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Our study is aimed at studying the content of soluble sugars in plants in a comparative aspect (under Aralkum
and in vitro conditions), indicating their contribution to the osmotic pressure of organ cells. Thus, to
demonstrate the participation of soluble carbohydrates in reactions that provide stability in stressful situations. A
protective mechanism that allows maintaining the water status of halophyte cells under conditions of high
salinity is the accumulation of low molecular weight compounds: amino acids (proline, alanine, etc.),
carbohydrates, etc. So, the obtained data of 3 species of wild-growing halophytes, differing in the type of
regulation of salt metabolism: salt-accumulating - salt-releasing, indicate that the accumulation of sugars in
plant organs depends both on the genetic characteristics of the studied species and the level of soil salinity. The
division of plants according to the halotolerant trait has a clear biochemical basis. Thus, a higher total sugar
content is characteristic of Climacoptera intricata, Suaeda altissima (hyperhalophytes), compared to Atriplex
aucheri (crinohalophyte). Our results confirm the data on the formation of a community with the participation of
euhalophytes on soils with higher salinity (3—4%) than the crynohalophyte (Atriplex aucheri). The study makes
it possible to identify the functional groups of plants and predict their response to global and local
environmental changes.
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of Halophites of the Chenopodiaceae Family

1. Introduction

To obtain valuable medicinal and competitive salt-
tolerant plants, it is necessary to take into account
the structural and physiological-biochemical
features of halophytes.

The aim of this study was to study biochemical
changes in plants (in particular, the accumulation of
soluble carbohydrates), in a comparative aspect, in
clones of regenerants of promising halophyte plants
grown on a nutrient medium with different salt
content and growing under natural growing
conditions (drained bottom of the Aral Sea). ), to
identify their adaptation strategies, and the level of
evolutionary development.

Soluble  carbohydrates, being products of
photosynthesis, the so-called "depot" for short-term
energy storage, carbon sources and components for
the synthesis of oligo- and polysaccharides, take
part in key physiological, biochemical and
molecular genetic processes that ensure growth,
development, reproduction and protection from
unfavorable biotic and abiotic factors [1-3].

One of the main objectives of this work is to obtain
the richest tissue clones of biologically active
substances, to study plants for salinity resistance by
accumulating sugars, maintaining a high level of
hydration of organs under saline conditions.

In this regard, it seemed relevant to us to conduct
comparative studies and identify a correlation
between an increase in the concentration of salts in
the environment and an increase in the content of
the production of primary metabolites, indicating
their participation in the protective processes of the
plant organism, for example, in the formation of
proline, which affects the functioning of the
antioxidant system in plants. plants, protecting
from salt stresses and in cells cultivated in vitro.

According to recent studies, the salinity of the Aral
Sea has reached >200 g/l. According to the data,
these waters correspond to the cationic (Ca?" Mg*,
Na*, K*, NH,", Fe**, and Fe®") and anionic (CI,
S0,5, HCO*) composition [4]. Moreover,
according to the anionic composition, they mainly
belong to the chloride-sulfate and sulfate-chloride
types of salinity. (S0,% to 1572 mg/l, CI" to 1326
mg/l), cation content Na + K (209-710 mg/l), Ca to
410 mg/l, Mg to 210 mg/I [5].

Halophytes are plant species that can successfully
survive, grow and reproduce in soils with a salt
concentration of more than 200 mM. NaCl. Some
halophytes can even grow well at higher salt
concentrations. (> 500 MM NaCl) [6,7].
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Currently, various aspects of plant response to salt
stress and the prospects for the wuse of
representatives of halophytes at the functional level
are being studied. Most of the salt-accumulating
halophytes have the property of halophilicity. The
process of maintaining low ion concentrations Na*
u CI” in the cytosol at high concentrations NaCl in
the environment is one of the mechanisms
underlying the salt tolerance of plants. To avoid the
toxic effect of ions Na* and CI-, cells export them
from the cytosol to the extracellular environment or
to the vacuole [8].

