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Seed morphology and seed coat micromorphology
of Linaria cretacea Fisch. ex Spreng. from chalk outcrops
of Western Kazakhstan

The investigation of seed morphology and seed-coat micromorphology is important for taxonomy, ecology,
and the conservation of rare endemic plants, particularly species restricted to specialized habitats such as
chalk outcrops. In calciphilous plants with narrow distribution ranges, seed-coat micromorphology can serve
as a useful diagnostic feature for species identification, clarification of taxonomic relationships, and the
development of ex situ conservation measures. This study examined the morphological characteristics of the
seeds and fruits of Linaria cretacea Fisch. ex Spreng., a rare calciphilous endemic species restricted to chalk
outcrops in Western Kazakhstan, using scanning electron microscopy (SEM) and light microscopy. Macro-
and microimages of the seeds were obtained, and their main morphometric parameters, including length,
width, thickness, and shape index, were measured. Seed-coat sculpture was described at the primary,
secondary, and tertiary levels following the classifications proposed by W. Barthlott and W. Stearn. The
results showed that L. cretacea from the Aktobe Region is characterized by a cerebelliform primary sculpture
with clearly defined anticlinal boundaries, a sharply tuberculate secondary sculpture with reticulate elements,
and the absence of epicuticular wax. Comparison of the seed-coat traits identified in this study with published
descriptions of the closely related species L. vulgaris and L. genistifolia revealed a set of diagnostically
significant micromorphological differences. The possible adaptive role of seed-coat structure in chalk habitats
with low water-retention capacity is also discussed. The findings are of both systematic and practical value,
particularly for the identification of herbarium specimens and the development of protection and ex situ
conservation protocols for this rare species.

Keywords: Linaria cretacea, Kazakhstan, calciphilous species, endemic species, seed morphology, scanning
electron microscopy, light microscopy, features.

Introduction

The first information about the wvegetation of chalk outcrops dates back to the works of
I.A. Giildenstddt [1, 2]. In the 19th and early 20th centuries, the study of the flora of such habitats acquired a
systematic character: significant contributions were made by Chernyaev [3], Litvinov [4, 5], Popov [6],
Sagalaev [7], Sukachyov [8], Golitsyn [9], Klokov [10], Taliev [11-13], Kozo-Polyanskii [14-16],
Kotov [17], Lavrenko [18] and others. The problem of the origin of chalk outcrops—natural or anthropogen-
ic—was actively considered by classics of botany. Modern studies continue to clarify the composition of the
flora and characteristics of chalk cliff communities, although a number of local and taxonomic issues remain
insufficiently studied [19].

In carpological studies, seed macro- and micromorphology are considered key diagnostic characters in
the taxonomy of angiosperms [20-22]. Of particular importance for taxonomic conclusions and evolution-
ary-functional interpretations are data on the ultrastructure of the seed coat obtained using SEM [23-26].
However, for a number of local, rare, and ecologically specialized taxa, data on seed microsculpture remain
absent or are fragmentary.

Linaria cretacea Fisch. ex Spreng. is a perennial calciphyte with a taproot system that is strictly con-
fined to chalk habitats within its Eastern European and Sub-Ural range. Its vegetative and reproductive traits
(dwarfism, compact generative shoots, yellow corolla with a prominent spur) are consistent with life on steep
chalk slopes and among rocky boulders.

© 2026 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 5
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Despite the recognized importance of seed traits in taxonomy and ecology, a comprehensive study of
L. cretacea’s seed micromorphology, combining modern SEM techniques, guantitative morphometrics, and
comparison with related species, remains lacking. The seed morphology of representatives of the section
Linaria has been described in the literature. However, specific information on primary and secondary sculp-
ture, the degree of exotesta tortuosity, the presence/absence of epicuticular wax, and their functional interpre-
tation are lacking for L. cretacea in the regional context of Cretaceous habitats in Kazakhstan.

This study examines the seed morphology and seed coat micromorphology of L.cretacea from the chalk
outcrops of the Aktobe Region using scanning electron microscopy (SEM), light microscopy, and quantita-
tive morphometric analysis. The research focuses on the description of the primary, secondary, and tertiary
sculpture of the seed coat according to established classifications, comparison with closely related Linaria
species, and evaluation of the taxonomic and adaptive significance of the identified traits in chalk habitats.
Field material was collected from chalk massifs of the Aktobe Region during 2023-2025. Seeds were pre-
pared for SEM following standard procedures, including fixation and gold sputtering, and the different levels
of seed coat sculpture were described using accepted morphological terminology.

The identified seed-coat characters of L.cretacea were considered in comparison with published de-
scriptions of selected representatives of the genus Linaria. This comparison was used to establish a general
diagnostic framework and was not intended as a direct SEM-based species-to-species analysis of L. vulgaris
and L. genistifolia. Because L. cretacea is a narrow chalk endemic, whereas related species of the genus oc-
cur in broader ecological settings, the literature data were employed only to indicate the possible taxonomic
and ecological significance of the revealed seed traits.

The key result of the work is a deeper understanding of the micromorphology of a rare calciphilous spe-
cies, the identification of diagnostic features for taxonomic purposes and herbarium identification, and the
creation of a basis for subsequent studies of the ecology of germination and measures to conserve L. cretacea
populations in chalk habitats.

Figure 1 presents images of L.cretacea growing on chalk slopes in the Aktobe Region, depicting the
overall habit of the species and its typical habitat.

Figure 1. Linaria cretacea in the Aktobe region: a) view of the plant; b) view of the seeds

Experimental

Material for carpological analysis was collected during June—July of 2023-2025 on the chalk massifs of
the Aktobe Region (Tab. 1). For each sampling site, the coordinates, collection date, elevation above sea lev-
el, slope exposure, and general habitat characteristics were documented. For the morphometric and micro
morphological study, 1,000 seeds (thousand-seed weight 0.20 g) collected from mature capsules of the two
populations were analyzed.
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Table 1

Characteristics of the studied sites of Linaria cretacea

Point Coordinates Elevation above Slope
(latitude, Location b Habitat characteristic
number - sea level, m aspect
longitude)
N49°20°031"" N A steep slope consisting of chalk
1 E 054°30°024"" ~215wMm Akshatau Chalk | Southeast marl and carbonate clays
N5032°069" N A gravel slope with exposed chalk
2 E 0549547341 ~235wM Ishkargan Chalk South bedrock

In the Aktobe Region of Western Kazakhstan, all major chalk outcrops were surveyed for L. cretacea,
but the species was detected only at a few, markedly isolated locations. Intensive fieldwork in 2023-2025
showed that stable, self-maintaining populations are confined to the Akshatau and Ishkargan chalk massifs.
On other chalk exposures, L. cretacea was either absent or represented by single, scattered plants, from
which seed sampling is prohibited for conservation reasons. As a result, carpological material was collected
only from these two populations, which constitute the main chalk massifs of the study area for this rare
calciphilous endemic.

This study primarily sought to deliver a comprehensive qualitative and quantitative description of seed
and seed-coat micromorphology at the species level. In this context, a rigorous statistical comparison be-
tween the two local populations was not pursued, as it lay outside the objectives of this initial investigation.

Seed and fruit morphology was investigated by light microscopy and scanning electron microscopy.
The seed surface micromorphology of L.cretacea from the Aktobe Region was examined with JEOL JEM-
1400 and JEOL JSM-6060LV scanning electron microscopes (JEOL Ltd., Tokyo, Japan). The analysis was
performed on mature seeds. A total of 15 seeds were studied by SEM. To remove the cuticular layer, the
seeds were kept in a chloroform—methanol mixture (1:1) for 48 h and then transferred through a graded etha-
nol series of 70 % and 90 %. After drying, the seeds were fixed directly onto specimen stubs with double-
sided adhesive tape. Imaging at X80 and x100 magnification was used to record overall seed morphology,
whereas x500, x800, and x1500 magnifications were applied to examine the exo testa surface.

The resulting digital images were processed in Adobe Photoshop CS4. Seed surface descriptions were
based on the shape of the principal cells, the structure of the anticlinal walls, including their thickness, sinu-
osity, and elevation above the surface, as well as the relief of the periclinal walls. Seed ultrastructure (prima-
ry, secondary and tertiary sculpture) was described using the terminology and morphotype categories pro-
posed by Barthlott [23, 24], Stearn [25] and Segarra-Moragues & Mateu [26].

The terminology of W. Stearn and W. Barthlott [23, 25] was used to describe the ultrastructure of the
seed coat. The classification provides for the distinction of three levels of sculpture—primary, secondary,
and tertiary—with diagnostic features indicated (Tab. 2).

Table 2

Classification of seed ultrastructure according to W. Stearn and W. Barthlott with examples of morphotypes

Sculpture Examples Characteristic features
Level of morphotypes of Linaria cretacea
Primary Exotesta cell shape, general pattern, type |[Comb-shaped, medul- |Cerebelliform; convolutions of slightly
of anticlinal walls, border relief, curva- |la-shaped, tuberculate, |concave isodiametric cells; height 0.1—

Diagnostic Features

ture of outer periclinal walls smooth 0.15 mm; margins recessed
Secondary |Relief of outer periclinal walls, location |Reticulate, tuberculate, [Low, closely spaced, acutely
and shape of small elements smooth, honeycomb  [tuberculate cuticle deposits; tendency
toward a reticulated pattern
Tertiary Epicuticular secretions (wax: gran- Granules, scales, Epicuticular wax absent
ules/flakes or absence) waxless

The following parameters were assessed: seed shape; presence/absence of a wing; type of primary
sculpture (comb-shaped, medulla-shaped, tuberculate, smooth); nature of cuticular deposits on the cell sur-
face (reticular, papillary); tertiary sculpture (type of epicuticular wax or its absence).
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Comparative information on other representatives of the genus Linaria, including L. vulgaris and
L. genistifolia, was not obtained from original SEM observations in the present study and was used only as
literature-based background for diagnostic interpretation.

For the morphometric analysis, measurements were obtained from the examined seed material in re-
peated observations. The quantitative data were summarized using descriptive statistical methods. For each
measured trait, mean values, standard errors (Mean + SE), and the minimum and maximum ranges were de-
termined. Since the study was designed to provide an initial carpological and micromorphological character-
ization at the species level, no statistical comparison was carried out between the two sampled populations.

Results and Discussion

The fruits of L.cretacea are dry, multi-seeded capsules of oblong-round shape, approximately 3 mm in
diameter. The locules are equal in size and dehisce through teeth at the apex (Fig. 2). The seeds gradually
spill out through the resulting openings, driven by wind and stem vibrations.

The number of seeds in one capsule is 12-15, which is consistent with the data of Sutton and
Viano [27]. The fruit weight is 3-4 mg, no more.

The passive seed dispersal range is determined by plant height and averages 12—-35 cm—at the level of
generative shoots. As a result, seeds are distributed within the parent patch of the coenopopulation, while
their distant dispersal remains limited.

X3B SEEMm GUFF

Figure 2. Macrophotography: general view of Linaria cretacea capsules

Morphometric characteristics of fruits are presented in Table 3.

Table 3
Morphometric parameters of Linaria cretacea fruits
Indicator Mean + SE Minimum Maximum
Capsule diameter, mm 3.02+0.06 2.85 3.18
Number of seeds, pcs. 134+1.1 12 15
Capsule length, mm 2.45+0.08 2.30 2.60
Capsule width, mm 2.00 + 0.07 1.80 2.20
Capsule weight, mg 35+03 3.0 4.1
Shape Oblong, rounded — —

The seeds of L. cretacea are small, elongate-reniform, and slightly curved; in cross section they are
rounded with slight flattening on the dorsal side. Their mean dimensions are 1.20 = 0.05 mm in length,
0.85 £ 0.04 mm in width, and 0.70 = 0.03 mm in thickness (Tab. 4). The shape index (Length/Width) varies
from 1.35 to 1.45, which indicates an elongated seed type (Fig. 3). The weight of 1000 seeds is 0.20 = 0.01 g,
confirming the very small size and low mass of the diaspores. Overall, the seeds are dark brown to black,
slightly flattened, with a narrow marginal rim and a clearly expressed surface sculpture.

8 Fundamental and Experimental Biology. 2026, 31, 3(123)
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Table 4
Size and shape of Linaria cretacea seeds
Indicator Mean + SE Minimum Maximum

Length, mm 1.20+0.05 1.00 1.85
Width, mm 0.85+0.04 0.45 1.00
Thickness, mm 0.70 £ 0.03 0.25 0.55
Shape index (L/W) 1.41+£0.04 1.35 1.45
Form Elongated, slightly reniform — —

Thousand-seed weight, g 0.20+0.01 0.18 0.22

Figure 3. SEM image of Linaria cretacea seed, general view
(BSE mode, 5 kV, x270; scale bar = 500 um)

Observations under the light microscope showed that the seed surface is coarsely tuberculate and ir-

regularly wrinkled, with a slight sheen. Examination by SEM provided a more detailed view of the seed coat
ultrastructure and allowed the primary, secondary, and tertiary levels of sculpture to be distinguished.

In cross-section, the seed is characterized by a compact endosperm and a well-developed exotesta. The

primary sculpture is cerebriform: the convolutions are formed by groups of slightly concave, isodiametric
exotesta cells 0.10-0.15 mm high, often anastomosing. Cellular boundaries are deepened, with thin, discon-

tinuous cuticular deposits.
The secondary sculpture is expressed by low, densely located, sharply tuberculate cuticular deposits, in

places with a tendency to form a mesh pattern (Fig. 4).
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8 2mm Zepl 15
001 2 i [
100um 1] 7 10um

Figure 4. SEM images of the seed coat of Linaria cretacea, illustrating the cerebriform primary sculpture
and the distinctly tuberculate secondary sculpture
(BSE mode, 15 kV, x500, scale bar = 100 um; SE mode, 15 kV, x2953, scale bar = 10 pm)

SEM images (Fig. 4) demonstrate the ultrastructure of the L. cretacea seed coat with a characteristic
cerebellar type of primary sculpture. The exotesta cells are isodiametric, slightly concave; the anticlinal
boundaries are clearly deepened and form a sinuous folded pattern. The convolutions of varying width often
anastomose, forming a branched network; their height is approximately 0.10-0.15 mm. Secondary sculpture
is represented by dense, low, sharply tuberculate cuticular deposits, in places imparting a reticulate-like relief
to the surface. Epicuticular wax is not observed: wax granules and scales are absent, which is consistent with
previously described characteristics of the species. This microrelief likely increases the mechanical strength
of the coat and promotes moisture retention, which is important for germination in chalky substrates with
low water holding capacity.

No epicuticular wax was detected on the examined seeds, as neither wax granules nor wax scales were
observed even at the highest magnification. The main characteristics of the primary, secondary, and tertiary
levels of seed-coat sculpture in L. cretacea are summarized in Table 5.

Table 5
Characteristics of seed sculpture of Linaria cretacea
SCEL‘\)/ZL;re Diagnostic features Morphotype Characteristics of L. cretacea

Primary Shape and relief of Cerebelliform Isodiametric cells are slightly concave; margins
exotesta cells are indented.

Secondary  |Microrelief of periclinal  |Tubercular with reticular  |Low, sharp tubercles; elements are often close-
walls elements ly spaced.

Tertiary Epicuticular secretions Absent Wax granules/scales are not detected.

Consequently, the morphological and anatomical features of the fruits and seeds of L.cretacea corre-
spond to the conditions of chalk outcrops: they provide protection for diaspores, promote moisture retention,
and limit long-distance transport, which supports the preservation of populations in highly specialized
habitats.

The results obtained on the morphological and anatomical structure of the seeds of Linaria
cretacea confirm several carpological characters previously reported for the genus and, at the same time,
provide new diagnostic details for this rare chalk endemic [26, 27]. The cerebriform primary sculpture, with
deeply marked anticlinal boundaries and no epicuticular wax, corresponds to the range of seed-coat charac-
ters described for Linaria species from arid and petrophytic habitats [23, 24, 26]. The secondary sculpture of
L. cretacea, expressed as dense, sharply tuberculate cuticular deposits with a local tendency toward reticula-
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tion, can be considered diagnostically informative; however, the present study is not intended as a direct
SEM-based comparison with particular related species.

Only L. cretacea is illustrated in this paper, as the study is based on original morphological and
micromorphological observations of this species, whereas comparisons with related taxa are derived from
published descriptions. Based on a combination of traits—including seed shape, the types of primary and
secondary sculpture, and the presence or absence of wax secretions—L. cretacea occupies a distinct position
among closely related taxa. These characteristics are useful for clarifying the species’ intrasectional taxo-
nomic status and for reliably distinguishing the species from morphologically similar taxa, including in the
analysis of herbarium specimens lacking flowering shoots.

To assess the diagnostic significance of the observed traits, the seed morphology of L. cretacea was
compared with published descriptions of the closely related species L. vulgaris and L. genistifolia. The
results of this comparison are presented in Table 6.

Table 6

Diagnostic comparison of seed characters in Linaria cretacea and related species based on published sources

Trait L. cretacea L. vulgaris L. genistifolia
Seed shape Elongated kidney-shaped Discoid, reniform Tetrahedral
Primary sculpture Cerebelliform Pectinate Comb-shaped
Secondary sculpture  |Acute tuberculate, partially reticulated Papillary, partially reticular Reticulate
Epicuticular wax Absent Granules Granules
Seed size, mm 1.0-1.5x0.7-1.0 2.5-3.2 x0.9-1.0 0.8-1.2 x 0.6-0.9

Note. Compiled from sources [26, 27]

A comparison of the characters shows that L. cretacea differs from closely related species by a combi-
nation of an elongated kidney-shaped seed, a higher brain-shaped primary sculpture (0.10-0.15 mm), a
sharply tuberculate secondary surface with elements of reticulation, and the absence of epicuticular wax,
which makes this complex diagnostically significant for the identification of the species.

