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Introduction

Kyyak, N. Y. (2022). Metabolism of carbohydrates and activity of the antioxidant system in mosses on a post-technogenic salinized terri-
tory. Regulatory Mechanisms in Biosystems, 13(2), 189-196. doi:10.15421/022224

Adaptive physiological and biochemical reactions of mosses Didymodon rigidulus Hedw., Barbula unguiculata Hedw. and Brachy-
thecium campestre (Miill. Hal.) Schimp. to salt stress have been investigated from the territory of the tailings storage of the Stebnyk Mining
and Chemical Enterprise “Polymineral” (Lviv region, Ukraine). The peculiarities of carbohydrate metabolism in mosses under salinity
conditions have been studied. The content of soluble carbohydrates and proline, the antioxidant activity, the content of ascorbate and reduced
glutathione as well as the activity of enzymes of their metabolism — ascorbate peroxidase and glutathione reductase at the initial stages of the
stress (salt shock) and prolonged stress exposure (salt stress) have been evaluated. It has been found that the increase of a-amylase activity,
enhancement of the hydrolysis of starch and the increase of the concentration of soluble carbohydrates under salt stress were the reactions of
the studied species of mosses. It has been established that there was an increase in the concentration of soluble carbohydrates by 1.2-1.5
times in moss shoots under salinity conditions, compared with plants from the background area (vicinity of Stebnyk). Experimental studies
have shown that under salinity conditions sucrose dominates in the pool of soluble carbohydrates (59.0-79.5% of the total sugars content).
The sucrose content was 1.5-2.0 times higher in the plants B. unguiculata and D. rigidulus from the highly saline area of the tailings storage.
It has been indicated that under stress conditions constitutive adaptive mechanisms are more expressed in resistant moss species, and plants
with a lower level of resistance adapt to the stressor, mainly due to induced protective systems. Experimental studies have shown that plants
B. unguiculata and D. rigidulus, which are resistant to abiotic stressors, have a high constitutive pool of soluble carbohydrates both at the
beginning of the experiment and under prolonged exposure of the salt stress. In the shoots of the sensitive moss B. campestre the stress-
induced character of the sugars accumulation has been revealed. The accumulation of proline in mosses cells under salt stress depended on
their species characteristics. The stress-induced accumulation of proline can be considered as a part of the bryophytes’ protective system, but
this osmolyte does not play a key role in the formation of the mosses’ resistance to salt stress. Obviously, soluble carbohydrates are the main
osmolytes in the moss cells. It has been found that resistant moss species have a high constitutive antioxidant status, while in the sensitive
moss B. campestre the increase in the antioxidant activity occurred during prolonged salt stress, which may indicate its induced nature. It has
been shown that the resistant mosses B. unguiculata and D. rigidulus have 3-4 times higher levels of glutathione and ascorbate content and
1.6-2.5 times higher activity of enzymes of their metabolism — glutathione reductase and ascorbate peroxidase, compared to plants of the
less tolerant moss species B. campestre, which provided reduction of the lipid peroxidation process in plasma membranes and decreased the
content of TBA-active products under stress.

Keywords: salt stress; bryophytes; o-amylase; starch; sucrose; monosaccharides; proline; antioxidant activity; ascorbate; glutathione;
glutathione reductase; ascorbate peroxidase.

nyk Mining and Chemical Enterprise “Polymineral” (Lviv Region) is the

salinity of the substrate due to the accumulation of waste flotation enrich-

Soil salinization is one of the abiotic factors that cause significant un-
favourable influence on plants. According to the FAO (Food and Agricul-
ture Organization of the United Nations), about 30% of land may become
unfit for agricultural use due to salinization by 2030. Therefore, the study
of growth and development of plants in salinity conditions is relevant for
the detection of salt-tolerant species and improvement of methods of
increasing salt resistance of plants (Boychuk, 2021).

Two components can be defined in the effect of salinity on the plants’
organisms: osmotic, which is associated with the decline in water potential
of the soil solution and decrease of water availability for plants, as well as
the toxic component, which is caused by the penetration of Na' salts into
the cells” cytoplasm (Flowers et al., 2014; Gao et al., 2017; Ketehouli
etal., 2019). In other words, the physiological effects of salt stress are
connected with dehydration as high concentrations of salt ions lead to
hyperosmotic shock and ionic imbalance (Liu et al., 2016; Karpets et al.,
2017; Stark, 2017; Gonzalez-Orenga et al., 2021). The main stress factor
that inhibits the formation of plant cover at the tailings storage of the Steb-
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ment of potassium and magnesium ores. Mosses are pioneers of the over-
growth of the tailings storage saline substrates, as well as other post-
technogenic territories (Rabyk et al., 2018; Kyyak & Kyyak, 2019, 2020;
Lavrenko et al., 2019; Lobachevska et al., 2019; Grishutkin et al., 2020;
Kyyak et al., 2020). As of today, there is little information on both the
effects of salt stress on bryophytes and the mechanisms that ensure their
survival under conditions of salinity (Garbary et al., 2008; Wang et al.,
2008; Pouliot et al., 2012). Specialized mechanisms of resistance to salt, as
in vascular plants, have not been detected in bryophytes, so it is important
to know the peculiarities of their adaptation to salinity (Cosi¢ et al., 2018;
Sabovljevi¢ & Sabovljevi¢, 2007, 2020).