The adaptation of halophytes to salinity was
formed in the process of phylogenesis and affects
different levels of organization: molecular, cellular,
population, phytocenotic Our study is aimed at
studying the content of soluble sugars in plants in a
comparative aspect (under Aralkum and in vitro
conditions), indicating their contribution to the
osmotic pressure of organ cells. Thus, to
demonstrate  the  participation of  soluble
carbohydrates in reactions that provide stability in
stressful situations. A protective mechanism that
allows maintaining the water status of halophyte
cells under conditions of high salinity is the
accumulation of low molecular weight compounds:
amino acids (proline, alanine, etc.), carbohydrates,
etc. A high osmotic concentration in plant cells is
created due to the high intensity of activation and
biosynthesis, inhibition of the breakdown or
degradation of macromolecules, and the
accumulation of soluble carbohydrates [9].

There is an opinion that an increased level of
sucrose in parallel with an increase in salinity may
not be a primary response to salt stress, but rather
the result of reactivation of photosynthesis caused
by the activation of other defense mechanisms [1].
Thus, soluble carbohydrates play a key role as
metabolites for the growth and synthesis of basic
compounds, osmolytes, and also as signals for the
regulation of gene expression [2].

Simple sugars that accumulate under the action of
salinity, drought, and other adverse environmental
factors on plants are widespread and universal
osmotic agents that have a protective effect,
protecting the protein-lipid components of
membranes from denaturation during dehydration.
Compatible osmolytes not only lower the water
potential of cells, thereby restoring water supply,
but also protect hydrolytic enzymes from
inactivation, ensure the integrity of structural
proteins, and preserve the functional activity of cell
membranes [2].

The results of numerous experiments indicate that
shrubs, semi-shrubs and annuals from the
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Chenopodiaceae family are extremely promising
for use not only in the ecological restoration of
saline areas, but also as a source of biologically
active substances rich in protein, fat, carotene,
fiber, ash, vitamins and macroelements. [10,11].
The center of diversity of Chenopodiaceae is the
desert belt of the Old World from the Canary
Islands to Central Asia. It includes about 100
genera, including 1600 species, which are mainly
distributed in the desert and steppe regions of the
world [12].

However, for the industrial introduction of
“profitable” halophytes in the Republic, basic
research is needed, using the technical base
available in the area in Muynak (Karakalpakstan),
which is the purpose of this study.

2. Material and methods

The studies were carried out in 3 repetitions, during
the period of intensive plant growth (July, 2022).
For clonal micropropagation, nutrient media were
prepared according to the Murashige-Skoog recipe,
with the addition of: 1.0 pM BAP (6-
benzylaminopurine), 0.5 NLA (o- naphthylacetic
acid) and 0.5 uM Kkinetin (6-furfurylaminopurine).
The explants were cultured under conditions of a
photoperiod of 16/8 h, light/dark, at 24°C. The salt
content in the medium was 0, 200, 500, 700 mM
NaCl, which corresponds to medium and high
salinity.

Free proline was determined by the method of
Bates et al. [15], mono- and disaccharides were
analyzed by HPLC. Carbohydrate content in plants
was measured by an Agilent 1260 HPLC system
with a RIDG1362A refractometric detector. The
objects of study we have chosen belong to the
group of “salt-accumulating” and “salt-releasing”
plants differing in salt tolerance of halophytes,
which are an important biochemical resource as a
source  material for growing ecologically
differentiated salt-tolerant species [9]. Material for
research, collected in places of natural growth:
Climacoptera intricate (lljin) Botsch., Suaeda
altissima (L.) Pall., Atriplex aucheri Moq. on saline
soil. Suaeda altissima is a tall, highly salt-tolerant
plant, salt-accumulating, annual halophyte, 25-200
cm high. Climacoptera intricata - woolly
climacoptera, grows on salt marshes, endemic to
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Central Asia. An annual, long-term vegetative
fodder halophyte 10-60 cm high, with branched
roots covering shallow soil layers (40-60 cm).
Atriplex aucheri is an annual, the stem is
tetrahedral, flattened in places of branching, often
winding. The material of the study was the leaves
of plants in the vegetation phase.

The studies were carried out in 3 experiments in 3
biological replicates. For statistical processing of
experimental data, the standard method of
dispersion (ANOVA) analysis of a one-factor
complex was used in the Statistica 6.1 program.
The graphs show the arithmetic mean values.
Differences in each pair of compared values were
considered statistically significant at p < 0.05.

