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Abstract 
The presented study supplements the knowledge on ion-exchange capacity, swelling ca-
pacity (elasticity) of the plant cell wall, and the accumulation of heavy metals in halo-
phytic species Plantago maritima and Triglochin maritima in the tidal zone of the White 
Sea western coast. The littoral soils of the coastal territories are sandy or rocky-sandy, 
medium and slightly saline with poor content of organic substances, Mn, Zn, Ni, and Pb. 
Studied soils are considered as uncontaminated by heavy metals because they contain 
background amounts of Fe and Cu. Sea water is significantly polluted by Fe (3.8 MPC) 
and Ni (55 MPC), has poor content of Zn and Cu and background level of Pb and Mn. 
The coastal dominant plant species P. maritima and T. maritima were characterized by 
intensive metals accumulation which was reflected in the coefficient of biological ab-
sorption (CBA) of metal by a whole plant. For P. maritima the following metal accumu-
lation series was obtained: Cu (3.29)> Zn (2.81)> Ni (1.57)> Pb (1.30)> Mn (1.21)> Fe 
(0.97), and for T. maritima: Ni (3.80)> Fe (2.08)> Cu (1.91)> Zn (1.84)> Pb (1.51)> Mn 
(1.31). Roots accumulated 50–70% of Ni, Cu, Zn, Pb and Mn of the total metal content 
in the plant while leaves and stems contained 30–50%. Fe was allocated mainly in the 
roots (80%). The ion-exchange capacity of the plant cell wall for P. maritima and          
T. maritima was established as follows correspondingly: 3570–3700 and 2710–3070 
μmol g-1 dry cell weight per leaf; 2310–2350 and 1160–1250 μmol g-1 dry cell weight 
per root.  
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List of abbreviations: ROS – reactive oxygen species, SP – sample plot, CBA – coeffi-
cient of biological absorption, pKa – ionization constants, S – sorption capacity,          
Kcw – swelling coefficient, COOH PGUC – carboxyl group of ά-D-polygalacturonic 
acid, СООН HCA – carboxyl group of hydroxycinnamic acids, CAT – catalase,        
POX – peroxidase, SOD – superoxide dismutase, ABA – abscisic acid, Gs – stomatal 
conductance 
 
 
Introduction     

 
     It is apparent that the cell wall is not on-
ly a physical barrier between the plant cell 
and the environment but also a very flexi-
ble and responsive part of the cell, func-
tionally involved in growth and differenti-
ation, signaling and response to pathogenic 
attack, and different stresses (Zagorchev et 
al. 2014). Cell wall proteins involved in 
stress signaling, in detoxification and ROS 
scavenging chaperones as well as proteins 
take also a part in cell wall modifications, 
for example enzymes of phenylpropanoid 
biosynthetic pathway and methyltransferas-
es included in methylation of lignin com-
ponents (Pandey et al. 2010). It is known 
that cell wall characteristics are associated 
with carbohydrate metabolism and second-
ary metabolism (Kosova et al. 2018).  
     In some studies devoted to acid–base 
properties of cell walls in herbaceous plants 
(Meychik et al. 1999), the cell walls were 
considered as weakly basic cation exchang-
ers with a low crosslinking degree. Intra-
cellular mechanisms of resistance include 
metal detoxification mechanisms (e.g. Hall 
2002, Yadav 2010) such as production of 
phytochelatins and metallothioneins (Par-
rotta et al. 2015). Plant cell walls are rich 
in compounds, which are able to bind di-
valent and trivalent metal as well as salt 
cations. Polysaccharides play a crucial role 
in heavy metals binding and accumulation 
in the cell wall, although other com-
pounds, such as proteins, amino acids and 
phenolics, also take part in this process. 
The ability to bind divalent metal cations 
depends on the number of functional 
groups, such as –COOH, –OH, –NH2, and 
–SH, occurring in cell wall compounds 

(Davis et al. 2003, Pelloux et al. 2007, 
Meychik 2007, Richter et al. 2017). Ac-
cording to Gorshkova (2007), the number 
of functional groups is species-specific 
and depends on the species origin, proper-
ties of the cell wall structure, physiologi-
cal features as well as geographical range.     
It has been reported that the number of 
ionogenic groups in the structure of the 
plant cell wall of different organs can      
be affected by heavy metals (Krzeslowska 
2011) and salinization (Meychik et al. 
2006, 2010; Aguino et al. 2011). In previ-
ous studies, the high values of the ion-
exchange capacity and swelling coefficient 
were registered for leaf cell wall of arctic 
plants. It was connected to greater water 
flow system by the apoplast and enhance 
of the metabolic processes in the cell wall 
of plants at high latitudes (Terebova et al. 
2018). 
     Sea coasts represent a contact zone be-
tween terrestrial and marine ecosystems 
(Markovskaya and Gulyaeva 2020). These 
areas are considered as the most unstable, 
because twice daily due to the diurnal 
rhythm of tidal cycles, they are exposed to 
changing of the water and air environ-
ments, accompanied by variations in cli-
matic parameters: light intensity, tempera-
ture, oxygen and carbon dioxide concen-
trations, pressure and other factors (Bowes 
et al. 2002, Maberly and Madsen 2002, 
Kosobryukhov and Markovskaya 2016). In 
our study, we focused on the littoral of the 
White Sea, which is an estuarine territory 
of the Karelian rivers. Estuaries are flood-
ed simultaneously by fresh water from 
large rivers that carry nutrient-rich sewage 
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(Ilyin et al. 2015, [2]-State report 2018) 
and by salty sea water that move from the 
northern seas along the Karelian coastal 
territories through the White Sea. In fact, 
estuaries are complex systems which are 
governed by hydrographical factors, such 
as the tidal action and the mixing of fresh-
water and seawater, which produce com-
plicated structural patterns that under-    
go continuous change in space and time 
(Kausch 1990). Moreover, estuaries are 

characterized by the unique combination 
of physical, chemical and biological fea-
tures, and are distinguished by exception-
ally high productivity (Alimov 2007, Te-
lesh and Khlebovich 2010). 
     The aim of this study was to evaluate 
the ion-exchange capacity and swelling 
coefficient of leaf and root cell walls as 
well as metal accumulation of halophytic 
plant species Plantago maritima L. and 
Triglochin maritima L. 