The resistance of plants to stressors is determined by the functioning
of constitutive and induced protective systems (Lobachevska et al., 2005;
Liu et al., 2019; Hasanuzzaman et al., 2020; Oke et al., 2020). Their fun-
damental difference is that constitutive systems are constantly in a func-
tionally active state and are detected immediately under short-term stress,
and induced — are not normally present and are detected only in response
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to prolonged stress (Boots & Best, 2018; He et al., 2018; Venegas-Molina
etal., 2020).

In this regard, the aim of the work was focused on an experimental
study of adaptive physiological and biochemical reactions of mosses to
salt stress on the territory of the tailings storages of the Stebnyk Mining
and Chemical Enterprise “Polymineral”. The content of osmoprotectors —
soluble carbohydrates and proline, antioxidant activity of plants, content of
ascorbate and reduced glutathione and activity of enzymes of their meta-
bolism — ascorbate peroxidase and glutathione reductase, in the initial
stages of stress response (salt shock) and with the prolonged influence of
stress (salt stress) will be determined.

Material and methods

Mosses from the territory of the tailings storage of the Stebnyk Min-
ing and Chemical Enterprise “Polymineral” were used for the experimen-
tal study of the constitutive and induced protective systems. Samples of
resistant moss species Didymodon rigidulus and Barbula unguiculata
were collected from the heavily saline area, and samples of the less resis-
tant moss species Brachythecium campestre were collected from the area
with lowest level of salinity. Plants from the vicinity of Stebnyk (back-
ground area) were used as controls in investigations. The ions’ content in
the substrate of experimental plots at the tailings storage territory was
described in a previous publication (Kyyak & Kyyak, 2019).

Plant material for experiments was obtained by regeneration of shoots
in sand culture. Fragments of shoots were washed in water, sterilized for
1 min with 20% sodium hypochlorite solution and washed three times
with sterile distilled water. Cultures were grown in pots on sterile sand for
2 months in a phytotron under controlled conditions of light 70
pmolem’s, temperature +20. . .+22 °C and relative humidity 85-90% and
sprayed twice on the week with diluted 1:2 Knop-II solution. For mode-
ling salt stress, plants were sprayed with 100 mM NaCl solution for
7 days. The activity of protective systems was evaluated after 1 day expo-
sure with NaCl solution (salt shock) and after 7 days of the experiment
(salt stress).

The total carbohydrate content was determined by the phenol-sulfate
method after the acid hydrolysis of samples (Sadasivam & Manickam,
2007). The content of soluble carbohydrates was determined by the phe-
nol-sulfate method of DuBois et al. (2002). The optical density of solu-
tions was measured on a Specord 210 Plus spectrophotometer at a wave-
length of 490 nm.

The content of monosaccharides and starch was evaluated spectro-
photometrically using picric acid (Aversi-Ferreira et al., 2004). The plant
material was extracted in distilled water at 40-50 °C for 1 h, cooled and
centrifuged (4000 g, S min). The supernatant was used to determine mo-
nosaccharides. To determine the starch, the precipitate, formed after centri-
fugation of the samples, was hydrolyzed in 2% HCI for 2 h in a boiling
water bath. The reaction mixture contained saturated picric acid solution
and 20% NayCO; solution. Samples were measured on a Specord 210
Plus spectrophotometer at a wavelength 490 nm. The sucrose content was
determined by the resorcinol method (Monsigny et al., 1988). The optical
density of the solutions was measured spectrophotometrically at a wave-
length of 400 nm. The amount of the carbohydrates was expressed in pg/g
dry weight.

Activity of a-amylase was determined by amyloclastic method (Mac
Gregor et al., 1984). The plant material was homogenized in 1% NaCl
solution (1:5 ratio) and centrifuged for 15 min (6000 g, +4°C).
The incubation medium for the determination of enzyme activity con-
tained 0.1 M acetate buffer (pH 5.5), 2% starch solution and plant extract.
After incubation (+40 °C, 60 min), 1 N HCl solution was added to stop
the amylase activity. For detection of starch that did not react with amy-
lase, 3 mL of distilled water, 0.1 mL of 0.1 N HCl, 5 drops of 0.3% iodine
solution and 1.5 mL of investigated solution were added to the test tubes.
The enzyme activity was determined spectrophotometrically on a Specord
210 Plus spectrophotometer at a wavelength of 595 nm and expressed in
ug of hydrolyzed starch/min/mg protein.

The content of thiobarbituric acid-active (TBA-active) products was
determined spectrophotometrically at a wavelength of 532 nm using 0.5%
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solution of 2-thiobarbituric acid (TBA) and expressed in nM/g dry weight
(Lushchak et al., 2004). Proline was extracted and determined using the
ninhydrin reagent by the method of Bates et al. (1973). Samples were
measured spectrophotometrically at 520 nm. Content of the free proline
was expressed in pumol/g dry weight.

Antioxidant activity was evaluated in the reaction of the plant extract
with a solution of the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical by
the method of Brand-Williams et al. (1995). The optical density of the
solutions was determined on a Specord 210 Plus spectrophotometer (A =
517 nm). Antioxidant activity was expressed as the concentration of plant
extract that caused 50% inhibition of free radical coloration (ECsp).