The unique structure of the L. cretacea seed coat can be interpreted as an adaptation to the conditions of
chalk outcrops. The deep microrelief increases the mechanical strength of the coat and promotes the reten-
tion of a thin water film—an important factor for germination on low-water-holding substrates. These struc-
tural characteristics appear to influence not only protection, but also the course of germination. In L.
cretacea, the pronounced cerebelliform primary relief, together with sharply tuberculate secondary elements
and the absence of an epicuticular wax layer, affects both the rate and threshold of water uptake. Seeds are
able to absorb moisture rapidly during short wetting episodes, while the water film retained in the surface
sculpture slows drying and extends the time available for radicle emergence. In contrast, in related species
with a smoother or wax-coated seed surface, comparable hydration may be reached only after longer or re-
peated moistening, which may partially account for interspecific differences in germination timing and suc-
cess on chalk substrates. The absence of waxy secretions is likely due to the need for rapid moisture absorp-
tion during short-term precipitation. The sharp, tuberculate elements of the secondary sculpture likely en-
hance adhesion to microscopic irregularities, preventing seed washout and blowing away on steep slopes.

A morphoanatomical analysis of L. cretacea seeds revealed a complex of diagnostically significant
traits: an elongated kidney-shaped form, a pronounced brain-shaped primary sculpture with deep anticlinal
boundaries, a dense, acutely tuberculate secondary sculpture, and the absence of epicuticular wax. These fea-
tures simultaneously distinguish the species from related taxa and possess obvious adaptive value for surviv-
al on chalk outcrops (increased seed coat strength, retention of a microfilm of moisture, and improved adhe-
sion to the substrate). The results confirm the high informative value of seed coat micromorphology for the
systematics of the section Linaria and enable the use of seed characters in taxonomic differentiation when
working with herbarium material. The practical significance of the obtained data lies in the use in planning
conservation measures for relict populations and in the design of experiments to assess seed viability (hydra-
tion, germination under conditions of limited moisture). To further clarify the evolutionary-ecological rela-
tionships, it is advisable to expand the sample by population, perform a comparable SEM analysis of closely
related taxa, and conduct combined studies of the morphology and physiology of germination under different
humidity and temperature conditions.
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Conclusion

The fruits of L. cretacea are small, round-oblong capsules (=3.2-3.4 mm in diameter), usually contain-
ing 12-15 seeds; the weight of one capsule is 3-4 mg or less. The seeds are small (length 1.0-1.5 mm; width
0.7-1.0 mm), elongated-reniform; the shape index L/W = 1.35-1.45 indicates a pronounced elongation.

The primary sculpture is cerebellar: convolutions of slightly concave, isodiametric exotesta cells ap-
proximately 0.10-0.15 mm high with deeply anticlinal boundaries. Secondary sculpture consists of dense,
sharply tuberculate cuticular deposits with a local tendency toward reticulation; tertiary sculpture
(epicuticular wax) is absent in the specimens studied.

A combination of characters—the elongated kidney-shaped seed, the high brain-shaped primary sculp-
ture, the nature of the secondary sculpture, and the absence of wax secretions—distinguishes L. cretacea
from closely related taxa (e.g., L. vulgaris, L. genistifolia) and makes these micromorphological characters
suitable for taxonomic differentiation, especially when analyzing herbarium material without flowers.

The structure of the seed coat—a pronounced microrelief and the absence of epicutinal wax granules—
probably reflects adaptation to chalk habitats: deep relief increases the mechanical strength of the coat and
retains a microfilm of moisture, while sharply tuberculate elements enhance adhesion to the microroughness
of the substrate, reducing the risk of seeds being washed away or blown off slopes.

The short range of passive transfer (12-35 cm) combined with strict confinement to chalk substrates in-
dicates limited potential dispersion and high local dependence of recruitment, which increases the vulnerabil-
ity of populations to habitat disturbance.

The obtained micromorphological and morphometric information is suitable for monitoring and conser-
vation of the species: it can be used for accurate identification of specimens, planning of seed collection and
development of ex situ conservation protocols.

Further studies should cover a larger number of populations across the entire Eastern European-Subural
part of the range in order to assess interpopulation variability of seed traits.

It is recommended to expand the sampling geography, conduct SEM studies of closely related taxa,
conduct seed viability and germination tests, and develops protocols for seed collection and storage. The data
obtained should be integrated into regional monitoring and management programs for chalk habitats to in-
form conservation and restoration measures.

The obtained data confirm the high informative value of seed coat micromorphological features for the
taxonomy and ecology of calciphytes. Against the backdrop of declining suitable habitats, combining basic
morphological research with practical conservation measures is key to the long-term conservation of L.
cretacea and associated petrophyte communities.
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Barteic KazakcTanHbIH 00p mI6riHAiIepiHeH aJbIHFAH
Linaria cretacea Fisch. ex Spreng. TYKbIM Ka0bIFbIHBIH
MOP(}OI0rMsICHI KIHE MUKPOMOP(OJIOTHACHI

TykpIM MOPQOJIOTHACHI MEH TYKbIM KaOBIFBIHBIH MHKPOMOP(OJIOTHACHIH 3€pTTey CHPEK Ke3[eceTiH
SHIEMHKAIBIK OCIMIIKTEpAIiH, ocipece Keyil KaJFaH Xepiep CHIKTHl MaMaHJaHABIPBUIFAH MEKEHIEY
opTanapblHia MEKSHACHTIH TYpJIepAiH TaKCOHOMUSCHI, SKOJOTHSCHI XKQHE CaKTalybl YIIIH ©T€ MaHbBI3[IBL.
Tapany nuama3oHbl Tap KaNbIUINI ©CIMIIKTEpAE TYKBIMHBIH YIBTPAKYPBUIBIMBI TYPJICPIH aHEIKTAY,
TaKCOHOMUSUTBIK OaillaHBICTApAbl HAKTBUIAY JKOHE €X Situ cakray IiapamapblH d3ipiey YIUiH maimassl
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JIMarHOCTUKANBIK Oenri peTiHae Kpi3MeT ere amansl. 3eprreyne bartsic Kasakcranmarel keyin KajiraH
JKepIIep/Ieri CHpeK Ke3/eceTiH KalbIHiili sHIeMHUKabIK Typi Linaria cretacea Fisch. ex Spreng. TykeiMaapsr
MEH KeMiCTepiHiH MOPQOIOTHSIIBIK CHUIIATTAMAIAPBI CKAHEepIIeyLIi SJIeKTPOHAbI MUKpockonus (SEM) skoHe
JKapbIK MHKPOCKOIMSCH apKbUIBI 3epTTeni. TYKBIMIAapIblH Makpo >KOHE MHUKPOCKOIMSIBIK CyperTepi
ANBIHABI, COHJAH-aK OJApAbIH Y3BIHIBIFBI, €HI, KAIBIHIBIFBI KOHE IINIH WHIACKCI CHAKTHI HETi3ri
MOp(OMETPHSUTBIK TTapameTpiiepi emmeHni. TyxpiM KaOerbIHBIH MyciHi B. Baptmorr nen B. CrepHHig
JKIKTEeMenepiHe colikec OacTalKpl, eKIiHINI JKOHE YIIHINI JeHreitnepne cumartangsl. Hotmxenep AkreGe
alimMarblHaH anbliHFaH L. cretacea eciMAiriHiH aHTHKJIMHAIBIBI LIeKapajapbl allKbIH aHBIKTAIFaH MUIIBIK
TOpi3ai OacTamkel MYCIHMEH, TOPJbI 3JIeMEeHTTepi 0ap KypT TyOepKyne3ai eKiHIII PeTTiK MYCIHMEH XoHe
SMUKYTUKYJISIPIIBI Oanaybl3ablH 00JIMaybIMEH CHUIIATTAIAThIHBIH KOPCETTi. AHBIKTAIFaH TYKbIM KaOBIFBIHBIH
epekienikTepin  ThIFbI3  Oaitmambictel L. vulgaris »kome L. genistifolia  typnepiniy sxkapusnanran
CUITaTTaMalapbIMEH  CaJBICTBIPY  OipKarap  AWAarHOCTHKAIBIK  MaHBI3ABl  MHKPOMOP(OIOTHSIIBIK
afbIpMaIIBUIBIKTapABl aHBIKTanbl. Cyzmel ycray KaOijeTi TOMeH, Keyill KayFaH jKepiepieri TIpHIIUIK eTy
opTajapblHIaFbl TYKbIM KaObIFbl KYPBUIBIMBIHBIH OcifiMzieny pejii e TalKpUiaHabl. AJBIHFaH ACPEKTEPIiH
JKYHeIiK )koHe TPaKTHKAaJIbIK MaHbI3EI 0ap, acipece repOapuii YIriiepiH aHbIKTay JKoHE OChI CHPEK Ke3/1eCeTiH
TYpi KOpray »xoHe €X Situ cakray XaTTamajapblH 93ipiey YIIiH.

Kizm ces0ep: Linaria cretacea, Kasakcran, Kaiblupuiai Typiepi, 3HAEMUKAIBIK TypJiepi, TYKbIM MOpdoJIo-
THACHI, CKAHEPIIK 3JIEKTPOHIBI MUKPOCKOIIHS, JKaPhIK MUKPOCKOITHACHI, PEKIIETIKTEPi.

M.C. bakbikanoBa, K.X. Maxmynosa, K.I1I. AliTeimOeToBa,
T.II. Myp3araeBa, A.C. EnybaeBa

Mopdogorusi ceMsiH 1 MUKPOMOP(}0J10THS CeMEHHOI 000,109KH
Linaria cretacea Fisch. ex Spreng. u3 MeJI0BbIX OTJIOKe€HHIt
3anmagnoro Ka3zaxcrana

HccnenoBanre MophoI0run ceMsH 1 MEKPOMOP(OIIOTHN CEMEHHOI 000J0YKH MMEeT BaXKHOE 3HAYCHHE IS
TaKCOHOMHH, DKOJIOTHH M COXPAHEHHS PEIKUX DHIAEMHYHBIX PACTCHUH, OCOOCHHO BHIOB, OOUTAIONIUX B
CIIEIMAIN3UPOBAHHBIX MECTOOOUTAHMAX, TAKHX KaK MEJIOBBIC OOHaKEHHS. Y KalbIU(UIBHBIX PACTEHHI C
Y3KHM apeasioM PaclpOCTPaHEHHs yIbTPACTPYKTYypa CEMSH MOXET CIIYXKUTh ITOJIE3HBIM AHarHOCTHYECKUM
NpPU3HAKOM TSI MJICHTH(HUKAINM BHAOB, YTOYHEHHS TaKCOHOMHUYECKHX CBSI3eH M pa3pabOTKH Mep o
COXpaHeHHIo €X Situ. B maHHOM HCCIeOBaHUK C MOMOIIBI0 CKAHHPYIOIIEH SIICKTPOHHOW MHKPOCKOIIHH
(COM) u cBeTOBOI MHKPOCKOIHUH OBUTH H3y4YeHBI MOP(HOIOTHYECKHE XAPAKTEPUCTHKH CEMSH M IUIOJIOB
Linaria cretacea Fisch. ex Spreng., peaxoro KaibUH(UIBHOIO SHAEMHYHOTO BHAA MEJOBBIX OOHAXKEHHIT
3anagHoro Kasaxcrana. Beumm moiydeHBl Makpo- M MHKPOW300paXKeHHs CEMsH, a TaKKe HM3MEepeHbl HX
OCHOBHBIE MOp(OMETpHYECKHe MapaMeTphl, BKJIIOYas UIMHY, IIUPUHY, TOJIIMHY W HWHIEKC (HOpMBL.
CkyJbnTypa CeMEHHOW 00O0JOUYKM Oblla ONMHMCaHa Ha MEPBUYHOM, BTOPUYHOM U TPETHYHOM YPOBHSX B
COOTBETCTBUH ¢ Knaccudukanusimu B. baptiorra u B. lltepra. Pesynprarer mokasanum, uro L. cretacea ms
AKTIOOMHCKOW  00JIaCTH  XapaKTepu3yeTcsl MOIKEUKOBUAHOW TEPBHYHOW CKYJIBINTYPOH C YeTKO
BBIP2)KEHHBIMH AHTUKINHATGHBIMA T'PaHUIAMH, Pe3Ko OyropdaToil BTOPHIHON CKYNBNTYPOH C CETYATHIMH
JJIEMEHTAaMH M OTCYTCTBHEM SMHKYTHKYISIPHOTO BOCKa. CpaBHEHHE BBIIBICHHBIX HPH3HAKOB CEMEHHOI
000JIOUKH ¢ OMMyOJIMKOBAaHHBIMK OMHCAHWAMH Oi3kopoiacTBeHHbIX BHmoB L. vulgaris « L. genistifolia
MO3BOJIMJIO BBIIBUTH Psii  AMAarHOCTHYECKH 3HAYMMBIX MHKPOMOP(OIOTHYECKUX pa3nuuuil. Takke
paccMaTpuBaeTCsl BO3MOXKHAsl  QJaNTHBHAs pPOJIb  CTPYKTYpHl CEMEHHOW O0OOJOYKM B  MENOBBIX
MECTOOOUTaHMSAX C HHM3KOH BIaroyJep)kuBaromieli crnocoOHOCThI0. IlonydeHHble IaHHBIE HMEIOT Kak
CHCTEMaTHUeCKOe, TaK U IPAKTHUECKOe 3HaYCHHE, OCOOEHHO JUIS MICHTH(HUKAINN TepOapHbBIX 00pasIoB U
JUIsL pa3paboOTKU MPOTOKOJIOB 3aIIUTHI M COXpaHEHHs X Situ 3TOro pexkoro Buaa.

Knioueswie crosa: Linaria cretacea, Kasaxcran, xanplieuiIbHBIA BHI, SHIEMUYHBIA BUJI, MOPGOIOTHs
CeMsIH, CKaHHPYIOIask AJIEKTPOHHASE MUKPOCKOTIHSI, CBETOBAsi MUKPOCKOITHS, TPU3HAKH.
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Organelle Dynamics during Salinity-Induced Programmed Cell Death in Plants

Programmed cell death (PCD) is a complex mechanism induced by environmental stress (ePCD) or develop-
mental processes (dPCD). ePCD can be triggered by various types of unfavorable abiotic conditions, includ-
ing salinity stress. Exposure to high concentrations of salt not only alters plant morphological characteristics
but also severely affects biochemical and molecular processes. Furthermore, plants activate numerous defense
mechanisms that operate in different organelles within the plant cell. These mechanisms involve ionic, osmot-
ic, and oxidative damage affecting the plasma membrane, mitochondria, chloroplasts, vacuoles, and nucleus.
A major disturbance in the plasma membrane is characterized by impaired transport processes, ROS accumu-
lation, and Ca?* influx. Mitochondrial dysfunction is closely associated with excessive ROS accumulation,
activation of protective pathways such as AOX, UCPs, and the GABA shunt, and cytochrome c release.
Moreover, the photosynthetic rate is substantially reduced in association with a decline in chlorophyll con-
tent. Vacuoles integrate osmotic and ionic signals by sequestering Na* through NHX antiporters and V-
ATPase activity; however, when this system collapses, Ca?* signals converge on the nucleus. Furthermore,
the overproduction of ROS acts as a signaling molecule in the activation of EXECUTER proteins involved in
chloroplast-nucleus communication. Salinization activates osmotic, ionic, and oxidative signaling pathways
that ultimately result in chromatin degradation. Altogether, these interconnected processes contribute to the
induction of PCD.

Keywords: Programmed cell death, salinity stress, reactive oxygen species, nitic oxide, phytohormones,
enzyme.

Introduction

Programmed cell death (PCD) is a genetically regulated series of events resulting in cell death [1]. It
eliminates unnecessarily damaged cells across all developmental stages, starting from germination to the
plant’s death [2]. PCD is classified into two distinct groups based on the mode of induction, triggered by en-
vironmental stress (ePCD) and triggered by developmental processes (dPCD) [3]. dPCD is involved in the
latest stage of cell differentiation in various parts of the plant, controlling the formation of new cells; moreo-
ver, it may occur as a result of cell-to-cell signaling, and it is the final point of senescence in all plant tis-
sues [1]. On the other hand, ePCD is induced by abiotic (drought, salinity, temperature, heavy metals, etc.) or
biotic (pathogens, parasites, insects, etc.) stresses. In both types, PCD is a crucial step in plant growth and
development, helping to control and respond to the internal or external stimuli in plants.

Among other defense mechanisms in a plant, PCD plays a key role during stress conditions, but it acts
differently compared with other responses. In most cases, the defense systems have interplay with reactive
oxygen species (ROS), which, in the case of PCD, is a main regulatory factor. However, during pPCD, dam-
aged or highly affected cells by stress conditions are purposely killed in order not to affect the other living
cells. So the plant can maintain a stable and acquired number of healthy living cells [4].

