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Abstract. Calciphyte species form a systematically and structurally heterogeneous group of plants

capable of tolerating highly stressful conditions. Various structural adaptations occur in calciphytes
to protect them against excess light (leaf pubescence) and moisture loss (waxy coating). Their shoot
structure determines the volume of primary plant production. The present work studied the relationship
between the antioxidant status and structural features of some calciphyte species. Redox metabolism
in plant leaves was assessed using parameters such as water content, photosynthetic pigments, soluble
carbohydrates, water-soluble phenolic compounds, water-soluble and membrane-bound proteins, and lipid
peroxidation (LPO) level. The data obtained showed that the contents of the components regulating redox
metabolism correlate both with each other and with the structural parameters of plants. In particular,
the content of photosynthetic pigments in multi-species communities is lower in taller plants than in
low-growing ones. The content of phenolic compounds and the level of LPO in calciphyte leaves are
associated with the level of development of wax covering. The plants forming clumps and vigorous

shoots exhibit increased LPO activity.
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Oc00eHHOCTH B3aMOCBSI3H PeA0KC-MeTa00aM3Ma

U CTPYKTYPbI PACTEHHUI KAJIbLe(UTOB

E.C. Boraanosa®, JI. M. KaBeJienoBa®,

B. H. Hectepos?, O. A. Ky3oBeHko’,

P.P. CapBaposa’, I. H. Ta6anenkona®, O. A. PozennBer®
“Camapckuil ghedepanvhwiii uccieoosamenvckutl yenmp PAH,
Hncmumym skonozuu Bonscckoeo 6accetina PAH
Poccuiickaa ®edepayus, Torvammu

*Camapckuil HAYUOHAIBHBLI UCCIE008AMENbCKULL YHUBCPCUMEN
um. axademuka C.I1. Koponesa

Poccuiickaa ®eoepayusa, Camapa

‘Uncmumym ouonocuu Komu nayunoeo yenmpa

Ypanvckoco omoenenuss PAH

Poccuiickaa ®eodepayus, Coikmvigkap

AHHoTauus. PacteHus kanpue@uTHBIX (II0p 00pa3yIOT CHCTEMATHYECKH H CTPYKTYPHO HEOTHOPOIHY IO
IPYIIY PacCTeHH, CIOCOOHBIX MIEPEHOCUTH BHICOKOCTPECCOBbIE ycioBus. Kanbledursl peain3yoT
pas3yInYHbIC CTPYKTYPHBIC aJalTALlUK, IPOTHBOACIHCTBYsI H30BITKY CBeTa (OIyILIEHHE), CHIIKASI TIOTEPU
Bi1ary (BockoBoii Hajet). CTpyKTypa uX noOeroB oIpeaeseT 00beM IepBUYHON MPOAYKIIMU PACTEHUH.
Lenp HacTosiie# pabOThl — M3Y4YUTh B3aUMOCBSI3M aHTHOKCUAAHTHOI'O CTaTyCa CO CTPYKTYPHBIMH
0COOEHHOCTSIMH HEKOTOPBIX NIPEACTaBUTENEH KanbieuTHOH (iaopsl. Penokc-merabonn3m oneHnBamu
10 OBOAHEHHOCTH JINCTHEB, COACPIKAHUIO (POTOCHHTETUYCCKUX MUTMEHTOB, YIJICBOIOB, (DEHOJIBHBIX
COEJIMHEHHU, BOJIOPACTBOPUMBIX U MEMOPAHHO-CBSI3aHHBIX OEJIKOB, NHTEHCUBHOCTH HAKOILJICHHU S
MIPOAYKTOB NepekucHoro okuciaeHus aunuaos (ITOJ). [TomydeHHble JaHHBIE MOKA3aJIH, YTO
KOJTMYECTBEHHOE COAEPHKAHNE KOMIIOHEHTOB, PETYIHPYIOIUX PEIOKC-METa00IN3M, JEMOHCTPUPYET
HaJIU4YUe KOPPEISIMOHHBIX CBA3CH KaK MEXIy OTHCJIbHBIMU I'PYIIaMU 3TUX BELISCTB, TaK
U CO CTPYKTYPHBIMH [I0KA3aTEISIMHU PACTeHHH. B 4aCTHOCTH, B MHOTOBHJIOBBIX COO0IIECTBaX y Oosiee
BBICOKHX PACTCHUH colepKkaHhe POTOCHHTETUYCCKUX MUTMEHTOB HHXKE, YeM Y HU3KOPOCIIBIX.
Conepxxanue heHoNbHBIX coequHeHni 1 ypoBeHb [10J] B IMCThIX KaJiblie(PUTOB CBSI3aHbI C YPOBHEM
Pa3BUTHUS BOCKOBOrO Halieta. PacTenusi, popMupyronne KypTHHBI U MOIIHbBIE OOETH, XapaKTePU3YIOTCS

