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Abstract 
Activity of catalase (CAT) and superoxide dismutase (SOD) enzymes in the leaves of 
halophyte plants Triglochin maritima L., Plantago maritima L., Tripolium vulgare Bess. 
ex Nees and Zostera marina L. was investigated in a 2-year field experiment carried out 
in the community of the middle littoral marsh on the Pomor (western) coast of the White 
Sea (Belomorsk region, Russia). The community Tripolium vulgare–Bolboschoenus 
maritimus–Triglochin maritima–Plantago maritima, was investigated during the tidal 
cycle. The plants grew under conditions of seawater pollution with high concentration of 
nitrates (43.68 mgl-1), iron (0.15 mgl-1), nickel (0.15 mgl-1) and lead (0.024 mgl-1). The 
total projective cover of species in the plant community reached 50% for T. vulgare, and 
20% for other dominant species. A direct positive correlation was found between the 
activity of CAT and SOD in halophyte leaves (r = 0.51–0.68). This research revealed the 
species specificity of the enzyme activity level in Z. marina. The activity of CAT and 
SOD in its leaves was significantly lower (0.16±0.06 µmol H2O2/µg of protein; 
2.61±0.08 c.u./mg of protein, respectively), than in other species. The maximum values 
of CAT activity were found in T. vulgare and T. maritima (0.23–0.26 μmol H2O2/μg of 
protein), and SOD in T. vulgare 4.65 ± 1.12 c.u./mg of protein. The activity of CAT in 
plant leaves varied over a wide range (1.14–11.83 c.u./mg of protein) and did not depend 
on the tidal dynamics of the sea. In halophyte leaves, the regulation of plant redox 
metabolism under hypoxic conditions during flooding is supported by an increase in 
SOD activity, on average 1.98–2.95 at low tide and 4.12±6.73 c.u./mg of protein at high 
tide. 
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Introduction     
 
     Enzymes take part in the regulation of 
metabolic processes as biological acti-
vators of chemical reactions, and changing 
their activity, thereby ensuring that the 
metabolism of organisms corresponds to 
changing environmental conditions. The 
enzymes catalase (CAT, EC 1.11.1.6) and 
superoxide dismutase (SOD, EC 1.15.1.1) 
belong to the antioxidant system of organ-
isms (AOS). The AOS protects cells from 
the negative effects of reactive oxygen spe-
cies (ROS), which cause oxidative damage 
stress (Knox et al. 1985). SOD and CAT 
are some of the most important enzymes 
of antiradical defense, and are found in all 
aerobic organisms (Brioukhanov and Ne-
trusov 2004, Zheng et al. 2023). Accord-
ing to evolutionary studies, they appeared 
in organisms earlier than other enzymes of 
the AOS (Inupakutika et al. 2016). SOD 
catalyzes the conversion of superoxide 
anion radical (O2*-), which has a very high 
oxidizing ability, into hydrogen peroxide 
(H2O2) and molecular oxygen (O2). This 
universal dismutation reaction is consid-
ered the first line of defense against oxi-
dative stress in eukaryotic cells (Alscher et 
al. 2002). SOD activity regulates the bal-
ance between superoxide radicals and hy-
drogen peroxide, which play the role of 
second messengers in many processes 
(Mittler 2017). CATs decompose hydro-
gen peroxide to water and molecular oxy-
gen. O2*- and H2O2 are products of aerobic 
cell metabolism, formed as a result of a 
number of enzymatic and non-enzymatic 
reactions in the cell wall, mitochondria, 
chloroplasts, peroxisomes and glyoxisomes 
(Bose et al. 2014, Anjium et al. 2016). 
     Halophytes live in the littoral zone of 
the White Sea with a perpetual variation in 
plant habitat conditions: oxygen content, 
insolation, temperature, wave dynamics, sa-
linity level and elemental composition of 
seawater and soils. Vascular  plants are 
adapted to high salinity of soil and water. 
Twice a day at high tide, plants are gradu-