Review

Firstly, the term PCD was used by Lockshin and Williams (1964) and since then, many studies on the
role in plant growth and development have been carried on. Several studies indicate that signaling pathways
regulating PCD in both animals and plants are similar. PCD in plants is not only a developmental process,
but also a significant response mechanism under salt stress. Salinity triggers ion imbalance, osmotic stress
and oxidative damage, which can activate PCD pathways in plant cells [5]. Under salt stress,
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overaccumulation of ROS becomes a “secondary stress” that impairs cellular function in organelles like
chloroplasts, mitochondria, peroxisomes and the apoplast are principal sources of ROS under such conditions
[6]. ROS accumulation under salinity not only damages molecular component, but also serves as a signaling
cascade to initiate PCD. In salt-stressed cells, NADPH oxidases and mitochondrial respiration are activated,
further enhancing ROS levels that lead to cell death [7]. NO acts as a redox-active signaling molecule, pro-
moting survival at low concentrations but contributing to PCD at high levels, particularly when ROS are ele-
vated. Crosstalk between NO and ROS regulates redox balance and forms peroxynitrite (ONOQO), a potent
oxidant that damages membranes, proteins, and nucleic acids, triggering PCD (a phenomenon called
nitrosative burst) [8, 9]. lonic imbalance, including high Na™ influx and K" efflux, also contributes to PCD
activation under salinity [7]. Calcium signaling is another critical regulator of salt-induced PCD, as elevated
cytosolic Ca”" activates downstream cascades, including ROS-producing enzymes like vacuolar processing
enzymes (VPEs) and other cell death effectors [10]. Phytohormones coordinate stress responses and PCD:
salicylic acid (SA) enhances antioxidant activity and reduces ROS-mediated cell death [11], while ethylene
provides protection, as shown by higher salt-induced death in ethylene-insensitive Arabidopsis mutants
(ein2-5, ein3-1) [12]. Jasmonic (JA) and gibberellins (GA) interact with SA pathways, redox balance and
gene expression, influencing cell survival of PCD under salinity [13].

During PCD, various organelles play specific but interconnected roles. For example, the plasma mem-
brane (PM) acts as the primary sensor of environmental stress, detecting ionic, osmotic and oxidative chang-
es and initiating signaling cascades [21]. The mitochondria serve as one of the early stress sensors by releas-
ing signaling factors, including the release of cytochrome c, which initiates further downstream cell death
events [14]. Also, nuclear changes include chromatin condensation and nuclear degradation, triggered down-
stream of vacuole rupture during tracheary element differentiation and PCD in Zinnia plant [15]. Moreover,
the vacuole undergoes tonoplast premeabilisation or rupture to release hydrolyses into cytoplasmic con-
tents [16]. Finally, chloroplasts participate in ROS generation under stress and may experience thylakoid
disorganization [17]. Altogether, these events are intertwined, forming cross-talk circuits that push the cell
toward irreversible death.

Under salinity stress, PCD is a tightly regulated process in which stress signals like ROS, NO, Ca**, and
phytohormones activate proteolytic enzymes and trigger organelle responses. Excessive salinity alters ions as
well as redox balance, leading to structural and biochemical alterations in PM, mitochondria, chloroplasts,
vacuoles and nuclei. These organelles communicate through ROS as well as calcium signaling, ensuring co-
ordinated execution of cell death. Understanding their cross-talk during salinity stress gives valuable infor-
mation about plant adaptations and the regulation of PCD during stress. In many studies, researchers de-
scribed this mechanism mostly in animals; however, there are limited sources about plant PCD induced by
salinity. Moreover, numerous amount of discoveries were made on the separate organelles, whereas few re-
views summarise that knowledge about the relationship between plant organelles and PCD. Hence, in the
following review, we will focus on detailed biochemical changes occurring in these organelles and their in-
terconnections during salinity stress that lead to PCD.

1. Salinity stress

One of the most widespread stress factors affecting plants is salinization. It is estimated that by 2050,
50 % of cultivable land will be impacted by salinity stress [18]. It is described as a high concentration of so-
dium (Na®), chloride (CI'), potassium (K*), and sulfate (S0,*) in a soil, which inhibits mineral uptake by
roots. Further, these ions can subsequently be dissolved in water and transported to plant cells [18]. Accord-
ing to the type of salinity-inducing elements and pH, salinization is classified into two distinct groups: neu-
tral and alkaline salinity. Neutral salinity is mainly induced by NaCl at pH = 6.998, and alkaline one is
caused by sodium carbonate (Na2CO3) or potassium carbonate (K2CO3), where pH > 10.5 [19].

Salt stress conditions not only affect plant morphology but also exert profound effects on biochemical
and molecular processes. Therefore, it affects many organelles within a plant cell, including the PM, mito-
chondria, vacuole, chloroplast and nucleus. Moreover, the homeostatic disturbance during high salinity ex-
posure is classified into two stages known as primary (decline in plant growth and mineral absorption) and
secondary (damage of biomolecules by ROS) [20].

2. Plasma Membrane (PM) dynamics under salinity stress
Plasma membrane (PM) serves as a vital interface between the plant cell and its environment, exhibit-
ing high dynamism and changing structural and functional features in response to environmental stress-
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es [21]. Under salinity, the PM becomes the primary sensor of ionic, osmotic and oxidative stresses, which
act together and directly affect the behavior of PM channels [22]. The ionic aspect of salinity arises from tox-
ic effects of specific ions, such as Na" and CI°, and from nutrient disruptions, while high salt concentrations
lower water potential, causing water deficit or osmotic stress [23]. In addition, salt stress promoted the gen-
eration of ROS, including singlet oxygen, superoxide anion, hydrogen peroxide and hydroxyl radicals, caus-
ing oxidative stress in many plants [24].

Figure 1 indicates that PM-associated stress sensors, such as receptor-like kinases (RLKSs) [25],
glycosyl inositol phosphoryl ceramides (GIPCs) [26], and other membrane proteins, first detect high external
salts. These sensors trigger downstream signaling pathways, notably the SOS (Salt Overly Sensitive) path-
way, which attempts to regulate Na extrusion and maintain ionic homeostasis [25-28].
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Figure 1. Plasma membrane function during salinity stress, which leads to PCD.
Created using Canva. Inspired by [43]

For ionic stress, Na* enters the cytoplasm through non-selective cation channels (NSCCs) like cyclic
nucleotide-gated channels (CNGCs) [29] and glutamate-activated channels (GLRs) [30], while K™ efflux oc-
curs via outward-rectifying K* channels (GORK) [31]. High cytoplasmic Na* leads to the formation of PM
microdomains (MOCAL), which in turn activate Ca®* channels, resulting in a significant influx of Ca®* into
the cytoplasm. If the PM transporter, like SOSL1, that plays a critical role in controlling the NHX antiporters
in the vacuole, becomes overwhelmed [32], then cytoplasmic Na* accumulation and K+ depletion destabilize
membrane potential and disrupt enzyme activity, generating strong intracellular death signals that contribute
to PCD initiation [33].

Osmotic stress caused by high salt reduces water potential [34], leading to cytoplasmic dehydration and
cell shrinkage. PM sensors, including RLKs and GIPCs, detect these changes, and the elevated Na* levels
further trigger Ca®* influx through PM channels [25, 26]. Under extreme stress, osmotic adjustment fails,
resulting in vacuolar contraction and structural destabilization that amplify the intracellular death signal, fur-
ther driving PCD [35].

Meanwhile, the PM acts as a major site for ROS production via NADPH oxidases (RBOH) [36]. ROS
such as superoxide anion and hydrogen peroxide accumulate in the cytoplasm and apoplast, overwhelming
detoxification mechanisms [37—-39]. ROS production at the PM, combined with ionic and osmotic imbalanc-
es, acts as a death signal, activating downstream transcription factors (e.g. CBF/DREB) [40-42] and orga-
nelle-mediated PCD pathways, including mitochondrial dysfunction, vacuolar collapse and caspase-like pro-
tease activation [33].

Thus, under severe salinity stress, the PM integrates ionic, osmotic and oxidative stress signals, but ra-
ther than protecting the cell, its dysregulated responses converge to trigger PCD.
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3. Mitochondrial Dynamics Under Salinity Stress

Mitochondria show a distinct and highly sensitive response to salinity stress because of their central
roles in energy production, signaling and carbon metabolism [43]. Salt stress disturbs the normal balance of
mitochondrial fission and fusion, leading to swelling, fragmentation and a decrease in membrane poten-
tial [44]. As ion homeostasis and osmotic balance shift under high salt, mitochondrial compartments sense
cytosolic Na™ accumulation and initiate early adaptive responses [45]. One of the earliest changes is a decline
in the inner membrane potential (A¥m) due to the opening of permeability transition pores (PTPs) [46], as
illustrated in Figure 2.
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Figure 2. Mitochondrial response during salinity stress exposure.
Created using BioRender.com. Inspired by [43]

Mitochondrial oxidative phosphorylation (OXPHQOS) depends on the electron transport chain (Com-
plexes I-1V) and ATP synthase (Complex V) to generate ATP [47]. Complexes I, Il and IV pump protons
into the intermembrane space, creating an electrochemical gradient that drives ATP synthesis [48]. Under
normal conditions, proton pumping and ATP production remain balanced, ensuring stable AYm. However,
salinity disrupts this balance, causing excess proton buildup, over-reduction of the ETC, and impaired ATP
synthesis [49].

Salt stress affects the tricarboxylic acid (TCA) cycle, reducing the activity of key enzymes such as cit-
rate synthase and isocitrate dehydrogenase [50]. This limits the supply of NADH and FADH, to the ETC,
weakening OXPHOS and promoting electron leakage, which increases mitochondrial ROS production [6].

To restore homeostasis under salt stress, mitochondria activate Ca®" transporters and bypass systems
such as AOX and UCPs, which reduce redox pressure and help stabilize A¥m [49, 51]. AOX maintains
NADH oxidation by bypassing Complexes Il and 1V, while UCPs mildly dissipate the proton gradient to
limit ROS without fully stopping ATP production [52; 51]. Antioxidant defenses, including MnSOD and
enzymes of the ascorbate-glutathione cycle, further detoxify ROS and support redox balance [51].

Salt stress also induced the GABA shunt, where glutamate is converted to GABA and then to succinate,
supplying the TCA cycle and reducing ROS when photosynthesis and growth decline [53, 54].

Under severe salinity, excess ROS act as damage signals, activating DRP3A/DRP2B and promoting mi-
tochondrial fragmentation [55, 56]. ROS also trigger mPTP opening, causing A¥Ym collapse and releasing
cytochrome ¢, which activates caspase-like proteases and initiates irreversible PCD [57, 58]. When AOX,
UCPs, antioxidant systems and the GABA shunt can no longer rebalance energy and redox status, ATP de-
pletion worsens mitochondrial failure [43], driving the cell toward programmed death.

20 Fundamental and Experimental Biology. 2026, 31, 3(123)



Organelle Dynamics during...

4. Chloroplast During Salinity Stress
Chloroplast is highly affected during exposure to high saline conditions. Many vital processes, which
take place in chloroplasts, are declined, including photosynthesis. Those effects can be subdivided as osmotic
and ionic stresses [59]. Osmotic stress is triggered by high salt concentration in soil, which disturbs the water

absorption by roots, resulting in water deficit, and ionic stress is described as mechanical damage by an ex-

treme amount of salt in transpiring leaf cells [60]. Munns proposed the idea of the biphasic model of plant
response to salinity stress in 1993. Where he described the first phase as not salt-specific growth retardation
due to water deficiency, while the second salt-specific phase is related to leaf death associated with rapid
accumulation of salt in cytoplasm and cell walls [61]. Furthermore, it leads to stomatal closure, reduced chlo-
rophyll content, decreased CO, concentration, and a decline in photosynthesis [62].

Exposure of plants to salinity stress leads to a decline in CO, assimilation, causing an over-reduction of

photosystem 1l (PSIl). This imbalance results in the formation of ROS, particularly singlet oxygen
("O) [63]. In photosynthetically active leaves, chloroplasts serve as primary sites of ROS generation [64].
The major ROS species formed in chloroplasts include singlet oxygen (*O), superoxide radicals (O;7), hy-
drogen peroxide (H,0O.) and hydroxyl radicals (*OH) [65] (Tab. 1). Because radical forms of ROS are diffi-

cult to detect directly, most studies focus on measuring non-radical H,O, accumulation as an indicator of

oxidative stress under saline conditions [63].

Table 1
The effect of different concentrations of salinity on different plant species
Salt .
Plant species | concentration | Chloroplast content Pho]:c?synthetlc PCD marker | References
(NaCl) efficiency
1. |A Korean wheat {150 mM for The levels of Chlaand |Photosynthetic rate  |Proline contents [66]
cultivar 1,2,0r3days |bdecreasedto 79 % of |decreased to 79 % at [rose to 102 % of
cv. Keumgang the control at 1 day, 1 day, 59 % at 2 days, |the untreated
(Triticum 59 % at 2 days, and and 53 % at 3 days |control at 1 day,
aestivum L.) 53 % at 3 days 104 % at 2 days,
and 109 % at 3
days
2. |Barley 100 and El Arich, Giza2000, A significant decrease|An increase in [67]
(Hordeum 200 mM Gizal27 lose, respec-  |only in Gizal27 at MDA content in
vulgare) tively 33 %, 36 % and  |200mM NaCl almost all barley
43 % of their total chlo- genotypes
rophyll content
3.|(Viciafaba L.) |60, 120, 240 Chl a content decreased, |Due to the decline in |Decline in pro- [68]
mM reaching its lowest con- |photosynthetic pig- |tein content
tent, 0.270 and 0.426 ments, decrease in
mg/g fresh weight, at  |photosynthetic rate as
240 mM well
4. |Barley 200 mM Chl a content from 14 %|The efficiency of Enhanced dissi- [69]
(Hordeum to 41 %, chl b contents |electron donation to |pation energy
vulgare L.) were reduced from PSI (Fv/Fo) and flux per reaction
12 %, to 46.8 % and maximum quantum  |center (DIO/RC)
similarly, total chloro- |yield of PSII (Fv/Fm) |in thylakoid
phyll contents were de- |was significantly re- |membrane.
creased from 10.3 % to |duced
50.3 %
5. |Oat 48,72, 96,120, |At96 mmolL" NaCl, |Decline in photosyn- |The proline con- [70]
(Avena sativa)  |144 mmolL™* the content of chloro-  |thetic rate due to the |tent in shoots
phyll a decreased to decrease in chloro-  |was increased by
0.86 times, while the plast content 3.26 times under
content of chlorophyll b NaCl stress, and
decreased to 0.7 times the proline con-
compared with the con- tent in roots by
trols 3.41 times
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5. Vacuole During Salinity Stress

Under saline conditions, plants rapidly experience osmotic, ionic and oxidative stress, while excess Na*
and CI" disrupt cytosolic ion homeostasis, enzyme activation, biomolecule synthesis and hormonal imbal-
ance [71]. Excess accumulation of these ions provokes the activation of vacuolar transport systems to se-
quester toxic ions into the vacuoles and maintain a favorable K*/Na" ratio [72]. Vacuolar transport systems
include Na'/H* antiporters, VV-ATPase, V-PPase, Ca**-ATPase, aquaporin, ABC transporters and etc. [73].
At the same time, some adjustments of the morphological and functional structure of the vacuole, such as
vacuole enlargement (swelling), tonoplast remodeling, changes in cytosolic pH as a response to osmotic im-
balance [74], and thereby protecting the cytoplasm from ion toxicity. These dynamic changes in vacuolar
volume, tonoplast structure and internal environment, altogether contribute to the maintenance of turgor
pressure [3] and support osmotic adjustment [67] during the early stages of salt stress, thus protecting the
cytoplasm from rapid ionic stress damage.

However, failure to sequester excess Na into the vacuole causes severe cytosolic stress [75]. High salt
levels induce ROS production, leading to oxidative damage of tonoplast lipids and proteins [76]. Under these
conditions, cells shift to an energy-saving metabolic state, degrading stored reserves and nonessential com-
ponents to supply metabolites for energy production and essential biosynthesis [77]. Elevated cytosolic Ca®*
further activated stress-signaling pathways that weaken vacuolar integrity. Early stress hormones such as
salicylic acid (SA), gibberellin (GA) and ethylene trigger Ca®* signaling and play critical roles in plant
PCD [3; 10]. Disruption of the vacuolar Ca pumps ACA4 and ACAL1 increases apoptosis-like cell death
through an SA-dependent pathway [10], highlighting their role in linking vacuolar Ca** signaling to PCD
onset [78]. Stress-induced autophagy often protects cells by restoring energy balance and suppressing PCD
[79-81]. However, unknown signals can redirect autophagy into a pathway that promotes vacuole-dependent
PCD [83, 82], characterized by tonoplast permeabilization and rupture, which releases hydrolases and drives
cytoplasmic degradation [84, 77]. Vacuolar processing enzymes (VPES) and other proteases can also initiate
hypersensitive-response (HR) PCD under abiotic and biotic stress, and peroxisomal catalase removal via
pexophagy may be required for HR activation [83, 86, 85]. Before tonoplast rupture, vacuoles show in-
creased lytic activity as autophagy-derived cargo and stress-induced proteases accumulate [77]. Activation of
VPE and related proteases triggers membrane collapse and release of acidic contents—a hallmark of vacu-
ole-mediated PCD [85]. Disrupted coordination between autophagy and osmotic adjustment may contribute
to tonoplast rupture [87]. Once the membrane collapses, hydrolases degrade the protoplast and later the cell
wall. Notably, under severe energy deficiency, autophagy itself can act as a direct inducer of PCD [88].

6. Nucleus Under Salinity Stress

A number of processes are affected by salt exposure, including cell division. Cell division is a primary
process determining the cell shape and its further development. High salinity conditions can alter symmetry
and asymmetry ratio, meaning the distribution of cytoplasmic components between daughter cells during
division [89]. Moreover, it severely disrupts the work of the cytoskeleton. Salt stress induced significant dis-
turbances in the interactions among cytoskeletal components. It affects both ion transport regulation and the
biosynthesis and regulation of various membrane and non-membrane proteins, including transporters and
enzymes [90]. These can happen in individual cells. In some cases, cytoskeletal damage becomes irreversi-
ble, as components may form aberrant structures, including crystalline-like aggregates, which cannot be
properly assembled and persist in daughter cells after division [91]. Additionally, earlier it was reported that
the chloroplast proteins EXECUTER1 and EXECUTER? transfer oxidative signals from the plastid to the
nucleus [92]. Overaccumulation of ROS species in the nucleus resulted in cell death.