 
 

Study area 
 

     The work was carried out in July 2018 on the western coast of the White Sea from 
Lebyazhya Bay to Keretskaya Bay, which is the estuary of the Keret River (Fig. 1). 
Three sample plots (SP) of 5×5 m were established on the tidal zone.  
 

 
 

Fig.1. Locality of sample plots 

 
SP 1 – the Lebyazhya Bay (66°17'34.8"N, 33°35'32.4"E) is characterized by a sandy-
stony series characteristic of steep littoral zones unprotected from the wave breakage. 
The coastal strip formed by the tidal wave is raised stepwise or gently above the littoral, 
a pebble sandy-clay substrate is characteristic, the ratio of pebbles: sand: clay is 
235/160/105 (Breslina 1980);  
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SP 2 – the exit from the Lebyazhya Bay (66°17'34.8"N, 33°36'30.4"E), is characterized 
by sandy loam range characteristic of vast gentle sloping littoral zones, sufficiently pro-
tected from the wave breakdown of the lips, a clay-sandy substrate with an insignificant 
fraction of pebbles – 31/220/239;  
 
SP 3 – the entrance to the Keretskaya Bay (66°17'26.9"N, 33°36'35.3"E) is characterized 
by the littoral sandy soil or rocky-sandy, slightly silted – 85/345/70. According to the 
geobotanical classification, the studied territories belong to low-level meadows (Oresh-
nikova et al. 2012). 
 
 
Material and Methods  
 
Plant material  
 
     Two species of halophytes, widely dis-
tributed on the White Sea coast, were cho-
sen for the study: Triglochin maritima L. 
(Juncaginaceae) and Plantago maritima L. 
(Plantaginaceae). 
     Plantago maritima – euhalophyte, a 
Eurasian hypoarctic species (Fig. 2); her-
baceous polycarpic perennial plant with 
monopodial rhizome and branched particu-
lating caudex which prefers drying sites 
protected from wave erosion (Veselkin et 
al. 2016). It forms basal rosette of large 
leaves which are fleshy, narrow-lanceo-
late, covered with a layer of cuticle. Leaf 
mesophyll is isopalisade, slightly differen-
tiated into palisade and spongy mesophyll. 
In the center of the leaf there are numerous 

cells that make up the water-storage pa-
renchyma containing mucus and water.   
P. maritima is species with a high occur-
rence of arbuscular mycorrhiza (Veselkin 
et al. 2016). 
     Triglochin maritima – euhalophyte, a 
Eurasian boreal species; herbaceous poly-
carpic perennial plant with underground-
stolons, forming small turfs with a thick 
rhizome. The leaves of the T. maritima are 
basal, fleshy, narrowly linear, grooved, with 
parallel venation, covered with a cuticle 
layer. Mesophyll has a centric structure 
and in the center of the leaf aerenchyma 
there are large intercellular spaces. T. mari-
tima is non-mycorrhizal species (Veselkin 
et al. 2016). 

 

 
Fig. 2. Triglochin maritima L. 

 
Fig. 3. Plantago maritima L. 
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Measurements  
 
     In the middle part of each sample plot, 
soil and plant samples were collected to 
determine the content of heavy metals. At 
a distance of 2–3 meters from the seashore 

line, soil samples without the vegetation 
cover was collected, as well as 5 plants of 
each species with basal substrate.  

 
Measurements of the heavy metals content in a plant and soil  
     
     The metal concentration in the soil and 
plant organs (roots, leaves, stems) was es-
timated using the atomic absorption meth-
od (the atomic absorption spectrophotome-
ter АА-7000 with a flame atomizer, Shi-
madzu 7000 (Japan). The samples (0.2 g) 
were first dissolved in a mixture of con-
centrated acids (HNO3, HCl, in the ratio 
3:1) in the microwave digestion system 
(speed wave four, Berghof, Germany). All 
the tests of heavy metal content were per-
formed using the certified equipment of 
the Shared Use Centre «Analytical labo-
ratory» of Forest Research Institute of the 

Karelian Research Centre of the RAS (ISO 
11466:1995, NBN EN 13657:2002, ISO 
11407:1998, ISO 20280:2007). All meas-
urements were done in triplicate.  
     The coefficient of biological absorption 
(CBA) of metal by a whole plant was cal-
culated as a ratio of the metal content in 
the plant (metal content in the roots and 
aboveground organs) to the metal content 
in the soil and sea water (Polynov 1956, 
Batalov et al. 1991). The higher value of 
the CBA, the more intensively the element 
is absorbed by the plant (Polynov 1956). 

 
Measurements of salinity of water and soil 
 
     Field seawater salinity was determined 
using a refractometer (RHS-10ATC). The 
degree of soil salinity was estimated by the 
mass fraction (%) of dry (dense) aqueous 

extract residue, the content of organic mat-
ter was determined by the method accord-
ing to I.V. Tyurin (Vorobeva 2006).  

 
Measurements of ion-exchange capacity and swelling coefficient of plant cell wall 
 
     The swelling coefficient (Kcw) is a quan-
titative characteristic of the penetrability 
of the cell wall polymer matrix which de-
terments the elasticity of the cell wall. 
Swelling determines cell wall hydraulic 
conductivity. The cell wall swelling de-
pends on the degree of crosslinking of the 
polymers, the total number of functional 

groups and their ionization constant, con-
centration and pH of the external solution 
(Meychik 2007). The ion-exchange capac-
ity, sorption capacity (S), dissociation con-
stant (pKa) and coefficient of swelling 
(Kcw) of leaf and root cell wall were in-
vestigated by a method of potentiometric 
titration (Terebova et al. 2018). 

