ 0.05) and 169 % (P \ 0.01) of

the control on the third, fifth and seventh day, respectively.

Differences in GSH-Px activity were found not only

between the experimental variants and control but also

among the variants themselves. The mean value of GSH-Px

activity in the control plants was 97.7 lmol NADPH?H?

min-1 mg-1 protein in cytosol and 94.8 lmol NADPH?H?

min-1 mg-1 protein in mitochondria.

The present investigations revealed great enhancement

of TBARS concentrations in the mitochondrial fraction of

AR-treated plants (especially of those that sprayed with pH

1.8 and 3.0 AR) in comparison with the control while the

respective values for cytosol were similar to the control

(Fig. 5). On the first day of experiment all applied pH

variants caused significant increase in lipid peroxidation to

333 (P \ 0.01), 233 (P \ 0.001) and 150 % (P \ 0.05) of

the control after pH 1.8, 3.0 and 4.4 treatment, respectively.

Contrary to mitochondria, on the first day increase in

TBARS concentrations in cytosol was observed only after
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AR pH 3.0 application (132 % of control; P \ 0.05).

While in the mitochondrial compartment the largest con-

tent of lipid peroxides was noticed on the first day, in all

experimental series in cytosol the highest concentration of

this compound was found on the third day following

exposition to AR pH 1.8 (183 % of control, P \ 0.05).

Moreover, in pH 1.8 variant enhanced TBARS concentra-

tion in mitochondria persisted throughout the experimental

Fig. 1 Visible injuries in cucumber leaves after the exposure to AR pH 4.4; pH 3.0 and pH 1.8

Acta Physiol Plant (2014) 36:837–848 841
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time; however, it was slowly decreasing so that on the

seventh day the increase was not statistically significant

and in pH 3.0 variant it was also enhanced to the end of

experimental period. Exposure to AR pH 1.8 increased the

value of this parameter to 219 % (P \ 0.05) and 220 %

(P \ 0.01) of the control value on the third and fifth day,

respectively. The value of TBARS concentration in the

mitochondrial fraction on the third, fifth and seventh day

after AR pH 3.0 spraying reached 182 % (P \ 0.05),

186 % (P \ 0.01) and 139 % (P \ 0.05) of the control,

respectively. Furthermore, in the cytosolic fraction

decrease in TBARS concentration to 67 % (P \ 0.05) on

the fifth day after AR pH 4.4 exposure was discovered.

Similarly as in the case of GSH-Px, differences in lipid

peroxidation were found not only between the experi-

mental variants and control but also among the variants

themselves, especially in the mitochondrial fraction. Mean

value for TBARS concentration in the control plants was

0.940 nmol mg-1 protein in cytosol and 10.2 nmol mg-1

protein in mitochondria.

Discussion

ROS are generated by mitochondria, chloroplasts and other

organelles during their normal activities, and at the same

time these compartments are sensitive to ROS (Jones

2000). Mitochondria, like other compartments of a plant

cell, house both enzymatic and non-enzymatic antioxidants

to prevent ROS accumulation. Mitochondria isolated from

the plants subjected to AR stress showed significantly

higher TBARS concentration than those isolated from the

control plants. This suggests that AR stress results in an

increased rate of ROS production and in consequence a

higher degree of lipid oxidation in mitochondrial mem-

branes. The fact that mitochondria are the site of mito-

chondrial electron transport chain reactions and that they

harbour a developed membrane system forming cristae

makes their membrane lipid compounds, especially pre-

disposed to oxidative damage (Rhoads et al. 2006). In the

present work, the extent of oxidative lipid damage in

mitochondria depended on the pH value of AR. The lowest

pH value caused the highest lipid peroxidation in this cell

compartment. These observations are in agreement with

our previous work (Gabara et al. 2003), in which we

reported that the main ultrastructural changes in mesophyll

cells of tomato (Lycopersicon esculentum Mill.) leaves

treated with AR pH 1.8 were located in mitochondria. Four

days following a single spraying the lesions were observed

only in a few chloroplasts (13 %) and almost in al mito-

chondria (95 %). Bartoli et al. (2004) found out that in

wheat plants (Triticum aestivum L.) growing under non-

stressful conditions, mitochondria contained 9- to 28-fold

higher concentrations of oxidatively modified proteins than

chloroplasts or peroxisomes. They pointed out that the

mitochondria were extremely susceptible to oxidative

damage and were the main target under the oxidative stress

conditions. Moreover, many mitochondrial proteins, e.g.