Another type of PCD regulation involved iron homeostasis. Iron is a crucial element that plays a key
role in development, photosynthesis, chlorophyll biosynthesis and DNA synthesis through the formation of
Fe-S clusters and heme groups [93]. Both ROS and NO can influence ion homeostasis in plant cells. Iron
readily reacts with ROS to generate highly reactive and toxic species; for example, during the Fenton reac-
tion, Fe®* reacts with hydrogen peroxide (H,O,) to produce hydroxyl radicals (*OH), which can damage nu-
cleic acids, proteins and lipids. NO is also a key element in maintaining iron balance; it helps sequester iron
and reduce oxidative damage [94]. Furthermore, NO functions as a signaling molecule during ferritin synthe-
sis, contributing to iron storage and cellular protection [93].
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7. Interconnection of Cellular Organelles under Salinity Stress

Under salinity stress, plant organelles do not act independently; instead, they form an integrated signal-
ing network in which ionic, osmotic and oxidative cues propagate rapidly between the plasma mem-
brane (PM), mitochondria, chloroplasts, vacuole and nucleus. As shown in Figure 4, high Na* and CI" levels
first disturb PM transport systems, driving Ca?* influx and ROS accumulation that serve as early signals
transmitted to internal organelles [22, 25, 36]. Mitochondria respond by altering A¥m, increasing ROS pro-
duction and activating protective pathways such as AOX, UCPs and the GABA shunt, but excessive stress
leads to mPTP opening and cytochrome c release, linking mitochondrial dysfunction directly to PCD initia-
tion [46, 51, 57]. Chloroplasts similarly generate large amounts of ROS due to PSII over-reduction, and these
oxidative signals are relayed to the nucleus via chloroplast-nuclear communication pathways such as
EXECUTER proteins, reinforcing stress-induced transcriptional reprogramming and DNA degradation
[63, 92]. Vacuoles integrate osmotic and ionic signals by sequestering Na® through NHX antiporters
and V-ATPase activity, but when this system collapses and Ca®* converge on the nucleus, causing chromatin
condensation and fragmentation, ultimately sealing the commitment to PCD [89]. Together, these intercon-
nected organelles create a coordinated stress-response circuit in which membrane transport, ROS signaling,
Ca”* fluxes and protease activation collectively determine whether the cell adapts or undergoes PCD.

- o

f\’:}
® o GIPC, RLKs %
[ 88 s0s3 O el

Mo, o— @1‘ o G ®
A7 6 ‘° -
o \NSCC r
| 4\@?
ENGC
- ® @

Figure 4. Interconnection of cellular organelles during salinity stress leading to PCD.
Created using Biorender.com.

Future perspectives

Although significant progress has been made in understanding how individual organelles respond to sa-
linity, their coordinated behavior during PCD remains insufficiently explored. Future research should focus
on identifying the precise molecular signals, such as ROS, NO, Ca fluxes and phytohormone crosstalk that
mediate communication between mitochondria, chloroplasts, vacuoles, the plasma membrane and nucleus
under salt stress. Advancing imaging and omics technologies could help visualize real-time organelle inter-
actions and uncover early biomarkers predicting the shift from stress tolerance to PCD. Moreover, engineer-
ing key regulators such as SOS transporters, vacuolar pumps, antioxidant systems, mitochondrial metabolic
pathways (AOX, UCPs, GABA shunt), and chloroplast ROS-detoxifying components may provide new
strategies for developing salt-tolerant crops. Integrating these findings will be essential for constructing
comprehensive models of organelle-driven PCD and improving plant resilience in increasingly saline envi-
ronments.

Conclusion

This review discussed the effect of high salinity exposure on the five main organelles in a plant cell, re-
sulting in PCD. Over time, plants have developed a defensive system in order to protect themselves from
high salinity. Indeed, although plants do not possess an equivalent to the animal adaptive immune system,
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they deploy a number of defense mechanisms, and the severity of plant stress is tightly correlated with plant
species, salt concentration and exposure longevity. The ratio between these two (plant defense system and
severity of salinity) determines whether the plant will tolerate or activate PCD mechanisms. Hence, it is cru-
cial to investigate the defensive mechanism and their interconnection in order to develop new strategies for
producing plant species tolerant to salinity.
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K.J. Kymaprassl, A.C. Cary, T. Xycanos, A.)K. Temipxanos, XX.A. HypGekoBa

OcimaikTepaeri TY3AbLIBIKTAH TYBIHAAFAH OaFr1apjaaMajiaHFaH
sKacymia eJ1iMi Ke3iHaeri oprasesia JMHAMHKACHI

PCD (OarnmapnamananraH jkacyina eiimi) — KopmaraH opta crtpectepineH (ePCD) Hemece aamy
nporecrepinen (APCD) tybinmaran kypuaeni wmexaumsm. €PCD  oprTypni  KojalChl3s a0HOTHKAJIBIK
KaFmailmapzaH, COHBIH  ilIiHAE  TY3JaHy CTpPECiHEH TYBIHAAybl ~MyMKiH. TY3IBIH  KOFapsbl
KOHIICHTPALUSACBHIHBIH dcepi OCIMAIKTEPIiH MOP(OIOTHSIIBIK ePEKIIETIKTEPiH TOMEHICTIN KaHa KoWMaid, co-
HBIMEH KaTap OMOXMUMUSUIBIK JKOHE MOJIEKYIIAJBIK MPOLIECTEepre dcep eTeli. OciMaiK opTypIli opraHeiuianapaa
OoMaThIH KONTereH KOpFaHbIC MeXaHu3MuepiH OenceHmipeni. OraH Ta3MaiblK  MeMOpaHaIarbl,
MHUTOXOHIPHSIAFEI, XJIOPOIUIACTTAPAAFhl, BAKYOJb/Eri JKOHE SIPOJAaFbl HOHMIBIK, OCMOCTBIK JKOHE TOTBIFY
cTpecrepi katansl. [lmazmanbslk MeMOpaHaHBIH HETi3ri OY3BUTYBI TachkIManjgay >KYHECiHIH TeMeH/ACyiMeH,
ROS xunakranybiMeH jxoHe Ca2+ arbIHBIMEH cHMarTanaabl. MUTOXOHAPHIBIK AuchyHKIms ROS-ThH
xorapbl ckuHakTtanybiMeH, AOX, UCP, GABA xoHe IMTOXpPOM C-HBIH OOJiHYyi CHSKTBI KOPFaHBIC
KOJNIAPBIHBIH OeceHaipinyiMer OaianbicThl. COHBIMEH KaTap (OTOCHHTE3 JKBUIIAMIBIFBI XJIOPOGHILT
MOJIIIEPiHIH TOMeHIeyiHe OaiiaHbICThI aliTapibikTail Tomenaeiai. Bakyonsaep NHX antunoptepiepi xxoHe
V-ATPase Gencenainiri apkpuiel Na+ cekBecTpieiii koHE OCMOCTBIK, HOHIBIK CHTHANIAPABI OipikTipeni,
Oipak Oy xyie wigpparanma Ca2+ sapona skuHakramaabl. ROS-TBIH apThIK MeJmepae TeHepaIuschl
xyoporutacT-aaponblK Oaitmanpictarbtl EXECUTER axysI3pl YIIIH CHTHAIIBIK MOJEKYJIa DPETIHIE OpEKeT
eremi. Ty3/[aHy XpOMAaTHHHIH BIABIPAYbIHA OKEJETIH OCMOCTBIK, HOH/IBIK JKOHE TOTBIFY CTPECC CHTHAIIAPIBI
oencenaipeni. KopbIThiHBLIAM Kene, OV ©3apa GaitnansicThl nporectep PCD-re okeneni.

Kinm ce30ep: OarnmapiaMallaHFaH jkacyllla eiMi, Ty3 CTpeci, peakTHBTI OTTeri TypJjepi, a30T OKCHII,
¢uroropmoHap, pepMeHTTEp.

K.A. Kymaprassl, A.C. Caty, T. Xycanos, A.)K. Temupxanos, )K.A. HypbexoBa

J{MHaAMHUKa OpraHe/u1 NP 3alIPOrpaMMHPOBAHHON KJIETOYHOM
CMepPTH PACTeHHUH, BLI3BAHHOM 32C0JICHUEM

PCD (zamporpamMmmupoBaHHasi THOENH KJIETOK) — 3TO CJIOKHBIH MEXaHU3M, BBI3BIBAEMBIH JKOIOTHYECKAM
crpeccom (ePCD) wmm mponeccamu passurtust (APCD). ePCD moxeT ObITh BBI3BaH PA3INYHBIMU THIIAMH He-
OIaronpHUsATHBIX a0MOTHYECKUX YCJIOBHH, BKIIIOYAs CONEBOM cTpecc. Bo3jeiicTBHe BBHICOKMX KOHICHTPALMA
COJIM HE TOJIBKO YXYAIIaeT MOp(oIorHyeckue 0COOEHHOCTH PACTeHHI, HO U CEpPbe3HO BIUSAET Ha OMOXUMU-
YeCKHe M MOJIEKYJIAPHBIE Mpolecchl. Kpome Toro, pacTeHus: akTHBU3UPYIOT MHOTOYHCIICHHBIE 3aIIUTHBIC Me-
XaHM3MBI, KOTOPBIE PEATH3YIOTCSl B PA3IMYHBIX OpraHe/UlaX pacTHTENbHON KieTKu. OHHM BKITIOYAIOT B CEOs
HMOHHOE, OCMOTHYECKOE ¥ OKHCIUTEIHHOE MOBPEXICHHE IIIa3MaTHIECKO MeMOPaHbl, MUTOXOHJIPHH, XJIOPO-
IUIACTOB, Bakyousel u siaep. OCHOBHBIE HapyIICHUS B IUIa3MaTHIECKOH MeMOpaHe XapaKTepU3YIOTCsl CHIDKe-
HHEM TpaHCIOPTHOU cucTeMsbl, HakomieHHeM ADK n mputokom Ca2+. MuToxoHApHAIbHAS TUCQYHKIUS
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cBsi3aHa ¢ BbhICOKMM HakoruieHnem A®DK, akruBaumeii 3amutHbiX myrteit, Takux kak AOX, UCP, GABA, u
BBICBOOOJK/ICHHEM LUTOXpOMa C. Bakyosy HHTErpupylOT OCMOTHYECKHE U HOHHBIE CHTHAIBI, H30omupys Na+
nocpenctBoM antunoprepoB NHX u aktuBHocTn V-AT®a3pl, HO Koraa 3Ta cucteMa paspyiaercs, Ca2+
KOHIICHTpHpYeETCs B siape. KpoMe Toro, ckopocTh (hOTOCHHTE3a 3HAUYUTEIBHO CHIDKACTCS M3-32 CHIDKEHHS CO-
nepxanus xiopodmnia. bonee Toro, n3oeirounoe mponsBoacTBo ADK neiicTByeT kak CHTHAIBHAS MOJICKYJIa
st 6enmkoB EXECUTER, obecrieurBarommx B3aMOJICHCTBHE XJIOPOIUIACTOB C SAPaMH. 3aCOJICHUES aKTHBH-
pPYET OCMOTHYCCKHE, HOHHBIC M OKUCIHUTEIBHBIC CUTHAIIBI, KOTOPBIC MPUBOIAT K JCTpajiallid XpoMaTuHa. B
COBOKYITHOCTH 9TH B3aWMOCBSI3aHHBIE MTPOLIECCHI MIPUBOJAT K 06pasoBanuio PCD.

Knrouegvie crosa: 3amporpaMMHUpOBaHHAs THOENb KIETOK, COJICBOW CTpecc, akTHBHbIC (OPMBI KHCIOPOAA,
OKCHJ a30Ta, UTOTOPMOHBI, ()ePMEHTHI.
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Evidence for asymmetric DNA strand inheritance in vertebrate mitochondria

A classical experiment performed by Meselson and Stahl in 1958 confirmed the semiconservative mechanism
of DNA replication in cellular organisms. According to this mechanism, following DNA replication and cell
division, each daughter cell inherits chromosomes consisting of one parental strand (W or C) and one newly
synthesized complementary strand (C’ or W’). Since each DNA strand is replicated the same number of times
during successive rounds of cell division, the W and C strands can be considered equivalent as a result of the
coupling between cell division and semiconservative DNA replication. However, some non-cellular organ-
isms, including single-stranded DNA and RNA viruses, do not conform to the concept of strand equivalence.
A key feature of vertebrate mitochondrial genomes is a highly skewed nucleotide composition between the
two complementary strands. This compositional asymmetry allows the strands to be separated by ultracentrif-
ugation in an alkaline cesium chloride density gradient, yielding a heavy (H) strand enriched in guanine and
thymine and a light (L) strand enriched in cytosine and adenine. Despite extensive research, the exact mecha-
nism of human mitochondrial DNA replication and its relationship to nucleotide compositional bias remain
unclear. In this review, we propose a conceptual model of asymmetric mitochondrial DNA strand inheritance
to account for the strand-specific mutational asymmetry characteristic of vertebrate mtDNA.

Keywords: mitochondrial DNA, DNA strand equivalence, patterns of mutation, Chargaff’s second parity rule,
DNA replication.

Introduction

Received: 12.12.2025 | Accepted: 18.05.2026 | Published online: 30.09.2026

Mitochondrial DNA (mtDNA) in vertebrates consists of a compact circular molecule between 16-24

kb [1, 2]. In mammals, the mitochondrial genome is a circular DNA molecule of ~16.6 kb that carries
37 genes (13 protein-coding genes, 2 ribosomal RNAs and 22 transfer RNAS). The only major non-coding
region, known as the control region or D-loop, contains key cis-acting elements essential for mtDNA tran-
scription and replication, including the light-strand promoter (LSP) and heavy-strand promoter (HSP), which
initiate transcription from the respective strands. Figure 1 presents a map of the human mitochondrial ge-
nome [3, 4].

The mitochondrial genome comprises two strands—the heavy (H) strand, enriched in guanine (G) and

thymine (T), and the light (L) strand, enriched in cytosine (C) and adenine (A)—that exhibit marked differ-
ences in nucleotide composition. This compositional asymmetry contributes to distinct buoyant densities,
enabling physical separation of the strands by alkaline CsCl density gradient centrifugation.
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Figure 1. Structure of human mitochondrial DNA [5]

Table 1 quantifies these conserved patterns across vertebrates, illustrating how skew metrics (AT- and
GC-skew) deviate from Chargaff’s second parity rule and correlate with asymmetric replication dynamics.
The pronounced H-strand skews—particularly negative AT- and GC-skews—facilitate strand displacement
during replication and localize mutation hotspots near OriH [6, 7].

Table 1

Nucleotide composition and skews reveal conserved strand asymmetry
in vertebrate mtDNA. H-strand G+T bias (vs. L-strand C+A enrichment) violates Chargaff’s second
parity rule across species. Skew metrics: AT-skew = (A-T)/(A+T); GC-skew = (G-C)/(G+C).
Adapted from; own compilation

Species Strand A (%) C (%) G (%) T (%) AT-skew GC-skew
Human H 30.98 12.21 13.24 43,57 -0.168 -0.041
L 29.65 28.21 12.21 30.98 +0.022 +0.398
Mouse H 31.49 11.90 13.31 43.30 -0.156 -0.112
L 30.12 27.31 11.90 30.67 +0.009 +0.393
Chicken H 29.81 13.45 14.20 42.54 -0.177 -0.032
L 28.92 27.45 13.45 30.18 +0.021 +0.328

The pronounced H-strand skews (Table 1)—particularly negative AT-skew and GC-skew—facilitate
strand displacement during replication, underpin physical separation via alkaline CsCI density gradient cen-
trifugation, and localize mutation hotspots near OriH.

MtDNA is inherited strictly maternally: paternal mtDNA is diluted in the zygote and actively degrades
after fertilisation [8, 9]. Two main mechanisms are thought to underlie the absence of paternal mtDNA in the
offspring. First, the small amount of mtDNA carried by sperm is negligible compared with the large number
of maternal copies present in the oocyte and zygote, which leads to simple dilution [5, 10]. Second, an active
degradation process selectively eliminates sperm-derived mitochondria after fertilisation [11-13]. Research
revealed that a mammalian oocyte contains about 100,000 copies of mtDNA, which are distributed to daugh-
ter cells as the fertilized egg begins to divide [14]. However, mtDNA replication does not commence until
after implantation. During development, only a small fraction of maternal mtDNA is designated for the germ
line, eventually giving rise to primordial germ cells that will produce future oocytes. Despite the high muta-
tion rate of mtDNA in somatic tissues, several protective mechanisms in the germline prevent the maternal
transmission of deleterious mtDNA mutations [15]: (1) only a limited amount of the maternal mtDNA is
passed on to the next generation [16]; (2) purifying selection within the maternal germline reduces mtDNA
mutations that alter protein amino acids [17]; (3) embryos actively eliminate cells with high levels of
mtDNA mutations affecting transfer RNA (tRNA) genes [18]; and (4) women with significant mtDNA muta-
tions in their reproductive cells often face fertility problems [19].