MOBBIIEHHON aKTUBHOCTHIO I1OJI.

KarwueBble ciioBa: KanbieGuThl, peaOKC-MeTa00IU3M, TUTMEHTHI, ()CHOJIbHBIC COCTHUHCHU S,

YTrJIeBOAbL.
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Introduction

Calciphyte species form a systematically and
structurally heterogeneous group of plants capable
of tolerating highly stressful conditions (Tyler,
2003; Malysheva, Malakhovsky, 2011). Calciphytes
grow in specific habitats: soils exhibit a high initial
pH value, rockiness, and a special moisture regime
(Escudero et al., 2015). In addition to specific soil
conditions, the plants are constantly exposed
to winds, high air temperatures, and excessive
insolation. Plants of chalk slopes and carbonate
outcrops, as a rule, have a xeromorphic structure
with their characteristic external features such
as pubescence and smaller leaves, which often
develop a silvery sheen (Kurovsky, 2009). They
are represented by different life-forms: dwarf
shrubs, semi-shrubs, root and rhizome perennials,
etc. Low-growing, creeping plants predominate
among calciphytes. The main part of photosynthetic
apparatus can be represented by many small stem-
covering leaves or well-developed root leaf rosettes,
or openwork leaf rosettes (Lambers, Oliveira, 2019).

Thus, the conditions for the growth of
calciphytes are highly stressful, and, therefore,
different structural adaptations occur in the plants.

The physiological adaptations of plants
are based on alterations in cellular processes
resulting in changes of quantitative and qualitative
composition of compounds closely related to
the main metabolic pathways including redox
metabolism. At the same time, redox regulation
of cellular processes is considered as one of
the fundamental mechanisms regulating cell
functional activity (Martinovich, Cherenkevich,
2008). Under adverse environmental conditions,
plants experience oxidative stress due to the
formation of an increased amount of highly reactive
oxygen species (ROS) (Gupta et al., 2018). Lipid

peroxidation (LPO) is one of the redox regulation
factors of enzymatic systems (Hasanuzzaman et
al., 2020).

Under abiotic stresses such as drought,
salinity, heavy metals, waterlogging, extreme
temperatures, oxygen deprivation, etc., the activity
of free-radical processes is also regulated by
non-enzymatic antioxidants. The low molecular
weight organic antioxidants (such as ascorbate,
glutathione, carotenoids, tocopherols, flavonoids,
betaines, etc.) sometimes can be more effective
as metabolism protectors from ROS than enzyme
systems. Phenolic compounds are the most common
among them (Hasanuzzaman et al., 2020). They
are broad-range mediators of biotic relationships,
plant metabolism regulators, and participants in
responses to abiotic stresses (D'Amelia et al., 2018).
Recently, sugars have been considered as direct
antioxidants (Bolouri-Moghaddam et al., 2010).
The amount, chemical structure, and mechanism of
action of antioxidants can vary significantly across
plant species, such as calciphytes (Hasanuzzaman
et al., 2020).

The aim of this work was to study the
relationship between the elements of antioxidant
system and the structural features of some

calciphile plant species.