To determine the content of reduced glutathione, plant material was
homogenized in solution of 5% trichloroacetic acid and centrifuged for
15 min at 4000 g. The reaction mixture contained an enzyme preparation,
15 mM EDTA, 0.02% egg albumin protein, 0.3 mM 5.5-dithiobis(2-nit-
robenzoic) acid, 50 mM imidazole and 0.48 units of the glutathione reduc-
tase. The reaction was initiated by the addition of 0.9 mM NADPH,.
Samples were measured on a Specord 210 Plus spectrophotometer at a
wavelength 412 nm. The content of reduced glutathione was expressed in
uM NADPH,/g dry weight (Yenne & Hatzios, 1990).

The ascorbic acid content was determined spectrophotometrically at a
wavelength of 530 nm using 0.025% solution of 2.6-dichlorophenolin-
dophenol and expressed in mg/g dry weight (Mehta et al., 2018).

To determine the activity of ascorbate peroxidase (APO), the plant
material was homogenized in 0.1 M phosphate buffer (pH 7.6) and centri-
fuged for 10 min (12000 g, +4 °C). The incubation medium for the deter-
mination of the enzyme activity contained: 0.1 mL of 0.1 mM EDTA,
0.1 mL of 0.25 mM ascorbic acid, 2.25 mL of 0.1 M phosphate buffer
(pH 7.6), 0.6 mL of plant extract and 0.1 mL of 0.5 mM hydrogen per-
oxide solution. Ascorbate peroxidase activity was determined spectropho-
tometrically on a Specord 210 Plus spectrophotometer at a wavelength of
290 nm. The activity of the enzyme was expressed in LM ascorbate/mg
protein/min (E =2.8 mM/cm) (Nakano & Asada, 1981).

To determine glutathione reductase (GR) activity, the plant material
was homogenized in 0.05 mM potassium phosphate buffer (pH 7.0) and
centrifuged for 20 min (5000 g, +4 °C). The incubation medium for the
determination of the enzyme activity contained: 0.05 mL of plant extract,
1 mL of 0.2 M K-phosphate buffer (pH 7.5) with 1 mM EDTA, 0.5 mL
of 3 mM 5,5'-dithiobis-(2-nitrobenzoic) acid and 0.1 mL of 2 mM
NADPHS,. The reaction was initiated by the addition of 0.1 mL of 5 mM
reduced glutathione. Enzyme activity was determined on a Specord 210
Plus spectrophotometer at a wavelength of 412 nm and expressed in pM
NADPH,/g protein/min (Smith et al., 1988).

The results were statistically analyzed, determining the mean value,
median, standard deviation (SD), and the first and the third quartiles for
each characteristic in all the variants of the experiment. The selections
were compared using single-factor dispersion analysis (ANOVA) with
Bonferroni correction, considering differences between the selections re-
liable at the level of P < 0.05. All calculations and developments of dia-
grams were made in Statistica 8.0 software (StatSoft, USA, 2012).

Results

On the territory of the tailings storage, the studied species of mosses
differed in the total content of carbohydrates. The highest concentrations
were found in the samples of D. rigidulus and B. unguiculata. 2.5~
2.8 times lower carbohydrates content was found in B. campestre shoots
both from the tailings storage area and from the background territory
(Table 1). Therefore, the accumulation of carbohydrates depends on both
the level of salt stress and the species characteristics of mosses. The higher
content of these compounds was determined in moss resistant to osmotic
stress (D. rigidulus and B. unguiculata), which in natural conditions are
confined to habitats with moisture deficiency.

Analysis of the starch content showed the lowest concentration of this
polysaccharide in mosses from the experimental plot of the tailings storage
with a high level of salinity (4.3-4.9% of the total carbohydrate content in
plants). In particular, the lowest quotient of starch in the carbohydrate pool
was found in the shoots of mosses D. rigiculus and B. unguiculata (Table 1).
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Table 1

The content of carbohydrates in shoots of mosses Didymodon rigidulus, Barbula unguiculata and Brachythecium campestre from the tailings
storage territory of the Stebnyk Mining and Chemical Enterprise ‘Polymineral” and background area (ug/g dry weight, x + SD,n=12)

Moss species o t:f c(;lt?olock?;d;m:ttes Content of starch C(::I;]t;r(l)thc;fdslzltlile Content of monosaccharides ~ Content of the sucrose
Background area (vicinity of Stebnyk)
D. rigidulus 1049+ 61 129.8+132 157+16 183+1.6 1122+11.7
B. unguiculata 1378 82 98.7+102 349+34 619+6.1 1213+112
B. campestre 426+39 63.7+5.1 144+13 251423 716+83
Tailings storage area
D. rigidulus 1318 +71%* 54.6+52% 219+12* 386+1.3* 1782+19.6*
B. unguiculata 1455+ 62 702+£8.5% 379+15 738+5.1 2535+24.8*
B. campestre 523 +£47* 449+4.3* 161 +12 33.6+19* 113.8+13.1*

Note: * — difference between moss samples from the tailings storage and background area (control) for one moss species is statistically reliable at P <0.05.

