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1. Introduction

Plants under natural conditions are frequently exposed to combined stressors including
drought stress and desiccation, salt stress, chilling, heat shock, heavy metals, ultraviolet,
radiation, air pollutants such as ozone and SO:, mechanical stress, nutrient deprivation,
pathogen attack and high light stress [1]. A common result of most abiotic and biotic stresses
is an increased production of reactive oxygen species (ROS), which frequently result in
oxidative stress [2], [3]. The production of ROS results from pathways such as
photorespiration, from the photosynthetic apparatus and from mitochondrial respiration [1].

The reduction of molecular oxygen to HxO yields to intermediates reactive oxygen species
(superoxide anion (O2*), hydroxyl radical (OH*), hydroperoxyl radical (HO:*), hydrogen
peroxide (H20z), singlet oxygen ('O2* ), which are potentially toxic because they are relatively
reactive compared with Oz [4]. Reactive oxygen species may lead to the unspecific oxidations of
proteins, membrane lipids or DNA injury. Malonodialdehyd (MDA) content, as a product of
lipid peroxidation, has been considered as an indicator of oxidative damage in the cell
membrane, resulting in disruption of metabolic function and loss of cellular integrity [5], [6].
Many reports confirm lipid peroxidation has been associated with damages provoked by a
variety of environmental stresses [7], i.e. with salt stress [8], [9], [10] and heavy metals [11], [12].

However, there is evidence that ROS also plays important roles in the plant’s defence
system against pathogens and any pathogenic factors, mark certain development stages
such as tracheary element formations, lignification and other cross linking process in the cell
wall and act as intermediate signalling molecules to regulate the expression of genes [4].
Thus it is very important for cells to control of level of reactive oxygen species but not
eliminate them completely. Defence mechanisms against free radical-induced oxidative
stress involve: (1) preventive mechanisms, (2) repair mechanisms, (3) physical defences, and
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(4) antioxidant defences [13]. The plants defend against these ROS by the induction of
activities of certain antioxidative enzymes such as catalase (CAT), glutathione peroxidase
(GPx), glutathione reductase (GR), and superoxide dismutase (SOD), which scavenge
reactive oxygen species [14], [15].

Superoxide dismutase catalyses the reaction of dismutation of superoxide radicals: 202* +
2H* —»H202 + O2. SOD is a metaloprotein with metals Cu, Zn, Mn, and Fe as co-factor [16],
Stroinski 1999). Cu-Zn-SOD (homodimer; 31-33 kD) is present in cytosol and chloroplasts.
Mn-SOD (tetramer 90kD) was found in the matrix mitochondrium [17], [18], whilst Fe-SOD,
commonly occurring in Procaryota, was detected only in some plants [19], [18]. On the other
hand catalase catalyses the reaction: 2 H202 —2H20O + O2. This enzyme contains three
isoenzymatic forms (CAT-l, CAT-2, and CAT-3). CAT-1 and CAT-2 occur mainly in
glyoxisomes, peroxysomes, and cytosol, while CAT-3 in mitochondria and cytosol [20], [18].

Another important factor decomposing H20: is peroxidase of ascorbic acid (APOX) (m.w.
28-34 kD) which contains protoheme as a prosthetic group and 4 cysteines responsible for
sensitivity of the enzyme to compounds blocking a thiol group [21], [18]. It occurs in
chloroplasts and cytosol [22], [18], vacuole [23], [18], and in apoplasts [24], [18]. APOX, in
particular the chloroplast isoenzyme, becomes labile if the concentration of ascorbic acid
drops significantly and it decomposes under the influence of its own radical product. Under
such circumstances both monodehydroascorbate (MDHAA) and dehydroascorbate (DHAA)
are easily reduced along the Halliwell-Asada path [18], [25]. The cell defensive mechanism
also depends on small-cellular antioxidants such as glutathion (GSH), proline (Pro) or
ascorbic acid (AA) which also react with radicals generated in the oxidative-stress [18].

The origin of oxidative stress under salinity conditions is well documented in leaves, where
the inhibition of Calvin cycle results in over-reduction of oxygen and formation of
superoxides [26]. Salt stress limits also gas exchange and thereby CO:z supply to the leaf. One
consequence is the over-reduction of photosynthetic-chain electron transport. This induces
the generation of ROS [15]. Little is known about the origin of oxidative stress in roots,
although salt stress-related impairment of mitochondrial function is likely to be involved
[27]. Recent studies have revealed that salt-induced oxidative stress occurs in root
mitochondria in a wild salt-tolerant tomato species as indicated by increased concentrations
of H202 and MDA [28], [27]. It is now widely accepted that superoxide radicals produced
during respiration, in response to salt stress, are the main precursors of mitochondrial H202
and make an important contribution to the oxidative load experienced by the cell [26]. Root
mitochondrial ROS production is increased as a result of high salinity as constraints are
imposed on electron transport through mitochondrial complexes I and II [27].

Calcium as macroelement and important physiological chemical element reacts with heavy
metals and is required for various roles in plant cell [29], [30]. It is implicated in the
movement of cellular organelles such as the spindle apparatus and secretory vesicles, and
may play a key role in integrating plant cell metabolism [31], [32]. However, the
homeostasis of Ca is maintained principally by the action of extrusion proteins. The cytosol
is strongly buffered against high concentrations of calcium by numerous ranges of calcium-
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binding proteins such as calmodulins and calmodulin-binding proteins [2]. Reports showed
close interaction between intracellular H2O2 and cytosolic calcium in response to biotic and
abiotic stresses -increase in cytosolic calcium boosts the generation of H2O2. The protein
calmodulin binds to activates plant catalases in the present of calcium. It indicated a dual
function of Ca in regulating H202 homeostasis [30].

Metals are involved in the direct or indirect generation of free radicals (FR) and reactive
oxygen species in the following ways: 1. direct transfer of electron in the single electron
reduction; 2. disturbance of metabolic pathways resulting in an increase in the rate of FR
and ROS formation; 3. inactivation and down regulation of the enzymes of the antioxidative
defence system, and 4. depletion of low molecular weight of antioxidants [33].
Microelements such as Fe, Zn, Cu and Mn fulfil various roles in the metabolism of plant
organism and are necessary for the regularity of physiological processes, however the excess
and deficiency of these elements leads also to disturbance of ionic homeostasis [34]. Fe, Mn,
Cu, and Zn as transition metals have frequently unpaired electrons and they are, therefore,
very good catalysts of oxygen reduction. In aqueous solutions at neutral pH, O2* can
generate H202, which can subsequently decompose to produce *OH by the Haber-Weiss
reaction in which Cu and Fe being involved: O2* + H202 — O2 + OH-+ *OH. When iron is the
transition metal in the Haber-Weiss reaction, it is called the Fenton reaction [35], [33].

Toxic heavy metals Cd an Pb are considered as not essential metals for plant metabolism
and stimulate formation of free radicals and reactive oxygen species [36], [37], [38]. The ROS
formation by toxic metals is indirectly rather than directly [39]. The toxicity of Cd may result
from its binding to sulthydryl groups (S-H) of proteins leading to inhibition of activity and
disruption of structure, due to perturbations in the nutrient balance and disturbance of
cellular redox control 40]. Due to a Cd inhibitory effect on the Calvin cycle, there is a
decrease in NADPH utilization, resulting in the one-electron reduction of a large number of
oxygen molecules on the reducing side of PSI [39]. The reports of [41], [42], [43], [44], [45],
[46], [47], and [48] have concluded that an oxidative stress could be involved in Cd toxicity,
by either inducing oxygen free radical production, or by decreasing enzymatic and non-
enzymatic antioxidants.