3. Results and discussion

Representatives of the genera Climacoptera,
Suaeda, and Atriplex attract the attention of
scientists as models for studying the mechanisms of
salt tolerance, in particular, osmotic regulation,
regulation of antioxidant capacity, an example of a
transition to C4 photosynthetic metabolism, etc.
[16-19]. The range of mineralization of the soil
solution, in which the halophyte can normally grow
and renew itself, is not the same for different
species. So, according to the degree of
halotolerance - a reaction to the degree of soil
salinity, halophytes are classified into:

1) hyperhalophytes - capable of self-renewal
and cenosis formation on excessively saline
soils with a dry residue content of 2.3-3.0%
(3.5), CI'> 0.23 with chloride-sulfate and
sulfate salinity or dry residue 1.8 —2.3%,
CI>0.23 with sulfate-chloride and chloride
salinity.

2) euhalophytes - characterized by a wide range
of halotolerance to the mineralization of the
soil solution. They dominate on soils with a
dry residue of 1.8-2.3% (2.5).

3) hemihalophytes - develop normally with soil
salinity corresponding to a dry residue of
1.0-1.8% (2.0).

4) haloglycophytes - plants with low salt
tolerance, develop normally and renew at a
dry residue content of 0.3-0.8%. They have
developed an adaptive reaction to weakly
saline soils [20, 21].
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Relative growth
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Salt-tolerant glycophytes
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Nonhalophytes (intolerant glycophytes)

Increasing salinity in growth media

Figure 1. Schematic representation of the growth of various plant species in saline conditions.

Moreover, the species composition in natural
ecosystems varies depending on the salinity factor
of the substrate from the largest to the smallest:
euhalophytes crynohalophytes
glycohalophytes [9, 22].

According to the method of salt tolerance
mechanisms by salt accumulation and salt release

— —

and their  effectiveness, halophytes are
distinguished:
e “salt-accumulating” (euhalophytes) plants,

characterized by succulent leaves with large
photosynthetic cells, are able to maintain high
osmotic pressure inside the cell by selective
accumulation of mineral salt ions (Na + and
Cl-), which are transported in large quantities
from the roots to above-ground organs, where
accumulate mainly in vacuoles, differ in the
organization of long-range transport of ions.

e "salt-producing" (crinohalophytes) are
characterized by xerophytic leaf structure with
small chlorenchyma cells, have specialized salt
glands (salt glands) that secrete salt on the leaf
surface, low molecular weight osmolytes, such