ally completely covered with sea water for 
about eight hours, and drained at low tide, 
successfully ensuring their growth and de-
velopment due to ecological and physio-
logical adaptations (Rozentsvet et al. 2017) 
in such unstable conditions of existence 
(Markovskaya et al. 2020, Sonina et al. 
2021).  
     It is considered that halophytes have 
several physiological and biochemical 
mechanisms of cross-adaptation to the 
combined effects of salts and heavy metals 
(Wang et al. 2013), which is why halo-
phytes are more resistant to the latter 
compared to glycophytes (Manousaki and 
Kalogerakis 2011). In response to the 
influx of heavy metals into the cell, the 
specialized mechanisms of resistance to 
this stressor are activated: 1) the immobi-
lization of metal ions in the cell wall 
(Pelloux et al. 2007, Krzeslowska 2011); 
2) inhibition of ion transport through the 
plasmalemma (Hall 2002, Liu et al. 2003), 
as well as the active release of ions from 
the cell into the environment, e.g. through 
the salt glands (Hall 2002, Manousaki et 
al. 2013, Toderich et. al. 2001); and 3) for-
mation of a complex with phytochelatins 
followed by transport to the vacuole for 
storage (Rascio and Navari-Izzo 2011). 
Non-specialized systems (ROS formation, 
activation of antioxidant systems, accumu-
lation of low molecular weight protective 
compounds, activation of stress proteins, 
etc.) are also activated at the same time. At 
the organism level, the mechanisms that 
determine the resistance of plants to heavy 
metals include the delayed absorption of 
heavy metals by the roots (Hall 2002) and 
the ability of plants to regulate transport of 
ions to various organs (Clemens et al. 
2002). The ability of halophytes to accu-
mulate heavy metals can be used for phy-
toremediation of contaminated coastal ter-
ritories (Manousaki and Kalogerakis 2011, 
Lokhande 2011). In review, Van Oosten 
and Maggio (2015) summarized informa-
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tion on 26 species from 18 genera of halo-
phytes, which are considered as perspec-
tive plants for phytoremediation. It is 
known that halophyte plants growing in 
sea water can accumulate the following 
metals: Cu, Zn, Cd, Pb, Mn, Fe, Hg, Co, 
Cr, As, Ni and non-metal ions of Na. 
Accumulator plants (18 out of 26) can 
concentrate from 3 to 8 metals simultane-
ously. Species such as Suaeda maritima 
(L.) Dumort., Sporobolus montevidensis 
(Arechav.) P. M. Peterson & Saarela, 
Sporobolus alterniflorus (Loisel.) P. M. 
Peterson & Saarela have the ability to 
hyperaccumulate heavy metals. Thirteen 
species can accumulate zinc, nine to ten 
species accummulate copper, cadmium, 
and lead; the remaining species accumu-
late one to three elements. The authors 
suggest the following species for phyto-
remediation: Atriplex lentiformis (Torr.) 
S.Wats. (Na), Sesuvium portulacastrum 
(L.) L. (Cd, Na, Pb), Suaeda maritime (As, 
Cd, Cu, Fe, Mn, Na, Pb, Zn) (Köhl 1997, 
Zaier et al. 2010, Rabhi et al. 2010, 
Alatorre et al. 2013). However, these spe-
cies do not grow on the White Sea coast. 
     In halophytes of the littoral of the 
White Sea, following anatomical features 
of the leaf were noted: the presence of 
succulent leaves in Triglochin maritima L. 
and Plantago maritima L., aerenchyma 
with large intercellular spaces is formed in 
the center of the leaf blade of T. maritima, 
and the water-storing leaf parenchyma is 
well developed in the leaf of P. maritima 
(Gulyaeva et al. 2016). It was revealed that 
at maximum high and low tides, stomata 
open and the intensity of primary photo-
synthesis assessed by chlorophyll a fluo-
rescence parameters in the leaf of P. mari-
tima increases, compared to partial flood-
ing of plants with sea water (Markovskaya 
and Gulyaeva 2020). In the plants of        

T. maritima and P. maritima, a high ion 
exchange capacity of the leaf cell wall 
(2710–3700) and root (1160–2350 mmol/g 
of cell wall dry weight) was shown (Tere-
bova et. al. 2020). Plants growing in the 
littoral zone of the White Sea actively ac-
cumulate heavy metals from their environ-
ment and we identified; coefficients of 
biological absorption of metals greater 
than 1: (Pb (7.3) > Mn (3.0) > Fe (2.7) > 
Zn (2.5) > Cu (2.5) > Ni (1.9). At the same 
time, the absolute content of  Fe in halo-
phyte plants was very high and reached 
23–36 g kg-1, over ten times higher than 
the critical level of metal in plants (Tere-
bova et al. 2023). Regarding the activity of 
AOS enzymes in halophytes, it is known 
that it can vary in different directions 
depending on the level of salinity (Bose et 
al. 2014, Kumar et al. 2021) and pollu- 
tion (Rahman et al. 2021). The activity of  
CAT and SOD enzymes in plants tends to 
change differently depending on the level 
and time of exposure. That is, the change 
in the activity of antioxidant enzymes is 
multidirectional and depends on the spe-
cies specificity and growth conditions of 
plants. However, halophytes are recog-
nized to have relatively higher levels of 
SOD and CAT activity than glycophytes 
(Pirasteh-Anosheh et al. 2023). There are 
no data for plants on the Karelian coast of 
the White Sea under POC conditions. In 
our study, we focused on the activity of 
CAT and SOD in the leaves of halophyte 
plants under the influence of tidal dy-
namics of the White Sea. This study is an 
attempt to identify the correlation between 
the activities of CAT and SOD in the 
leaves of halophytes, as well as the de-
pendence of the totality of enzyme activity 
on both stages of ebb and flow, and on 
their combined effects. 