The subject of numerous studies for at least the past four decades has been physiological
responses of plants for salinity and heavy metals in the controlled laboratory conditions.
However, many of these determinations are concentrated to one type of pollutant, whilst
plants in the natural conditions are subjected to many stressful differentiated
ecophysiological sources and factors. Therefore there still remains a need for research on the
interdependencies of plants with multiple biotic and abiotic factors in their natural habitats,
their adaptation mechanisms and responses. The aim of this paper was thus to investigate
the enzymatic antioxidant mechanisms and responses in plants subjected to destabilization
of chemical elements management in the natural conditions. We thus studied antioxidant
enzymes SOD, CAT, and APOX, and the content of malondialdehyde (MDA) variations in
different ecological groups of glycophytes Creeping thistle Cirisium arvense, Common nettle
Urtica dioica, Yarrow Achillea millefolium, and Burdock Arctium lappa in various types of
environments: salted and alkaline anthropogenic environments, agricultural environments
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and also pollution free environments of the Pomeranian region of Poland. We also
investigated the halophyte Common glasswort Salicornia europaea from only salted
environments. Simultaneously, we examined the levels of chemical elements Na, Ca, Fe, Zn,
Cu, Mn, Cd, and Pb in roots and green parts of plants as probably the factor generated
reactive oxidant species and thus activated enzymatic antioxidant mechanisms. We compare
environmental and ecophysiological determinations of plant groups under salinity and
acidity and their adaptation strategies. These studies were planned in order to understand
whether the consideration of particular relationships between destabilization of free radicals
homeostasis are connected with the excess of Na and Ca and pro-antioxidant balance.

2. Study area

The study area is situated in the Pomeranian Kujawy region (52-53°N, 18-20°E, central
Poland) connected with Permian rock-salt uplifted in the form of salted domes and
associated salt springs and saline ground waters, which had influence on the
development of a sodium industry in districts of Janikowo and Inowroctaw and non-
polluted and industrialized area of the Tuchola Forestry complex (54-53°N and 17°30’-
18°30" E); Fig. 1.
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Figure 1. Study area. Environments: C — control, AGRE - agricultural, WE — wetlands, AE —
anthropogenic, SM — sodium manufactures (http://www.maps.google.pl/kujawsko-pomorskie,
modified).

The mainly human management caused secondary salinity and consequently alkalization of
Kujawy areas as a result of inappropriate tightening of sediment traps causing wastes to
infiltrate into the soil and grassland irrigation. Our research was done in selected habitats
with a variety of anthropogenic disturb: 1) “Sodium manufactures” (SM) - Inowroctaw and
Janikowo district, closely by sodium factories; 2) “Anthropogenic” (AE) waste dumping
sites near Giebnia and neighboured polluted areas; 3) “Wetlands” (WE) floodplains near
Note¢ Channel and Pakoskie Lakeland; 4) “Agriculture” (AGRE) — agriculture areas near
Borkowo and 5) “Control” —in Tuchola Forestry named “Bory Tucholskie” (see Fig. 1).

3. Material and methods

Field studies were carried out in 2008-2010 during summer (May-June-July). Plant species
were estimated on the basis of the work by [49] and were divided onto glycophytes -
Creeping thistle Cirisium arvense, Common nettle Urtica dioica, Yarrow Achillea millefolium,
Burdock Arctium lappa and obligatory halophyte: Common glasswort Salicornia europea.
Common glasswort appears only in salted habitats and is known as succulent [50]. It is one
of the most saline tolerant plants in general and is capable to grow under highly saline
conditions in the lowest part of salt marshes [51], [52]. Samples of roots and green parts of
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plants: leaves from glycophytes (No of samples N=220), and shoots of Common glasswort
Salicornia europea (No of samples N=150), and samples of soils (No of samples N=300) from
rhizosphera were collected from all studied environments (glycophytes) and only from
anthropogenic salted areas (halophytes), because of their natural distribution.

Samples of soil were air-dried to a constant mass up to 65°C, homogenized and sieved
through 1 mm mesh. The electrolythical conductivity (expressed as mS or uS) of soil (Ec)
was measured by conductivity meter (Elmetron CC-401). Instead the soil acidity (pH) was
determined in bidistilled water at soil solution ratio of 1:2.5 with a potentiometric glass
electrode by used pH-meter (Elmetron C-501).

Samples were collected from randomly selected plants at midday, and were kept cool in
freezer bags for transfer to the laboratory. Green parts samples were then washed three
times with deionized water; roots were gently separated from soils, then abundantly
washed with tap water to eliminate soil particles, and also rinsed three times with deionized
water. Root and washed shoot samples were divided into two parts. One was immediately
stocked at —80°C until further biochemical analysis, while a second was cut into small pieces
and dried in oven for 24 h [53], [54]. Mineralized samples of soil and plants were analyzed
for Na, Ca, Fe, Zn, Cu, Mn, Cr, Ni, Cd, and Pb using inductively coupled plasma mass
spectrometry ICP-MS (AGILENT 7500 CE; plasma ICP-MS spectrophotometer from Agilent
Technologies Inc. (Palo Alto, CA, USA). The results were interpreted comparatively with
standard well-known concentration, i.e. in relation to the analysis of reference materials.
Parallel measurements were taken in the blind trials. The results were given in mg*kg! of
dry weight.

To determine the levels of superoxide dismutase (SOD) and catalase (CAT) roots and
green parts of plants (1g) were homogenized in a 0.05 M phosphate buffer (pH 7.0)
containing ImM EDTA (3 ml). During homogenization polyvinyl-pyrrolidone (PVP) (0.25
g) was added (modified by [40]). The homogenate was centrifugated twice for 10 min first
at 10 000 x g and second at 20 000x g. For ascorbate peroxidase (APOX) assay the roots
and green parts (1g) were homogenized according to [54], i.e. by adding 0.05 M phosphate
buffer (pH 7.5) containing 1 mM EDTA, 1 mM sodium ascorbate, 1 mM DTT and 4.0%
(w/v) polyvinyl-pyrrolidone (PVP), 1 mM EDTA (5 ml). The homogenate was
centrifugated at 15 000x g for 20 min. Sodium ascorbate was added only in case of green
parts. All assays were conducted at 4" C. The protein content in the supernatant was
measured according to [55].The activity of all enzymes was expressed in units of mg! of
protein.

The activity of SOD was assayed by measuring its ability to inhibit the photochemical
reduction of NBT, adopting the method of [56]. The reaction mixture consist of 50 mM
phosphate buffer (pH 7.8) containing 0.1 mM EDTA, 120 uM riboflavine, 97.5 mM
methionine, 2.25 mM NBT. After the addition of plant homogenate switching on a UV
lamp for one minute the start of reaction is begin. The absorbance at 560 nm of wave length
was measured. Fifty percent reduction in color was considered as one unit of enzyme
activity.
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The activity of CAT was assayed according [57], [58] in reaction solution (3 ml) composed of
0.1 M phosphate buffer (pH 7.0) to which 30% (w/v) H202 was added until reaching an
absorbance at 240 nm between 0.520 and 0.550. The reaction was initiated by the addition of
10 pl of plant extract and the activity of CAT was monitored by the decreasing absorbance at
240 nm at for 2 min. One unit of enzyme was the amount necessary to decompose 1 pmol of
H202 per min at 25°C (extinction coefficient 43.6 M"*cm™).