Under conditions of lower salinity in the moss B. campestre, a larger
share of starch in the total pool of moss carbohydrates was determined
(8.1-8.8% of the total carbohydrate content). Therefore, under conditions
of salinity a low concentration of starch was revealed in bryophyte cells,
and the intensity of the polysaccharide hydrolysis process was directly
dependent on the level of salinity of the substrate. Comparing the results
obtained for each species from the tailings storage and background area,
the higher starch content was established in the shoots of all plants from
the vicinity of Stebnyk. The polysaccharide content was almost twice as
high and amounted to 7.9-17.1% in the total pool of carbohydrates.
Therefore, the hydrolysis of starch is a nonspecific response of all investi-
gated mosses to salinity, but changes in the direction of carbohydrate
metabolism are more pronounced in mosses resistant to water deficit,
which had grown in conditions of the very high salinity.

The activity of a-amylase, which catalyzes the starch hydrolysis, has
been analyzed. Plants from the tailings storage area responded to osmotic
stress by increasing the enzyme activity by 1.5-1.8 times, compared to
plants from the background area, which indicated activation hydrolysis of
polysaccharides under salt stress (Fig. 1). Higher enzyme activity was
found in shoots of B. unguiculata and D. rigidulus, and lower amylase
activity was detected in B. campestre shoots from the locality with lower
substrate salinity.
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Activity of a-amylase, pg hydrolyzed
starch/min/mg protein

B. unguiculata B. campestre

Fig. 1. Activity of a-amylase in shoots of mosses Didymodon rigidulus,
Barbula unguiculata and Brachythecium campestre from the tailings
storage territory of Stebnyk Mining and Chemical Enterprise ‘Polymine-
ral” and the background area (vicinities of Stebnyk) (x £ SD, n=12),

* —the difference between moss samples from the tailings storage and
the background area (control) for one moss species is statistically
reliable at P <0.05

The most important osmoprotectors in moss cells are soluble carbo-
hydrates. The content of soluble carbohydrates and their component com-
position (monosaccharides and sucrose content) in moss samples from the
tailings storage area were studied. It was found that carbohydrate metabo-
lism in mosses under the salt stress changes towards the accumulation of
sugars, which function as osmotic regulators that increase the water hol-

ding capacity of plants and also as osmoprotectors that stabilize macromo-
lecules and membrane structure of moss cells under stressful conditions.
Higher accumulation of sugars was recorded in moss shoots under condi-
tions of high salinity: their content was the highest (379.3 pg/g dry weight)
in B. unguiculata while in D. rigidulus shoots it was 2194 ng/g dry
weight (Table 1). The lowest amount of osmolytes was determined on the
substrate with a lower level of salinity in B. campestre plants. On the
contrary, their quantity was 1.1-1.5 times less in plants from the back-
ground area. It should be noted that no significant difference was found in
the shoots of B. unguiculata regarding the content of sugars in the samples
from the tailings storage and the vicinity of Stebnyk. Plants of this species
are confined to open dry habitats in nature and are often negatively af-
fected by high levels of insolation, temperature, moisture deficiency, so
the presence of high content of osmolytes in cells is a necessary condition
for their existence. Therefore, the increase of the concentration of soluble
carbohydrates under salt stress, compared with plants from the back-
ground area, was the general reaction of the studied species of mosses.
Correlation analysis between content of soluble carbohydrate and
o-amylase activity in moss shoots has shown that the relationship, de-
scribed by a linear equation, has a fairly high correlation coefficient (0.65),
confirming that the increase in soluble carbohydrate content in moss
shoots under salt stress significantly depends on amylase activity (Fig. 2).
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Fig. 2. Relationship between soluble carbohydrate content and a-amylase
activity in moss shoots from the tailings storage territory of Stebnyk
Mining and Chemical Enterprise ‘Polymineral” and background area

A similar trend was found for the content of monosaccharides in
moss shoots. The content of monosaccharides also depended on the level
of salt stress and species characteristics of mosses, although the share of
monosaccharides in the total pool of soluble carbohydrates was less than
20% (Table 1). Comparing the obtained data with the content of mono-
saccharides in plants from the background area, it should be taken into
account that the general response of all studied species to salt stress has
been detected as the increase of their concentration. The most significant
increase of the content of monosaccharides was discovered in the shoots
of D. rigidulus — almost double. By contrast, their concentration was
found to be 1.3—1.4 times higher in the plants of B. campestre. The num-
ber of monosaccharides in the shoots of B. unguiculata was high in the
samples from the tailings as well as from the background area. The ob-
tained results give the opportunity to draw the conclusion that monosac-
charides participate in the protection of bryophyte cells under conditions of
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osmotic stress. Our research has shown that disaccharide sucrose domi-
nates in the composition of soluble carbohydrates of mosses under condi-
tions of salt stress (Table 1). Considering the shoots of B. unguiculata and
D. rigidulus, which had grown under conditions of strong salinity of the
tailings storage substrate, the concentration of sucrose was 66.1-79.5% in
the total pool of soluble carbohydrates. Regarding B. campestre plants
from less saline areas, the disaccharide content was 1.5-2.0 times lower,
however its share in the total amount of soluble sugars was also high —
59.0-71.4%. In addition, it was observed that sucrose concentrations in
plants from the background area were 1.6-2.2 times lower. Therefore, the
accumulation of soluble carbohydrates in the cells was the response of all
species of mosses to salinization. In addition, sucrose comprised the hig-
hest share in the total pool of sugars.