 
 
 
 



E. N. TEREBOVA et al. 

177 

Material and Methods 
 
Study area 
 
     The study was carried out on the Pomor 
(western) coast of the White Sea, in the 
vicinity of the village Rastnavolok of the 
Belomorsk region (Republic of Karelia) 
(Fig. 1) in July 2021 (1st year of the ex-
periment) and 2022 (2nd year of the experi-
ment). A large part of the Pomor coast 
belongs to the fiard-skerry type, but the 
coastal area changes significantly south of 
Belomorsk. There is a transition to a 
swampy lowland, above which rare hills 
with gentle slopes (“varaki”) made of 
crystalline rocks rise near the shore. The 
coast is either flattened rocky surfaces 
smoothed by a glacier, gradually disap-
pearing under the water's edge, or piles of 
blocks and boulders, usually framed on the 
sea side by clayey or sandy tidal drainages 
(Kaplin et al. 1991). A model (typical) 
transect was selected in the littoral zone in 
the village of Rastnavolok (64.578025, 
34.905520). Model transect, with a total 
length of 170 m, was laid on a gently 
sloping silty-sandy shore with the pres-
ence of boulder and pebble accumulations 
in the middle part of the littoral zone. 
About 5–7% were large boulders, medium 
stones – 20%, pebbles – 60%, and the rest 
was sand.  
     Stagnant sea water is found in shallow 
depressions up to 2 cm. The salinity of 
seawater is 21 ‰. Based on the nature of 
the vegetation and the characteristics of 
the substrate on the transect, three zones 
are identified from the main shore to the 
edge line: 1st zone (lower sublittoral, low 
marshes) – begins at a distance of 130 m 
from the main shore, 2nd zone (middle 
littoral, middle marshes) – begins at a dis-
tance of 70 m from the main shore, and the 
3rd zone (upper littoral, upper marshes, 
supralittoral) – 7 m wide. The total species 
richness of the studied plant communities 
is 13 species. In the lower littoral zone, 
coastal overgrowth begins with the forma-

tion of aster communities, which were 
identified within their natural contours. 
Tripolium vulgare Bess ex Nees dominates 
with significant abundance on sandy loam 
littoral soil, with a total projective cover 
(TPC) 50%, forming communities with 
Triglochin maritima L., TPC 10–20%, and 
Bolboschoenus maritimus (L.) Palla), TPC 
20%. In the middle littoral zone, T. vul-
gare also forms Bolboschoenus maritimus 
- Tripolium vulgare community with a     
B. maritimus TCP of 20%, Zostera marina 
L. grows with a TCP of 10%, and T. mari-
tima is found sporadically (TCP 2%). The 
supralittoral zone is inhabited by Plantago 
maritima L. with TCP 10%, Honckenya 
diffusa (Hornem.) Á. Löve), Agrostis 
stolonifera L., Leymus arenarius (L.) 
Hochst., B. maritimus, Sonchus arvensis 
L., Vicia cracca L., Achillea millefolium 
L., Trifolium repens L., Juncus gerardii 
Loisel. subsp. atrofuscus (Rupr.) Printz). 
In the ecotone zone, P. maritima grows on 
sand. The highest TCP on the model tran-
sect was established for Tripolium vulgare, 
Bolboschoenus maritimes, Triglochin mari-
tima, Plantago maritima. Thus, on the 
model transect the plant community can  
be described as Tripolium vulgare–Bol-
boschoenus maritimus–Triglochin mariti-
ma –Plantago maritima. 
     We investigated four species typical for 
the Pomor coast: Triglochin maritima L., 
Plantago maritima L., Tripolium vulgare 
Bess. ex Nees and Zostera marina L. (see 
Fig. 2). Species names are taken from the 
database «World Plants» (Hassler 2024). 
     Triglochin maritima belongs to the 
family Juncaginaceae, a euhalophyte, a 
Eurasian boreal species; herbaceous poly-
carpic; underground-stolon weakly rosette 
plant, forming small turfs with a thick rhi-
zome, which is an overgrowing pioneer of 
silty marsh drains. Leaves of the seagrass 
are basal, fleshy, narrow-linear, grooved, 
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with parallel veins, and covered with a 
layer of cuticle. Mesophyll has a centric 
structure. In the center of the leaf blade, 
aerenchyma with large intercellular spaces 
is formed. 
     Plantago maritima is a member of the 
plantain family (Plantaginaceae), a euhalo-
phyte, a Eurasian hypoarctic species; her-
baceous polycarpic; perennial with a mono-
podial rhizome and a branched and par-
ticulate caudex. It prefers dry areas pro-
tected from wave erosion. The leaves of 
the sea plantain are collected in a basal 
rosette, fleshy, narrow-lanceolate, entire or 
sparsely toothed along the edge, covered 
with a layer of cuticle. The leaf mesophyll 
is isopalisade, poorly differentiated into 
palisade and spongy mesophyll. The water-
storing parenchyma of the leaf is well 
developed (Gulyaeva et al. 2016). Palisade 
mesophyll cells are located in two layers 
on the upper and lower sides of the leaf. 
The rest of the leaf consists of water-
storing parenchyma (60%). 
     Tripolium vulgare belongs to the 
Asteraceae family, euhalophyte, Eurasian 