The activity of APOX was measured according method of [59]. The soluble protein extract
(25 pl) was added to 1.975 ml reaction mixture of 0.05 M phosphate buffer (pH 7.0), 0.5 mM
sodium ascorbate, 0.1 mM H20:2 and the decrease absorbance of ascorbate at 290 nm for 2
min was used to calculate APOX activity. Enzyme activity was expressed in enzyme unit of
mg! protein. One unit of enzyme was the amount necessary to decompose 1 umol of
substrate per min at 25°C (extinction coefficient 2.8 mM"*cm).

The intensity of lipid peroxidation was estimated following the method by [60].
Approximately 0.5 g of frozen plant tissue samples was cut into small pieces, homogenized
with 2.5 ml of 5% trichloroacetic acid, and then centrifuged at 10000 g for 15 min. at room
temperature. The equal volumes of supernatant and 0,5% thiobarbituric acid in 20%
trichloroacetic acid were added in a new tube and incubated in 96°C for 25 minutes and
then quickly cooled in an ice bath. After centrifugation at 8 000 g for 5 min, the absorbance
of supernatant was recorded at 532 and 600 nm. The value for non-specific absorption at 600
nm was subtracted. The concentration of MDA was calculated using coefficient of
absorbance 155 mM-1 cm-1 and was expressed as pumol g FW.

3.1. Statistical analysis

Arithmetic means and descriptive statistics of activation of antioxidant enzymes: SOD,
CAT, APOX and concentrations of Na, Ca, Fe, Zn, Cu, Mn, Pb, and Cd in roots and green
parts of plants were calculated. We also calculated arithmetic mean of concentrations of
the same elements in soils from root zone of plants. The data did not show normal
distribution, so non parametric tests were used. We used ANOVA Kruskal-Wallis test,
followed by multiple Kruskal-Wallis comparison and U-Mann-Whitney test to estimate
the significance of differences in the activation of antioxidant enzymes and
concentrations of elements in roots and green parts from different environments,
between organs and also groups of plants from the same environments (significance
level at p<0.05), and also the differences between concentrations of metals in soil in
particular environments. The dependence of activity of antioxidant enzymes and
concentrations of elements in the roots and green parts of plants from different
environments were calculated by correlation coefficient (r) according to the ranks of
Spearman test (significance level at p<0.05) [61].

This work required permits from General and Regional Nature Conservation Dpts. These
were obtained and had the following respective numbers: DOPozgiz-4211/1-14/995/09/ep,
RDOS.PN.6631/2/08/KLD, and RDOS.04.PN.6631/37/09/KLD.
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4, Results

4.1. Soil parameters

As shown in Table 1, the soils at Kujawy region were in the various degree of alkalinity
(sodium manufactures; strong alkaline), anthropogenic environments, wetlands, agriculture
environment (moderate alkaline), whilst pH of soils from control was acid. The electrical
conductivity of soils was higher in sodium manufactures and anthropogenic environments
than in control (Table 1).

As soils collected in SM and AE environments mainly consisted of tailings from nearby
sodium factory and AGRE environment near field used agriculturally, heavy metal contents
in the sample of soils were high and varied greatly in comparison with control and
wetlands. The concentration of Na, Ca, Fe, Zn, Cu, and Mn were higher in soils at disturbed
than control environments but in case of the same elements also from wetlands. However,
concentration of toxic metals Pb, and Cd were higher in Tuchola Forestry than in Wetlands
and did not differ with concentrations in soils from remaining environments (Table 1).

4.2. Chemical elements in roots and green parts of glycophytes and Common
glasswort Salicornia europaea

4.2.1. Glycophytes

We found lower concentrations of Na, Ca, Fe, Cu, and Pb in roots in control in compare with
environments in Kujawy region in opposite to level of Zn (higher in control than in agricultural
and did not differ in the remaining environments). Similar to Zn concentration, Cd level was
also higher in non-polluted environment (control) in comparison with factory disturbed sodium
manufactures and anthropogenic (Table 2). Simultaneously, sodium level in glycophytes from
anthropogenic environments was higher than in those from remaining areas.

Concentrations of Fe and Zn were lower in leaves from control but only in comparison with
wetlands. Simultaneously, Pb level was lower in control areas than in wetlands and
agriculture fields. It is interesting that the level of Cd, in opposite to Pb, was higher in the
unpolluted environment (C) compared with all environments studied in Kujawy region,
except anthropogenic areas. Similar concentration of Mn was also higher in the control (C)
as compared with industrial disturbed SM and AE and also wetlands (Table 2). We did not
find significant differences in the concentrations of Mn in roots and the level of Ca, and Cu
in leaves among investigated environments (Table 2).

4.2.2. Common glasswort Salicornia europaea

We found only higher concentrations of Na in roots and Mn in leaves from anhropogenic
than from sodium manufactures. Simultaneously, the roots and green parts of plants had
higher concentrations of Pb in sodium manufactures than in the anthropogenic.
Concentrations of Ca, Fe, Zn, Cu and Cd did not differ between both organs and amongst
environments studied (Table 3).



43

Enzymatic Antioxidant Responses of Plants in Saline Anthropogenic Environments

HM<D 6100 S4'TT 8500  ¥I'0 1000 600  S20'0 900 860°0 910 ¥20°0 €10 PD
DAV>HM 0000 TE0E  6V8°c  €T€T /840  ¥9'€l  ¥I¥e  S6'8 €906 0T'6S LTTO1 8441 ad
HIDOV>AMD T00°0 ¢#'6T  ¢80°86 SL°8CT  864°8T  1€48C #€S°0Z4 9¥'8ST  STe’sh  <S0'0ce 820’ce  €8°00¢ U
HIOV AV >AM HIDVAVINS>D 0000 €8°e€ 0280 06T  S80°0 126  89¢T  €€c  ¥P91T  8T0C 81¢’S 648 npy
TIOV>AM ‘AV>HM D 0000 60 0SFZ  CF41 10CT  T1TIE Z81'S S9F1  6999%  T8TL 606C€ 64TV uyz
HY>HM ‘HIDV ‘HV>D 000°0 ¥6°8C 641°CLT 08'SE0C 8€€ICC FI'TICL 891'8HHT 9€'GS6Y TSETLTT 6S°TIE6  LTTIPST ¥1'¥eLS ek |
HV>HM ‘HIDV AV ‘TNS>D 000°0 6€°6C 614FS8T 08°TTIT 96£96EF 60°T692E 0T89SFE £8°CLS LL1°ZSESE 91°TSS0F L10°L9TH0T €4°8LLES €D
HV>HM D 1000 £9°6T  €6S°CV  £4'1S  T8TF 0049 L60°cc TOTS 16CCIv  FO'ISF  €99°cc8  181C8 eN
4V ‘INS>D 9000 0€F1T 0860  I€T  ¥S€0 ST 9ST'T 891 ¥05°8 6g’z GT9'st  06°ce od
HM AV ‘INS>D 000°0 99'F¢  8IST  00°S  ¥IT0 €87  I8T0  ¥8 6050 6’8 €121 828 Hd

as uedy as uedp as uedy as ued das uedN

(SZ=N) (0S=N) (8=N) (SS=N) (S€=N)

d H o) HIOV am av NS

Table 1. Soil characteristics of sodium manufacture (SM), anthropogenic environments (AE), wetlands