those involved in cellular respiration are susceptible to

oxidative modifications (Møller 2001). It is thought that

damage of mitochondrial membranes increases their per-

meability and leakage of lipid peroxides to cytoplasm

(Gidrol et al. 1989). It is suggested that these compounds

may participate in signal transduction between mitochon-

dria and other organelles and nucleus. Lipid peroxides may

also trigger antioxidative response in other cell compart-

ments as well as programmed cell death if stress is inten-

sive (Spiteller 2003).

In comparison with the mitochondrial fraction of

cucumber leaves, in cytosol increase in TBARS concen-

tration was less dynamic in all experimental variants.

Table 1 Marker enzyme activities and chlorophyll content deter-

mined at each step of mitochondria isolation

Marker Cytosolic

fraction

Isotonic

medium

Mitochondrial

extract

Fumarase [lmol min-1

cm-3]

– 0.001 0.056

Glucose-6-phosphate

dehydrogenase

[lmol min-1 cm-3]

0.318 0.000 0.004

Chlorophyll [mg g-1 f.w.] 1.211 0.000 0.000

Catalase [mmol min-1

cm-3]

– 0.002 0.064

Hydroxypuryvate reductase

[nmol min-1 cm-3]

– 0.000 0.208

The activities of marker enzymes were given as follows: fumarase,

lmol malate min-1 cm-3; glucose-6-phosphate dehydrogenase,

lmol NADPH?H? min-1 cm-3; catalase, mmol H2O2 min-1 cm-3;

hydroxypuryvate reductase, nmol glyoxylate min-1 cm-3

Table 2 The integrity of the outer mitochondrial membrane esti-

mated on the basis of the activity of internal membrane enzymes

Marker Isotonic

medium

Mitochondrial

extract

Latency

(%)

Fumarase [lmol min-1 cm-3] 0.001 0.056 98

Succinate:cytochrome c

oxidoreductase [lmol min-1

cm-3]

0.001 0.007 87

NADH?H?:cytochrome c

oxidoreductase [lmol min-1

cm-3]

0.002 0.019 90

The activities of marker enzymes were given as follows: fumarase,

lmol malate min-1 cm-3; succinate:cytochrome c oxidoreductase,

lmol cytochrome c reduced min-1 cm-3; NADH?H?:cytochrome c

oxidoreductase, lmol cytochrome c reduced min-1 cm-3

842 Acta Physiol Plant (2014) 36:837–848

123



Considering our earlier results (Wyrwicka and Skłodowska

2006), triple AR treatment caused much stronger lipid

oxidation in cytosolic fraction than a single one in the

present work. Lower TBARS level in cytosol than in

mitochondrial fraction after AR application could be

caused by lower ROS production in this cell compartment,

in comparison with mitochondria which are one of the

main site of ROS production and/or better antioxidative

protection of this cell compartment. However, it is known

that tissue capability of buffering acidic input is also

associated with buffering capacity of cell sap (Soares et al.

1995). The latter is strongly connected with leaf internal

pH and leaf cation content. Therefore, the degree of oxi-

dative damage could be linked not only to pH but to ion

composition of AR as well.

In our current investigation the activity of SOD in

cytosol of AR treated cucumber leaves (with one excep-

tion) was not changed or was lower than in the control

plants. Moreover, decreasing trend of this enzyme activity

was observed in mitochondria throughout the experiment.