boreal species. The plant prefers muddy 
drainage at the mouths of all rivers and is a 
pioneer in their overgrowing. It is a bien-
nial herbaceous plant with a branched 
stem, hollow only in the upper part. The 
leaves are broadly lanceolate, entire, and 
adjacent to the stem. The leaf mesophyll is 
differentiated into palisade and spongy 
mesophyll. Aster has a well-developed 
short rhizome. 
     Zostera marina is a representative of 
the eelgrass family (Zosteraceae), a sec-
ondary aquatic plant, an obligate herba-
ceous hydrophyte, completely immersed  
in seawater (not influenced by tides). In 
northern latitudes, it lives in shallow wa-
ters or at a depth of 1–4 m (rarely 10 m or 
more), mainly on a soft sandy or muddy 
bottom in the calm waters of bays. The 
rhizome is long, creeping. The leaf has a 
well-developed spongy mesophyll with 
aerenchyma (Sergienko et al. 2015). 
     Studied plants had no external signs of 
the toxic effects of metals (chlorosis, ne-
crosis, spots). 
 

 

 
Plant collection and handling 
 
     Plant samples (three leaves from five 
normally developed plants of each species) 
were taken from 6.00 to 15.00 in the mid-
dle littoral zone at full high tide (high 
water) and full low tide (low water) and 
fixed immediately with liquid nitrogen at 
Dewar flask. They were transported to the 
laboratory and stored in a refrigerator 

(Termo Fisher Scientific Forma 8600 813 
CV) at –80ºC. Samples of water and soil 
from the experimental plants neighbour-
hood were collected and transferred to a 
laboratory as well. Measurements of sa-
linity of water and soil were carried out 
with a refractometer (RHS–10ATC, China). 

 

 
Determination of enzyme activity 
 
     Leaf tissues were ground with liquid ni-
trogen and homogenized at 4°C in a buff-
er of the following composition: 50 mM 
Hepes (pH 7.5), 1 mM EDTA, 1 mM 
EGTA, 3 mM DTT, 5 mM MgCl2, 0.5 mM 
PMSF. After a 20-minute extraction, the 
homogenate was centrifuged at 10,000 g 
for 20 minutes (Centrifuge 5804 R, Eppen-

dorf, Germany). Next, dialysis was per-
formed at 4°C for 18–20 h against ho-
mogenization buffer diluted 10 times. En-
zyme activity in the enzymatic prepara-
tions obtained after dialysis was deter-
mined spectrophotometrically (SF 2001, 
"OKB Spectr", Russia). 
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Fig. 2A. Triglochin maritima L. 

 (Photo by E. Terebova)  

 
Fig. 1. Study area (Google Maps) 

 
 

Fig. 2B. Tripolium vulgare Bess. ex Nees 
(Photo by E. Terebova)  

 
 
 
 

 
Fig. 2C. Zostera marina L. 

(Photo https://klau.club) 

 
Fig. 2D. Plantago maritima L.  

(Photo by E. Terebova) 
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     CAT activity was assessed by the enzy-
matic decomposition of hydrogen per-
oxide. The incubation medium contained 
67 mM K, Na-phosphate buffer (pH 7.8) 
and 10.3 mM hydrogen peroxide, the 
amount of supernatant was 50–200 μl, de-
pending on the activity of the enzyme. A 
linear dependence of CAT activity on re-
action time was observed within 30 min.; 
an incubation time of 20 min. was chosen 
for the reaction. To determine catalase ac-
tivity, the decrease in optical density at 
240 nm was measured, and the hydrogen 
peroxide content was calculated using a 
previously constructed calibration graph in 
the range of 1.5–20.6 mM hydrogen per-
oxide. CAT activity was expressed as μmol 
of reduced hydrogen peroxide per 1 μg of 
protein in 20 min. (μmol H2O2 / μg pro-
tein) (Ershova et al. 2022). 

     SOD activity was assessed by inhibi-
tion of photoreduction of nitroblue tetra-
zolium (NBT). The incubation medium  
for determining SOD activity contained  
50 mM K, Na-phosphate buffer (pH 7.8), 
172 μM NBT, 210 μM methionine, 24 μM 
riboflavin, and 0.1% Triton X-100. To de-
termine SOD activity, the decrease in ab-
sorbance at 560 nm was measured after   
30 min. of incubation. SOD activity was 
expressed in conventional units per 1 mg 
of protein in 30 min. (c.u. / mg of protein) 
(Ershova et al. 2022). Protein content was 
determined using the Bradford method 
(Bradford 1976) and expressed as follows: 
µg of protein / g of dry weight. All the 
above mentioned analyzes were performed 
in triplicate.  

 
Measurements of the heavy metals content in a water and soil  
 
     The metal concentration in the soil and 
see water was estimated using the atomic 
absorption method (the atomic absorption 
spectrophotometer АА-7000 with a flame 
atomizer, Shimadzu 7000, Japan). Sam-
ples (0.2 g) were first dissolved in a mix-
ture of concentrated acids (HNO3, HCl, in 
the ratio 3:1) in the microwave digestion 
system (Speedwave®four, Berghof Prod-

ucts, Germany). All the tests of heavy 
metal content were performed using the 
certified equipment of the Shared Use 
Centre Analytical laboratory of Forest Re-
search Institute of the Karelian Research 
Centre of the RAS (ISO 11466:1995, NBN 
EN 13657:2002, ISO 11407:1998, ISO 
20280:2007). All measurements were done 
in triplicate.  