(WE), agricultural environments (AGRE) and control (C); mean + SD. Significant differences in the
concentrations of Na, Ca, Fe, Zn, Cu, Mn, Pb, and Cd in soil among environments (p<0.05).
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Table 2. Elements concentrations, activity of antioxidant enzymes, and degree of lipoperoxidation in
organs of populations of glycophytes in sodium manufacture (SM), anthropogenic environments (AE),

wetlands (WE), agricultural environments (AGRE) and control (C); mean + SD. Significant differences

among environments (p<0.05).
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SM (N=70) AE (N=80)
Mean SD Mean SD Z p

roots

SOD 152,34 207,76 127,13 104,47 0,00 1,000
CAT 0,25 0,30 0,17 0,14 0,03 0,975
APOX 81,59 42,20 98,08 77,09 -0,03 0,975
MDA 519 1,73 5,08 091 -0,10 0,922
Na 10266,67 6637,63 18772,32 7713,88 -2,14 0,032
Ca 6112,00 5671,56 3900,34 1462,37 -0,09 0,926
Fe 467,42 391,22 470,88 274,67 -0,59 0,555
Zn 19,49 13,36 17,39 7,22 0,28 0,780
Cu 5,80 5,09 6,33 3,01 0,28 0,780
Mn 30,46 19,87 24,72 7,81 0,96 0,335
Pb 2,64 1,71 1,01 0,29 3,13 0,002
Cd 0,16 0,24 0,14 0,09 -0,84 0,401
green parts

SOD 110,04 100,51 171,65 146,89 -1,93 0,053
CAT 0,39 0,32 0,15 0,14 1,88 0,061
APOX 34,44 34,77 21,68 17,38 0,55 0,583
MDA 2,48 0,69 4,04 0,98 -3,64 0,000
Na 44235,06 32261,31 49327,20 22546,83 -0,78 0,436
Ca 22766,03 20946,63 25326,90 12844,86 -049 0,624
Fe 378,85 482,21 239,69 159,86 -0,38 0,707
Zn 19,98 10,44 13,38 6,51 1,82 0,069
Cu 8,25 18,29 4,07 1,62 -0,89 0,371
Mn 36,92 36,70 127,42 84,06 -3,20 0,001
Pb 1,32 0,55 0,27 0,08 4,13 0,000
Cd 0,20 0,29 0,20 0,18 -049 0,624

Table 3. Elements concentrations, activity of antioxidant enzymes, and degree of lipoperoxidation in
the organs of populations of Common glasswort Salicornia europaea in sodium manufacture (SM), and
anthropogenic environments (AE); mean + SD. Significant differences among environments at p<0.05.

4.3. Antioxidant enzymes activity and lipoperoxidation

Our results indicated significant differences only in the activity of SOD (glycophytes) in both
organs. SOD activity was higher in roots from agricultural environments comparatively with
sodium manufactures and wetlands. Simultaneously, SOD activity was lower in leaves from
wetlands in comparison with remaining environments. We also found lower MDA content in
roots from agricultural environments than from remaining examined areas. Instead the
highest degree of lipid peroxidation was in the green parts of plants from anthropogenic
environments (Table 2). We did not found differences in the biochemical parameters in
organs of Common glasswort Salicornia europaea except of MDA content in the green parts of
plants (higher level in the AE than in the SM) from different environments (Tables 4, 5).
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4.4. The impact of metals on the antioxidant enzymes activity in roots and leaves
of plants

Spearman coefficient analyses were performed with concentrations of each of the metals
studied in roots and green parts of glycophytes and Common glasswort Salicornia europaea
versus the activity of antioxidant enzymes and degree of lipoperoxidation. The activity of
enzymes was also correlated with MDA content. However, these relationships were
depending on the type of environment (Tables 4-6).

4.4.1. Glycophytes

We found more relationships between activity of antioxidant enzymes and metals in the
green parts than in roots, depending on the type of environment. However, concentrations
of Na (SM), Fe (AE, WE), Cu (SM, AE, WE, C) and Pb (AE) were positively correlated with
SOD activity. Instead, CAT activity had also positive relationships with Na, Cu (AE) and
Zn, Mn (C). Simultaneously, the activity of another enzyme, APOX, was positively related
with level of Na (SM, AGRE), Zn, and Mn (AE) and negatively — with Cu (C), and Cd
(AGRE, C).

Our results indicated positive correlations of SOD activity with concentrations of Zn (SM,
AGRE), Cu (SM) and Cd (SM, WE, AGRE) but also negative with Mn (AGRE, C) and Pb
(AGRE). Concentrations of Na were also related with SOD activity, but were positive (AE)
or negative (C). We found negative relationships between CAT activity and concentrations
of Ca (WE), Fe (SM, WE, AGRE), Mn (SM), and Pb (WE, AGRE) but also positive with Zn
(AGRE). The level of Cu was positive related with activity of CAT in the leaves of plants
from sodium manufactures but also negative in the leaves from anthropogenic areas. APOX
activity was positively correlated with Ca concentrations in the leaves of plants from all
environments and with Fe in the leaves collected at wetland and agriculture environments.
However, the activity of this enzyme was negatively related with Na, Zn (C) and Cd (SM,
AE, C). Concentrations of Cu had both positive (WE) and negative (AE) relationships with
APOX in the leaves.

We found positive relations between concentrations of Na (AE), Cu, (AE, C), Pb (WE) and
Cd (WE, C) and degree of lipoperoxidation processes in roots. However, we also found
correlations between Na, Zn, Mn, and Cd but in the control environment (Na), AE, WE (Ca),
AE (Zn, Cd), and SM (Mn). It should be emphasized that we did not state relation between
concentrations of Na, and also Mn, and Pb and MDA content in the leaves. Concentrations
of Ca were positively correlated with level of MDA (AE, WE) in the green parts in opposite
to metals — Zn and Cd (AE, AGRE). Iron and copper stimulated lipoperoxidation (Fe in
AGRE, Cu in WE) and was mutually negatively correlated (SM, SM, C) with content of
MDA but it depend on the type of environment (Tables 4, 5, Figs. 2, 3). MDA content was
positively correlated with CAT activity in roots (AE, AGRE) and APOX in leaves (AE, WE,
AGRE). On the other hand, we found negative relations between MDA and the activity of
APOX in roots (AE) and SOD, and CAT in leaves (AGRE); Table 4.