Similar tendency was observed in other works, e.g., in

tomato leaves (Gabara et al. 2003) where exposition of

plants to AR pH 1.8 triggered induction of SOD activity

only shortly after stress appearance (0.5–3 h) later on this

activity decreased. Reduction of SOD activity after AR

treatment was also observed in other plants and presented

in several works (He et al. 2011; Tong et al. 2005). On the

other hand, there are some articles in which increases in

SOD activity were observed as the effects of AR treatment

(Dolatabadian et al. 2013). Chen et al. (2013) reported

much higher constitutive SOD activity in Schima superb, a

plant species tolerant to AR, than in AR-sensitive plants

and this activity did not change considerably after

appearance of AR stress factor. On the contrary, decreasing

SOD activity after AR treatment is characteristic of

AR-sensitive plant species, e.g. Liquidambar formosana.

Several SOD forms (MnSOD, FeSOD, CuZnSOD) are known

to occur in different plant cell compartments (Rabinowith

and Fridovich 1983). While CuZnSOD is found primarily

in the cytosol (but also in chloroplasts and mitochondria),

MnSOD is located primarily in mitochondria (and peroxi-

somes) (Gupta et al. 1993). CuZnSOD which accounts for

the majority of all SOD activity is comparatively stable in a

wide pH range (5–9.5) (Ellerby et al. 1996). However, the
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Fig. 2 Influence of AR stress

on SOD activity in the

cucumber cytosol and

mitochondria. (Plain box) AR

pH 4.4; (wavy box) AR pH 3.0;

(checked box) AR pH 1.8.

Symbols *, ** and *** indicate

values that differ significantly

from control at P \ 0.05,

P \ 0.01 and P \ 0.001,

respectively. Symbols (a), (aa)

and (aaa) indicate values that

differ significantly between

variants pH 4.4 and pH 3.0;

symbols (b), (bb) and (bbb)

indicate values that differ

significantly between variants

pH 4.4 and pH 1.8; symbols (c),

(cc) and (ccc) indicate values

that differ significantly between

variants pH 3.0 and pH 1.8 at

P \ 0.05, P \ 0.01 and

P \ 0.001, respectively. SOD

activity expressed as percentage

of control value
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metal ion affinity of the native zinc binding site drops

abruptly but reversibly at low pH and a zinc ion is con-

sequently released which might influence of the enzyme

activity (Pantoliano et al. 1979). It cannot be excluded that

a similar effect is triggered by AR-induced acidification.

Our results seem to suggest that mitochondrial forms of

SOD are susceptible to AR treatment.

Data presented in this paper indicate that cucumber

plants tried to cope with the oxidative stress induced by AR

treatment by strengthening their antioxidant capabilities

since the APx activity in both cytosolic and mitochondrial

fractions were significantly increased under stress condi-

tion. In the present work, enhanced cytosolic APx activity

especially after using pH 1.8 solution was observed.

Increased level of APx activity was also observed in

tomato plants treated with AR with the same pH (Gabara

et al. 2003). Similar tendency regarding changes in APx

activity was noticed in birch seedlings even though the pH

of AR was not very low—4.0 (Koricheva et al. 1997).

Some authors claim that APx play a special role in mod-

ulation of H2O2 level appearing after exposition of plants

to AR stress (Wyrwicka and Skłodowska 2006; Kováčik

et al. 2011; Chen et al. 2013). After AR application to AR-

sensitive plants (Liquidambar formosana) markedly

increased protein expression of APx was noted. On the

contrary, in AR-tolerant plants (Schima superba) there

were no significant changes in APx protein expression.

Moreover, AR-sensitive plants showed decrease in activi-

ties of other antioxidative enzymes (SOD, catalase) and

simultaneously enhanced H2O2 level (Chen et al. 2013).