 
Statistical analysis of the data obtain ed 
was carried out using MS Excel, Stat-
graphics for Windows. The significance of 

the differences in the parameters was as-
sessed by the Student's t–test; one-way 
analysis of variance at p <0.05. 

 

 
Results 
 
     Seawater in the study area was contam-
inated with Fe (3.0 maximum permissible 
concentration MPC); Ni (14.8 MPC) and 
Pb (2.4 MPC); the values for nitrates were 
close to MPC (0.9 MPC). The content of 
Fe, Mn and Zn in water exceeded the 
background by factors of 4.0, 5.5 and 2.8, 
correspondingly. The Cu content in seawa-
ter was low, not exceeding background 

values (Table 1). The littoral soils were not 
contaminated with heavy metals. The con-
tents of Cu, Zn, Pb and Ni did not exceed 
the values of the background content in  
the bottom sediments. Fe content reached 
14000 mg kg-1 and Mn – 71 mg kg-1. The 
content of macronutrients (N, P, K and C) 
in the littoral soils was found lower than in 
gray forest soils (Table 1).   
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Catalase activity 
 
     CAT activity in plant leaves varied in 
the range from 0.01 to 0.67 (67-fold differ-
ence) µmol H2O2/µg protein. A significant 
decrease in enzyme activity during high 
tide in the 1st year of the study, and an 
increase in its activity in the 2nd year of the 
study was found in P. maritima. In T. mari-
tima, enzyme activity remained at the 
same stable level at high and low tides 
during both years of the study. Individual 

intraspecific variability in the activity of 
CAT was quite high: the maximum in      
T. vulgare was CV 0.67–0.80 (Table 2). 
The average values of enzyme activity 
were minimal in Z.marina and P.maritima 
0.14–0.16 µmol H2O2/µg protein; higher in 
other species T. vulgare and T. maritima 
0.23–0.26 µmol H2O2/µg of protein (Ta-
ble 4). 

 
µmol H2O2 /µg protein Plant species Year of 

experiment low tide high tide t-test 

1 year 0.26±0.11a 0.48±0.01a 0.105 
2 year 0.07±0.01b 0.10±0.01b 0.053 

M 0.17±0.05с 0.29±0.09e  0.266 
Tripolium 
 vulgare 

CV 0.67 0.80  
1 year 0.36±0.06a 0.28±0.01a 0.714 
2 year 0.19±0.01b 0.21±0.01a 0.815 

M 0.28±0.06d 0.25±0.03d 0.760 
Triglochin 
maritima 

CV 0.65 0.51  
1 year 0.21±0.02a 0.15±0.01a 0.039 
2 year 0.07±0.01b 0.14±0.01a 0.014 

M 0.14±1.16c 0.15±0.01c 0.930 
Plantago 
maritima 

CV 0.55 0.12  
1 year 0.23±0.01a 
2 year 0.08±0.01b 

M 0.16±0.04c 
Zostera 
marina 

CV 0.74 
 
Table 2. Activity of catalase (CAT) in leaves of halophyte plants.  
Notes: Data presented with different letters (a, b) in the same column indicate a significant 
difference at p ≤ 0.05 from different year of experiment for the same species to Fisher’s LSD test. 
Data presented with different letters (c, d, e) in the same column indicate a significant difference at 
p ≤ 0.05 from different species to Fisher’s LSD test. 
 
 
Superoxide dismutase activity 
 
     SOD activity in plant leaves ranged 
from 1.14 to 11.83 c.u. / mg of protein (10-
fold difference). In all years of the study, 
SOD activity was significantly higher at 
high tide, compared to the enzyme activity 
at low tide. The only exception of SOD ac-

tivity in P. maritima was apparent in the 
second year of the experiment, when the 
activity did not change in response to the 
flood level (Table 3). Individual variability 
in SOD activity was greatest (CV 0.56–
0.73) also in T. vulgare, as was the case 
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for the range of variation in CAT activity. 
The average minimum values of SOD ac-
tivity were obtained for Z.marina and 
amounted to 2.61 c.u. / mg of protein. In  
T. vulgare, the average enzyme activity 
was maximum and amounted to 4.65 c.u. / 
mg of protein (Table 4). 