Enzymatic Antioxidant Responses of Plants in Saline Anthropogenic Environments
SM (N=34) AE (N=49) WE (N=72) AGRE (N=34) C (N=31)
relations R p  relations R p relations R p relations R p relations R p
roots
SOD & Cu 0,43 0,011 SOD & Fe 0,46 0,001 SOD & Fe 0,29 0,015 APOX & Cu -0,37 0,031 SOD & Cu 0,364 0,044
SOD & Na 0,61 0,000 SOD & Cu 0,59 0,000 SOD & Cu 0,42 0,000 APOX & Cd -0,51 0,002 APOX & Cu -0,565 0,001
APX & Na 0,36 0,036 SOD & Pb 0,34 0,016 MDA & Cu 0,37 0,001 APOX & Na 0,61 0,000 APOX & Cd -0,360 0,040
MDA & Mn -0,35 0,040 APX & Mn 0,32 0,024 MDA & Cd 0,39 0,001 CAT & MDA 0,63 0,000 CAT & Mn 0,421 0,040
APX & Zn 0,32 0,025 MDA & Pb 0,33 0,005 CAT & Zn 0,528 0,040
CAT & Cu 0,43 0,002 MDA & Na 0,32 0,006 MDA & Cu 0,498 0,040
CAT & Na 0,34 0,018 MDA & Ca -0,27 0,021 MDA & Cd 0,720 0,040
MDA & Cu 0,35 0,014 MDA & Na -0,510 0,040
MDA & Zn -0,43 0,002
MDA & Cd -0,32 0,023
MDA & Na 0,49 0,000
MDA & Ca -0,41 0,003
APOX & MDA -0,51 0,000
CAT & MDA 0,55 0,000
green parts
SOD & Cu 0,34 0,047 SOD & Na 0,35 0,013 SOD & Cd 0,42 0,000 SOD & Mn -0,41 0,017 SOD & Mn  -0,521 0,003
SOD & Zn 0,38 0,025 APOX & Cd  -0,45 0,001 APOX & Fe 0,34 0,003 SOD & Zn 0,60 0,000 SOD & Na 0,411 0,022
SOD & Cd 0,35 0,044 APOX & Ca 0,59 0,000 APOX & Cu 0,29 0,014 SOD & Cd 0,57 0,000 APOX & Zn -0,473 0,007
APOX & Cd -0,36 0,036 CAT & Cu -0,35 0,012 APOX & Ca 0,31 0,008 SOD & Pb -0,48 0,004 APOX & Cd -0,649 0,000
APOX & Ca 0,41 0,017 MDA & Zn -0,43 0,002 CAT & Fe -0,33 0,004 APOX & Fe 0,39 0,024 APOX & Na -0,367 0,043
CAT &Mn  -0,50 0,002 MDA & Cd -0,43 0,002 CAT & Pb -0,31 0,007 APOX & Ca 0,38 0,029 APOX & Ca 0,545 0,002
CAT & Fe -0,40 0,020 MDA & Ca 0,50 0,000 CAT & Ca -0,23 0,049 cat & Fe -0,47 0,005 MDA & Cu  -0,628 0,000
CAT & Cu 0,38 0,028 APOX & MDA 0,54 0,000 MDA & Cu 0,24 0,040 CAT & Zn 0,50 0,002 MDA & Zn  -0,378 0,036
MDA & Fe  -0,46 0,006 MDA & Ca 0,40 0,000 MDA & Mn 0,34 0,048
MDA & Cu -0,60 0,000 APOX & MDA 0,42 0,000 MDA & Fe 0,59 0,000
MDA & Zn -0,52 0,002
MDA & Cd -0,61 0,000
MDA & Cd -0,61 0,000
SOD & MDA -0,49 0,003
APOX & MDA 0,51 0,002
CAT & MDA  -0,63 0,000

Table 4. Concentration of element-activity of enzyme, content of MDA interactions and content of
MDA-activity of enzyme interaction related changes of elements level and antioxidant enzymes
activity, the level of lipoperoxidation in roots and green parts of glycophytes in different environments.

SM (N=70) AE (N=80)

Relations R p relations R p
Roots

SOD & Fe 0,66 0,036 CAT & Fe -0,77 0,002
SOD & Cu 0,64 0,046 CAT & Cu -0,76 0,003
SOD & Zn 0,74 0,015 CAT & Zn -0,62 0,023
APOX & Cd -0,82 0,004 CAT & Cd -0,67 0,012
APOX & MDA -0,64 0,048 CAT & Na -0,71 0,006
green parts

SOD & Zn 0,65 0,023 ns

SOD & Cd 0,82 0,001

APOX & Fe 0,59 0,044

APOX & Cu 0,65 0,023

APOX & Cd 0,79 0,002

APOX & Ca 0,60 0,041

CAT & Pb 0,60 0,039

Table 5. Concentration of element-activity of enzyme, content of MDA interactions and content of MDA~
activity of enzyme interactions related changes of elements level and antioxidant enzymes activity, level of

lipoperoxidation in roots and green parts of Common glasswort Salicornia europaea in different environments.
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Figure 2. Interrelationships between SOD activity and the concentration of Cu, and Na (mg*kg) in
roots of glycophytes from sodium manufacture.
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Figure 3. Interrelationships between APOX activity and the concentration of Ca, and Cd in (mg*kg?)
the green parts of glycophytes from anthropogenic environment.
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4.4.2. Common glasswort Salicornia europaea

Our results indicated relationships between activity of antioxidant enzymes and
concentrations of metals in roots of plants in both environments and only in shoots from
sodium manufactures. Concentrations of Fe, Cu, and Cd were positively related with SOD
activity in the roots of plants from sodium manufactures in opposite to activity of CAT in
roots of plants from anthropogenic areas. However, Na and Cd concentrations were also
negatively correlated with CAT activity in shoots of plants from anthropogenic
environments. We also found negative relations between concentrations of Cd and APOX
activity in roots of plants from sodium manufactures. On the other hand, the activity of
antioxidant enzymes was positively correlated with concentrations of Zn, Cd (SOD), Pb
(CAT), Ca, Fe, Cu, and Cd (APOX) in shoots of plants. We did not find relations between
MDA content and chemical elements concentration in both studied organs of Common
glasswort Salicornia europaea (Tables 4, 5, Figs. 4, 5). However, we found negative relations
between MDA content and APOX activity in the roots of plants from sodium

manufactures.
Cu R = 8.3822-15 4595%x-0 5462%x"2
RZ=0 8476
Zn R = 23.6814-25 0323%x-44 504372
R2=0 8028
10 . 26
5 24
22
a8k
20
7 L
18
6 16
5 14
4 F 12
10
3 F
8
ok
6
1 4
0 2w g
000 005 010 015 020 025 030 035 040 045 050 ., Cu[mgkg]

\E\ Zn [mg/kg]

CAT [U/mg]

Figure 4. Interrelationships between CAT activity and the concentration of Cu, and Zn in roots (mg*kg1)
of Common glasswort Salicornia europaea from anthropogenic environment.
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Figure 5. Interrelationships between Cd concentration (mg*kg) and SOD, and APOX (U/mg) activity
in the green parts of Common glasswort Salicornia europaea from sodium manufacture.

4.5. Differences between glycophytes and Common glasswort Salicornia
europaea in their natural environments

We found significant higher activity of APOX in roots of glycophytes than in Common
glasswort Salicornia europaea from both examined environments (SM, AE) in opposite to
green parts. CAT activity was similarly higher in the green parts of glycophytes than in the
halophyte (Common glasswort Salicornia europaea) but only in the anthropogenic
environments. Instead, the level of MDA was higher in the glycophytes except green parts
in the anthropogenic areas. Common glasswort Salicornia europea cumulated more sodium in
both organs in all environments studied and also had higher level of Zn, Cu, Mn, and Cd in
the green parts from AE than glycophytes. However, Cu and Pb concentrations were also
higher in the green parts of this halophyte in sodium manufactures. On the other hand,
glycophytes accumulated more calcium in roots from both environments, and more copper
in roots from sodium manufactures and also Pb in both organs from anthropogenic
environments than Common glasswort Salicornia europaea. The differences between Fe
concentration and SOD activity in the organs of examined plants from two various
environments did not differ (Table 6).
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SM AE SM AE

roots green parts

z p V4 P zZ p z p
SOD ns ns ns ns
CAT ns ns ns -2,02 *
APX 3,23 ** 3,54 iy -2,14 * -2,06 *
MDA -3,25 ** -4,00 i -5,20 e -5,82 i
Na 4,19 o 5,24 i 5,09 o 5,32 o
Ca -2,53 * -3,86 o ns ns
Fe ns ns ns ns
n ns ns ns -3,66 wEE
Cu -2,53 * ns -2,51 * -3,53 e
Mn ns ns ns 3,86 xR
Pb ns -3,10 o 3,01 o -5,00 e
Cd ns 0,14 ns 2,22 i

Table 6. Differences among biochemical parameters: activity of enzymes (SOD, CAT, APOX), content
of MDA, concentrations of elements between root and green part of glycophytes and Common
glasswort Salicornia europaea from different environments (p<0.005).