 
Statistical analysis  
 
     Data analysis was performed using a 
SAS software (version 9.2, SAS Institute, 
Cary, NC). The MIXED procedure for 
analysis of variance was used to deter-
mine statistical differences (P < 0.05) from 

plants. Initially, the data were tested for 
homogeneity of variance and normality, 
although, violations were found. Average 
values are reported with transformed letter-
ing according to Fisher’s LSD at P ≤ 0.05. 
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Results 
 
The content of elements in soils and sea water of the study area 
 
     The content of metals in soil of the 
study area is presented in Table 1. The soil 
salinity of Lebyazhya Bay (SP1) was me-
dium (1.9%), while at the location in the 
exit of Lebyazhya Bay (SP2) it was slight-
ly less (1.1%). The lowest salinity (0.6%) 
was registered in the area of entrance to 
Keretskaya Bay (SP3). The organic matter 
content in soil samples from Lebyazhya 
Bay (SP1) accounted for 0.8%, and in the 
other two locations – 0.4%. The slightly 
acid reaction (3.48–4.06) was recorded for 
littoral soil from all sample plots. The de-
termination of metabolic acidity showed 
that within whole studied area there is a 
leveling of the difference between values 

of aqueous and salt pH. Thus, the content 
of heavy metals in the soil of the studied 
area did not exceed the permissible con-
centrations and was lower than the clarke 
and background values (Table 1). Moreo-
ver, studied area is represented by littoral 
soils or marsh primitive soils at the initial 
stage of soil formation. These soils are 
characterized by poorly developed pro-
files, lack of differentiation into horizons 
(AC (C)), low humus content (0.13–1.18%), 
low absorption capacity (15–26 сmol+kg-1), 
neutral and slightly acidity, and low iron 
content (0.1%) (Oreshnikova et al. 2012). 
The highest content of the most analyzed 
metals was observed at the location of SP1.

 

Metal SP1 SP2 SP3 M σ min max 
clarke 

* 
back-

ground 
** 

APC 
*** 

mg kg-1 
Fe 16 131 9 149 11 794 12 359 3 525 6 452 18 684 – – 46 500 
Mn 143.14 94.44 130.81 122.80 25 55.70 191.90 850 – 1 500 
Zn 17.25 11.60 17.65 15.50 3 8.60 25.30 50 62 150 
Cu 24.54 6.90 8.57 13.34 10 4.97 14.93 20 18 35 
Ni 9.89 6.59 12.71 9.73 3 5.07 20.11 40 30 30 
Pb 1.57 3.10 2.81 2.50 1 0.89 4.44 10 15 30 

 
Table 1. The metal content in the soil of study area on the White Sea littoral zone. Notes:             
M –mean value; σ – standard deviation;  min – minimum; max – maximum value; * – clarke of 
heavy metal in the earth's crust (Vinogradov 1957); ** – Background values of heavy metals        
in bottom sediments of the seas (Novikov 2017); *** – APC – approximately permissible 
concentrations for uncontaminated bottom sediments according to SFT for Zn, Cu, Ni and Pb 
(Ilyin et al. 2015).  
 
 
     Seawater in the study area was character-
ized by different levels of salinity and the 
associated content of chloride ions and 
mineralization. The highest salinity of sea-
water up to 20 ‰ with the content of chlo-
ride ions – 5 g l-l and mineralization – 
13.46 g l-l was registered at the location of 
SP1. For the samples of seawater from 
location SP3 the lowest values of salinity 

(0 ‰) were obtained as well as the chlo-
ride ion content (0.56 g l-l) and minerali-
zation (1.14 g l-l), which is associated with 
the presence of freshwater outlets (see Ta-
ble 2).  
     Seawater in the study area was con-
taminated with Fe (3.8 of MPC), Ni (55   
of MPC), Co (1.7 of MPC) and Al (1.7 of 
MPC) (Table 2). 
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 SP1 SP2 SP3 M σ Back-
ground* MPC**  

NO3-, mg l-1 34.43 30.95 7.81 24.39 14.47 – 39 
Cl-, mg l-1 5.00 3.46 0.56 3.01 2.25 > 2.5  – 
Сorg, mg l-1 29.19 18.08 46.00 31.09 14.05 – – 
mineralization, 
g l-1 13.46 12.48 1.14 9.03 6.85 – – 

Fe, mg l-1 0.1621 0.1396 0.2769 0.1929 0.074 0.01 0.05 
Mn, mg l-1 0.0074 0.0149 0.0201 0.0141 0.006 0.002 0.05 
Zn, mg l-1 0.0029 0.0032 0.0047 0.0036 0.001 0.01 0.05 
Ni, mg l-1 1.3576 0.2871 0.0017 0.5488 0.715 0.002 0.01 
Cu, mg l-1 0.0017 0.0016 0.0020 0.0018 0.000 0.003 0.005 
Co, mg l-1 0.0008 0.0255 0.0003 0.0088 0.014 0.0005 0.005 
Cr, mg l-1 0.0029 0.0011 0.0015 0.0018 0.001 0.0002 0.02–0.07 
Al, mg l-1 0.0894 0.0591 0.0529 0.0671 0.020 0.01 0.04 
Pb, mg l-1 0.0063 0.0046 0.0004 0.0038 0.003 0.00003 0.01 
Cd, mg l-1 0.0001 0.0083 0.0001 0.0028 0.005 0.0001 0.01 
salinity, ‰ 20 7 0 5–31 – – – 
рН 8.02±0.9 7.62±0.6 7.58±0.5 7.74 – – – 

 
Table 2. The content of elements in seawater in the study area on the White Sea littoral zone. 
Notes: M – mean value; σ – standard deviation; * – background values of analyzed parameters in 
the seawater ([1] - Order of the Ministry 2016); ** MPC – maximum permissible concentrations 
(MPC) in seawater of fishery facilities ([1] - Order of the Ministry 2016). 
 
 
     The content of Cd, Pb, Mn and Cr in 
the seawater of the studied area exceeded 
the natural background but was below the 
maximum permissible concentrations. The 
contents of Zn and Cu were lower in ana-

lyzed samples of sea water and did not ex-
ceed the natural background while content 
of nutrients – carbon and nitrates in sea-
water – was significantly high (Table 2). 