as proline, sugars, etc., play an osmoregulatory
role.
o "salt-resistant” (glycohalophytes) plants with
xerophytic leaf structure, limit the flow of salts
into the aboveground organs. They create a
high osmotic pressure by synthesizing
carbohydrates or other low molecular weight
organic compounds; preventing the entry of
salts into the root cells [23,24].
From a physiological point of view, a distinction is
made between true (obligate) halophytes, whose
existence (seed germination, biomass growth)
requires increased mineralization, and salt-tolerant
(facultative) species that can exist both in the
presence and in the absence of salts [9]. Thus,
species of Climacoptera, Suaeda are obligate
halophytes, which are highly salt-tolerant salt-
accumulating euhalophytes with a highly organized
adaptation mechanism, are able to increase their
drought resistance under salinity conditions (up to
700 mM NacCl) [25,26,27], and have mesostructural
characteristics [28] .
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Figure 2. The nature of the growth of halophytes in saline conditions.
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These plants have an active transport system -
carriers and ion channels. The accumulation of Na+
in vacuoles leads to the formation of a water
potential gradient between the solution surrounding
the cell and the cell (the water potential of the cell
decreases), and the water flow is directed into the
cell, maintaining redox homeostasis [29]. In the
cytoplasm, the water potential decreases due to the
biosynthesis of osmolytes, low molecular weight
organic compounds that also have a protective
effect in relation to cytoplasmic biopolymers [30].
Suaeda altissima (L.) Pall. (high sveda) is one of
the most salt-tolerant representatives; it functions in
conditions of high soil salinity and can grow on
media with NaCl concentration up to 1 M [25]. It is
known that in the membranes of the Golgi complex
isolated from the cells of the roots of S. altissima,
CI"/H*- antiporter, which plays an important role in
halophytes, where it is involved in the regulation of
concentrations CI™ in the cytoplasm under saline
conditions. The supposed role of this antiporter is
to export ions CI- from the cytoplasm to the
vacuole, which provides plants with salt tolerance
[31]. It has been established that the content of ions
in organs is the greater, the higher the
concentration Na*CI™ in nutrient solution. ions Na*
in the cells of the leaves of this plant, they reach
800 mmol/kg wet weight [32]. The increasing
distribution of ions (soil-roots-leaves) ensures the
maintenance of the water potential gradient in the
system of the whole plant [33,34]. Climacoptera
intricata (I1jin) Botsch. (woolly climacoptera) - in
terms of halotolerance, the species belongs to the
group of highly salt-resistant salt-accumulating
euhalophytes, adapted to significantly saline soils
[35]. Species of Climacoptera are obligate
halophytes, capable of developing only in a salty
environment. The leaves of C. intricata are typical
succulent, pubescent with numerous long thin
filamentous trichomes of the same type, the
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hemiparacytic type of stomata predominates, the
mesophyll is Kranz-centric, without hypodermis.
The adaptive features of the group of succulents is
the presence of a specialized water-storing leaf
tissue. Thus, one of the haloindicative features of
Climacoptera species, as a result of halophytosis, in
addition to the protective function, the epidermis of
the leaf acquired a specific function of water and
salt accumulation. Characteristic features for this
species are a high palisade index, epidermal cells
with thickened outer walls [36]. Resistance to xero-
and halofactors is determined by the genome of
species with the Kranz structure of vegetative
organs, which provides them with greater marginal
halotolerance. Atriplex species belong to the group
of salt-producing halophytes (crinohalophytes), a
long-term vegetative fodder halophyte 10-60 cm
high, with branched roots covering shallow soil
layers (60-120 cm). Representatives of this genus
with  xeromesophytic characteristics are less
resistant to salinity (up to 200 mM NaCl) [37].
Atriplex aucheri Mog. semishrub, late summer
annual, tetrahedral stem, flattened in places of
branching, often winding. Atriplex species are true
xerophytes. A special type of anatomical and
morphological adaptations is characterized by the
presence of a typical Kranz anatomy with a layer of
bundle sheath cells, radially arranged palisade cells
[38]. Crynohalophyte plants are covered with
vesicular hairs - salt vesicles (have a unicellular
structure) or special glandular trichomes - salt
glands (with a two- or multicellular structure) that
accumulate salt. From the cells of the mesophyll,
salt enters the gland through the collecting cells,
and moves along the plasmodesmata. It
accumulates in vesicles, which then merge with the
plasmalemma. As a result, the salt comes out. In
dry weather, the plant is covered with a continuous
layer of salts released from their cells, some of
which is blown away by the wind [38].

Salt excreting pore

Cuticle

Collecting cell

‘oocoooocoocopP

Figure 3. Excretory system of crinohalophyte plants
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Atriplex aucheri has specialized excretory
structures - vesicular hairs that accumulate NaCl
solution, which cover the upper and lower sides of
the leaves with a continuous whitish coating.
Vesicular hairs are modified formations of the
epidermis that transport ions from the stalk to the
vesicle (atriplicoid type of leaves) [39,40]. The
center of education and diversification of the genus
is Central Asia (Old World), resettlement around
the world occurred from the Aral-Caspian region
during the Miocene. According to studies, the
formation of the ancestral group of the genus
Atriplex dates back to the Upper Cretaceous in
climatically arid areas [41]. Morphological and
anatomical features: fender structure of the leaf,
C4-type of photosynthetic metabolism, abundant
amount of salt-excreting blister-like hairs indicate
the formation of the genus along the solonchak
plains. The evolutionary development of the C4
lines took place over 30 Ma [42]. It should be noted
that obligate halophytes (Suaeda, Climacoptera) in
the evolutionary aspect have taken the path of
greater ecological specialization, which allows
them to grow on highly saline soils and effectively
use moisture and mineral nutrients (and, at the
same time, enrich the soil with organic matter when
dying plants). So, in the process of evolution, they
formed mechanisms that effectively maintain
concentrations Na* and CI” in the cytoplasm at a
lower level than in the soil solution and reduce the
water potential in the cells to lower values than in
the soil. It is known that a group of obligate
halophytes, in response to an increase in salinity up
to certain concentration limits (700 mM NacCl),
increases the level of succulence, maintaining ionic
and water homeostasis of the cytoplasm [30]. The
group of facultative halophytes has taken the path