4.6. Differences between enzymes activity, lipoperoxidation and concentrations
of elements in plants

We noted higher activity of SOD and APOX in the green parts of glycophytes from sodium
manufactures. However MDA level was significantly higher only in green parts of
glycophytes than in roots from AE and AGRE. On the other hand, APOX activity in shoots
of Common glasswort Salicornia europaea was lower, similarly to MDA level of these plants
from SM, but the intensity of lipoperoxidation was significantly higher in roots also at AE.
Concentrations of Na were higher in roots of glycophytes in opposite to halophyte.
Simultaneously, Ca concentrations were higher in leaves of both glycophytes and Common
glasswort in opposite to level of Fe, which was rather cumulated in roots (not significant at
SM in Common glasswort Salicornia europea). Simultaneously, Zn was found in higher
concentrations only in glycophytes but in non salted environments (WE, AGRE, C). Cu and
Mn were rather mobile metals but we found significant higher Cu concentrations in roots of
glycophytes (SM) and — for both elements — in roots of Common glasswort (AE). Lead, as
toxic metal was accumulated in roots of plants. Glycophytes also accumulated Cd in roots
but it is interesting that we did not find the differences among organs in plants from control
environments. Instead, concentrations of Cd were not differs amongst organs of Common
glasswort Salicornia europea from both environments (Table 7).
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glycophytes Common glasswort

SM AE WE AGRE C SM AE
SOD -1,98 * ns ns ns ns ns ns
CAT ns ns ns ns ns ns ns
APX 246 * ns ns ns ns 2,67 * 3,78 o
MDA ns -3,26 **  ns -4,02 % ns 3,73 ®x 2,38 *
Na 561  *** 3,091 ** 641 6,38 *¥** 455 313 #2275 **
Ca 259 ** 5492 ¥ 779 ** 501 #E 514 214 % -4,22 g
Fe 517  *** 5,372 *** 586  *** 463 #** 301 ** ns 2,09 ¥
/n ns ns 425 ** 494 #bE D25 * ns ns
Cu 305 ** ns ns ns ns ns 2,26 i
Mn ns ns ns ns ns ns -4,16 ook
Pb 583  *** 5,642 426 0 239 * 3,63 227 * 4,22 i
Cd 515  *** 4,860 ¥ 437 372 *** ns ns ns

Table 7. Differences among the content of biochemical parameters: MDA, proline and concentration of
elements in organs of plant groups from the same environment (p<0.005).

5. Discussion and conclusions

The presence of a sodium factory and industrialization of Kujawy region affected the
salinity, alkalinity and higher content of Na, Ca but also Fe, Cu, and Zn in the environments
of this region, especially neighbored with sodium manufactures and waste dumping sites.
On the other hand, higher concentration of microelements in the agricultural environments
than in controls was probably reflected the use of fertilizers in the agricultural practices. It
should be emphasized that we did not find differences in the concentration of toxic elements
(Pb, Cd) in plants and soils between control and disturbed environments (SM, AE); Table 1.
However, concentration of chemical elements studied in plants differed among
environments but relations were not directly similar to those occurred in soils (Tables 2, 3).
It probably depends on the environmental conditions. We should consider that
bioavailability of chemical elements by plant is affected by numerous basal environmental
characteristics of soil: pH, red-ox potential, salinity, the content of organic matter, etc. [62],
[63]. Simultaneously, different factors than edaphic conditions of soils, i.e. seasonal
physiology, the condition of plants, species-species capacities for uptake, translocation and
compartmentalization, may contribute to the differential bioaccumulation of elements [64].
The roots of glycophytes accumulated about 3 fold higher concentrations of Na than
collected at control environments, whilst green parts of plants — even 17 fold higher (Table
2). We can thus conclude that at sodium manufactures, especially anthropogenic excess of
sodium affects ionic balance and primarily impacts upon metabolic processes [65]. Instead,
calcium concentration in the organs of plants do not exceed average concentrations
recommended by [66]; 0.2-5% d.w. However, the higher Ca concentrations, especially in
salted environments, could be related with higher level of this element in these
environments. On the other hand, increased intake of calcium could be connected with
excess of sodium and mobilization of defence mechanisms [67]. Simultaneously, our results
indicated that concentration of Zn and Cu in roots and leaves of examined plants do not
exceed the phytotoxic range recommended by [68] and [69], i.e., 100-400 mg*kg!; 30 mg*kg,
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respectively). Similar level of Pb, and Cd in plant’s organs in our study was below ranges of
30-300 mg*kg!, and 5-30 mg*kg!, respectively, considered by [68] as phyototoxic. However,
iron and manganese concentration in the range of 40-500 mg*kg' and 50-500 mg*kg!,
respectively, according to [70] are found as toxic for plants, so our result indicate that Fe
level is high in both organs of plants, but high concentrations of Mn in roots and green parts
of glycophytes was connected with environmental factors.

Stressful factors (acidity, salinity, toxic heavy metals) adversely affects the associated
ecological balance and increases the level of free radicals and reactive oxygen species (ROS),
which is related with changes in activities of antioxidant enzymes [71], [72], [73]. Most
studies show that the higher activities of these enzymes were positively correlated with
plant stress-resistance [74], [6], [73]. However, the changes of enzyme activities also depend
on plant genotypes and stress intensity [74], [75].

Based on the results obtained by us, we can conclude that physiological activity of
important antioxidant enzymes can maintain oxidative homeostasis and also reduce the
membrane damages in the plant organism (mainly by lipoperoxidation). Moreover, SOD,
CAT, and APOX is related with concentration of examined elements (Na, Ca, Fe, Zn. Cu,
Mn, Pb, Cd), depending on the status of the environment. These relations were positive and
negative, and they depend on the ecological group of plants, the type of organ and on stress
intensity (various degree of anthropogenic impact). Glycophytes studied by us were
subjected on many stressors at disturbed environments in Kujawy region. These plant
species strive to maintain their oxidative homeostasis and develop efficient antioxidative
responses. Thus we found positive relationships between sodium concentrations and the
content of MDA as indicator of oxidant injury, but also between CAT activity in roots of
plants from anthropogenic environments, and also similar between calcium concentrations
and the level of lipoperoxidation and APOX in green parts of plants from anthropogenic
and wetland environments. Copper concentration was also related with APOX activity and
MDA level in the wetlands. Instead, Fe was correlated with MDA and APOX in the
agricultural areas (Table 4). We can thus concluded that Na, Ca, Cu and also Fe stimulated
lipoperoxidation processes but also mobilization antioxidant mechanisms of glycophytes in
Kujawy region. Furthermore, negative relation of Cd with APOX in both organs from
controls and also positive correlations with degree of lipoperoxidation in roots (Table 4)
indicate that discrimination of one of important enzymes involved in antioxidant
mechanism and impact on ROS generation. Similar to Cd, also Cu stimulated higher level of
MDA and negatively affect the activity of APOX in opposite to activity of SOD in roots of
glycophytes in control sites (Table 4). In the organs of Common glasswort Salicornia europea
we did not find these relations (Table 5). Reports of [8], [76], and [6] showed correlations
between stress level and MDA content. Moreover, lipid peroxidation and H20:2 levels, and
also SOD, CAT, APOX and GR activities increased in pea roots and leaves under Cd stress
[77], whilst APOX and CAT decreased at high Cd concentrations [78]. Also [47] reported
that Cd-induced oxidative stress in Arabidopsis is due to H202 accumulation.