     One-way analysis of variance between 
the activities of CAT and SOD in the 
leaves of all halophyte plants (total sam-
ple) showed a positive significant correla-
tion between these indicators (0.5–0.68) 
(Table 5, Fig. 3.). 

 
c.u. / mg of protein Plant species Year of 

experiment low tide high tide t-test 

1 year 1.76±0.13a 3.86±0.08a 0.049 
2 year 3.36±0.11b 9.61±1.46b 0.018 

M 2.56±0.23c 6.73±1.72c 0.033 
Tripolium 
 vulgare 

CV 0.56 0.73  
1 year 2.19±0.58a 4.82±0.47a 0.039 
2 year 1.76±0.24a 3.43±0.52a 0.041 

M 1.98±0.75c 4.12±1.13d 0.049 

Triglochin 
maritima  
 

CV 0.29 0.26  
1 year 3.36±0.11a 6.95±0.68a 0.015 
2 year 2.54±0.08b 2.44±0.03b 0.331 

M 2.95±0.20c 4.70±0.91d 0.026 
Plantago 
maritima 

CV 0.18 0.53  
1 year 3.90±0.56a 
2 year 1.32±0.01b 

M 2.61±0.85c 
Zostera 
 marina 

CV 0.62 
 
Table 3. Activity of superoxide dismutase (SOD) in leaves of halophyte plants.  
Notes: Data presented with different letters (a, b) in the same column indicate a significant 
difference at p ≤ 0.05 from different year of experiment for the same species to Fisher’s LSD test. 
Data presented with different letters (c, d) in the same column indicate a significant difference at   
p ≤ 0.05 from different species to Fisher’s LSD test. 
 
 

Species Enzyme 
Tripolium 
vulgare 

Triglochin 
maritima 

Plantago 
maritima 

Zostera 
marina 

CAT 
µmol H2O2 / 
µg protein 

0.23±0.06a 0.26±0.15a 0.14±0.09b 0.16±0.06b 

SOD 
c.u. /  
mg of protein 

4.65±1.12a 3.05±0.85a 3.82±0.07a 2.61±0.08b 

 
Table 4. Average activity of catalase and superoxide dismutase in leaves of halophyte plants.  
Notes: Data presented with different letters in the same line indicate a significant difference at       
p ≤ 0.05 from different halophyte plants to Fisher’s LSD test. 
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CAT/SOD r F p F critical 
low tide 0.51 51.95 4.45Е-09 4.05 
high tide 0.68 39.91 9.67Е-08 4.05 
low and high 
tides  0.61 91.25 1.64Е-15 3.94 

 
Table 5. Results of variance analysis of the dependence of catalase and superoxide dismutase 
activities. 
 
 
Discussion 
 
     A littoral-halophytic floristic complex 
represents a set of plant species, character-
ized by their habitats confined to coastal 
zones of seas, and primarily to soils saline 
with seawater (Sergienko 2008). Plant com-
munities are formed under conditions of 
environmental pollution. In general, in the 
study area the littoral soil was not con-
taminated, but had increased concentra-
tions of some elements in water. For ex-
ample, Ni concentration was 0.148 mg l-1, 
Pb reached 0.024 mg l-1 (Table 1). Thus, 
water was contaminated with Fe (3 MPC), 
Ni (14.8 MPC), Pb (2.4 MPC) and nitrates 
(0.9 MPC). According Ilyin et al. (2015), 
the input of nutrients and pollutants in the 
White Sea occurs with the runoffs of large 
rivers (the Onega, Severnaya Dvina, Kem, 
Nizhniy Vyg, Verkhniy Vyg, Keret). The 
volume of wastewater discharged into sur-
face water bodies of the White Sea basin 
in the year of 2019 amounted to 73.87 mil-
lion m3 (in 2018 – 70.13 million m3), in-
cluding 14.98 million m3 of wastewater 
from the tailing dump of joint stock com-
pany Karelsky Okatysh. The main pollu-
tants in the water of the Karelsky Okatysh 
tailing dump are Ni (0.017–0.025 mg l-1), 
Mn (0.432–0.650 mg l-1) and Zn (0.05–
0.075 mg l-1), and in the technogenic sub-
strate of the plant is Fe (39505–45120 mg 
kg-1) (Terebova et al. 2017). Among pollu-
tants discharged into the water bodies of 
the White Sea basin in 2019, the largest 
contribution by mass was made by sulpha-
te lignin (3014.88 tons), K (1982.43 tons), 
nitrates (1446.41 tons), Mn (601.51 tons), 