Materials and methods

Plant material

The study was conducted on 13 species
from 9 families: Artemisia salsoloides Willd,
Anthemis trotzkiana Claus (Asteraceae); Pimpinella
titanophila Woronow, Bupleurum falcatum L.
(Apiaceae); Krascheninnikovia ceratoides (L.)
Gueldenst. (Chenopodiaceae); Onosma volgensis
Dobrocz (Boraginaceac); Gypsophila volgensis

Krasnova (Caryophyllaceae); Astragalus zingeri
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Korsh., Hedysarum grandiflorum Pall. (Fabaceae);
Linum flavum L., L. uralense Juz. (Linaceae);
Polygala sibirica L. (Polygalaceae); Reseda lutea
L. (Resedaceae). The plants were growing in the
Shigonsky District of the Samara Region in two
ecotopes: Ecotope 1-53°29' N, 49°00" E, and
Ecotope 2-53°35" N, 48°51" E.

We took
parameters of the species as the height of plants

into account such structural
(average values in cm), the vigor and the position
of their shoots, the presence/absence of clumps
and rosettes, and the comparative levels of
leaf pubescence and wax coating (Ryabinina,
Knyazev, 2009; Maevsky, 2014).

For biochemical analyzes, we used freshly
cut leaves collected from 12—15 plants. Three
independent biological samples, 0.2-2.0 g of wet
weight, were prepared from the total mass and
stored in liquid nitrogen until laboratory studies.

The water content of the tissues was
calculated after determining the wet and air-dry

weight and expressed as %.

Biochemical analyses

The lipid peroxidation rate in leaves of plants
was determined by measuring the accumulation
of malonyldialdehyde (MDA), determined using
the color reaction with thiobarbituric acid at A =
532 nm (Lukatkin, Golovanova, 1988).

The content of photosynthetic pigments
was determined spectrophotometrically in an
acetone extract (90 %) at A = 662, 645, and 470
nm. The concentration of chlorophylls a, & and
carotenoids was calculated using the method of
H.K. Lichtenthaler (1987).

The

were extracted from air-dry plant material, their

water-soluble phenolic substances
content was determined in aqueous extracts
using the Folin-Chocalteu reagent according
to the method (Swain, Hillis, 1959) in the drop
modification proposed by the manufacturer

of the Pancreac Quimica reagent, Spain. The

absorbance of the solutions was determined on a
photocolorimeter («KFK-2», Russia) using a red
light filter at A = 725-730 nm. Gallic acid was
used to make a calibration graph.

The amounts of water-soluble proteins and
membrane-bound proteins were determined by
the O.N. Lowry method (Lowry et al., 1951) on
a spectrophotometer (PromEcoLab PE-3000,
Russia) at A = 750 nm, using calibration curves
with a standard solution of bovine serum albumin
(Calbiochem, Germany) in distilled water and in
a 0.05 % Triton solution X-100, respectively.

The content of soluble carbohydrates was
determined in freeze-dried material. The weighed
portion (0.3 g) was extracted by 70 % ethanol;
the evaporated hydroalcoholic extract of the plant
sample was dissolved in water and subjected to
purification by solid-phase extraction method
in cartridges with sorbents Disorb-60-S16T
and Diasorb-60-Amine. After the purification,
the solution was analyzed under the following
conditions: column Kromasil 4.6 x 250 mm
100—-5NH2 was used, the rate of eluent flow was
0.94 mL min !, and a refractometer served as a
detector. The retention time of control substances
served as the criterion of peak identification.
Quantitative analysis was performed by absolute
calibration method using peak areas as a

reference.

Statistical analysis

The results of biochemical analyzes were
presented as the average of three biological and
three analytical replicates. The data obtained
were presented in the form of arithmetic means
(M), and the scattering of values was presented
as standard errors (= SE). Comparison of
quantitative data was carried out using one-way
analysis of variance (One-way ANOVA) (p <
0.05) followed by the Tukey's test to compare the
means. Calculations were performed using the

Statistica 6.0 for Windows and Past 3 software.
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For an expert assessment, the species were
assigned conditional scoring characteristics,
which were entered into the data matrix and,
together with biochemical indicators, were used
to calculate the pair correlation coefficients in the

Microsoft Excel (Zaitsev, 1984).