Section A-Research paper

of ecological plasticity, the main strategy of which
is to limit the entry of ions through the roots, which
allows these plants to grow on soils with a wider
range of salinity (but not with extreme salinity) and
good ability to compete [10] (Figure 3 ). Soluble
sugars function as metabolic resources and
structural building blocks, and also act as signals
regulating various processes associated with plant
growth and development. Such signaling can
modulate stress pathways into a complex network
for further organization of plant metabolic reactions
and is important for halophyte osmoregulation.
Exposure to high NaCl reveals the presence of an
increased amount of soluble sugars, which
simultaneously act as compatible osmolytes and
antioxidants. The results showed that proline was
found in significant amounts in salinity-sensitive
plants experiencing salt stress and water deficiency
in natural conditions. Thus, the lowest content of
proline in the “moderately salt-tolerant” Atriplex
aucheri was observed in control samples, and the
highest at NaCl= 700mM (by 50%) (Graph 1.).
Thus, the C4 species exhibits weak resistance to
osmotic stress and significantly accumulates
proline in the presence of an excess of sodium ions;
under saline conditions [43]. Also, an increase in
salt concentration was reflected in Suaeda
altissima, which is a “highly salt-tolerant” species,
the level of proline in samples exposed to extreme
salinity (NaCl 700mM) increased significantly,
almost 2 times compared to the control. The
highest proline values in Climacoptera intricata
were found in samples exposed to NaCl 700mM,
compared to control plants, the values increased by
30% [30].
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Figure 3. The content of Na* and CI™ ions in plants of obligate (Suaeda) and facultative (Atriplex) halophytes
under growing conditions
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Graph 1. Proline content under different salinity conditions (mg/g)

 mBN EE

Control 200 NacCl

= Climacoptera intricata

Apparently, these data confirm the point of view
that proline (stress amino acid) is synthesized as a
result of osmotic stress, which is characterized by a
protective rather than osmoregulatory function
[44].