Evidences suggest that mitochondrial DNA represent a vestigial genome of the alpha-proteobacterial
endosymbiont captured ~1.5-2 billion years ago during eukaryogenesis, retaining ~5 % of progenitor genes
while outsourcing bioenergetics to nuclear genome [20]. Remarkably conserved across Metazoa (human-
chicken 93 % identity), mtDNA exhibits clade-specific rearrangements reflecting reductive evolution [21].
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Strand asymmetry traces to ancestral displacement replication, paralleling T-odd/ssDNA bacteriophages and
supporting alpha-protecbacterial phage-endosymbiont hypothesis [22]. Maternal uniparental inheritance pre-
cludes mtDNA recombination, yielding a low nonsynonymous/synonymous substitution ratio (dN/dS ~ 0.2)
that indicates strong purifying selection. Tissue-specific mtDNA copy number variation and heteroplasmy
thresholds then determine bioenergetic capacity [5, 23].

To understand the origin and maintenance of chain asymmetry, it is necessary to consider the mecha-
nisms of mtDNA replication. Key proteins are polymerase y (POLy), TWINKLE helicase, and mitochondrial
RNA polymerase (POLRMT), which synthesises primers [24, 25]. RNase H1 removes RNA primers [26].

Factors involved in mammalian mitochondrial DNA replication

Mammalian mitochondrial DNA (mtDNA) replication uses a specialised set of proteins that is distinct
from the nuclear replication machinery [27]. DNA polymerase y (POLYy) plays a central role as the only pol-
ymerase that synthesises both the H and L strands [28]. POLy forms a heterotrimer: the catalytic subunit
POLyA (~140 kDa, family A, related to T7 DNA polymerase) has 3'—5’ exonuclease activity (error <I per
10 nt), while the two accessory subunits POLYB (~55 kDa, structurally similar to class Ila aminoacyl-
tRNAsynthetases) increase processivity and stability of binding to the template [29, 30].

TWINKLE helicase (hexameric complex, ~420 kDa; 5'—3" activity; homologous to T7 gp4) unwinds
double-stranded DNA at the replication fork, while its limited priming capacity is supported by mitochondri-
al RNA polymerase (POLRMT), which synthesizes 25-75 nt RNA primers on single-stranded DNA tem-
plates. Mitochondrial single-stranded DNA-binding protein (mtSSB; tetrameric complex, ~60 kDa) prevents
secondary structure formation, inhibits non-specific priming, and enhances the activities of both TWINKLE
and POLy [31-36]. Accessory polymerases (PrimPol, POLB, POL6, POL() focus on repair. TFAM (HMG
box) packs mtDNA and initiates truncated transcripts for priming [27, 29, 36].

The D-loop in the control region is a docking station for nucleoids with an R-loop (7S DNA on the non-
template strand), which ensures the organisation and separation of mtDNA [35, 37]. Depletion of MGME1
(ssDNA nuclease 5'—3'/3'—5") leads to the accumulation of 7S DNA, confirming its role in D-loop turnover
and prevention of linear fragments. MtSSB coordinates replication, increasing the efficiency of POLy [34, 37].

mtDNA replication modes

Three primary models of mtDNA replication have been proposed for vertebrates: the classical strand-
displacement model (SDM), the ribonucleotide incorporation throughout the lagging strand model
(RITOLS), and the strand-coupled model (Fig. 2). These models have been confirmed by electron microsco-
py, two-dimensional agarose gel electrophoresis (2D-AGE), atomic force microscopy, analysis of DNA-
RNA hybrids of replication intermediates, and ChIPmtSSBin vivo [38—43].

Figure 2 illustrates the topological differences: SDM features prolonged ssDNA displacement, RITOLS
provides transient RNA protection, and SCM shows coupled forks. Each contributes to strand asymmetry
maintenance.

Strand displacement model (SDM)

The classic SDM model was formulated in the early 1970s based on electron microscopic analysis of
circular mitochondrial molecules containing extended single-stranded regions corresponding to the displaced
parental strand. In these works, molecules were observed where one daughter strand was double-stranded
and the other was partially or completely single-stranded, leading to the introduction of the term “strand dis-
placement” to describe this mechanism [43, 45, 46]. Within the SDM, replication begins in the control re-
gion, near the origin of replication of the heavy chain (OriH), from where a new H chain is continuously syn-
thesised on the L chain template [46]. As the replication fork progresses, the parental H-strand is displaced
and remains in a single-stranded state, forming characteristic replication intermediates with an increasing
length of the single-stranded segment [38]. The origin of L-strand replication (OriL) lies roughly two-thirds
of the way around the circular mtDNA genome from OriH [40].

L-strand synthesis is initiated by mitochondrial RNA polymerase, which synthesises primers that are
then extended by DNA polymerase y (Pol y), resulting in the formation of a functional analogue of the lag-
ging strand, but without the classic Okazaki fragments [44, 48]. This asynchrony, as well as the prolonged
existence of the single-stranded displaced H-strand, distinguishes SDM from nuclear DNA replication and
served as the basis for the concept of "asynchronous chain synthesis™ in mitochondria [47].

Later work using atomic force microscopy and 2D-AGE showed that SDM well explains the observed
replication intermediates in mouse liver mitochondria and that there are additional L-strand initiation sites
besides the classic OriL [45, 49].
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Figure 2. Schematics of the three main mtDNA replication models in vertebrates. (A) Strand-displacement model
(SDM): leading-strand synthesis initiates at OriH, displacing the parental H strand (red) to form a D-loop until OriL
activation and lagging-strand priming. (B) RITOLS model (RNA incorporation throughout the lagging strand): the

displaced H strand is initially coated with RNA transcripts synthesized on the L strand (“bootlace” mechanism, yellow),
later replaced by POLy-synthesized DNA. (C) Strand-coupled model (SCM): bidirectional replication forks with
coupled H/L-strand synthesis (Y-arc intermediates observed by 2D-AGE). Color code: black = parental strands;
green = newly synthesized DNA; yellow = RNA [43, 44]

In summary, the defining features of SDM are: (1) strictly unidirectional, continuous H-strand synthesis
initiating at OriH; (2) the displaced parental H-strand persisting as naked single-stranded DNA until OriL is
reached approximately two-thirds around the genome; (3) L-strand synthesis commencing only after OriL is
exposed, without Okazaki fragment formation; and (4) the prolonged single-stranded state of the parental H-
strand as the principal source of its mutational vulnerability [38, 45, 46]. This model is best supported by
electron microscopy and mtSSB occupancy data, and it provides the direct mechanistic basis for the replica-
tion-coupled mutational gradient that is the focus of the present work [39]. The key limitation of the pure
SDM is its prediction of extended single-stranded intermediates that, in practice, appear partly RNA-coated
in many experimental systems—a discrepancy addressed by the RITOLS model [40, 41].
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The RITOLS model and the “bootlace” mechanism

With the development of methods that allow for the preservation of fragile replication intermediates and
the analysis of DNA-RNA hybrids, it has been shown that many structures previously interpreted as extend-
ed single-stranded regions of the displaced H-strand actually contain long RNA tracts complementary to the
L-strand [41, 46, 47]. These observations led to the formulation of the RNA Incorporated ThroughOut the
Lagging Strand (RITOLS) model, according to which as the replication fork progresses, the displaced H-
strand is temporarily covered by pre-synthesized transcripts that hybridize with the template and act as a
temporary lagging strand [43, 47].

Metabolic labelling of isolated mitochondria with DNA and RNA precursors showed that RNA strands
in these intermediates are not synthesised “on the fly” at the fork, but are preformed L-strand transcripts that
are sequentially “threaded” (bootlaced) onto the displaced H-strand as the replication fork progresses [45,
47]. In the next stage, these RNA primers are gradually displaced and replaced by DNA synthesised by Pol vy,
leading to the formation of a complete L-strand [41].

Thus, the RITOLS model largely retains the topology of SDM (initiation in the control region, the key
role of OriH/OriL, and asynchronous strand synthesis), but radically reduces the lifetime of long single-
stranded DNA segments by replacing them with stable DNA-RNA duplexes [43, 44, 50]. This is considered
a potential adaptation necessary for maintaining mitochondrial genome integrity, given the relatively low
replication rate of mtDNA compared to nuclear and bacterial DNA, and the high sensitivity of single-
stranded DNA to breaks and deletions [44].

In summary, RITOLS shares with SDM its unidirectional initiation at OriH, its asynchronous activation
of OriL, and its overall topology of leading-strand displacement. The critical distinction is mechanistic rather
than topological: in RITOLS, the displaced parental H-strand is not naked ssDNA but is coated by preformed
L-strand RNA transcripts via the “bootlace” threading mechanism, forming transient RNA-DNA duplexes
that are subsequently matured into dsDNA by POLy-mediated RNA replacement [41, 43]. This RNA cover-
age substantially shortens the window of H-strand single-stranded exposure compared to SDM, potentially
reducing (but not eliminating) the mutational vulnerability of the H-strand [44]. Critically for the asymmetric
inheritance model, both SDM and RITOLS produce the same net outcome: leading-strand (H-strand) synthe-
sis is continuous and membrane-anchored, while lagging-strand (L-strand) synthesis is delayed and produces
a diffusible daughter molecule [40, 43, 44]. The two models therefore differ in the degree, not the existence,
of H-strand vulnerability, and both are fully compatible with the asymmetric strand inheritance model [50].

Synchronous (strand-coupled) replication

Along with SDM and RITOLS, analysis of replication intermediates using 2D-AGE revealed character-
istic Y-shaped arcs (y-arcs) corresponding to double-stranded replication forks with synchronous synthesis
of the leading and lagging strands [49]. Such structures are poorly consistent with the rigidly asymmetric
model of pure chain displacement, as they suggest the existence of classical two-strand forks in significant
portions of the mitochondrial genome [43].

However, mtSSBChIP-seq with a pronounced bias towards the displaced strand contradicts the uniform
distribution of mtSSB expected in linked forks [51]. Y-loops likely reflect transient bidirectional progress or
replication stress-induced structures rather than a dominant mechanism, as Kearns-type forms remain rare in
vertebrates [64].

Refined models integrate elements of transient ligated replication before SDM dominance, reconciling
2D-AGE observations with single-stranded DNA persistence and asynchronous origin activation. Such a hy-
brid approach preserves the primacy of SDM while acknowledging the contribution of ligated forks in physi-
ological variability [39].

In summary, the strand-coupled model (SCM) differs fundamentally from both SDM and RITOLS in its
topology: it posits bidirectional replication forks in which H- and L-strand synthesis proceed simultaneously
and in a coupled fashion, analogous to classical nuclear DNA replication [44]. The key evidence in its favour is
the detection of Y-arc intermediates by 2D-AGE, consistent with double-stranded fork progression [49, 50].

However, SCM stands in direct conflict with several lines of evidence that support asynchronous dis-
placement synthesis:

(1) mtSSBChIP-seq data show a strong bias of single-stranded DNA binding toward the displaced
strand, incompatible with the uniform distribution expected at coupled forks [39, 51];

(2) the existence of a discrete OriL site and its delayed activation are mechanistically unnecessary under
a fully coupled model [38, 40];
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(3) the compositional asymmetry and mutation gradient from OriH to OriL are not readily explained by
synchronous fork movement [50].

The current consensus therefore treats SCM not as an independent dominant mechanism but as a minor
or context-specific mode—possibly reflecting replication stress, repair synthesis, or a transitional phase pre-
ceding SDM-type displacement [39]. Unlike SDM and RITOLS, SCM does not readily account for the per-
sistent H-strand mutational bias that is the subject of the asymmetric inheritance model.

Consequences of replication asymmetry in mtDNA

The strand-specific mutational bias observed in vertebrate mtDNA arises from the interplay between
replication dynamics, nucleotide compositional asymmetry, and limited DNA repair capacity. The heavy (H)
strand, exhibiting G+T bias (~59 % G+T vs. 41 % in L-strand), remains predominantly single-stranded dur-
ing leading-strand displacement synthesis from OriH (~6500 nucleotides before OriL activation), rendering it
highly vulnerable to hydrolytic deamination of cytosine and adenine residues in DNA (C—U—T and
A—Hx—G), polymerase slippage during POLy processivity, and ROS-induced a basic sites/oxidized purine
and pyrimidine bases [51].

L-strand priming at OriL initiates bidirectional lagging-strand synthesis, but the RITOLS “bootlace”
mechanism provides only transient RNA coverage of nascent H-strand templates (~25-75 nt primers), leav-
ing the displaced parental H-strand exposed [38]. Mitochondrial SSB (mtSSB) preferentially coats this
sSDNA, yet protection proves incomplete compared to nuclear RPA dynamics (H-strand exposure: hours vs.
nuclear replication ~minutes; replication cycle ~1 h [52]). Nucleoid architecture exacerbates asymmetry:
TFAM compaction (~1 TFAM/10 bp) and selective membrane anchoring via H-strand-transcribed oxidative
phosphorylation (OXPHOS) complexes (I, I, 1V, V; ATP6/8) restrict H-strand-enriched nucleoids to high-
replication niches near cristae, amplifying POLy infidelity (error rate 1:10* nt vs. nuclear 1:108) and replica-
tion-associated mismatches [28].

Mitochondrial base excision repair (BER) operates at reduced efficiency (~10-50 % nuclear rates) for
key lesions (8-oxoG glycosylase OGG1, AP-endonuclease APE1), with TFAM-dependent “transcription-
coupled scanning” exhibiting strand bias toward transcriptionally hyperactive H-strand regions (14/15 tran-
scripts) [53]. Replication forks frequently stall at D-loop damage hotspots, favoring mutagenic translesion
synthesis (PrimPol/TLS polymerases) over faithful repair or double-strand break resolution (absent canonical
HR/NHEJ) [54].

OXPHOS coupling imposes additional selection: H-strand anchoring facilitates rapid copy-number res-
toration post-damage but selects deletion mutants with replication advantage in aging tissues (e.g., “common
delete” AMtDNA4977 amplifies in neurons). Maternal inheritance bottlenecks (~100-1000 germline mtDNA
copies) impose purifying selection, yet somatic clonal expansion evades this filter [54-58].

Mutational bias in vertebrate mtDNA

Replication of mitochondrial DNA in vertebrates causes a strong asymmetry of mutations: in the heavy
(H) strand A>G and C>T substitutions are dominant type of mutation (about 70 % of all mutations), whereas
complementary L-strand exhibits T>C and G>A substitutions and very few A>G and C>T mutations
[19, 57]. This strand-specific mutation pattern is maintained across all vertebrate species from fish to mam-
mals, resulting in the observed nucleotide compositional bias between G+T-rich H-strand and C+A-rich
L-strand.

The mutation frequency varies along the genome: the maximum is observed at the replication origin
(OriH)—up to 10 times higher than at OriL [1]. This is directly related to the fact that the H-strand
remains in a single-stranded state longer during replication according to the SDM and RITOLS models
[42, 47, 59, 60-63].

The nucleotide compositional bias of vertebrate’s mtDNA violates Chargaff’s second parity rule: in the
H-strand, adenine exceeds thymine by 20—40 %, and guanine exceeds cytosine by 30-50 %. Such a violation
is typical for vertebrate’smtDNA and is absent in nuclear DNA [44].

In brain neurons, the asymmetry is even stronger: in the H-strand 85-90 % of somatic mutations consist
of G>A substitutions which is 4-5 times more frequent than C>T [64]. This is characteristic of aging brain
tissues—the putamen and the cortex. Main reasons: the H-strand remains longer in single-stranded form as
compared to L-strand [65] and high levels of reactive oxygen species (ROS) in neurons cause guanine oxida-
tion [66]; weak DNA repair in brain mitochondria [59]; neurons do not divide, as a result mutated mtDNA
clonally expands [67].

In the brains of patients with Alzheimer’s disease, mutations in the control region (D-loop) suppress
mtDNA replication [68]. Point mutations and large deletions in mtDNA are associated with increased inci-
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dence of age-related diseases across human and animal models. mtDNA accumulates mutations
at rates ~10-100x higher than nuclear DNA, primarily due to elevated replication frequency (~500-10000
copies/cell/day), Poly infidelity and proximity to ROS-generating ETC complexes. Somatic mutation burden
in the human prefrontal cortex increases ~5-fold by age 80, dominated by transitions (purine<>pyrimidine)
with oxidative transversions (G—T/C—A) as hallmarks of 8-0xoG lesions [69, 70]. Critically, H-
and L-strands exhibit asymmetric accumulation: young brains show C—T bias on H-strand mirroring
L-strand composition (31 %G vs. 13 %C), shifting to T,.—C,_ dominance with age [64, 71].

The conceptual framework of asymmetric DNA strand inheritance in vertebrate mitochondria, original-
ly proposed by Matkarimov and Saparbaev [72], provides a mechanistic explanation for the observed strand-
biased mutation patterns in mtDNA. According to this model, the majority of mtDNA progeny after multiple
replication rounds derives predominantly from the heavy (H) strand. This bias arises from asymmetric strand
replication, which is anchored to the inner mitochondrial membrane via the D-loop structure [56, 72].

MtDNA replication initiates in the D-loop region where the parental H-strand serves as the template for
leading-strand synthesis at OriH. This unidirectional replication displaces the parental H-strand, exposing
OriL ~2/3 genome length away to trigger lagging L-strand synthesis. The H-strand remains anchored to the
inner mitochondrial membrane via D-loop interactions and OXPHOS complexes, undergoing continuous
replication cycles. In contrast, the L-strand replicates once to generate a diffusible daughter molecule
containing the parental L-strand paired with newly synthesized H-strand (Fig. 3).

s Template H- or L-strand Mitochondrial
Nascent L-strand
Nascent H-strand matn\
Inner mem! brane
6 lI strand
II-strand
/
Membrane
attachment site
lnpn Ma

o

Figure 3. The model of asymmetrical mtDNA strand inheritance [71]

This asymmetric segregation occurs through SDM and RITOLS mechanisms [29, 73, 74] with certain
features proposed by Matkarimov and Saparbaev [71]. Premature termination of leading H-strand synthesis
creates a hemicatenane linking parental and daughter molecules [75] resolved by mitochondrial topoisomer-
ase llla into two distinct mtDNA populations [76]. The resulting molecule containing the parental H-strand
remains membrane-anchored for sustained replication, while the parental L-strand molecule diffuses freely
through the matrix and is characterized by high transcriptional activity (L-strand is the transcribed strand for
12 out 13 mitochondrial protein-coding genes) [77].