 
The content of heavy metals in Plantago maritima and Triglochin maritima  
 
     In conditions of littoral poor soils and 
contaminated seawater plant species P. mar-
itima and T. maritima accumulated ele-
ments (Table 3). 
     Thus, halophytes of the littoral zone    
P. maritima and T. maritima actively accu-
mulated Fe, Mn, Ni, Cu, Zn, Pb by whole 
the plant and CBA of these metals was     
≥ 1. The Fe content in studied halophytes 
was 3–4 times higher than the critical level 
of Fe in plants according to Pendias (2010). 
The majority of the accumulated metals 

was observed in the roots (50–70% of the 
total element content in the plant) in com-
parison with the aboveground organs (30–
50%), with the exception of iron. Over 
80% of the total Fe in studied species ac-
cumulated in the roots (Table 3). However, 
a slight difference between the plant spe-
cies was distinguished: T. maritima accu-
mulated Fe and Ni in high amounts while 
P. maritima accumulated rather biophilic 
metals such as Zn and Cu. 
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Plantago maritima 
 Fe Mn Zn Cu Ni Pb 
M plant,  
mg kg-1 13351±1037 162.46±30.65 42.67±2.95 21.16±2.23 15.61±7.07 3.25±0.01 

M 
aboveground 
organs 

2580±258 50.59±14.25 19.02±4.85 8.07±2.45 3.19±0.89 1.35±0.15 

M roots 10771±2147 111.87±28.00 23.65±3.96 13.08±1.45 12.41±1.20 1.91±0.63 
CBA 
aboveground 
organs 

0.21±0.07 0.39±0.02 1.23±0.45 1.27±0.02 1.23±0.68 0.52±0.03 

CBA roots 0.76±0.09 0.82±0.14 1.57±0.25 2.02±0.26 0.34±0.05 0.77±0.11 
CBA whole 
plant 0.97±0.10 1.21±0.10 2.81±0.52 3.29±0.50 1.57±0.07 1.30±0.46 

Critical level 
of element 
in plants*, 
mg kg-1 

> 500 300–500 >100 20–100 10–100 20–300 

Triglochin maritimа 
 Fe Mn Zn Cu Ni Pb 
M plant,  
mg kg-1 22021±1136 134.30±27.75 26.01±4.63 14.35±2.70 36.01±6.71 2.88±0.31 

M 
aboveground 
organs 

3241±115 59.86±10.23 10.88±3.85 4.46±1.15 14.18±4.74 0.85±0.10 

M roots 18780±2125 74.44±15.10 15.12±4.20 9.89±2.78 21.82±2.96 2.03±0.56 
CBA 
aboveground 
organs 

0.30± 0.07 
 0.60±0.08 0.80±0.09 0.61±0.20 1.46±0.90 0.48±0.23 

CBA roots 1.78±0.25 0.71±0.08 1.04±0.02 1.30±0.05 2.34±0.15 1.03±0.12 
CBA whole 
plant 2.08±0.31 1.31±0.15 1.84±0.18 1.91±0.23 3.80±1.12 1.51±0.07 

 
Table 3. The average values of the element contents (M) and the coefficient of biological 
absorption (CBA) of metals by roots, aboveground organs and whole plant of Plantago maritima 
and Triglochin maritima. Notes: *Critical level of element in plants, mg kg-1 (Pendias 2010). 
 
 
Cell wall properties of leaves and roots of Plantago maritima and Triglochin maritima 
 
     According to results of the study, it was 
found that four types of ion-exchange or 
functional groups are included in the struc-
ture of the cell walls of the leaves and 
roots of the studied halophytes. For these 
groups, the values of ionization constants 
(pKa) were calculated (Meychik 2007) and 
it was established that they included ani- 
on exchange amino groups (pKa ~ 1.5–4) 
and three cation-exchange groups: carbox-

yl groups of ά-D-polygalacturonic acids 
(COOH PGUK) (pKa ~ 5–6), carboxyl 
groups of hydroxycinnamic acids (COOH 
HCA) (pKa ~ 7–8) and phenolic OH-
groups (pKa ~ 9–10). 
     The number of groups was evaluated 
by the value of sorption capacity (S, μmol 
g-1dry weight of cell walls). The maximum 
S values corresponded to the total number 
of ion-exchange groups in the structure of 
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the plant cell walls. S value of the cell 
wall, can indicate its ability to accumulate 
various elements. Value of S of the leaf 
cell wall was 3 570 – 3 700 μmol g-1 of dry 
cell weight for P. maritima and 2 710 –    

3 070 μmol g-1 of dry cell weight – for     
T. maritima (Table 4). Under conditions of 
20 ‰-salinity of seawater, S of the leaf 
cell wall was higher than at 0 ‰-salinity. 

 
Amount of groups, S μmol g-1 dry cell weight Type of group 

Plantago maritima Triglochin maritimа 

Water salinity 20 ‰ 0 ‰ 20 ‰ 0 ‰ 

Amino groups  250±20a 
(6%) 

450±30b 
(13%) 

170±30a 

(5%) 
450±20b 
(17%) 

COOH PGUC  650±30a 
(18%) 

720±50a 
(20%) 

1800±50a 
(59%) 

1000±40b 
(37%) 

COOH HCA  1650±70a 
(45%) 

1430±60b 
(40%) 

850±90a 
(28) 

1100±100a 
(40) 

Phenolic ОН-group 1150±30a 
(31%) 

970±20b 
(27%) 

250±25a 
(8%) 

160±70b 
(6%) 

Total number of  
functional groups 3700±70a 3570±90b 3070±50a 2710±50b 

 
Table 4. The content of ion-exchange groups and group ratio in the leaf cell walls of Plantago 
maritima and Triglochin maritima (%). Notes: Data presented with different letters in the same 
column indicate a significant difference at p ≤ 0.05 from halophyte plants in different salinity to 
Fisher’s LSD test. Data were determined in 5 replications, standard deviation values are given 
after ±. Abbreviations: COOH PGUC – carboxyl group of ά-D-polygalacturonic acid, СООН HCA 
– carboxyl group of hydroxycinnamic acids. 
 