It affects the intracellular regulation between the
cytoplasm and vacuoles, regulates the pH of the
cytosol, protects enzymes and intracellular
structures, inactivates free radicals, and is a source
of carbon and nitrogen for recovery after stress
[45,46,2] As is known, simple sugars accumulate
under the action of salinity and other factors on
plants [46, 47]. In our study, plants differ in the
content of various forms of sugars in different
growing conditions (Graph 2). Thus, as a result of
the analyzes, a positive correlation was revealed
between an increase in the concentration of salts in
the nutrient medium and an increase in the
concentration of soluble sugars. For true (obligate)
halophytes, salt has a beneficial effect. This is
evidenced by the high level of biomass of seedlings
of Climacoptera and Suaeda at NaCl=200mM-
500mM, and the content of total carbohydrates
(Figure 2.3). Thus, sodium chloride introduced into
the medium caused an increase in carbohydrates at
a concentration of 200-500 mM, while the content
of carbohydrates in the control turned out to be
reduced. This is explained by the fact that
euhalophytes effectively use the mechanisms of Na
+ exclusion from the cytosol to achieve a high level
of antioxidant protection developed during
evolution. Therefore, the carbohydrate metabolism
of plants remains consistently high under the
influence of salts. At the same time, the
development of mechanisms that ensure salt
tolerance weakened the ability of obligate (true)
halophytes to interspecific competition and limited
their distribution in less mineralized areas. Thus,
the absence of NaCl in the nutrient medium
(control) led to a clear decrease in growth in
control samples (Figure 1) and a reduced content of
carbohydrates (Figure 2.3), which confirms the
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need of plants of this group for the presence of salts
in the habitat for normal development. Accessions
of Atriplex aucheri, which are facultative
halophytes, were found to be sensitive to salt. Thus,
when the salinity of the medium exceeds the
threshold level (NaCl 500-700mM), the growth of
Atriplex decreases, indicating a negative effect of
high salt concentrations. The range of variability in
carbohydrate content is similar to the range of
variability in proline, which is probably due to
species genetic characteristics (Graph 2). Thus, it
was found that the sugar content depends on the
level of salinity of the medium. Comparative
analysis (the results are shown in the graph)
showed that chloride-sulphate salinization of the
soil in the territory of Muynak and in vitro
experiments (200 mM NaCl) in Atriplex, contribute
to an increase in carbohydrates, compared with the
control and exceeding the threshold level of
samples. The high content of carbohydrates in
species growing on soil with chloride-sulfate
salinity shows that one of the effective mechanisms
of physiological adaptation to salinity is the
accumulation of water-soluble carbohydrates in
cells []. It is believed that active accumulation
during salt stress and drought of compatible
substances such as amino acids, polyamines and
carbohydrates is an effective mechanism of salt
tolerance [46,47]. Sugars accumulated under the
influence of salinity, drought and other unfavorable
environmental factors on plants are widespread and
universal osmotic agents that have a protective
effect, protecting the protein-lipid components of
membranes from denaturation during dehydration.
According to the authors [1-3,46], sugars bind the
excess amount of harmful ions entering the plant
and regulate the ionic balance of plants. Organic
acids formed with the participation of sugars can
bind an excess amount of harmful ions entering the
plant, regulate the ionic balance of plants, maintain
electrical neutrality in cells and neutralize basic
compounds. In fact, soluble sugars are involved in
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a variety of basic cellular functions as a source of
metabolism, structural compounds, and signaling
molecules in plants [1,2]. Thus, in highly salt-
tolerant species of Climacoptera intricata, Suaeda
altissima, the constancy of sugar content was noted
under various salinity conditions (Muynak and 200-
700NaCl), and no statistically significant
differences were observed (Table 1.). Whereas
Atriplex aucheri showed lability in carbohydrate
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metabolism. As can be seen from our results, a
higher level of accumulation of mono- and
oligosaccharides was noted in Climacoptera
intricata (), Suaeda altissima (), euhalophytes -
ecologically specialized in the evolutionary aspect,
they exhibit "salt tolerance", which allows them to
grow on highly saline soils and efficiently use
moisture and mineral nutrients.

Graph 2. Content of soluble carbohydrates under different salinity
conditions (% on abs. dry weight)

0-5 %
0 ¥ o
Control 200 NaCl

& Climacoptera intricata

So, the obtained data of 3 species of wild-growing
halophytes, differing in the type of regulation of
salt metabolism: salt-accumulating - salt-releasing,
indicate that the accumulation of sugars in plant
organs depends both on the genetic characteristics
of the studied species and the level of soil salinity.

The division of plants according to the halotolerant

trait has a clear biochemical basis. Thus, a higher

total sugar content is characteristic of Climacoptera
intricata, Suaeda altissima (hyperhalophytes),
compared to Atriplex aucheri (crinohalophyte). Our

results confirm the data on the formation of a

community with the participation of euhalophytes

on soils with higher salinity (3-4%) than the
crynohalophyte (Atriplex aucheri).

The study makes it possible to identify the

functional groups of plants and predict their

response to global and local environmental
changes.

Thus, we can conclude:

1) The reaction of halophytes to salt stress is
specific with respect to the type of regulation
of salt metabolism: salt-accumulating - salt-
releasing

2) Groups are clearly distinguished: with respect
to halotorency, Climacoptera intricata, Suaeda
altissima (euhalophyte group), Atriplex aucheri
(crinohalophyte group); in one group, plants
grown in the control, and in the second - under
saline conditions.
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3) 3) The high content of carbohydrates of
species growing on soil with chloride-sulfate
salinity shows that one of the effective
mechanisms of physiological adaptation to
salinity is the accumulation of proline and
water-soluble carbohydrates in cells.
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