Results and discussion

The typical structural and morphological
traits of the aboveground organs of the species
studied in this work are presented in Table 1.

According to the literature data, plants differ
in both habit and characteristics of leaves. Low
(20—40 cm) and medium-sized (50—60 cm) plants
predominate among the species studied here, but
one species, the subshrub K. ceratoides, forms
vigorous leafy shoots up to 1 m in height and
more. Most of the plants have shoots rising above
the surface of the soil substrate. In four species,
the main apparatus of photosynthesis is well-
developed near-root leaf rosettes, and two species
have openwork leaf rosettes. The other species are
characterized by a relatively weak development
of the leaf surface; they form thin branched
shoots. The species also differ significantly in the
pubescence of leaves and stems and the thickness
of the wax coating.

Redox metabolism in plant leaves was
assessed using parameters such as water content,
photosynthetic pigments, soluble carbohydrates,
water-soluble phenolic compounds, water-soluble
and membrane-bound proteins, and MDA level
(Table 2). The content of MDA, one of the final
products of lipid oxidation, varied within wide
limits depending on the plant species (0.1-1.7
mmol g' dry weight). Calciphytes grow in
water-limited soil conditions, and, therefore, it is
important for them to maintain water homeostasis.
Our results showed that the water content of the
leaves was 51.1-78.4 % of dry weight, which
corresponds to the values of xerophytic plants

(Table 2). The largest water deficit was found in

O. volgensis, K. ceratoides and A. zingeri plants.
The water content in their leaves was 1.2 times
lower than in most of the species studied.

The content of photosynthetic pigments
in leaves is considered as an indicator of the
physiological state of plants, which characterizes
the efficiency of the photosynthetic apparatus.
The concentration of chlorophylls varied from
2.4 to 6.3 mg g' and carotenoids from 0.4 to
1.2 mg g' of dry weight. Plants L. flavum, P.
sibirica, and R. lutea had high pigment contents.
The calciphytes studied in the present work were
heliophytes. They exhibited a high chlorophylls
a/b ratio. This parameter varied in the range of
24-4.1.

The carbohydrates synthesized by plants in
the photosynthesis process are the initial material
for plastic and energy metabolism. In addition,
they are known to have antioxidant properties
and the ability to maintain the water balance of
cells (Zakhozhiy et al., 2019). The total content
of soluble carbohydrates in the dry mass of
leaves varied from 14.9 to 78.0 mg g! (Table 2).
Most of the calciphyte species demonstrated the
predominance of disaccharides. The lowest
concentration of sugars was found in the leaves
of H. grandiflorum, which was mainly due to the
low content of disaccharides. These plant species
are able to slow down or speed up metabolic
processes depending on external conditions
(Ilyina, 2019). One can assume that the low
sugar content compared to other species is a
consequence of these processes.

The evaluation of protein components
showed that the amount of membrane-bound
proteins ranged from 6.8 to 81.0 mg g' and
water-soluble ones — from 12.9 to 267.6 mg g
dry weight. Moreover, the content of water-
soluble proteins may be 1.2-8.0 times greater
than the content of the membrane-bound
ones. The largest amount of membrane-bound

proteins was found in the leaves of B. falcatum,
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and water-soluble proteins were the highest in
A. salsoloides. 1t is well-known that individual
components of water-soluble proteins are
responsible for protection against oxidative
stress (Orlova et al., 2007).