 
     In the studied halophytes, the largest 
amounts of the leaf cell wall groups were 
carboxyl groups of hydroxycinnamic acids 
(40–45% in P. maritima), polygalacturonic 
acid carboxyl groups (37–59% in T. mari-
tima) and phenolic OH-groups (37–31% in 
P. maritima) (Table 4). Low percentage of 
phenolic OH-groups (6–8%) were regis-
tered in leaf cell wall of T. maritima. The 
content of amino groups in leaf cell wall of 
both halophytes was 5–17%. The salinity 
conditions of seawater influenced the num-
ber of groups of the leaf cell wall. For     
P. maritima the amount of COOH HCA 
and phenolic OH-groups of the leaf cell 
wall was 1.2 times higher at a salinity of 
20 ‰ in comparison with 0 ‰ salinity lev-
el. For T. maritima the amount of COOH 
PGUC as well as the phenolic OH-groups 

of the leaf cell wall was 1.8–1.6 times 
higher at 20 ‰-salinity. On the contrary, 
the number of amino groups decreased in 
1.5–2 times in the leaf cell wall of both 
studied plants with an increasing salinity 
of seawater (Table 4). 
     The total S of root cell wall was lower 
than leaf cell wall and accounted for 2 310 
– 2 350 μmol g-1 of dry cell weight for     
P. maritima and 1 160 – 1 250 μmol g-1         

of dry cell weight – for T. maritima. Root 
cell wall S of P. maritima was higher com-
pared with T. maritima. No significant re-
lation was found between salinity level and 
sorption capacity of root cell wall of both 
studied species (Table 5). For P. maritima 
higher number of root cell wall groups was 
registered for COOH PGUC groups (34–
36%) and phenolic OH-groups (36–43%) 
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while for T. maritima COOH HCA groups 
(38–39%) were prevailed. Salinity had 
practically no effect on the change in the 
number of functional groups in the root 
cell wall of both halophytes. Only a de-
crease in the number of phenolic OH-
groups in the root cell wall of P. maritima 
and the amino groups of root cell wall of 

T. maritima with an increasing salinity of 
sea water was registered (Table 5). In to-
tal, the content of amino groups (from total 
group content) in the root cell wall was 2 
times higher compared with leaf cell wall. 
At the same time, the number of amino 
groups was maximal in the root cell wall 
of T. maritima (Table 5). 

 
Amount of groups, S μmol g-1 dry cell weight Type of group 

Plantago maritima Triglochin maritimа 

Water salinity 20 ‰ 0 ‰ 20 ‰ 0 ‰ 

Amino groups 250±30a 
(11%) 

250±20a 
(11%) 

350±30a 
(30%) 

450±20b 
(36%) 

COOH PGUC 820±50a 
(36%) 

810±50a 
(34%) 

90±20a 
(8%) 

100±30a 
(8%) 

COOH HCA 400±60a 
(17%) 

290±100а 
(12%) 

450±70a 
(39%) 

470±80a 
(38%) 

Phenolic ОН-group 840±50a 
(36%) 

1000±50b 
(43%) 

270±30a 
(23%) 

230±70a 
(18%) 

Total number of 
functional groups 2310±50a 2350±100a 1160±50a 1250±50a 

 
Table 5. The content of ion-exchange groups (%) and group ratios in root cell walls of Plantago 
maritima and Triglochin maritima. Notes: Data presented with different letters in the same column 
indicate a significant difference at p ≤ 0.05 from halophytes plants in different salinity to Fisher’s 
LSD test. Data were determined in 5 replications, standard deviation values are given after ±. 
Abbreviations: COOH PGUC – carboxyl group of ά-D-polygalacturonic acid, СООН HCA – 
carboxyl group of hydroxycinnamic acids. 

 
 
     Kcw in water of the leaf and root cell 
wall of the studied halophytes in compari-
son with Kcw of terrestrial plants is pre-
sented in Table 6. Kcw in water of P. mari-
tima cell wall was higher compared to     
T. maritima: 9.92–6.38 and 4.37–2.76 g 
H2O g-1 dry cell weight, respectively. In 
both cases, the swelling of the leaf cell wall 
was 2 times higher than the swelling of the 
root cell wall. However, the swelling of the 
leaf cell wall of the halophyte was signifi-
cantly higher (on average 7 times) than leaf 
cell wall of terrestrial plants (Table 6). 

     Kcw of studied plants was higher in the 
leaf cell wall (1–14 g H2O g-1 dry cell)  
weight than in the root cell wall (1–6 g 
H2O g-1 dry cell weight) of dry cell weight)  
depending on the pH (Fig. 4.). Cell wall 
swelling increased with increasing pH of 
the solution and in all cases, values of 
swelling coefficient were minimal in the 
acidic range. With increasing salinity of 
sea water (up to 20 ‰), the swelling of the 
cell wall of the halophyte root increased, 
especially in P. maritima (Fig. 4). 

 



CELL WALL OF HALOPHYTES 

179 

 
Fig. 4. Dependence of the swelling coefficient Kcw (g H2O g-1 dry cell weight) of the cell wall in 
leaves and roots of Plantago maritima and Triglochin maritima on the pH of the solution at 
different salinity. 
 

 
Plant species Kcw leaf Kcw root 
Plantago maritima* 9.92 ± 1.25 4.37 ± 0.45 
Triglochin maritimа* 6.38 ± 1.05 2.76 ± 0.33 
1Suaeda altissima* – 3.70 ± 1.40 
2Pinus sylvestris** 1.50 ± 0.12 – 
2Betula nana** 1.93 ± 0.20 – 
2Dryas octopetala** 1.45 ± 0.15 – 
2Salix polaris** 2.60 ± 0.13 – 
2Cassiope tetragona** 0.83 ± 0.14 – 

 
Table 6. Values of swelling coefficient Kcw in water of leaf cell wall of coastal and terrestrial 
plants. Notes: * – coastal plant; ** – terrestrial plant; 1 – according to Terebova et al. 2018;           
2 – according to Meychik 2001. 

 
 

Discussion  
 

     Dominant plant species P. maritima 
and T. maritima of the White Sea littoral 
grew in the estuary of the River Keret on 
slightly saline, mineral-poor soils and in 