It should be emphasized that we found more correlations between concentrations of
chemical elements and studied biochemical parameters (Tables 4, 5), which indicate the
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complexity of antioxidative processes and simultaneously the participation of chemical
elements in stimulation and modification of lipoperoxidation processes and SOD, CAT or
APOX activities. Simultaneously, the same elements could impact upon the activation of
many oxidative pathways in organs of glycophytes (Fig. 5) and it depends on the
environmental conditions. In disturbed sodium manufactures the level of Na stimulated
activity of SOD and APOX, but in the other environments it stimulated the activity of CAT.
Similarly, copper concentration is positively correlated with CAT in roots but negatively in
the green parts of plants from anthropogenic environments. Furthermore, Na and Ca
concentrations stimulated activity of antioxidant mechanisms, especially in disturbed
environments. On the other hand, calcium is also related with APOX activity in all studied
environments. Simultaneously, concentrations of transition metals could impact the increase
or decrease of antioxidant enzymes activity (Figs. 2-5). We suggest it depends on the
interactions amongst elements, the intensity of stressors or impact of other not examined
factors. However, more analysis will require for estimation these problems. We also should
consider that Cu, Zn, Mn, and also Fe are cofactors of metalloprotein, i.e. SOD.
Simultaneously, cadmium and lead as toxic metals especially defected the activity of APOX
and CAT, respectively, in the organs of glycophytes, which is in opposite to SOD activity
(Tab. 4). Similarly, Fe, Zn, and Cu stimulate activity of SOD in sodium manufactures in roots
and shoots of Common glasswort Salicornia europea. Moreover, the same metals decrease
CAT activity in roots from anthropogenic environments. Cadmium and lead concentration
are also defected the activity of APOX and CAT and impacted the increase of SOD. We also
found correlations between APOX and Ca concentrations in shoots of Common glasswort
Salicornia europaea in sodium manufactures, alike as in the green parts of glycophytes.
Moreover, sodium concentrations influence the decrease of CAT in roots of this halophyte
(Table 5). Similarly, CAT activity is also higher in green parts of glycophytes than in
halophytes. This indicate that glycophytes are better adaptation to stressful conditions,
however there are many indistinct questions required to estimation.

There is much evidence that salinity and heavy metals enhanced or decreased activity of
antioxidant enzymes but usually under control conditions. Both increase as well as decrease
in the activity of SOD has been reported in plants in response to salinity stress [8], [79]. It
appears that the activity of SOD under salinity varies depending upon plant species, organ
analyzed as well as upon the level of salinity [80], [81]. [9] showed that in Cotton Gossypium
hirsutum L. under salted NaCl stress the increases of SOD activities occurs, as well as
decreases of the activities of catalase and ascorbate peroxidase. In the leaves of rice plant,
salt stress preferentially enhances the content of H202 and the activities of SOD, APOX,
whereas it decreases catalase activity [82]. These authors reported that NaCl treatment
increases the activities of catalase but does not affected the activity of SOD in cucumber
plants. The tomato under high salt concentration showed higher among others antioxidant
enzyme activities such as SOD, catalase, and ascorbate peroxidase [83]. Similarly, [84]
showed that activity of cytosolic CuZn-SOD 1I, chloroplastic CuZn- SOD II, and
mitochondrial and/or peroxisomal Mn-SOD were correlated with increasing concentration
of NaCl in pea at the higher NaCl concentrations.
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We can consider that heavy metals toxicity is occurred in the ability to bind strongly the
oxygen, nitrogen and sulphur ions. This process is related with the free enthalpy of the
formation of the product of metals and ligands. By this features heavy metals can inactivate
the enzymes by binding to cysteine residues. Heavy metals can also displace one metal with
another, which can lead to inhibition or loss the enzyme activities [4], [13]. On the other hand,
[85] examined the role of antioxidative enzyme system. They investigated the relation to Cd
stress in hyperaccumulator plants of the genus Alyssum. In both species superoxide
dismutase activity was elevated at high cadmium concentrations, whilst ascorbate peroxidase
activity remained unchanged [7], whilst [86] indicated that activity of antioxidant enzymes
was estimated as a function of time and concentrations of Pb in roots of lupin. The results of
[25] suggested that lead induces oxidative stress in growing rice plants and that SOD and
APOX could serve as important components of antioxidative defence mechanism against Pb
induced oxidative injury in rice. They observed a Pb dependent increase in the activities of
SOD from root tip extract, whilst CAT and APOX activities decreased at higher lead
concentrations. Cadmium treatment induced lipooxygenase with simultaneous inhibition of
antioxidative enzymes, SOD and CAT [41]. In particular, CAT activity often decreased
following exposure to elevated cadmium concentrations [78], [46]. On the other hand, [87]
indicated that CAT activities and specific isoenzymes of SOD increased in the leaves and
roots of a resistant variety of radish, following exposure to increasing (between 0.25 and 1
mM) concentrations of cadmium. A severe suppression of SOD and CAT, and almost
complete loss of APOX activities after 48 h of exposure to 50 uM Cd was observed in pine
roots [88]. Cd-induced inhibition of APOX and CAT was also associated with H20:
accumulation and growth retardation in the poplar roots [4]. Also [89] studied the
involvement of H>O: and O in the signaling events that resulted in variation of the
transcript levels of CAT, GR and Cu-Zn-SOD in pea plants under Cd stress.

Considering the influence of chemical elements on the defence mechanisms of plants [90] we
can conclude the unique importance of Ca?* for stabilization of membranes. High salinity
results in increased cytosolic Ca?, which is transported from the apoplast and the
intracellular compartments [91]. This transient increase in the cytosolic Ca?* initiates stress-
signal transduction leading to salt adaptation. Adequate levels of calcium are necessary for
the membrane to its normal function [31].

Most of the interest in calcium participation in plants has centered on its role in the
cytoplasm in controlling the developmental processes [92]. [32] reported the effects of
calcium chloride on the sodium chloride-stressed plants of Mung bean Vigna radiatae (L.).
We could confirm that when CaCl: was combined with NaCl, CaCl: altered the overall plant
metabolism to ameliorate the deleterious effects of NaCl stress and increased the vegetative
growth of plants. [93] indicated that Ca?* prevented Cd-induced increasing of the activity of
SOD and restored CAT activity. These results suggested that exogenous application of Ca?
could be advantageous against Cd?* toxicity, and could confer tolerance to heavy metal’s
stress in plants.

Our results confirm also the disruption of oxidative homeostasis related with environments
of glycophytes through higher degree of lipid peroxidation in leaves in the anthropogenic
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environments and lower level of MDA in roots of plants from wetlands than from
remaining environments. However, we found a higher SOD activity in the roots of
glycophytes from agriculture areas in comparison with sodium manufactures and wetlands.
Simultaneously, the activity of the same enzymes in green parts of plants was lower in
wetland areas than in remaining environments (Table 2). All of these results indicated that
plants probably can mitigate the oxidative damage initiated by ROS (especially at
agriculture) by the complex of defensive antioxidative system [71]. Moreover, [15] indicated
that both roots and shoots of plants had malonyldialdehyde (MDA) contents cultivated at
the optimal salt concentration (50 mM NaCl) were lower than in the control areas. This was
related to enhanced activities of antioxidant enzymes, like superoxide dismutase, catalase
and peroxidase, especially in shoots. SOD and CAT activities have been reported to be
negatively correlated with the degree of damage to plasmalemma, chloroplasts and
mitochondrial membrane systems and positively correlated with stress resistance indices
[7], [32]. Simultaneously, we can not exclude other factors as draught or climate conditions,
which could generate free radicals or reactive oxygen species (i.e., draught, climate
conditions) and thus impact on high activity of antioxidant enzymes in organs in the control
environments (C). We should also note that the level of cadmium was higher in leaves of
plants from Tuchola Forestry than from remaining environments. Similarly, in roots of
plants from these areas, cadmium concentrations did not differ from other environments,
but was higher than in the agricultures. Cadmium is probably a factor, which can indirectly
upset cell membrane. Simultaneously, we found relationships between biochemical
parameters and concentrations of Na, Ca, Cu, Zn and Mn, which stimulated the activity of
CAT, and Na-SOD and Ca-SOD and APOX. Instead, we found differences between the
content of MDA (higher in shoots of plants from anthropogenic than from sodium
manufactures) but the activity of SOD, CAT and APOX did not differ in the organs of
Common glasswort Salicornia europaea between two examined environments. It could
indicate that Common glasswort, as obligatory halophyte, is adapted to high salted
environments (sodium manufactures). Thus mutual and differentiated relationships
between chemical elements and antioxidant enzymatic mechanisms as plant responses to
the environmental disturbs, are probably another factor influenced the higher level of
lipoperoxidation in anthropogenic environments.