Plant

antioxidant and antiradical properties. Due to

polyphenols have pronounced
the antioxidant effect, phenolic compounds with
the combined action of the antioxidant system
are able to «quench» free radicals, stabilize and
protect cell membranes from damage, prevent
the autolysis of lysosomes, mitochondria, etc.
(Martinovich, Cherenkevich, 2008; Gupta et al.,
2018; Zagoskina, Nazarenko, 2016). The content
of phenolic compounds, as well as proteins and
carbohydrates, which are also involved in the
redox metabolism, varied widely across the plant
species (17.5-132.5 mg g' dry weight). In two
species used as an example — K. ceratoides and
G. volgensis — the content of phenolic compounds
depends not only on the species traits but also on
the growing conditions. Thus, in the leaves of
both species, sampled in different ecotopes, the
content of phenolic compounds differed by more
than a factor of two.

The content analysis of primary and
secondary metabolism components, including
those involved in the regulation of redox
metabolism, shows that their amounts vary
significantly in different calciphyte species.

We used the correlation analysis method to
identify the possible relationship between some
structural traits and physiological and biochemical
parameters. To this purpose, the primary expert
assessment of structural features was fulfilled.
The plants were assigned quantitative estimates:
heights (average values in cm), the relative
degree of development of aerial shoots (from 1
to 10 points), the presence or absence of clumps
(0—1 points), the presence of outlets (absence —
openwork rosettes — well-developed rosettes,

from 1 to 3 points), the presence and degree of

development of pubescence (from 0 to 3 points),
the presence and degree of development of wax
coating (from 0 to 2 points), the position of the
shoots (creeping over the substrate or rising
above it (1 and 2 points). Table 3 presents the
results of the analysis of relationships between
the metabolic parameters and structural traits
of the calciphytes studied. Both positive and
negative correlations were found.

A high positive pair correlation was found
between photosynthetic pigment contents —
a/chlorophyll b,
carotenoids, chlorophyll b/carotenoids (r =
0.91; 0.86; 0.78, respectively). Similarly, a high
positive correlation was found between the MDA

chlorophyll chlorophyll a/

level/the content of water-soluble proteins, the
MDA level/the content of phenolic compounds
(r = 0.77 and 0.79, respectively). That means
that under stressful conditions, all antioxidant
components are activated, contributing to
the development of adaptive plant responses.
The accumulation of water-soluble phenolic
compounds in leaves of calciphytes correlated
with the level of development of wax coating on
the vegetative parts of the shoots (r = 0.67), and
an average positive level of correlation between
the development of wax coating and MDA level
(r = 0.52) was also revealed.

It is well-known that under water deficient
conditions, wax coating on the surface of plant
leaves not only contributes to the regulation of
the water balance, but also, unlike pubescence,
better reflects sunlight, thereby protecting the
assimilation organs of plants from ultraviolet
radiation and burns (Lambers, Oliveira, 2019).

The plant height expressed in conditional
points negatively correlated with the content of
photosynthetic pigments (r values from —0.36
to —0.59), which is quite consistent with the
level of light exposure of plants with different
shoot heights in multispecies communities — the

maximal for the highest and more limited for the
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undersized. At the level of an average positive
relationship, an increase in lipid peroxidation
was observed in plants that had more vigorous
shoots and formed clumps of shoots (r = 0.40 and
0.36, respectively), which is logically associated
with the successful development of species
that form a significant amount of phytomass
of densely leaved shoots in ecologically harsh
habitats.

Multiple connections of medium strength,
both positive and negative, were found for a
number of monosaccharides as a group of primary
metabolites. The level of their accumulation was
associated with the activity of metabolic processes
(water soluble proteins) and tissue antioxidant
status (MDA). There was a tendency towards a

decrease in the number of monosaccharides in

References

plants with an increase in their height (r = —0.54)

or the formation of basal rosettes (r = —0.45).

Conclusion

The data obtained showed that the
quantitative level of the elements of the redox
system correlates both with each other and with
the structural parameters of calciphytes. In
particular, the content of photosynthetic pigments
in multi-species communities in taller plants is
lower than in low-growing ones. The content of
phenolic compounds and the level of MDA in
calciphyte leaves is associated with the level of
development of wax covering. In ecologically
harsh habitats, plants forming clumps and
vigorous shoots are characterized by increased
LPO activity.
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