The damaging effect of sodium chloride in experimental conditions
was assessed by the content of TBA-active products and it was found that
the rate of lipid peroxidation in shoots of D. rigidulus and B. unguiculata
was increasing by an average of 20-25% 24 hours after the start of plants
treatment with 100 mM NaCl solution compared to the beginning of the
experiment (control), and on the 7th day of salt stress, the total content of
TBA-active products approached the initial values (Fig. 3).
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Fig. 3. The effect of 100 mM NaCl solution on the content of TBA-active
products in shoots of mosses Barbula unguiculata, Didymodon rigidulus
and Brachythecium campestre: control — without treatment of plants with
NaCl solution; 1 day and 7 days — duration of plants’ treatment with
100 mM NaCl solution (x £ SD, n = 12); * — the difference between
the experimental sample and control for one moss species
is statistically reliable at P <0.05
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In B. campestre plants with a lower level of tolerance to abiotic stress,
the content of TBA-active products was gradually increasing during the
experiment and reached a maximum value, compared to the control, on
the 7th day of NaCl treatment. Under conditions of the experimental re-
search on the influence of salt stress, simulated by spraying plants with
100 mM NaCl solution, it has been shown that mosses more resistant to

Table 2

salinization have high constitutive levels of soluble carbohydrates.
For example, considering the shoots of D. rigidulus, their number was
consistently high both at the beginning of the experiment and during pro-
longed exposure to salt stress (Table 2). High levels of soluble carbohyd-
rates were also recorded in B. unguiculata shoots along with the exposure
to salt stress (1.38-1.61 pg/g dry weight). Regarding B. campestre, the
stress-induced nature of sugar accumulation was found because on the
first day of exposure to salt shock their concentration in moss cells de-
creased almost twice compared to the beginning of the experiment, which
indicated the use of the pool of soluble carbohydrates under conditions of
the salt shock. On the other hand, on the 7th day of the experiment their
significant increase was recorded, which was twice as much as it was at
the start. Therefore, it was apparently caused by restructuring of carbohyd-
rate metabolism in the direction of increasing the hydrolysis of polysac-
charides (Table 2). As the result, it indicates the constitutive nature of the
accumulation of soluble carbohydrates in the shoots of moss species
which are resistant to osmotic stress.

Accumulation of proline in moss shoots occurred in different ways
under conditions of salt stress (Table 2). For example, samples of D. rigi-
dulus showed a 1.6-fold increase in the content of this osmoprotector
1 day after the start of the experiment, compared with the control, and the
maximum concentration of amino acid in plants (three times higher than
the control) was determined on day 7 of salt stress impact, which may
indicate the stress-induced nature of the proline accumulation in the
shoots of D. rigidulus. In contrast, there was no increase in the concen-
tration of proline under the influence of NaCl in the plants of B. ungui-
culata and B. campestre, but on the contrary, there was a gradual de-
crease in the content of this osmoprotector from the first day of the
experiment. The minimal, almost 2.5 times lower concentration of
proline was detected on the 7th day of exposure to salt stress for both B.
unguiculata and B. campestre (Table 2). It means that the accumulation
of proline under conditions of salt stress depends on the species charac-
teristics of mosses.

The development of oxidative stress under influence of salinity is as-
sociated with the generation of reactive oxygen species in plant cells.
The antioxidant activity of moss samples was studied by comparison of
the effective concentrations of plant extracts (ECsp), which caused 50%
nhibition of the free radical 2,2-diphenyl-1-picryl-hydrazyl (DPPH).
The lower ECs, the higher the antioxidant activity of plants. It was found
that plants D. rigidulus and B. unguiculata in control were characterized
by a high level of the antioxidant activity. Under influence of the salt
stress, antioxidant activity remained at a high level, indicating that species
of mosses more resistant to abiotic stressors have a significant constitutive
antioxidant status (Table 2). It was found that levels of antioxidant activity
in shoots of B. campestre were 1.6-1.8 times lower at the beginning of the
experiment, which decreased slightly under short-term salt shock (1 day)
and increased 1.2 times during prolonged salt stress (7 days), indicating
the induced character of antioxidant activity in B. campestre.

The effect of 100 mM NaCl solution on the content of soluble carbohydrates, proline and antioxidant activity
in shoots of mosses Didymodon rigidulus, Barbula unguiculata and Brachythecium campestre (x = SD, n=12)

Moss species Duration of the Content of soluble carbohydrates, Content of proline, Antioxidant activity,
experiment, days Ng/g dry weight uM/g dry weight ECsy, mg/mL
control 315£36 0.581+0.073 1.94+021
D. rigidulus 1 303+31 0.944 +0.091 1.36+0.09*
7 348+35 1.873+£0.212* 142+0.11
control 224+25 0.635+0.062 1.64+021
B. unguiculata 1 268+31 0.536+0.064 123+0.17
7 277430 0.261+£0.032* 145+020
control 148 +99 0.531+£0.257 3.06+0.17
B. campestre 1 80+9* 0422+0.053 3.67£0.15*%
7 185+£25* 0.214£0.023* 245+0.09*

Note: * —the difference between the experimental sample and control for one moss species is statistically reliable at P <0.05.