This model elegantly explains the characteristic mutational bias or asymmetry: “transitions of
T—C/G—A predominate on the L-strand template, while C—T/A—G occur on the H-strand”, contradicting
expected ROS-induced damage patterns but matching prolonged single-stranded H-strand exposure during
asynchronous replication [72]. Preferential use of H-strand as a template for replication may explain long
replication cycles (~2 hour/cycle), POLy error rate (1:10* nt), and absence of 8-0xoG derived mutational sig-
nature in mtDNA from post-mitotic tissues.

This asymmetric replication strategy appears conserved across vertebrates, paralleling single-stranded
bacteriophages (M13, ¢X174) [45, 78] and suggesting shared evolutionary origins. The model predicts testa-
ble mutation gradients peaking at OriH and requires validation through single-molecule long-read sequenc-
ing, nucleoid anchoring disruption experiments and quantitative replication dynamics modeling. Understand-
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ing this fundamental replication asymmetry illuminates mitochondrial contributions to aging,
neurodegeneration, and cancer evolution.

Alternative Hypotheses for Mutational Asymmetry

While the asymmetric strand inheritance model provides a compelling replication-centric framework, it
is important to consider alternative and complementary hypotheses that have been proposed to explain
strand-specific mutational bias in vertebrate mtDNA. A comprehensive evaluation of these alternatives pro-
vides a broader context for evaluating the asymmetric strand inheritance model and clarifies its scope and
limitations [1].

An alternative explanation for H-strand mutational bias invokes transcriptional activity rather than
replication dynamics. The L-strand serves as the template for the vast majority of mitochondrial transcripts
(14 of 15 rRNA/mRNA genes in humans), making it the predominant transcribed strand, as a consequence
during transcription H-strand remains in single-stranded form Transcription-coupled damage repair (TCR),
well established in nuclear genomes [79] (may also operate in mitochondria and remove lesions from the
template strand. Consequently, strand asymmetry in repair efficiency could amplify mutational bias even in
the absence of replication-driven strand exposure [80], although the extent of this phenomenon and its mech-
anistic basis remain incompletely understood.

Additionally, the passage of mitochondrial RNA polymerase (POLRMT) through damaged or structur-
ally unusual DNA regions may interfere with replication fork progression, giving rise to transcription—
replication conflicts that can influence strand-specific mutational patterns. Distinguishing replication-driven
from transcription-driven asymmetry requires strand-specific quantification of lesion loads and repair inter-
mediates in cells with selectively inhibited [81] transcription or replication [82].

Reactive oxygen species (ROS) generated by the electron transport chain (ETC) represent a major
source of mtDNA damage, primarily generating 8-oxodeoxyguanosine (8-0xoG) and oxidized cytosines [83].
Some authors have proposed that the spatial proximity of the H-strand, via its membrane-anchoring interac-
tions with OXPHOS complexes, leads to its preferential exposure to superoxide and hydrogen peroxide gen-
erated in complexes | and III [84]. This model predicts an excess of G—T transversions (the hallmark of
8-0x0G mispairing) on the H-strand, a prediction that has partial support in aging somatic tissues [85]. How-
ever, ROS-based models alone cannot fully account for the predominance of hydrolytic deamination prod-
ucts (C—T and A—G transitions) in the observed mutation spectrum, suggesting that oxidative damage and
replication exposure act synergistically rather than as exclusive mechanisms [7].

Structural features of mtDNA, including the D-loop and protein-binding sites, may also contribute to
local variation in mutagenesis [86]. The D-loop region, described above as a specialized nucleoprotein
structure, contains a persistently unpaired DNA segment that may increase its susceptibility to chemical
damage and mutagenesis [86]. Because this region remains locally unpaired on at least one strand, it repre-
sents a site of elevated local mutagenicity independent of active replication [72]. TFAM binding throughout
the mitochondrial nucleoid creates regions of constrained topology that may modulate polymerase slippage
rates and base-excision repair access [87]. Mutational hotspots in the control region are observed across ver-
tebrate species and correlate with D-loop boundaries, suggesting that structural rather than purely kinetic fac-
tors can concentrate damage [88]. Integrating structural mapping of protein occupancy (via ChIP-seq or
CUT&RUN adapted for mitochondria) with mutation frequency data along the genome would help distin-
guish structural from replication-kinetic contributions to asymmetry [1].

Taken together, these alternative mechanisms are not mutually exclusive with the asymmetric strand in-
heritance model [72]. Rather, the asymmetric inheritance hypothesis provides the primary replication-based
scaffold that explains the genome-wide gradient of mutation frequency from OriH to OriL, while transcrip-
tion-coupled processes, ROS proximity, and structural features of the D-loop are also likely to contribute to
the formation of local and context-dependent mutation rates [50, 85]. Future experimental designs should
aim to decompose these contributions quantitatively, for example through strand-specific single-molecule
sequencing in cells with disrupted nucleoid anchoring or selective POLRMT inhibition.

Conclusion

In conclusion, this review has examined the structural features of mtDNA, its replication mechanisms,
and patterns of somatic mutation accumulation. The proposed theory of asymmetric strand inheritance offers
a heuristic explanation for observed strand-specific mutational biases that challenge conventional replication
models coupled to segregation via cell division. According to this theory, the leading chain (H-chain) under-
goes continued DNA replication possibly via anchoring of OriH in the D-loop region to membrane, while the
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lagging chain (L-chain) undergoes only one replication cycle and then detaches from the inner mitochondrial
membrane and diffuses to matrix. The asymmetric nature of replication creates prerequisites for the accumu-
lation of different types of mutations on Watson (top) and Crick (bottom) strands. Understanding this asym-
metric strand inheritance model is crucial for elucidating mitochondrial aging, the pathogenesis of mitochon-
drial diseases, and tissue-specific mutation patterns. Consequently, further investigation into these mecha-
nisms holds promise for developing novel diagnostic and therapeutic strategies for mitochondrial disorders.
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A.b. Onikyn, JI. Manankessl, M.K. Camap6aes, C.M. TaitmakoBa

OwmbipTRansuiap mutoxonapuscoiiaarsl JJHK Tiz0exTepinin
ACMMMETPHUSIIBIK TYKBIM KyaJiaybIHbIH JdJ1eJ11epi

1958 »xbutbl Mesenscon MeH CTajb JKYpPri3reH KIIACCHKAaJbIK dKCIEPHMEHT JKacyIIalbIK OpraHu3MepAeri
JHK perumkanusceIHBIH KapThUIaii KOHCEPBATUBTI MEXaHHM3MIH Jonenaeni. byn mexanusmre coiikec, xa-
cyma OesliHTeHHeH KeiiH opbip eHmriiec kacyma Oip ara-aHaibek Tizoexren (W uemece C) xome 6ip
JKaHAaH CUHTe3/eNnreH Komruiementapisl Tizoekren (C' memece W') TypaThlH XpOMOCOMAHBI HEJIEHE.
Op6ip AHK Tizberi xacyma op OeiiHreH cailblH Oipiel yirife pelUMKanusulaHaTHHABIKTaH, W skone C
Ti30eKTepi KapThulaii KOHCEPBATHBTI PEIUIMKAIMS MEH jKacylIajblK 0eJliHy HOTMIKECIHIIE SKBHBAICHTTI A€M
ecenrteneni. Anaiiia, kelbip jkacymanblk emec opraHu3mzaep, Mbicanbl, 0ip Ti30ekti JJTHK nemece PHK
BUPYCTapbl, OKBUBAJICHTTUIIK  NpPUHIMIIH  cakramaiiasl. COHBIMEH  Kartap  OMBIPTKAJIbUIAP.bIH
MHUTOXOHIPHSJIBIK TCHOMBIH/AFBI €Ki Ti30SKTiH HYKJICOTHUATIK KypaMbIHBIH ailKbIH TEHCI3HIri epekiie Hazap
aynapyra TYpapiblK. Bysl TEHCI3OiK CINTiii we3ui XJIOpUAl rpagueHTiHAer! yibTpaneHTpudyranay Kesinge
mutoxoHApusablK JIHK-ubH eki TizOerinin — G+T-re 6aif aybip (H) xome C+A-ra Gait xeHin (L)

ISSN 3080-6836 (Print) ISSN 3080-6844 (Online) 41



A.B. Alikul, D. Manapkyzy et al.

Tiz0ekTepre GeniHyiMeH kepiHic Tabaabl. Axam mutoxoHapustiapbiaarsl JJHK permkanusicsr y3ak sxpuiaap
OOHBI 3epTTelNin Kesle KaTKaHbIHA KapamacTaH, PEIUIMKAIMs MEXaHU3Mi MEH Ti30eKTepHiH HYKICOTHUATIK
KYPaMBIHJAFbl TEHCI3AIKTIH apachbIHAAFbl BIKTUMal OalnaHbIC oMi € TOJBIK aHBIKTAIIMaFaH jKOHE FBUIBIMU
mikipTaac  TakpIpelObI  Gombim  oThIp.  OchblFan  GalmaHbICTHI Oy Makajgaga —OMBIPTKAJIBIIAP/IBIH
muToxXoHApHsIbIK JIHK-chiHma OafikanaThlH MyTAalMsUIBIK [ATTEPHHIH KYIITI BIFBICYBIH KapamaiflbiM
IBPHUCTHKAIBIK KoJIMeH TyciHmipe amatsiH JIHK Tiz0ekTepiHiH acHMMETPHSIIBIK TYKbIMKyaslaybl HEMece
OJIapJIBIH AKBUBAJICHTTI €MECTITi Typajbl BIKTHMAJI YITiCi YCHIHBUIFaH.

Kinm co3zdep: mutoxonnpusiiblk JHK, JHK Ti30exrepiHiH 3KBHBaJIEHTTLIIr, MYyTalMs 3aHABUIBIKTAPEL,
YapradGThiH eKiHIII epekeci, perUTuKaLusl.

A.b. Anukyn, JI. Mananksi3el, M.K. Canap6aes, C.M. Taiinmakosa

Joka3aTesbCcTBa AaCHMMETPUYHOI0 HacaenoBanus uenei JJHK
B MUTOXOHIPHSIX MO3BOHOYHBIX

Kunaccuueckuit skcriepuMeHT, npensioxeHHsid B 1958 rogy Mesensconom u Cranem, NOITBEPIUIT TOJTYKOH-
cepBaTUBHBIN MexaHu3M pemukanud JJHK B k1eTOYHBIX opraHu3Max, cOIIacCHO KOTOPOMY IIOCIIE JIeNICHUS
KJIIETOK KakJiasi JOUepHsist KJIIeTKa HacJelyeT XPOMOCOMY, COCTOSIIYIO U3 OHOM poanTensckoit nermn (W mimm
C) u oxHOM HOBOCHHTe3MpOBaHHO# komiutemenTapHoit nemnu (C' wm W'). TTockonbky kaxnas uerns JJHK pe-
IUTHIAPYETCS. OTMHAKOBOE KOJIMYECTBO pa3 MOCIIE KaKAOTO JEICHHS KIETKU, MOKHO MPEIOJIOKHUTh, UTO Le-
mt W u C SKBHBaNCHTHBI KaK Pe3yJbTaT COUETAHMs JCNICHHUs KICTKU U TMOJyKOHCEPBATHBHOTO MEXaHHU3Ma
pemmukanun JJHK. OnHako HEKOTOpBIE HEKIETOYHbBIE opraHu3Mbl, Takue kak on/IHK- u PHK-Bupycel, urano-
PHUPYIOT IPUHIIAI SKBHBAIEHTHOCTH Lieneil. Takke CTONT OTMETHTh HHTEPECHYI0 0COOEHHOCTh MUTOXOH IPH-
IPHOTO TEHOMA IT03BOHOYHBIX C HEOOBIYHBIM ANCOAIaHCOM HYKJICOTHIHOTO COCTaBa Ha JBYX HUTSAX MHTO-
xouapuaibHoii JIHK, uro mpuBoaut K paszpenenuio Ha Tsokenyo (H) G+T-Goratyio u nérkyro (L) C+A-
6oraryto Huta JIHK npu yiapTpaneHTpuyrupoBaHHuH B MIEIOYHOM I'PAMEHTE XJIOPHCTOTO Le3us. HecmoTpst
Ha MHOToJieTHHE uccnenoBanus pernkanuu JJTHK B MUTOXOHIpUSIX YenoBeKa, MEXaHU3M ATON PeITUKALUU
1 BO3MOJKHAsI CBSI3b C AMCOAIAHCOM HYKJICOTHIHOTO COCTaBa OCTAIOTCS MPEIMETOM AHMCKyccHil. B cBssm ¢
9TUM B JJaHHOM CTaTbhe MBI MIpeJIaraéM BO3MOXKHYIO MOJENb aCHMMETPUYHOTO HacieaoBaHus Huteil JJHK
WM HedkBuBaneHTHOCTH HuTel JJHK, KoTopas mpenocTapisieT mpocToe IBPUCTHIECKOE OOBSICHEHHE CHITEHO
cMeleHHoro narrepHa myrauuii B MT/lHK no3BOHOUYHBIX.

Kniouegvie cnosa: muroxonapuansHas JIHK, skBuanentHocts nemneit JJHK, 3akoHOMepHOCTH MyTanuii,
BTOpOe npasuio Yapradda, permkanust.
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Ecological and biological assessment of the state of soils and vegetation cover
of the closed municipal solid waste landfill in Kokshetau

The ecological state of a closed municipal solid waste (MSW) landfill in Kokshetau, operated from 1960 to
2017 and lacking engineered protective systems, was assessed with a focus on heavy metal contamination and
its effects on vegetation. Soil analysis revealed substantial exceedances of maximum permissible concentra-
tions (MPCs) and background concentrations. Maximum concentrations reached 4230 mg/kg for Zn,
870 mg/kg for Cu, 299 mg/kg for Pb, 58 mg/kg for As, and 145 mg/kg for Ni, exceeding MPCs by 42.3, 15.8,
9.3, 29.0, and 3.6 times, respectively. Compared with background concentrations, these values were 48.1, 8.5,
19.9, 4.1, and 3.2 times higher, respectively. A pronounced radial contamination gradient was identified, with
maximum concentrations in the central zone and a gradual decrease toward the periphery. However, even pe-
ripheral areas showed elevated concentrations relative to background levels, indicating persistent anthropo-
genic impact despite landfill closure. The geo-accumulation index (Igeo) classified the central soils as strong-
ly to extremely contaminated, particularly with respect to Zn and Pb, while the phytotoxicity index (FTI) in-
dicated a high level of phytotoxicity. Geobotanical analysis revealed substantial transformation of the vegeta-
tion, which was dominated by herbaceous and short-lived species, with annual species accounting for 49% of
the recorded flora. The prevalence of Asteraceae, Poaceae, Brassicaceae, and Chenopodiaceae is consistent
with adaptation to chemically stressed environments. The dominance of Bassia scoparia suggests its potential
as a bioindicator of technogenically disturbed soils. Overall, the landfill represents a long-term
anthropogenically transformed ecosystem requiring integrated environmental monitoring and reclamation
measures.

Keywords: landfill of solid household waste, soil contamination, phytotoxicity, anthropogenic impact, heavy
metals, ecosystem disturbance.

Introduction

Landfills of solid household waste (MSW), including closed and recultivated ones, remain long-term
sources of soil pollution with heavy metals due to the accumulated “technogenic legacy”, lack/insufficiency
of engineering protection (screens, filtrate collection) and the continued secondary intake of pollutants from
surface runoff and dust transport [1]. International studies emphasize that soil pollution around landfills often
persists for years and is accompanied by environmental risks to the soil and plant system, including the po-
tential entry of metals into the biota [2].

For Kazakhstan, the problem is particularly significant against the background of an increase in the vol-
ume of accumulated waste and the need for environmentally sound management of landfill stock. Modern
reviews and applied works on solid waste management in the Republic of Kazakhstan indicate the scale of
waste accumulation and the importance of assessing the environmental effects of existing and closed facili-
ties [3-4].

Kazakhstani studies demonstrate that landfills are capable of forming local anomalies in the content of
Zn, Cu, Pb, As, Ni and other elements in soils, as well as influencing adjacent environmental components
(including soils and groundwater) [5]. Thus, for the Karasai landfill (Almaty), soil pollution with heavy met-
als and its anthropogenic causes are shown. Similarly, earlier works on landfill sites emphasized the migra-
tion of heavy metals in the soil-water system, which makes an integrated approach to assessing the state of
anthropogenic territories relevant [6]. In recent years, studies have been published on landfills in Kazakhstan
(including in the Astana area), where excess of permissible levels of heavy metals and the need for environ-
mental hazard assessment are noted, which confirms the current practical relevance of such work [7].

The study of closed landfills is of particular relevance, since the cessation of operation does not mean
the cessation of exposure: pollutants can persist in soils and maintain a phytotoxic background, affecting the
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restoration of vegetation and the structure of phytocenoses [8]. In this regard, it is important not only to rec-
ord the concentrations of elements, but also to use integral indices (for example, Igeo) for a comparable as-
sessment of the degree of anthropogenic accumulation and the allocation of functionally the most dangerous
Zones.