We also found that Na, Fe, and Pb are accumulated in higher level in roots of glycophytes in
opposite to Ca. Zn, Cu and Mn at all examined environments and they showed more
mobility, which depends on the type of environment. Interestingly, the concentrations of Cd
and Pb, as toxic elements were also higher in roots of plants at all environments of Kujawy
region but not at the control sites, whilst the activity of antioxidant enzymes did not differ
significantly between organs of plants in the examined environments, except of SOD and
APOX at SM. We found higher level of these enzymes in the leaves than in roots of plants. It
was probably related with the concentrations of Ca and also Cu, Zn, and Cd. We could also
conclude that Zn and Cu are co-factors of SOD so further analyses are needed. However, the
location of chemical elements rather not deflected on the activity of enzymes in glycophytes.
On the other hand, the concentrations of Na were higher in shoots than roots of Common
glasswort Salicornia europaea, which is connected with adaptation to life in high salinity (e.g.,
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osmoregulation); [13]. It is interesting we found the higher level of MDA and higher lead
concentrations in roots, similar to activity of APOX. However, we could not confirm
relations among these parameters because we did not find significant correlation.
Furthermore, the roots are more markedly affected by saline conditions than leaves, because
of being the first part at the plant to encounter soil salinity [94]. [81] confirm that roots of
halophyte Sea fennel Crithmum maritimum were distinguished from leaves by
malondialdehyde concentration, however activity of APOX was higher in leaves, despite the
fact that stress factor was only a high salinity. Simultaneously, [95] and [96] stated that root
tissues markedly exhibited by higher APOX activity in comparison of shoots of plants under
salinity stress.

The mechanisms of salt tolerance are of two main types: those minimizing the entry of salt into
the plant, and those minimizing the concentration of salt in the cytoplasm. Halophytes, as
naturally salt tolerant plants, have both types of mechanisms. They exclude salt well, but
effectively compartmentalize in vacuoles the salt that inevitably gets in. This allows them to
growth of long period of time in saline soil. Instead, glycophytes avoid sodium to maintain ionic
homeostasis [13], [15]. We can thus conclude basing also on our results showed in Table 5 that
higher concentrations of sodium in roots and leaves of Common glasswort Salicornia europea than
in glycophytes are resulting from the saline determinations of the environment and
predominantly from the interactions with sodium. We also conclude that glycophytes are
subjected on higher salinity stress, which cause probably higher level of ROS, and
lipoperoxidation in the organs (except green parts at AE) than in halophytes. On the other hand,
activity of APOX is higher in the roots of halophyte than in glycophytes in both environments in
opposite to green parts. We could suspect that this were connected with higher concentrations of
Ca, elevated salinity effect [32] and indicated the activity of APOX in the green parts of plants
more sensitive on salt damages than roots [97]. Similar activity of CAT is also higher in green
parts of our glycophytes than halophyte. It is indicated that glycophytes are well adapted to
stressful conditions however there are still many indistinct topics, required to estimation.

The area of mutual relationships: plants-environmental stressors and conducted research in
this field has been gaining ground in the recent years. However, in the view of considerable
variations in the protective mechanisms against activated oxygen species in different plant
species, the further work, especially in natural conditions under many stressors is required
to establish the general validity of various regularities and processes in salinity tolerance
and also disturbed ionic homeostasis.

The positive and negative correlations between the level of chemical elements and
antioxidative responses of plants indicate the complexity of enzymatic antioxidative
processes and simultaneously the participation of chemical elements, which does not
influence lipid peroxidation but stimulate or injure SOD, CAT or APOX activity. However,
the concentrations of Na, Ca, Cu and Fe stimulate lipoperoxidation but can also mobilize
antioxidant responses of glycophytes in natural salted Pomeranian region, whilst Cd in the
control environment influence MDA content and increasing APOX activity in roots of
glycophytes. Simultaneously this toxic metal may impact the activation of many oxidant
ways in organs of glycophytes and it depend on the environmental conditions (pH, Ec). Na
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and Ca concentrations rather stimulate enzymatic antioxidant mechanisms activity,
especially in disturbed environments, and they can also stimulate the transition metals
which causing increase or decrease of antioxidant enzymatic activity. However, Cd and Pb
can defect the activity of APOX and CAT in organs of glycophytes, which is opposite to
SOD activity. Similarly, in the organs of Common glasswort Salicornia europaea, Fe, Zn, and
Cu level can stimulate SOD activity but they can also inhibit CAT activity. These processes
depend on the environmental factors (pH, Ec) and types of plant organs and toxic heavy
metals Cd and Pb concentration. They defect APOX and CAT activity but influence the
increase of SOD. We also found correlation between APOX and calcium concentration
(alcalinity) in shoots of Common glasswort and in green parts of glycophytes.

The differences in MDA content and SOD activity either in roots or in green parts of
glycophytes indicate that plants can probably mitigate the oxidative damage initiated by
reactive oxygen species (ROS) by complexes of defensive enzymatic antioxidative system.
Instead we found only differences between MDA content (higher in shoots from
anthropogenic than in more salted environments) but the activity of SOD, CAT and APOX
didn’t differ in organs of Common glasswort Salicornia europaea, which indicates that the
impact of other factors than examined elements influenced higher level of lipoperoxidation in
anthropogenic environments. Antioxidant enzymatic activity didn’t differ significantly
between plants organs in examined environments except of SOD and APOX in strong salted
environment (SM). We found higher level of these enzymes in leaves than in roots of plants
studied. It was probably related with Ca and also Cu, Zn, and Cd concentrations. However,
the level of lipoperoxidation was significant higher in green parts of glycophytes
(anthropogenic, agricultural environments), which is opposite to common glasswort (both
environments). Instead in glycophytes avoiding sodium to maintain ionic homeostasis we
found higher Na concentrations in roots and leaves of halophytes (Common glasswort
Salicornia europaea) than in glycophytes. We can conclude that glycophytes subjected to higher
salinity stress develop probably higher level of ROS, thus lipoperoxidation in their organs
(except of green parts in AE) is higher than in halophytes. On the other hand, APOX activity is
higher in roots of halophytes than in glycophytes in both environments in opposite to their
green parts. We thus can suspect that this is connected with higher concentrations of Ca
(alcalinity) and elevated salinity effect indicated APOX activity in green parts of plants more
sensitive on salt damages than roots. Similarly, CAT activity is also higher in green parts of
glycophytes than in halophytes. This indicate that glycophytes are better adaptation to
stressful conditions, however there are many indistinct questions which require further study.
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