The content of ascorbate and reduced glutathione, as important com-
ponents of the antioxidant system, and enzymes of their metabolism —
ascorbate peroxidase and glutathione reductase, were studied. In all inves-
tigated moss species an increase in the amount of glutathione during expo-
sure to salt stress was shown (Table 3). Higher concentrations of this
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antioxidant were found in shoots of D. rigidulus and B. unguiculata com-
pared to B. campestre plants, both in control plants and plants under the
influence of NaCl. On the 7th day of exposure to salt stress, the gluta-
thione content in these plants increased 1.8-2.4 times, which indicates
both a significant constitutive pool of reduced glutathione in cells of resis-
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tant moss species and its effective synthesis under prolonged exposure to
salt stress. The increase in the content of reduced glutathione could be
conditioned by its participation in maintenance of proteins thiol groups in a
functional state and in the process of reactive oxygen species detoxification.
These results correlate with the activity of glutathione reductase (GR),
which catalyzes the reduction reaction of oxidized glutathione. In D. rigi-
dulus and B. unguiculata salt stress induced a 2-3 times increase in en-
zyme activity. In shoots of B. campestre lower levels of glutathione in
cells were found at the beginning of the experiment, compared to other

Table 3

species, and a gradual increase in its amount almost by 2.0 times on the
7th day of the experiment. GR activity increased in proportion to the in-
crease in glutathione content, but was lower than in D. rigidulus and
B. unguiculata.

The results of analysis of the ascorbic acid showed that mosses B. un-
guiculata and D. rigidulus have a higher ascorbate content, and short-term
salt shock increased its concentration by 2.0-2.5 times, which indicates a
high constitutive pool of ascorbate in more resistant mosses. Under condi-
tions of the prolonged salt stress its amount partially decreased (Table 3).

The effect of 100 mM NaCl solution on the content of components of the glutathione-ascorbate cycle in shoots
of mosses Didymodon rigidulus, Barbula unguiculata and Brachythecium campestre (x = SD,n= 12)

Moss species Duration of the Content of reduced glutathione, ptM  Glutathione reductase activity, Content of ascorbate, ~ Ascorbate peroxidase activi-
experiment, days NADPH,/g dry weight uM NADPH,/g proteins/min mg/g dry weight ty WM/min/g dry weight
control 483+5.1 0413 +0.054 0.671 +0.084 0.323+0.041
D. rigidulus 1 784+89 0.892+0.122* 1.546+0.181* 0452 +0.064
7 12144 11.2%* 1.264+0.141* 0.782+0.093 0.284+0.041
control 64.7+8.1 0.632+£0.074 0910+0.112 0294 +0.052
B. unguiculata 1 922+85 1.205+0.143* 1.924+0231* 0401 +0.062
7 119.6+9.5%* 1.534+0.192* 1.064+0.122 0314+0.041
control 284+23 0.131+£0.025 0.653+0.082 0.226+0.032
B. campestre 1 265+2.8 0.226+0.032 0.395+0.052 0.162+0.024
7 52.7+£6.5* 0.674+0.091* 0424 40.053 0.170+0.032

Note: * —the difference between the experimental sample and control for one moss species is statistically reliable at P <0.05; ** —P <0.01.

It was shown that in B. unguiculata and D. rigidulus cells the 24-hour
salt shock led to an increased activity of ascorbate peroxidase by 1.3—
1.4 times compared to the control, which was obviously due to mobiliza-
tion of the enzyme available in the cells. The following decrease in APO
activity was clearly associated with a decrease in the amount of ascorbate,
which was actively used in reactions of H,O, reduction involving APO or
directly interacting with ROS. Correlation analysis of the relationship
between ascorbate content and ascorbate peroxidase activity in moss
shoots under salt stress has shown a high correlation coefficient (0.88)
between the indexes (Fig. 4).
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Fig. 4. Relationship between ascorbate content and ascorbate
peroxidase activity in shoots of mosses Barbula unguiculata,
Didymodon rigidulus and Brachythecium campestre under
the influence of 100 mM NaCl

The less resistant plant B. campestre responded to salt stress by redu-
cing the concentration of ascorbate by almost 50% from the first day of
the experiment, which remained at this level during the exposure to salt
stress. Ascorbate peroxidase activity depended on the concentration of
substrate in cells, so a gradual decrease in its activity was found under
stress conditions. In general, our studies have shown that resistant species
of mosses have significantly higher levels of non-enzymatic components
of the glutathione-ascorbate cycle and the activity of enzymes of their
metabolism, which provided a significant reduction of the oxidative pro-
cesses and rapid stabilization of lipid peroxidation, compared to the sensi-
tive moss B. campestre, which was confirmed by the results of the TBA-
active products analysis. Thus, in bryophytes which are resistant to abiotic
stressors the constitutive adaptive mechanisms are more expressed (consti-
tutive pool of soluble carbohydrates and non-enzymatic components of

the glutathione-ascorbate cycle, high antioxidant status), and plants with a
lower level of resistance adapted to the stressor mainly due to induced
protective reactions.