At the same time, an urgent task is not only to fix the level of pollution, but also to develop approaches
to restoring disturbed ecosystems. It is necessary to study the prospects of biorecultivation of landfills using
plant species resistant to stressful conditions, capable of functioning in conditions of increased heavy metal
content and transformed water-salt regime [9]. This highlights the need for a comprehensive analysis com-
bining chemical pollution indicators and a geobotanical assessment of the vegetation cover.

Geobotanical characteristics (the taxonomic structure of the flora, the proportion of short-lived life
forms, and the dominance of ruderal/stress-tolerant species) can act as bioindicative signs of ecosystem
transformation under the influence of metals, complementing the calculations of phytotoxicity (FTI) and
making it possible to substantiate the ecological consequences for vegetation cover [10].

Thus, the relevance of this study is determined by: (1) the ecological significance of closed landfills as
long-term sources of soil pollution with heavy metals [11]; (2) the lack of data on spatial heterogeneity of
pollution within the body of the landfill; (3) the need to integrate chemical indicators (exceeding standards,
Igeo, FTI) with the geobotanical assessment of vegetation cover transformation for scientifically based moni-
toring and selection of reclamation priorities in the conditions of Northern Kazakhstan.

Experimental

The study was performed at a closed solid waste landfill located in the eastern part of the city of
Kokshetau (Akmola region, Northern Kazakhstan), on the border of the southwestern edge of the West Sibe-
rian Plain and the northern slopes of the Kokshetau upland (53.320833°N, 69.478333° E). The territory be-
longs to a moderately arid forest-steppe zone characterized by a sharply continental climate, a large annual
temperature range, and insufficient precipitation.

The 36.5-hectare landfill was operated from 1960 to 2017. It is a multilayered waste body covered with
soil, without waterproofing liners or leachate collection systems. The height of the garbage dumps reaches 5—
7 m. Despite the official closure, unauthorized waste storage remains in some areas, which increases the an-
thropogenic burden on the ecosystem.

Soil sampling on the territory of a closed MSW landfill was carried out according to a radial gradient
scheme in order to assess the spatial distribution of heavy metals depending on the distance from the center
of the landfill. The zone of maximum capacity of a man-made body and the greatest accumulation of waste
was considered as a conditional center. Figure 1 shows the sampling points from the closed MSW landfill in
Kokshetau.

Ten sampling points were established within the landfill body and grouped into functional zones: the
core (points 1-3, up to 50 m from the center), the middle zone (points 4-6, 50-150 m), and the marginal
zone (points 7-10, 150-300 m). One control soil sample was collected outside the landfill’s impact zone (5—
10 km away) under comparable natural conditions and used as a background reference for pollution assess-
ment (Tab. 1).

At each sampling point, one composite sample representing the site was collected. In total, 11 samples
were analyzed (10 from the landfill and 1 background sample). The sampling design was aimed at assessing
spatial variability; therefore, no replicates were taken, and each point was treated as an independent observa-
tion unit.
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Figure 1. Map of the closed MSW landfill in Kokshetau (sampling points)

Table 1

The content of elements in soil samples of the closed MSW landfill in the city of Kokshetau

Samples Zn Cu Mn Sr Pb As Ni
MPC 100 55 1500 30 32.0 2.0 40
Point 1 4230 760 1790 306 248 50 123
Point 2 2410 710 1830 389 299 45 145
Point 3 1620 870 1210 323 292 58 103
Point 4 1640 610 960 264 208 46 141
Point 5 1660 566 1140 225 151 42 124
Point 6 1100 440 1010 261 104 29 106
Point 7 249 237 930 211 128 29 76
Point 8 510 184 690 161 90 26 103
Point 9 235 144 660 126 71 24 62
Point 10 700 234 500 153 64 21 52
BACKGROUND 88 102 450 89 15 14 46

The sampling depth varied depending on the morphological position of the site. In the central part of the
body of the landfill, samples were taken from a depth of 0-50 cm, which is due to the significant capacity of
the anthropogenic horizon and the vertical migration of pollutants. In the middle and marginal parts of the
body of the landfill, samples were taken from the upper soil layer (0—20 cm), which is most actively involved
in the processes of interaction with vegetation.

This approach made it possible to identify the spatial gradient of soil pollution and assess the decrease
in heavy metal concentrations as they moved away from the center of the landfill.

The total concentrations of heavy metals (Pb, Zn, Cu, Ni, As, Hg) in soil samples were determined us-
ing a portable X-ray fluorescence (XRF) analyzer, Olympus Vanta Pro series VCR, equipped with GeoChem
software.

The analytical method is based on the X-ray fluorescence effect: when a sample is irradiated with pri-
mary X-rays, the atoms become excited and emit secondary (fluorescent) radiation. The energy spectrum of
this radiation is characteristic of each chemical element, allowing both qualitative and quantitative determi-
nation.
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The Olympus Vanta Pro analyzer is equipped with a 4 W X-ray tube with a rhodium (Rh) anode and a
high-resolution large-area silicon drift detector (SDD, up to 50 mm?), ensuring high sensitivity and meas-
urement accuracy for elements starting from magnesium (Mg) and above in the periodic table.

The instrument is also fitted with an integrated GPS module and a digital camera, enabling
georeferencing of sampling locations and improving the accuracy of spatial analysis and contamination
mapping.

The level of soil contamination was assessed by comparing the measured concentrations with the max-
imum permissible concentrations (MPCs) of heavy metals established by current sanitary and hygienic
standards for soils. The background sample was used as a local geochemical reference for comparative as-
sessment and for calculating integrated pollution indices [12].

Geobotanical studies were carried out on the territory of the closed MSW landfill in Kokshetau in
August-October 2025. The vegetation survey was carried out by the route-site method with the laying of test
areas (10 x 10 m) within the functional zones of the polygon body (core, middle and marginal parts) (Fig. 2),
identified by the results of the analysis of the spatial distribution of heavy metals in soils.

Figure 2. Closed municipal solid waste landfill in Kokshetau (53.320833° N; 69.478333° E):
(a) central part of the landfill body; (b) middle zone; (c) marginal zone;
(d) collected soil samples stored in polyethylene bags for subsequent laboratory analysis

A complete description of the vegetation cover was carried out at each site, with registration of all types
of vascular plants. Taxonomic affiliation, life form, ecological group, and relative abundance were deter-
mined for each species; the projective coverage was assessed on the Brown-Blanke scale.

The interpretation of geobotanical data was carried out in comparison with concentrations of heavy
metals and integrated pollution indicators (lgeo, phytotoxic index), which made it possible to assess the im-
pact of anthropogenic soil pollution on the structure and composition of plant communities.

Statistical data processing included the calculation of descriptive indicators, analysis and
geoaccumulation indices. The geoaccumulation index (lgeo) was calculated using a background control
sample. The geoaccumulation index for each element was calculated using the formula:

Igeo,i’ = 1032 ( = )Igso,i = 1032 ( = )

1.5:Cifon 1.5-Ci,fon @
where Ci is the concentration of the element in the soil, mg/kg; Ci,fon is the background concentration in the
control sample, mg/kg; the coefficient 1.5 takes into account the natural variability of background concentra-

tions.
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The phytotoxic index (FTI) was calculated as the average value of the multiplicities exceeding the max-
imum permissible concentration for Zn, Cu, Pb, As and Ni, after which the values obtained were averaged
over the functional zones of the landfill to assess the spatial variability of soil phytotoxicity.

Results and Discussion

The results of the analysis of soil samples showed pronounced anthropogenic contamination of the terri-
tory of the closed landfill with heavy metals (Tab. 2). The maximum concentrations of zinc reached
4230 mg/kg, which exceeds the maximum permissible concentration by 42.3 times and the background val-
ues by 48.1 times. Significant exceedances were also recorded for arsenic (up to 29 MPC), copper (up to
15.8 MPC) and lead (up to 9.3 MPC). Nickel was characterized by more moderate but steady exceedances of
standards (up to 3.6 MPC).

Table 2

Multiplicity of exceeding the maximum permissible concentration and background (maximum values)

Element max C, mg/kg C/MPC mg/kg C/background mg/kg
Zn 4230 42,3 48,1
Cu 870 15,8 8,5
Pb 299 9,3 19,9
As 58 29,0 4,1
Ni 145 3,6 3,2

The data indicate the dominant role of Zn and As in forming the phytotoxic background of the landfill,
due to their high biological activity and inhibitory effects on plant growth even at relatively low concentra-
tions [13]. Elevated background exceedances of Pb and Cu reflect their long-term accumulation during land-
fill operation [14].

The observed contamination levels are consistent with those reported for MSW landfills worldwide,
where elevated concentrations of Zn, Pb, Cu, and As and their accumulation in topsoil are commonly ob-
served. Similar exceedance ranges and radial contamination gradients have been documented in Europe,
China, and Central Asia [10, 11, 15], indicating the universal nature of heavy metal accumulation and migra-
tion in technogenically disturbed ecosystems.

Analysis of average metal concentrations across functional zones revealed a pronounced spatial
gradient (Tab. 3). The highest levels were recorded in the landfill core (Zn — 2753, Cu — 780,
Pb — 280 mg/kg), with decreasing concentrations toward the middle and marginal zones; however, even
peripheral areas remained above background levels.

Table 3
Average concentrations by functional zones, mg/kg
The zone Zn Cu Mn Sr Pb As Ni
Core (1-3) 2753 780 1610 339 280 51 124
Average (4-6) 1467 539 1037 250 154 39 124
Regional (7-10) 424 200 695 163 88 25 73

This pattern reflects the peculiarities of the landfill’s functioning as a source of long-term anthropogen-
ic impact: the central part is characterized by maximum accumulation of waste and filtrate, while partial dis-
persion of pollutants occurs as it moves away from it. Nevertheless, even the peripheral areas retain signs of
sustained anthropogenic pollution, which underlines the long-term nature of the landfill’s impact on the soil
cover (Tab. 4) [14].

Table 4
Phytotoxic index (FTI) by zone

The zone FTI Evaluation
The core 15,81 Very high phytotoxicity
The middle part 10,38 High
The edge part 4,99 Moderate
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The calculation of the geoaccumulation index made it possible to quantify the degree of soil contamina-
tion by individual elements (Tab. 5). For zinc, Igeo values in the central part of the landfill reached 5.0,
which correspond to the class of extremely polluted soils. For lead, lIgeo values at points 1-4 were in the
range of 3.21-3.73, which also indicates severe and extreme contamination. Copper was characterized by
Igeo values ranging from moderate to severe contamination, while arsenic corresponded to a moderate level
of contamination at most points.

Table 5

Geoaccumulation Index (Igeo) for key elements

Point Zn Cu Pb As
1.0 5.0 2.31 3.46 1.25
2.0 4.19 2.21 3.73 1.1
3.0 3.62 251 3.7 1.47
4.0 3.64 2.0 3.21 1.13
5.0 3.65 1.89 2.75 1.0
6.0 3.06 1.52 2.21 0.47
7.0 0.92 0.63 251 0.47
8.0 1.95 0.27 2.0 0.31
9.0 0.83 -0.09 1.66 0.19
10.0 241 0.61 1.51 0.0

Igeo values decreased in the marginal zone of the polygon body, however, levels corresponding to
moderate and severe pollution remained for a number of elements (Zn and Pb). This indicates that the an-
thropogenic impact of the landfill extends beyond its central part and forms a sustainably disturbed anthro-
pogenic territory.

Such geoaccumulation index values are typical of areas with long-term waste accumulation and the ab-
sence of engineered barriers, which is confirmed by similar studies on closed landfills, where Igeo values for
Zn and Pb often reach categories of strong to extreme contamination [11, 14].

An analysis of the spatial profile of the distribution of concentrations of heavy metals (Zn, Cu, Pb and
As), shown in Figure 3, revealed a pronounced gradient of soil pollution from the central part of the closed
landfill to its periphery. The maximum concentrations of all the studied elements were recorded in the central
zone of the landfill body, reflecting the long-term accumulation of pollutants in the zone of maximum waste
deposition [15].

Spatial distribution of heavy metals in landfill soils

— Zn
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—— Pb
— As
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Figure 3. Spatial profile of the distribution of concentrations of heavy metals (Zn, Cu, Pb, As)
from the center of the landfill to the periphery

The sharpest contrast is observed for zinc, whose concentrations in the central points exceed the values
in the marginal zone by several times. A similar, though less pronounced, trend is observed for copper and
lead, indicating similar mechanisms governing their input and migration within the landfill body. For arsenic,
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concentrations also decrease with distance from the center, but its distribution profile is more smoothed,
which may indicate increased mobility of this element and its redistribution with the filtrate [15].

The revealed pattern of distribution of heavy metals confirms that the central part of the landfill is the
main zone of phytotoxic background formation. As they move away from the center, metal concentrations
decrease, but even in the peripheral zone their levels remain above the background values, which indicates a
stable anthropogenic impact and long-term persistence of pollution in the soil cover after the closure of the
landfill [13].

The spatial distribution of heavy metals within the landfill is controlled by a combination of interrelated
migration processes in a technogenically disturbed environment. A key mechanism is the infiltration of at-
mospheric precipitation through the landfill body: in the absence of impermeable liners and leachate collec-
tion systems, contaminated leachate is formed, promoting the vertical migration of dissolved and suspended
metal forms, particularly in the central zone with maximum waste accumulation [16].

Surface runoff also plays a significant role by transporting fine contaminated material to lower relief ar-
eas and peripheral zones, explaining the persistence of elevated concentrations even at a distance from the
landfill center [14]. Under conditions of sparse vegetation and a continental climate, aeolian transport further
contributes to the dispersal of contaminated dust and secondary pollution of surrounding areas [15].

Microrelief additionally influences spatial differentiation: depressions act as accumulation zones for
moisture, leachate, and fine particles, enhancing local metal concentrations and mobility, especially for
arsenic [16].

Thus, the radial gradient of contamination results from the combined effects of infiltration, surface run-
off, aeolian transport, and local accumulation, ensuring both vertical and horizontal migration of metals and
their long-term persistence after landfill closure [10, 11].

The distribution of Zn, Cu, Pb, and As concentrations across the functional zones of the landfill body,
shown in Figure 4, reflects significant differences in the environmental conditions of vegetation cover for-
mation.
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Figure 4. Boxplot of the distribution of Zn, Cu, Pb, and As concentrations by functional zones of the polygon body

The core of the landfill is characterized by the highest median values and significant variability in
heavy metal concentrations, which indicates the formation of a pronounced phytotoxic background. Under
these conditions, the development of zonal steppe phytocenoses is significantly limited, and the vegetation
cover is mainly represented by ruderal and stress-tolerant species with a short life cycle [14].

In the middle part of the landfill, a decrease in pollution levels is accompanied by a partial increase in
floral diversity, but persistent elevated concentrations of heavy metals continue to exert selective pressure on
vegetation. In the marginal zone, where the median concentrations are minimal, there are signs of restoration
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of zonal vegetation elements, but their sustainable development is hindered by residual soil pollution. Thus,
the spatial differentiation of the heavy metal content is directly reflected in the structure and composition of
the flora and determines the formation of specific anthropogenic phytocenoses on the territory of a closed
landfill (Fig. 5).

The revealed high concentrations of heavy metals in the soils of a closed landfill have a decisive effect
on the formation and spatial structure of vegetation cover. The recorded dominance of individual taxonomic
groups and plant life forms reflects the adaptation of the flora to conditions of sustained anthropogenic and
phytotoxic effects.

Annual

Biennial

Perennial
I Annual B Perennial Il Biennial

Figure 5. Distribution of plant life forms at the closed MSW landfill in Kokshetau

The found predominance of representatives of the Asteraceae (more than 25% of species), Poaceae,
Brassicaceae, and Chenopodiaceae families is characteristic of anthropogenic disturbed ecosystems and is
consistent with an increased content of Zn, Cu, Pb, and As in soils (Fig. 6). Many species of these families
have high ecological plasticity, a short life cycle, and the ability to tolerate chemical stress, including heavy
metal pollution. This is confirmed by the high participation of annual species (49%), while the share of per-
ennials and biennials is 38% and 13%, respectively, which is typical for disturbed and technogenically trans-
formed territories [12].
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Figure 6. Floristic spectrum of plant species at the closed MSW landfill in Kokshetau (% of total species)
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The low representation of woody plants and the predominance of herbaceous vegetation indicate unfa-
vorable edaphic conditions for the formation of stable multi-tiered phytocenoses. Heavy metals, accumulat-
ing in the upper technogenically transformed horizon, limit the development of the deep root system and
prevent the consolidation of tree species, which explains their sporadic presence in the form of single seed-
lings [13].

Geobotanical analysis showed that a substantial part of the flora is represented by meadow-steppe spe-
cies typical of the regional vegetation. However, classical turf-grass steppes of the Festuco-Brometea class
are largely degraded or only fragmentarily preserved. Their replacement by ruderal and stress-tolerant spe-
cies indicates a profound transformation of natural phytocenoses under prolonged soil contamination.

The vegetation includes numerous ruderal and stress-tolerant species such as Bassia scoparia, Atriplex
patula, Chenopodium album, Artemisia spp., and Plantago major, which are characteristic of
technogenically disturbed environments. These species exhibit high tolerance to salinity, moisture deficit,
and elevated heavy metal concentrations, forming the basis of secondary plant communities.

Particular importance is attached to wetland and halophytic species (Phragmites australis, Suaeda
prostrata, Atriplex patula, Persicaria hydropiper) associated with moist areas and leachate accumulation
zones. These habitats are characterized by altered hydrological conditions and increased metal mobility, en-
hancing selective pressure on vegetation and promoting the formation of specific local phytocenoses [16].