Na (524.35 tons), Fe (30.51 tons), oil prod-
ucts (11.92 tons), Ni (898.64 kg) (State 
report 2020[3]). 
     Apart to anthropogenic Fe contamina-
tion of the studied area, there is an in-
creased Fe content in bottom sediments, 
due to the metallogenic factors of the re-
gion. Bottom sediments of the White Sea 
are characterized by the presence of a 
brown or black oxidized layer of milli-
meter thickness in the soils, enriched with 
oxyhydroxides of manganese and iron. 
This layer is underlain by dense gray silty-
pelitic silts. Thus, the iron content Fe (III) 
in it can reach up to 7.5%, which is one 
and a half times higher than the average 
concentration of iron in the earth’s crust 
(Rozanov and Volkov 2009). As a result, 
the release of iron from continental shelf 
sediments is a key source of both dis-
solved and particulate iron in marine areas 
(Lenstra et al. 2018). It is known that the 
content of dissolved iron in the silt water 
of the subsurface horizons of bottom sedi-
ments of the White Sea is 20 μM, which is 
a significant value (Rozanov and Volkov 
2009). 
     In the study area, plants experience con-
ditions of reduced aeration during flooding 
– hypoxia, the oxygen flow in sea water is 
10–50 mM/m2 day (Rozanov and Volkov 
2009) and on average the oxygen content 
in sea water of the White Sea is 0.0007–
0.001% (Quality of sea 2021[2]). Under 
such conditions, plants switch to anaerobic 
metabolism, the intensity of glycolysis in-
creases (Shikov et al. 2021), the intensity 
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of photosynthesis changes (Hafeez et al. 
2021), and the production of superoxide 
anion radical increases (Blokhina et al. 
2003, Hasanuzzaman et al. 2012, Bose et 
al. 2014, 2017). These processes are asso-
ciated with an increase in the activity of 
the SOD enzyme in plant leaves at high 
tide (Table 3). Through the dismutation re-
action, SODs regulate the cellular concen-
tration of superoxide radicals and hydro-
gen peroxide. 
     Previously, it was shown that the photo-
synthetic apparatus of halophyte plants 
changes its functioning during the tidal cy-
cle of the sea (Markovskaya and Gulyaeva 
2020). Fluctuating changes in the activity 
of the photosynthetic function can lead to 
an increase in the concentration of super-
oxide anion radical in the tissues of halo-
phytes under high tide conditions and acti-
vation of SOD. 
     Hydrogen peroxide formed as a result 
of the dismutation reaction and the work 
of SOD has a lower oxidative potential 
compared to the superoxide radical and is 
neutralized by other enzymes (Hasanuzza-
man et al. 2020), such as catalase, peroxi-
dase (Zhao et al. 2016, Wang et al. 2018) 
(Fig. 3). 
     We did not detect any changes in CAT 
activity in halophyte leaves under the in-
fluence of the tidal cycle of the sea (Ta- 
ble 2). However, the total catalase activity 
in the leaves of the studied species varied 
in a 67-fold range, regardless of the TC. 
CAT differs from other AOS enzymes, 
since it does not require a reducing agent 
for the reaction to occur, has high speci-
ficity for hydrogen peroxide, and is local-
ized predominantly in peroxisomes, gly-
oxysomes and mitochondria (Apel and 
Hirt 2004). The low affinity for hydrogen 
peroxide means that there is usually a 
linear relationship between CAT activity 
and peroxide concentrations, even when 
the concentrations are supraphysiological. 
CAT can maintain its activity for a long 
time. In addition, CAT is in a stable state, 
when the redox status of the cell changes 

without requiring additional equivalents, 
and therefore is more resistant to stress 
compared to other components of AOS 
(Nikerova 2020). Hydrogen peroxide, like 
other ROS, is considered not only as a 
molecule that oxidizes and destroys com-
pounds, but also as a regulatory signaling 
molecule (Allen and Balin 1989, Kreslavski 
et al. 2012). Hydrogen peroxide is in-
volved in signal transduction as a second 
messenger for the action of HMs in the 
cell, which activates the expression of 
metallothionein genes (Chaturvedi et al. 
2014, Babaei-Bondarti and Shahpiri 2020). 
Therefore, it is logical to expect that dur-
ing the day the concentration of peroxide 
in tissues of halophytes constantly chang-
es, and the enzyme catalase changes its 
activity in a wide range, regardless of the 
tidal dynamics of the sea. 
     A stable level of CAT activity is es-
tablished in T. maritima at high and low 
tides, which is probably due to the use of 
internal oxygen reserves that accumulate 
in the aerenchyma of T. maritima devel-
oped in leaves and roots (Gulyaeva et al. 
2016). Consequently, in tissues and or-
gans, the intensity of the Krebs cycle is 
maintained at an optimal level; reoxygena-
tion of tissues and organs, which can cause 
significant changes in the metabolism of 
halophytes at low tide, does not occur 
(Shikov et al. 2020). 
     The activity of CAT and SOD is usu-
ally studied in the tissues and organs of 
halophyte plants in a laboratory experi-
ment when growing plants from seeds un-
der the influence of different levels of salt 
stress. Depending on the level and time of 
exposure, enzyme activity can change in 
different directions. Thus, it was shown 
that CAT activity increased in the leaves 
of Tripolium pannonicum (Jacq.) Dobrocz 
under the influence of 800 mM NaCl solu-
tion (Ludwiczak et al. 2023); increase in 
CAT and SOD activity in the tissues of 
Cakile maritima Scop. with salt treatment 
of 400 NaCl (Ellouzi et al. 2011); decrease 
in CAT activity under the influence of 200– 
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1000mM NaCl in Salicornia europaea L. 
(Cardenas-Perez et al. 2022); decrease in 
CAT activity, but increase in SOD in Sal-
sola crassa Bieb leaves treated with 250–
1500 NaCl (Yildiztugay et al. 2014). Also, 
in the study of the halophytes Arthrocne-
mum macrostachyum (Moric.) Piirainen & 
G. Kadereit, Sarcocornia fruticosa (L.) A. 
J. Scott and Salicornia europaea L. it was 
established that SOD activity was in-
creased at high salt levels (400–600 mM 
NaCl solution) (Ghanem et al. 2021). 
Modarresi et al. (2013) revealed that SOD 
activity increases in the root, while de-
creases in a shoot at 450- to 650-mM NaCl 
stress at Aeluropus littoralis (Gouan) Parl. 
Under natural habitat conditions, a de-
crease in CAT activity in the roots and 
stem of Suaeda vermiculata was shown in 
saline soils compared to non-saline soils 
(Al-Shamsi et al. 2020). All these data in-
dicate that the enzymes CAT and SOD, 
depending on the operating conditions, 
regulate oxidation-reduction processes in 
the cells and organs of halophytes, chang-
ing their activity over a wide range. 
     We have established a direct positive 
correlation between the activity of CAT 
and SOD in the leaves of halophytes, both 
during high and low tides, and together 
during high and low tides in this general 
set of enzyme activities (Table 4, Fig. 4). 
This was expected, since all AOS enzymes 
are interconnected with each other due to 
the formation and utilization of ROS. The 
hydrogen peroxide formed as a result of 
the dismutation reaction during the activity 
of SOD is neutralized by CAT (Fig. 3).  