Discussion

The ability to accumulate osmotically-active substances mostly deter-
mines plants’ resistance to stress, and the most stable organisms simulta-
neously accumulate compounds of different types — sucrose, monosaccha-
rides, organic acids and amino acids (Glime, 2007). Among the biochemi-
cal indicators of salt resistance, osmolytes are the most important, espe-
cially sugars (Isaenkov, 2012; Kolupaev et al., 2017). Accumulation of
soluble carbohydrates provides intracellular regulation of water potential
and promotes active water absorption by the plant organism, which is
important under salinity conditions (Munns & Tester, 2008; Li et al.,
2014; Wu et al., 2014). Sugars also have an anti-denaturation effect on the
protein-lipid complex of membranes, intercept active forms of oxygen and
inhibit the free radical oxidation of biological molecules in the process of
oxidative stress (Kolupaev & Karpets, 2009). From the literature data it is
also known that sugar accumulation occurs under conditions of water
deficit. In particular, in shoots of Syntrichia caninervis Mitt. and Plagiom-
nium acutum (Lindb.) T. J. Cop. a significant increase in the total content
of soluble carbohydrates was established in response to moisture deficit
(Li et al., 2014; Wu et al., 2014). In the shoots of the desiccation-tolerant
moss Polytrichum formosum Hedw. at the initial stages of the stress reac-
tion a significant decrease in the concentration of starch and its rapid re-
synthesis during rehydration was shown, which is an important adaptation
to the changing hydrothermal regime (Pressel et al., 2006).

Since one of the most important mechanisms of adaptation of mosses
to osmotic stress is the augmentation of the soluble carbohydrates’ con-
centration, which increases the osmotic potential of the cell, peculiarities of
carbohydrate metabolism in mosses from the tailings’ storage territory
have been analyzed. Basic patterns of its direction under salinity conditi-
ons have been established. It was shown that salt stress enhances the hyd-
rolysis of polymeric forms of carbohydrates, especially starch, and increa-
ses the activity of a-amylase. Therefore, studied mosses in salinity conditi-
ons are characterized by high concentrations of mono- and disaccharides
and low starch content. It was established that there was an increase in the
concentration of soluble carbohydrates by 1.2-1.5 times in moss shoots
under salinity conditions, compared with plants from the background area.
In plants B. unguiculata and D. rigidulus from the tailings storage area
with a high degree of salinity 1.4-2.3 times higher soluble carbohydrate
concentrations compared to plants of the less resistant species B. campe-
stre was determined. Therefore, the results have shown that changes in the
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direction of carbohydrate metabolism were similar in all studied species of
mosses, which may indicate the non-specificity of protective reactions, but
the reactions of plants more resistant to water deficit (D. rigidulus and B.

unguiculata) were more expressed, which in natural conditions are mainly
confined to localities with unstable water regime and high level of insola-
tion. They have higher levels of soluble carbohydrates. Thus, the adapta-
tion of bryophytes to salt stress was based on the mechanisms of resistance
to moisture deficit, an important criterion of which (as well as salt resis-
tance) is the ability to maintain the osmotic regulation and stability of the
intracellular environment, which is provided by the high concentrations of
osmotic protectors — soluble carbohydrates in moss cells.

Sucrose plays a key osmoprotective role in many moss species, be-
cause mosses which are resistant to water deficit are characterized by the
high sucrose concentrations and low starch content (Zhu, 2002). For ex-
ample, in the desiccation-tolerant moss Syntrichia ruralis (Hedw.) F.
Weber & D. Mokhr, the sucrose content in the cells during drying can
reach 10% of the plants’ dry weight (Nagao et al., 2005; Proctor et al.,
2007; Hatanaka & Sugawara, 2010). In plants Dicranum majus Turner,
Hookeria lucens (Hedw.) Sm., Polytrichum commune Hedw., Racomi-
trium lanuginosum (Hedw.) Brid., Thuidium tamariscinum (Hedw.)
Schimp. and Tortula ruraliformis (Besch.) W. Ingham under conditions
of osmotic stress sucrose concentration reached 40% of the total content of
soluble carbohydrates (Smirmoff, 2005). It is known that disaccharides in
moss cells stabilize phospholipid bilayers in plasma membrane by for-
ming hydrogen bonds with polar groups. This maintains the distance
between the phospholipid bilayers and prevents damage to the phase
transitions (Proctor & Tuba, 2002).

Experimental studies have shown that under conditions of salinity su-
crose predominates in the pool of soluble carbohydrates (59.0-79.5% of
the total sugars content). In the plants B. unguiculata and D. rigidulus
from the highly saline area of the tailings storage, the sucrose content was
1.5-2.0 times higher. It was found that under the influence of 100 mM
NaCl solution mosses more resistant to osmotic stress have a constitutive
character of soluble carbohydrates” accumulation, whereas in the shoots of
D. rigidulus and B. unguiculata their amount was high both at the begin-
ning of the experiment and during prolonged exposure to salt stress.
For B. campestre the stress-induced character of sugars accumulation was
revealed, as their significant increase by almost two times was found on
the 7th day of the experiment, which, obviously, was caused by induced
restructuring of carbohydrate metabolism.