seawater elements-rich such as Fe (3.8 of 
MPC), Ni (55 of MPC), Co (1.7 of MPC), 
Al (1.7 of MPC), carbon and nitrogen. The 
maximum content of most of the studied 
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elements was established at SP1 in Leby-
azhya Bay. This is probably due to the par-
tial proximity of the Lebyazhya Bay a sea-
shore of the White Sea, which contributes 
to the accumulation of numerous elements. 
     According to Ilyin et al. (2015), nutri-
ents and pollutants enter the White Sea 
through the drains of large rivers (the 
Onega River, the Northern Dvina River, 
the Kem River, the Nizhny Vyg River, the 
Verkhny Vyg River, the Keret River). The 
volume of sewage discharged into surface 
water bodies of the White Sea basin in 
2017 amounted to 76.18 millions m3, includ-
ing 18.87 millions m3 of waste from the 
tailing dump of the mining plant Karel- 
sky Okatysh ([2] - State report 2018). The 
main pollutants in the water of the tailing 
dump of this mining plant are Ni (0.017–
0.025 mg l-1), Mn (0.432–0.650 mg l-1),   
Zn (0.051–0.075 mg l-1), while in the soils 
of the tailing dump Fe (39 505–45 120 mg 
kg-1) prevails (Terebova et al. 2017). Ac-
cording to results of present study, signif-
icant accumulation of Ni and Fe were 
established in the seawater of Lebyazhye 
and Keretskaya Bays. Moreover, the other 
pollutants discharge into the water bodies 
of the White Sea basin in huge amounts 
such as the follows: Mn (2.5 tons), Mg 
(524 tons), nitrites (8.5 tons), suspended 
solids (425 tons), sulfates (12602 tons) and 
phenols (0.5 tons) ([2] - State report 2018). 
     According to the obtained results, the 
studied halophytic plants growing on un-
sorted sandy littoral soil intensively accu-
mulate heavy metals in whole plant bodies. 
Coefficient of biological absorption (CBA) 
for Fe, Mn, Ni, Cu, Zn, Pb was > 1. In 
fact, the metals were accumulated in roots 
more (50–70% from the total content of a 
metal in a plant) than in aboveground or-
gans (30–50%). However, 80% of the total 
Fe in the plant was accumulated in the 
roots. This could be because both species 
of studied halophytes are perennials plants 
that retain well-developed underground or-
gans for a long time (Sergienko et al. 2017). 

Therefore, they accumulate the metals dur-
ing several consecutive seasons. 
     However, in spite of species-specific 
differences, the accumulation of heavy 
metals has a certain general tendency. Ac-
cording to the known data of CBA-values, 
several groups of elements are distin-
guished: 1. Zn, Cu, Pb have an average de-
gree of absorption (Stoltz and Greger 2002, 
Pulford and Watson 2003, Zhivotovsky et 
al. 2011), 2. Mn, Ni are weakly uptaken 
(Titov et al. 2011) and 3. Fe is difficult    
to absorb by plants (Vandecasteele et al. 
2004). Indeed, our earlier study (Terebova 
et al. 2017) showed, that in technogenic 
landscapes, Fe and Ni were very weakly ac-
cumulated by willow, a phytoremediation 
plants (CBA < 1). However, in this recent 
study, halophytic plants absorbed nickel 
and iron intensively. The study revealed 
that T. maritima has the following series of 
metal accumulation (calculated for the 
whole plant): Ni (3.80) > Fe (2.08) > Cu 
(1.91) > Zn (1.84) > Pb (1.51) > Mn (1.31) 
and for P. maritima the following series 
was registered: Cu (3.29) > Zn (2.81) > Ni 
(1.57) > Pb (1.30) > Mn (1.21) > Fe (0.97). 
Our findings could suggest that these plant 
species can be attributed to heavy metal 
accumulators in the estuary of the River 
Keret. 
     According to modern concepts, halo-
phytes are highly resistant to the toxic ef-
fects of salts and heavy metals and can 
both actively uptake them from the environ-
ment (Manousaki and Kalogerakis 2011, 
Lokhande et al. 2011) and excrete them 
from their organs (Toderich et al. 2001, 
Manousaki et al. 2013), reducing the nega-
tive effect of pollutants. 
     However, there is still little known 
about the mechanisms of adaptation to the 
toxic effects of salts and heavy metals for 
halophytic plant species (Van Oosten and 
Maggio 2015). The response of the organ-
ism depends on the dose, type of contami-
nation, salinity levels and can be multidi-
rectional. For example, it was found for  
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halophytic plant Kosteletzkya virginica (L.) 
C. Presl ex A. Gray that Cd reduced the 
uptake of Na under salt treatment and in-
creased K concentration in leaves. In con-
trast, Zn increased Na translocation and 
reduced K levels in leaves of this species 
(Han et al. 2012). By increasing NaCl, Cd 
accumulation was reduced but still unable 
to alleviate Cd-induced growth effects. The 
presence of NaCl in conjunction with Cd 
was shown to reduce senescence, decrease 
oxidative stress and reduce ABA level. In 
this study young seedlings of Kosteletzkya 
virginica were exposed during 3 weeks in 
nutrient solution to Cd 5 μM in the pres-
ence or absence of 50 mM NaCl. The pres-
ence of NaCl partially reduced the oxi-
dative stress induced damage in Cd-treated 
plants that was manifested by lower in-
creases in lipid peroxidation and protein 
oxidation. Surprisingly, in this case no ac-
cumulation of H2O2 or O2•− was observed. 
Additional salt reduced ABA accumula-
tion in Cd+NaCl-treated leaves comparing 
to Cd alone. Also salinity reduced Cd ac-
cumulation already after 1 week of stress 
but was unable to restore shoot growth  and 
thus did not induce any dilution effect (Han 
et al. 2013). This indicates that for some 
halophytes, the presence of NaCl may be 
required to cope with oxidative stress such 
as those induced by heavy metals. Simi-
larly, significant levels of Cu, Cd, and    
Pb were found to accumulate in stems   
and leaves of Halimione portulacoides (L.) 
Aellen, a small evergreen shrub found in 
coastal salt marshes (Reboreda and Caça-
dor 2007). It was demonstrated that roots 
of H. portulacoides accumulated signifi-
cant amounts of Zn, Cu, Ni, and Co and 
closely correlated with soil salt concentra-
tions (Milić et al. 2012).  
     The most of limited physiological stud-
ies of T. maritima and P maritima were 
carried out in laboratories. For example, 
the metabolism in relation to the tolerance 
to salt stress were investigated in salt-toler-
ant P. maritima and salt-sensitive P. me-
dia L. It was found that the activity of anti-