     The species specificity of the level of 
enzyme activity in Z. marina was also es-
tablished. The activity of CAT and SOD in 
its leaves is significantly lower than in oth-
er halophytes. The maximum values of en-
zyme activity were found in T. vulgare 
(Table 5). Z. marina is a hygrophyte, does 
not experience the tidal dynamics of the 
sea (more stable conditions), is constantly 
submerged in water, and lives in depres-
sions in the middle littoral zone or in its 
lower parts. T. vulgare is a perennial plant, 
a species inhabiting all zones of coastal 
marshes from lower to upper parts. It is 
characterized by high plasticity of meta-
bolic parameters, and high salt tolerance of 
seeds during germination (Markovskaya et 
al. 2024), and it´s a hyperaccumulator of 
metals (Terebova and Pavlova 2021). Com-
paring the activity indicators of halophyte 
plant enzymes obtained by us with the data 
of other researchers is a very difficult task 
(Table 6). 
     Since units of measurement of enzyme 
activity are not always comparable, they 
can be presented in conventional units. 
Comparable levels of CAT and SOD ac-
tivity in the leaf of Betula pendula under 
normal living conditions are known. CAT 
activity in birch leaves was 0.6–1.0 µmol / 
µg protein – in the same range as in our 
species; SOD: 0.5–2.5 conventional units / 
mg protein – is lower than the values of 
enzyme activity in the halophyte species 
we studied. This again indicates a wide 
range of work of AOS enzymes and spe-
cies specificity.     

 
 
Conclusion 
 
     The work investigated the activity of 
AOS enzymes in the leaves of halophyte 
plants in the coastal area of the White Sea. 
The plants lived in conditions where sea-
water was polluted with nitrates, iron, nick-
el and lead. The species formed a Tripo-
lium vulgare–Bolboschoenus maritimus–

Triglochin maritima–Plantago maritima 
plant community with a TPC of 50% for  
T. vulgare and 20% for the remaining 
dominant species. The species specificity 
of the enzyme activity level in Z. marina 
has been established. The activity of CAT 
and SOD in its leaves was significantly 
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lower than that of other species. The max-
imum values of enzyme activity were 
found in T. vulgare and T. maritima. There 
is a direct positive correlation between the 
activity of CAT and SOD in the leaves of 
halophytes from the coastal area of the 
White Sea. The activity of the catalase en-

zyme in plant leaves varied over a wide 
range and did not depend on the tidal dy-
namics of the sea. Under hypoxic condi-
tions during flooding in halophyte leaves, 
the regulation of plant redox metabolism 
was supported by an increase in SOD ac-
tivity. 
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Supplementary Materials 
 

 
 
Fig. 3. The relationship between ROS, basic AO and AOS enzymes in the plant organism (Zhao et 
al. 2016, Wang et al. 2018, Nikerova et al. 2021). Note: PO – peroxidase; APO – ascorbate 
peroxidase; MDHAR – monodehydroascorbate reductase; DHAR – dehydroascorbate reductase; 
GR – glutathione reductase. 
 

 
 
Fig. 4. Correlation between leaf activity of CAT and SOD of all halophytes at high and low tides 
(n=56). 
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Activity in leaves 

Species Conditions Reference CAT, 
µmol H2O2 / 
µg protein 

SOD, 
c.u. / mg of 

protein 
Salicornia 
europaea L.  

Cardenas-Perez  
et al. 2022 

0.010 – 0.035 – 

Salsola crassa 
Bieb 

Yildiztugay  
et al. 2014 

0.1 – 0.25 2.5 – 4.5 

Cakile 
maritima Scop. 

Ellouzi  
et al. 2011 

0.005 – 0.015 20 – 150 

Betula pendula 
Roth 

Pot experiment 
(control) 

Nikerova 2020 0.6 – 1.0 0.5 – 2.5 

 
Table 6. Activity levels of catalase and superoxide dismutase enzymes in different plants under 
normal living conditions. 
 
 