The amino acid proline is a polyfunctional compound. In addition to
osmolytic, proline performs other interrelated functions: membrane-pro-
tective, chaperone and antioxidant (Kovacs et al., 2012; Kolupaev et al.,
2014; Yan et al., 2021; Westbrook et al., 2022). There are few studies on
the involvement of proline in moss stress reactions. For example, in the
moss Marshantia polymorpha L. a significant increase of the proline con-
tent under conditions of osmotic stress was found. In the shoots of mosses
Hylocomium splendens (Hedw.) Schimp., Pleurozium schreberi (Willd.
ex Brid.) Mitt and Rhytidiadelphus squarrosus (Hedw.) Warnst. under the
influence of heavy metals the level of proline accumulation differed signi-
ficantly, depending on the peculiarities of the moss species and its adaptive
capacity (Lobachevska, 2008). The increase of proline synthesis under the
influence of drying in mosses Hypnum plumaeforme Wilson and Pogona-
tum cirratum (Sw.) Brid. as well as its participation in cross-adaptation to
low temperatures was revealed (Liu et al., 2019). Thus, analysis of the
current literature data has shown that there are significant differences in the
ability to accumulate proline in different moss species in the case of the
same stress influence and in the same species under various types of stress,
which requires further investigation.

Proline accumulation in moss cells under salt stress depended on its
species peculiarities. In D. rigidulus shoots, a gradual increase in amino
acid content by 3.0 times was observed under the influence of salt stress,
which may indicate the induced nature of proline accumulation, while in
B. unguiculata and B. campestre samples the osmoprotector content was
reduced by 2.5 times. Thus, stress-induced proline accumulation under sa-
linity conditions can be considered as a part of the protective system of
bryophytes, however, obviously, this amino acid does not play a key role
in the formation of resistance of mosses to various osmotic stresses. Pro-
line accumulation under stress is more characteristic for vascular plants,
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and for mosses soluble carbohydrates are the main osmolyte in cells.
Components of the ascorbate-glutathione cycle play an important role in
neutralizing reactive oxygen species and maintaining high antioxidant
activity in moss cells under stress (Noctor et al., 2016; Durand et al., 2019;
Kyyak et al., 2021). Ascorbic acid and glutathione directly interact with
reactive oxygen species and are involved in the reduction of other low
molecular weight antioxidants in non-enzymatic and enzymatic reactions
(Paciolla & Tomassi, 2003; Sofo et al., 2015; Kyyak & Khorkavtsiv,
2016; Onele et al., 2018). Due to the importance of these antioxidants,
many current studies are aimed at determining ascorbate and glutathione
as biomarkers of the physiological state of plants under stress (Smirnoff,
2005; Kolupaev et al., 2021).

It has been shown that more resistant moss species D. rigidulus and
B. unguiculata have 2.3-4.0 times higher levels of glutathione and ascor-
bate and 1.6-2.5 times higher activity of enzymes of their metabolism —
glutathione reductase and ascorbate peroxidase, compared to plants of the
species more sensitive to water deficit B. campestre. In all studied species
of mosses a gradual decrease in the ascorbate concentration in the shoots
under conditions of salt stress was found. As this occurred simultaneously
with the increase of glutathione content and high glutathione reductase
activity, it can be assumed that the decrease in the ascorbate amount is not
associated with insufficient activity of the regeneration system of oxidized
ascorbate and cannot be an indicator of the low antioxidant status of moss
cells, but is rather conditioned by the active use of ascorbate in antioxidant
reactions. Similar results were obtained in experiments with water stress-
tolerant moss Tortula ruraliformis (Besch.) Ingham. In this plant drying
led to a decrease in the ascorbate pool, while the concentration of total
glutathione in moss cells remained unchanged. Simultaneously, the com-
bined effect of high levels of insolation and water deficit led to the signifi-
cant reduction in the content of both antioxidants, which indicated their
effective use under oxidative stress (Seel et al., 1992).

Thus, constitutive protective mechanisms are more expressed in resis-
tant moss species under salt stress, and plants with a lower level of resis-
tance adapt to the stressor, mainly, due to induced protective systems.

Conclusions

Adaptation of bryophytes to salt stress is based on the mechanisms of
resistance to water deficit, an important criterion of which (as well as salt
resistance) is the ability to maintain osmotic regulation and stability of the
intracellular environment provided by the accumulation of soluble carbo-
hydrates. Sucrose predominates in the pool of soluble carbohydrates
(59.0-79.5% of the total sugar content) as an important osmotic regulator
and osmotic protector in moss cells.

In moss species resistant to osmotic stress D. rigidulus and B. ungui-
culata the constitutive mechanisms of salt resistance were more expressed
(high antioxidant status and constitutive pool of soluble carbohydrates),
while the moss B. campestre with lower level of resistance adapted to the
stressor mainly due to induced protective reactions.

Under conditions of salt stress in shoots of resistant moss species 3—
4 times higher content of low molecular weight antioxidants — glutathione
and ascorbate — was determined, and higher activity of enzymes of their
metabolism — glutathione reductase and ascorbate peroxidase — was
found, compared to plants of the more sensitive species B. campestre,
which provided suppression of the lipid peroxidation process in plasma
membranes and reduction of the content of TBA-active products.

The article was prepared according to the plans of Scientific-Research Work of the
Institute of Ecology of the Carpathians of the National Academy of Sciences of
Ukraine “Resistance and adaptive structural and functional changes of mosses under
the influence of abiotic stressors in the conditions of anthropogenically transformed
environment” (state registration No. 0118U002646).
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