oxidant enzymes such as CAT, POX and 
SOD increases with increasing salinity to 
200 mM NaCl in P. maritima leaves after 
7-days treatment. These results suggest that 
the salt-tolerant P. maritima showed a bet-
ter protection mechanism against oxidative 
damage caused by salt stress by its higher 
induced activities of antioxidant enzymes 
than the salt-sensitive P. media (Sekmen et 
al. 2007).  
     In the field studies Markovskaya and 
Gulyaeva (2020) the stable states of P. mar-
itima on the littoral of the White Sea were 
observed at high and low tides while tran-
sient states of the plants were established 
during tidal dynamic when not all parts of 
the plants are flooded. In a stable state 
high functional parameters of chlorophyll 
a fluorescence (FV/FM 0.80, PSII 0.30, 
ETR 110) and open stomata (Gs 350–   
450 μmol m-2 s-1) were registered for      
the plants. In transient states, stomata of   
P. maritima were partially closed and 
functional activity was inhibited: FV/FM 
0.70, PSII 0.20–0.25, ETR 70–90, Gs 50–
150 μmol m-2 s-1 (Markovskaya and Guly-
aeva 2020). 
     Recently, Anjum et al. (2013) demon-
strated that T. maritima can intensely ab-
sorb Hg, mostly by roots (3.4–5.2 mg     
kg-1), and leaves (0.03–0.05 mg kg-1) in 
Ria de Aveiro coastal lagoon. In a labora-
tory experiment with an increase in sa-
linity up to 15 ppm, T. maritima multi-
directionally changed in parameters such 
as the content of total phenols, flavonoids, 
proline, and vitamin C (Boestfleisch and 
Papenbrock 2017). 
     It was also reported, that salinity stress 
reduces the biomass in vegetable crops, 
but at the same time increases the second-
ary metabolite concentration (Shannon and 
Grieve 1998, Selmar and Kleinwächter 
2013). T. maritima and P. maritima are spe-
cies with apoplastic phloem loading and 
they use the apoplast as an intermediate 
accumulator of assimilates before loading 
into the phloem (Gamaley 2004). Thus, it 
can be assumed that metabolic processes
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located in the cell wall free space play a 
major role in the transport of metals and 
salts through halophyte organs. 
     According to obtained results the ion-
exchange ability of the cell wall of the leaf 
and root of T. maritima and P. maritima 
amounted of 2 710–3 070 and 3 570–3 700 
for leaves; 1 160–1 250 and 2 310–2 350 
μmol g-1 dry cell weight – for root, corre-
spondingly. These are lower values, com-
pared to the sorption capacity of the leaf 
cell wall of the Arctic plants (2 700–8 300 
μmol g-1 dry cell weight) (Terebova et al. 
2018), but higher when compared to the 
cell wall values of the leaf of plants of the 
taiga zone (1 000–1 500 μmol g-1 of dry 
cell weight) (Galibina and Terebova 2008). 
The ion-exchange activity of the leaf cell 
wall was higher than that in root. Perhaps 
this is due to the high level of seawater 
pollution (unpolluted soils) in the sample 
plots, especially for nickel, iron, cobalt and 
aluminum. However, according to the val-
ues of the CBA, halophyte root accumu-
lates elements more intensely than the leaf 
(Table 3). This is due to the fact that the 
halophytes P. maritima and T. maritima 
are perennials that retain developed under-
ground organs for a long time (Sergienko 
et al. 2017). A large number of ion-ex-
change groups in the structure of the leaf 
cell wall of the halophytic species is asso-
ciated with structural features and metab-
olism of the leaf tissues. In general, the 
leaves of P. maritima and T. maritima are 
characterized by succulent features, small 
cells, increasing in leaf thickness due to  
an increase in mesophyll layers, location 
of stomata on the adaxal and abaxal leaf 
sides, change the water storage function 
from surface leaf structures to specialized 
water parenchyma located deep inside the 
leaf. In addition, T. maritima has well-
developed aerenchyma in the leaves (Gu-
lyaeva et al. 2016). 
     During the study, it was found that four 
types of ion-exchange groups were includ-
ed in the structure of the cell walls in the 
leaves and the roots of P. maritima and    

T. maritima. These are anion-exchange ami-
no groups and cation-exchange groups: car-
boxyl groups of ά-D-polygalacturonic acid 
(COOH PGUC), carboxyl groups of hydro-
xycinnamic acids (COOH HCA), and phe-
nolic OH-groups. Amino groups of the cell 
wall are markers of cell wall proteins. It is 
well-established that cell wall proteins in-
volved in stress signaling, in detoxification 
and ROS scavenging. In fact, proteins in-
volved in cell wall modification such as 
enzymes of phenylpropanoid biosynthetic 
pathway and methyltransferases involved 
in methylation of lignin components (Pan-
dey et al. 2010). Also cell wall proteins 
take a part in carbohydrate metabolism as 
pentose phosphate pathway and they are 
proposed to be involved in biosynthesis   
of sugars as a part of osmotic adjustment 
under dehydration stress or to be involved 
in ROS scavenging due to production of 
NADPH (Pandey et al. 2010, Kosova et al. 
2018).  
     Carboxyl groups can be part of pectic 
substances and hydroxycinnamic acids of 
the cell wall. Pectins are acidic polysac-
charides enriched with galacturonic acid 
residues and they are characteristic com-
ponents of the primary cell walls. In fact, 
the cation-exchange carboxyl groups of the 
cell wall mainly bind metals from the envi-
ronment (Krzeslowska 2011). Hydroxycin-
namic acids (phenolic acids) are low mo-
lecular weight phenolic compounds of the 
cell wall (ferulic acid, synapic acid, para-
coumaric acid, caffeic acid, gallic acid, 
etc.) which are components of suberin, 
cutin and pectin polysaccharides. Due to 
the formation of diferulates, ferulic acid 
can perform a structural function in the 
cell walls, binding polysaccharides to each 
other and therefore reducing the extensi-
bility of cell walls (Sharova 2004, Iiyama 
et al. 1994). Phenolic acids of cell walls 
can be involved in redox processes and 
provide neutralization of reactive oxygen 
species. Furthermore, phenolic-OH groups 
are considered as markers of phenolic com-
pounds, mainly lignin and suberin – compo-
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nents of the secondary cell wall (Sharova 
2004). According to our data, phenolic sub-
stances (high molecular weight lignin and 
suberin; phenolic acids) and pectins are the 
main components of the cell wall of the 
leaves and roots of the halophytes T. mari-
tima and P. maritima, since the largest 
proportions are recorded for such ion-ex-
change groups as COOH PGUC, COOH 
HCA and phenolic OH-groups (Tables 4, 
5). However, in the leaf of P. maritima 
high-molecular weight phenols are pre-
vailed while pectin is registered at higher 
rates in T. maritimа. Thus, these results re-
vealed specific structural features of the 
cell wall of studied halophytic species. 
     Interestingly, the pH of sea water (7–8) 
is optimal precisely for the functioning of 
the carboxyl groups of hydroxycinnamic 
acids (COOH HCA) of the cell wall of 
halophyte organs with a pKa of ~ 7–8. It 
was shown that under heavy metal pollu-
tion, thickening of the cell walls of the 
rhizoderm in the Vicia faba root can occur 
due to the synthesis of callose, lignin and 
pectin (Krzeslowska 2011). This creates ad-
ditional barrier to the penetration of heavy 
metals into the root (Liu et al. 2004, Probst 
et al. 2009). An increase in carboxyl groups 
was also revealed in the structure of the 
cell wall of the pine needles under con-
ditions of aerotechnogenic pollution by 
nickel and copper (Galibina and Terebo- 
va 2008). Under salt stress in glycophyte 
Oryza sativa, it is also assumed that the 
carboxyl groups of polysaccharides of leaf 
cell wall are involved in the reduction of 
the toxic effect of NaCl (Aguino et. 2011). 
The amount of phenolic compounds in the 
leaf cell wall of T. maritima and P. mari-
tima increases with increasing salinity of 
sea water from 0 ‰ to 20 ‰, while the 
protein content decreases (Table 5). For 
both studied plant species no correlation 
was registered between salinity and num-
ber of cell wall groups in the root of the 
plants.  
     The synthesis of phenolic compounds 
in plants is known to increase by stress ex-