This results seem to indicate that APx plays the crucial role

in the defence against the AR-induced oxidative stress. In

present work, AR-induced enhancement of the APx activ-

ity in cucumber plants is greater in the cytosolic fraction

than in the mitochondrial one. Additionally, activity of

mitochondrial APx seems to be more susceptible to AR

stress than that of the enzyme present in the cytosolic

fraction. It cannot be excluded that after strong
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Fig. 3 Influence of AR stress

on APx activity in the cucumber

cytosol and mitochondria. APx

activity expressed as percentage

of control value. For further
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acidification of intracellular space which can take place

after AR pH 1.8 exposition, mitochondrial metabolism

slowed down. Decreased APx activity in the mitochondrial

fraction at the beginning of the experiment might be the

result of the above changes. Taking into consideration as

strong changes in mitochondria ultrastructure (mentioned

above) after AR pH 1.8 application may occur (Gabara

et al. 2003), slowing down of activity of this antioxidant

enzyme is not unexpected.

Our results also support the involvement of GSH-Px in

the defence mechanisms in cytosol since the activity of this

glutathione-dependent enzyme increased markedly in AR

pH 1.8 treated plants. Increase in GSH-Px activity may be

connected with sufficient GSH pool in this cell compart-

ment. The supply of cysteine, the end product of sulphur

assimilation, is the main factor influencing GSH levels

(Mullineaux and Rausch 2005). Environmental stresses

associated with atmospheric pollution are among the fac-

tors enhancing GSH in plant tissues (Tausz and Grill 2000).

It is suggested that increased GSH concentration in plant

cells after SO2 fumigation is related more to enlarged

uncontrolled sulphur assimilation than to direct GSH

reaction with ROS (Schulz and Härtling 2001). A similar

situation cannot be excluded in the cytosol isolated from

cucumber leaves treated with AR containing high con-

centration of SO4
2-. It is worth noting that in plants treated

with AR pH 3.0 and 4.4, which did not contain so high

SO4
2- concentration, there was no increase in GSH-Px

activity in the cytosolic fraction. In contrast to the above

mentioned cell compartment exposure of the cucumber

leaves to AR pH 1.8 did not change mitochondrial GSH-Px

activity. Both enzymes, c-glutamylcysteine synthetase and

glutathione synthetase, which are responsible for GSH

synthesis, are found in cytosol and plastids, but apparently

not in mitochondria (May et al. 1998). Transport of GSH

from cytosol to mitochondria is required to ensure suffi-

cient concentrations of this molecule for GSH-Px action in

this compartment. It is possible that under stress conditions

GSH is consumed by enzymatic and/or non-enzymatic

antioxidative reactions in cytosol before it is transported to
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Fig. 4 Influence of AR stress

on GSH-Px activity in the

cucumber cytosol and
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explanations, see Fig. 2

Acta Physiol Plant (2014) 36:837–848 845

123



the mitochondrial compartment. On the other hand, GSH

transport through mitochondrial membranes whose lipid

compounds undergo peroxidation may be disturbed.

Decrease in GSH concentrations may also be caused by

inhibition of the enzymes involved in GSH synthesis due to

acidification of cell sap.

The present study suggests that even the single AR

treatment caused oxidative stress-related changes in

pro- and antioxidative systems within cytosolic and

mitochondrial cell compartments in a pH-dependent

manner. The collected data point out that in compari-

son with cytosol, plant mitochondria are especially

susceptible to AR stress. It is important since they play

many crucial functions in plant metabolism, for

example, supply of ATP and carbon skeletons for the

biosynthesis of several compounds, participation in

photorespiration (van Lis and Atteia 2004 and refer-

ences therein) and programmed cell death (Jones 2000),

optimization of photosynthesis and synthesis of ascor-

bate (Bartoli et al. 2004). Further investigations on

antioxidant systems are necessary to understand various

plant defence responses. The role of the oxidative

damage as an alarm signal triggering plant defence

responses under stress conditions seems to be an

interesting topic of further investigations.
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