posure (Isah 2019). Thus, with annual CO2 
exposure, an increase in the content of 
phenolic compounds (caffeic acid in leaf; 
p-coumaric acid and verbascoside in root) 
in P. maritima was obtained in a labora-
tory experiment (Davey et al. 2004). The 
adaptive role of phenols in plant metabo-
lism is well-established, especially in de-
fense mechanisms (Lavid et al. 2001). Most 
phenolic compounds have powerful anti-
oxidant properties, neutralizing the effects 
of oxidative stress, some of them show the 
ability to chelate heavy metal ions. Phenyl-
propanoids are the basic molecules for the 
synthesis of lignin and suberin, strength-
ening the cell walls of plants (Kulbat et. 
2016). Thus, the phenolic and pectin sub-
stances of the cell wall of halophytic spe-
cies P. maritima and T. maritima partici-
pate in the binding mechanisms of salts 
and metals, phenolic substances provide 
tissue lignification, protect plants from the 
negative effects of salts on the White Sea 
littoral. 
     In addition to direct binding of ele-
ments, plant cell walls are involved in wa-
ter exchange of plants (Gorshkova 2007), 
which is significantly disturbed by the ac-
tion of salts and metals (Hall 2002, Yadav 
2010, Laghlimi et al. 2015). In fact, under 
the conditions of salinity of soils and sea 
water, halophytes in the littoral zone are 
exposed to physiological drought (Touchet-
te 2006). In our study, we showed high 
values of the swelling coefficient of the 
cell wall of coastal halophytes growing in 
water, especially for the leaves in compari-
son with terrestrial plants (Table 6). High 
Kcw of cell wall were also established de-
pending on the pH in the leaves of T. mari-
tima and P. maritima (in average 1–14 g 
H2O g-1 dry cell weight) and in the roots 
(1–6 g H2O g-1 dry cell weight), but 2 
times lower than the leaves. According to 
the obtained results, cell wall swelling is 
minimal in the acidic range (Fig. 4). That 
means that cell walls contract or decrease 
in volume with decreasing pH in the 
apoplast or in the external environment. 
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The swelling of the cell wall of the root 
increased with an increase in the salinity 
of sea water up to 20 ‰, especially in      
P. maritima. It is suggested that the higher 
the Kcw of the cell wall in water is, the 
higher is its elasticity as well as generally 
higher hydraulic conductivity of the plant 
apoplast system (Meychik et al. 2010). The 
elasticity of halophyte tissue might be re-
lated to the elasticity of the cell wall. It    
is possible to make a conclusion about the 
high tissue elasticity of halophytic plants 
on the White Sea littoral based on the ob-
tained high values of the cell wall swelling 
of the studied halophytes, especially in the 
leaf. A number of resources provide over-
views of the flexibility of plant tissues as 
important component of plant–water rela-
tions (e.g. Steudle et al. 1977, Joly and 
Zaerr 1987). In fact, plants with relative- 
ly flexible cell walls (high elasticity) can 
maintain adequate turgor during periods of 
tissue-water decline (Clifford et al. 1998). 
It was documented that elevated elasticity 
and comparatively low osmotic potential 
may work in concert to effectively main-
tain vital cellular water content. Tolerance 
for lower soil-water potentials in plants 
while minimizing cell dehydration and 
shrinkage may foster by the describing con-
cept termed the «cell water conservation 
hypothesis». Therefore, according to Tou-

chette (2014), the accumulation of solutes 
in marine and coastal plants, causing de-
creases in osmotic potential, play an impor-
tant role in plant–water relations and likely 
works with higher elasticity to achieve fa-
vorable cell volumes. It is generally held 
that plants residing in marine systems  
have higher leaf tissue elasticity (Touchet-
te 2014).  
     Thus, the studied halophytes of P. mari-
tima and T. maritima grow on unsorted 
sandy soil of the estuaries of the River 
Keret and periodically flooding with sea-
water enriched with nutrients and contami-
nated with heavy metals. The both species 
accumulate Fe, Mn, Ni, Cu, Zn, Pb from 
the environment by whole the plant: by 
roots (50–70%) and aboveground organs 
(30–50%). The high ion-exchange ability 
of the halophyte cell wall has been es-
tablished. The cell walls of the leaves of  
P. maritima and T. maritima are character-
ized by higher elasticity and ion-exchange 
ability and are more functionally active 
than in the roots. In the structure of the 
leaf and root cell wall of studied plants, 
phenolic and pectin substances predomi-
nate. The cell wall of plants is involved in 
the processes of accumulation and trans-
port of elements within the plant and regu-
lation of the water potential of plants in es-
tuarine territories. 
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