Several species can be considered ecological indicators. In particular, Bassia scoparia, Atriplex patula,
and Suaeda prostrata indicate saline and technogenically disturbed soils, while Phragmites australis reflects
zones of increased moisture and leachate accumulation. Their distribution highlights spatial heterogeneity
and the degree of ecosystem transformation.

No widespread occurrence of aggressive invasive species was recorded; however, the presence of
synanthropic plants indicates a high level of anthropogenic transformation of the vegetation cover.

The dominance of Bassia scoparia (average coverage 21.92%, frequency 50%) with high average pro-
jective coverage and frequency of occurrence is indicative from a geobotanical point of view. This species is
known as a typical ruderal and halophytic element, resistant to salinity, moisture deficiency, and elevated
concentrations of heavy metals. Its wide distribution and the formation of dense thickets in the most polluted
areas of the landfill allow us to consider Bassia scoparia as a bioindicator of technogenically disturbed and
phytotoxic substrates [17, 18].

Thus, the spatial structure of vegetation and its taxonomic composition in a closed landfill directly re-
flect the level and nature of soil contamination with heavy metals. The formed plant communities are stable
anthropogenic phytocenoses dominated by species adapted to chemical stress and disturbed water-soil re-
gime, which confirms the long-term and persistent impact of the landfill on the ecosystem.

Conclusion

The closed municipal solid waste landfill in Kokshetau is characterized by a high level of technogenic
soil contamination with heavy metals, formed as a result of the long-term operation of the facility
(1960-2017) and the lack of engineering protection systems. The maximum concentrations of zinc, copper,
lead and arsenic are many times higher than the maximum permissible and background values, which indi-
cates the persistent nature of soil contamination.

An analysis of the spatial distribution of pollutants revealed a pronounced radial-gradient nature of pol-
lution: the highest levels of concentrations and multiplicity of excess standards were recorded in the central
part of the landfill body, while as they move away to the periphery, their consistent decrease is noted. At the
same time, concentrations of heavy metals exceeding the background values remain even in the marginal
zone, which indicates a long-term preservation of anthropogenic impact after the closure of the landfill.

The calculation of the geoaccumulation index (lgeo) showed that the soils of the central part of the
landfill belong to the categories of highly and extremely polluted, primarily by Zn and Pb. Igeo values de-
crease in the middle and marginal parts, however, levels corresponding to moderate and severe pollution re-
main for individual elements, which confirms the functional heterogeneity of the polygon body.

The values of the phytotoxic index (FTI) by functional zones indicate the formation of a pronounced
phytotoxic background in the central and middle parts of the landfill. The decrease in FTI to the periphery
reflects a decrease in chemical stress, but its levels remain sufficient to limit the development of zonal plant
communities and maintain conditions of selective pressure on the flora.

Geobotanical studies have shown that soil pollution with heavy metals has a decisive effect on the
structure and composition of vegetation cover. The flora of the landfill is mainly represented by herbaceous
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and short-lived species, while the proportion of annual plants reaches 49%, which is typical for ecosystems
with unstable and phytotoxic edaphic conditions.

The taxonomic structure of vegetation is characterized by the dominance of the Asteraceae, Poaceae,
Brassicaceae and Chenopodiaceae families, typical of anthropogenic disturbed areas and resistant to chemi-
cal stress. The low representation of tree species indicates unfavorable soil conditions for the formation of
stable multi-tiered phytocenoses.

The spatial distribution of plant communities is consistent with the soil pollution gradient: ruderal and
stress-tolerant phytocenoses are formed in the central zones, while only partially preserved elements of zonal
meadow-steppe vegetation are noted in the marginal part. The dominance of Bassia scoparia in the most pol-
luted areas allows us to consider this species as a potential bioindicator of technogenically disturbed and
phytotoxic substrates.

Considering the identified level of contamination and its spatial heterogeneity, a key priority for future
work is the establishment of a systematic environmental monitoring program. Monitoring should include
regular assessment of heavy metal concentrations in soils and vegetation, evaluation of phytotoxicity dynam-
ics, and the use of geobotanical and bioindication methods to track ecosystem recovery processes.

A promising and environmentally sound approach to reclamation is phytoremediation, based on the use
of pollution-tolerant plant species. Species selection should account for their ability to withstand high con-
centrations of heavy metals, accumulate them in biomass, stabilize the soil cover, and reduce contaminant
mobility. The establishment of a stable vegetation cover will not only limit metal migration but also enhance
the ecological resilience of the territory.

In general, a closed MSW landfill should be considered as a sustainably transformed anthropogenic
ecosystem in which soil contamination with heavy metals continues to determine environmental conditions
and biological processes even after the facility is discontinued. The results obtained emphasize the need to
take into account accumulated anthropogenic pollution when assessing the ecological status and developing
measures for the reclamation of such territories.
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Kekmeray KajJlachbIHAaFbl KATThI TYPMBICTBIK KAJIBIKTAP
’Ka0bIK MOJUTOHBIHBIH TONBIPAK MeH 6CIMAIK KaMbLIFbICHIHbIH
JKarIaiibIH YKOJIOTHAJIBIK sKOHE OMOJIOTUsIIBIK OaraJiay

Kexkmieray kamaceinaarel 1960-2017 s>xpuiapsl maiiianaHbUIFaH, WHXKSHEPIIK KOPFAHBIC JKyHelepiMeH
*Kab/IbIKTaIMaraH Ka0ObIK KaTThl TYpMBICTHIK Kaaasikrap (KTK) MOMHrOHBIHBIH 3KOJOTHSIIBIK JKafqaiibl aybip
MeTalapMEeH JIaCTaHy JKOHE OHBIH ©CIMIIK jKaMbUIFBICBIHA 9CEPi TYPFHICBIHAH OaranaH[pl. TombIpak Tanzia-
ye1 Zn, Cu, Pb sxone AS arnemenTTepi GOMBIHINA MIEKTI PYKCAT ETUINeH oHe (DOHIBIK KOHIIEHTPAIMsITIAPIbIH
GipHele ece apTKaHBIH KopceTTi. MakcUMaIbl KOHIEHTpausuap kenecigeir 6ommer: Zn — 4230 mr/kr, Cu
— 870 wmr/kr, Pb — 299 mr/kr, As — 58 wmr/kr xone Ni — 145 mr/kr, 6yt mekTi pykcar eTiireH KOHICH-
Tpanusuiapaan tuicinme 42,3; 15,8; 9,3; 29,0 xone 3,6 ece sxorapbl. POHIBIK MOHIACPMEH CaJBICTBIPFaHIa
aneMeHTTepaiH Memepi Zn yuin 48,1 ece, Cu ymin 8,5 ece, Pb ymin 19,9 ece, As yurin 4,1 ece xone Ni
yuri 3,2 ece apTkaH. JlacTaHyAbIH afiKbIH pagMaAbl-TPAAUSHTTIK CUIIAaThl aHBIKTAJ/IBI. €H JKOFaphl KOHIICH-
TpalMsUlap MEH HOPMATUBTIK KOPCETKIIUTEpAiH apTybl IOJMIOH AEHECIHIH OpTaNIBIK OeuliriHae Tipkeir,
HIeTKi aiiMakTapra Kapail OipTiHIenm TeMeHHIereH. Anaia mIeTKi ydackKelepAiH e3iHae (OHABIK JCHTeiIeH
JKOFapbl KOHLIEHTPALMsUIAp CaKTaJbII, ITOJUTOH KaObUIFaHHAH KeiliH e aHTPONOTeHIIK JCepIiH TypaKThl
ekeHiH kepcerti. ['eoakkymyssitust uHgekci (1geo) GoiibiHia OpTanslk aiiMak TOMBIPaKTapsl, acipece Zn
xkoHe PD snemeHTTEpi TypFBICHIHAH, KYWITI JKOHE aca KYIITI JlaCTaHFaH CaHaTKa > KaTKbI3bUIBI.
@uroysitTeuiblk  HHACKCT (FTI) opranmblk >koHe OpTaHFBl aiiMakTapia aWKelH (QUTOYBITTBl (HOHHBIH
KaJbIITACKAHBIH  pacTajgbl. [ '©000TaHMKAJBIK 3epTTEylep OciMIIK KaybIMAACTBIKTApbIHBIH  eleydi
TpaHchopMalusFa YIIbpaFraHblH KepceTTi. Dropa HeriziHeH IIONTECiH JKOHE KbICKAa OMIpii TYpJICpPMEH CH-
narTananbpl, OipKpUIABIK ecimaikrepmin yiaeci 49 %-mp1  kypaiabl. TakCOHOMHSUIBIK —KYpPBUIBIMBIHIA
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Asteraceae, Poaceae, Brassicaceae awcone Chenopodiaceae tykeiMaactapsl GaceiM, OyJ1 aHTPOIOTEHIIK
Oy3BUTFaH JKOHE XUMHSUIBIK CTPECC JKarmainapbiHa ToH. JKorapsl neHreiine actanraH ydackenepae Bassia
scoparia TypiHiH GachIMABIFI OHBI TEXHOTCHAIK OY3bUIFaH CyOCTpaTTapiblH oJeyeTTi OHOWHIMKATOPBI
peTiHge KapacTbIpyFa MYMKIiHAIK Oepemi. XKammer anranpma, ka0eik KTK monumross! ayelp MmeranmapablH
JKHHAKTAJIFAaH JIACTaHYB! SKOJIOTHSIIBIK XKarJail MEH OHMOJOTHSUIBIK YAEPICTepl aHKbIHIAY bl JKAJFaCTHIPHII
OTBIPFaH TYPAKTHI TpaHC(HOpMaIMsIaHFaH aHTPONOTEHIIK YKOXKYHe. Byt skarmail kemeHnai MOHUTOPHHT TIeH
PEKyIBTUBALMS CTPATETHSUIAPBIH 3ipIIey IiH KaKETTUIrH KopceTei.

Kinm ce30ep: KarThl TYPMBICTBIK KAaJIABIKTap IOJUIOHBI, TOIBIPAKTHIH JIACTaHYBI, (DUTOYBITTBUIBIK,
AQHTPOIOTCHIIK cep, ayblp MeTalAap, IKOKYHEeHIH OY3bUTyBL.

3.E. baszuroBa, A.C. Kypmanbaesa, H.M Cadponona, C.b. XKamaposa

IK0JI0T0 - OMOJIOTHYECKAS OIleHKA COCTOSIHNS MOYB U PACTUTEJIBLHOI0 MOKPOBA
3aKPBHITOrO0 MOJUIOHA TBEPABIX OBITOBBIX 0TX010B B I'. Kokmeray

TIpoBexneHa oreHKa SKOJIOTUUECKOTO COCTOSHHS 3aKPBITOTO HOJUTOHa TBEPBIX OBITOBBIX 0TX010B (THO) B T.
Koxkmeray, skcrutyaruposapuierocst B 1960-2017 1r. 1 He 0CHalIEHHOTO WH)KEHEPHBIMH 3allIUTHBIMU CHCTE-
MaMH, C aKI[EHTOM Ha 3arpsi3HEHHE TSDKENBIMU METaJIaMH U €T0 BIIMSHUE Ha PACTHTEIILHBIN IIOKPOB. AHAIN3
MIOYB BBISIBUJI MHOTOKPATHBIE MTPEBBILICHHUS TIPEIEIBHO JIOMYCTHMBIX U (JOHOBBIX KOHIeHTpauuii Zn, Cu, Pb u
As. MakcuMallbHBIe KOHIIEHTpAIMK cocTaBuin: Zn — 4230 mr/kr, Cu — 870 mr/kr, Pb — 299 mr/kr, As —
58 mr/kr u Ni — 145 MI/KT, 9TO TPEBBIMIAECT MPEIEIHHO JOMYCTHMbIE KOHIIEHTPALMH COOTBETCTBEHHO B
42.3; 15,8; 9,3; 29,0 u 3,6 paza. Ilo cpaBHeHUIO C (OHOBBIMHU 3HAYCHUSAMH COJICPKAHUE SIIEMEHTOB YBEIHYE-
HO B 48,1 paza mius Zn, B 8,5 pasa s Cu, B 19,9 pasa mwis Pb, B 4,1 pasa s As u B 3,2 pasa i Ni. Vera-
HOBJICH BBIPQ)XCHHBIH DPaJNaIbHO-TPAIUEHTHBIH XapakTep 3arpsi3HEHHS: MaKCHMalbHbIe KOHIIEHTPAIMH
KPaTHOCTh INPEBBILICHNS] HOPMAaTHBOB 3a()MIKCUPOBAHEI B LIEHTPAIBHOW YacTH Teja IOJIMIoHa ¢ MOCIeayo-
UM MTOCTENICHHBIM CHIDKeHUEM K nepudeprn. OQHaKo ake B KPaeBBIX 30HaX OTMEUYAFOTCS 3HAUCHUS BBIIIE
(hOHOBBIX YPOBHEH, UTO CBHICTEIBCTBYET O COXPAHEHHU YCTOMYMBOIO aHTPOIIOTEHHOTO BO3ICHCTBHUS MOCTC
3aKphITHS 00beKkTa. Pacuér mHaekca reoakkymysinun (1ge0) mokasai, 4ToO MOYBHI IEHTPATBHOM 9acTH OTHO-
CATCS K KATETOPHH CUIIBHO M 3KCTPEMAIBHO 3arpsi3HEHHBIX, Mpeke Beero mo Zn u Pb. 3nauenus durorok-
cuueckoro uHaekca (FTI) moarBepammu ¢gopmupoBaHHe BHIPAKEHHOTO (UTOTOKCHYECKOTO (pOHA B IICH-
TpaJbHOM M cpeAHell 30Hax noauroHa. I'eo0oTaHMYECKUE UCCIENIOBAHUS BBIABUIM CYIIECTBEHHYIO TpaHC-
(dopmManuio pacTUTENbHBIX coobuiecTB. dopa mpencTaBlieHa NPEUMYIIECTBEHHO TPAaBSHUCTBIMU M KOPOT-
KOXKHMBYIIIMMHU BHJIaMU; JIOJISl OAHOJICTHUX pacTeHuil coctasisieT 49 %. TakcoHoMHUeCcKasi CTPYKTypa Xapak-
Tepu3yeTcs IOMUHHpOBaHHeM cemeiicTB Asteraceae, Poaceae, Brassicaceae u Chenopodiaceae, tunnunbix
JUTSL HAPYILICHHBIX M XMMHUYECKH CTPECCHPOBAHHBIX MecToobOuTanuii. [Ipeobnananue Bassia scoparia B Hau-
Oostee 3arpsA3HEHHBIX yYaCcTKaX MO3BOJSIET PACCMATPUBATh JaHHBIN BUJ KaK MOTCHIUAIBHBI OMOWHANKATOD
TEXHOTCHHO HapyIIeHHBIX cyOcTpaToB. B menom 3akpriTeiil momuron THO mpencrapiser coboil ycTodnBo
TpaHC(POPMUPOBAHHYIO aHTPOTIOTCHHYIO SKOCHCTEMY, B KOTOPOIl HAKOIUICHHOE 3arps3HEHUE TSDKEIBIMU Me-
TaJUTaMHU TIPOJIOIDKAET OTPENEINATh YKOJIOTHIECKHE YCIOBUSA W OMOJIOTHYECKHE MPOIIECCHI, YTO MOTIEPKUBACT
HE00XOJMMOCTb KOMITJIEKCHOIO MOHUTOPUHTA ¥ Pa3pabOTKU Mep PeKyIbTHBALMH.

Knrouesvle cnosa: nomuron TBépZ[LIX OBITOBBIX OTXOJ0B, 3arpsA3HEHUC I10YB, (l)PITOTOKCH'-IHOCTB, AHTPOIIOTCH-
HOC B03ﬂeﬁCTBHe, TSKETBIC METaJUIbl, HAPYIICHUE SKOCUCTEMBI.
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Flora of anthropogenically disturbed territories
of the Ridder Metallurgical Complex

The aim of this study is to provide a comprehensive ecological assessment of the vegetation cover of
technogenically disturbed territories of the Ridder Metallurgical Complex based on an analysis of floristic
composition, life forms, and ecological plant groups, in order to determine succession pathways and substan-
tiate biological reclamation measures. As part of the study, a comprehensive research program was imple-
mented jointly with the IBBR “Institute of Plant Biology and Biotechnology” to investigate the phytocenoses
of technogenic landscapes and the composition of their soils. The studied territory is characterized by a high
degree of anthropogenic disturbance. The floristic composition was analyzed, comprising 126 species belong-
ing to 38 families and 93 genera. The families Rosaceae (11 genera), Cyperaceae and Asteraceae (9 genera
each), and Poaceae (7 genera) were the most prominent in the taxonomic spectrum. The spatial distribution,
abundance, life forms, and condition of the plants were determined. A bioecological characterization of the
species and their life forms (ecomorphs) was provided, and ecological groups of plants with respect to mois-
ture requirements were identified. The results made it possible to assess the degree of disturbance of the terri-
tory and predict the direction of vegetation succession. The vegetation cover is predominantly composed of
native, ecologically stable species, reflecting their adaptation to anthropogenic habitats. The findings contrib-
ute to the restoration of technogenically disturbed lands and their rehabilitation for integration into the
biosphere.

Keywords: flora, species, technogenically disturbed territories, enterprises of the Ridder Metallurgical Com-
plex, life form, plant condition, ecomorph, ecosystem.

Introduction

East Kazakhstan Region is one of the most anthropogenically transformed regions of Kazakhstan,
where rich metal deposits, developed industry, mountainous relief, steppe and forest ecosystems are com-
bined. This leads to a sharp contrast between natural and disturbed landscapes. The city of Ridder is located
in the East Kazakhstan Region, within the Rudny Altai—a region rich in polymetallic ores (zinc, lead, cop-
per, silver, gold). The presence of these deposits predetermined the industrial specialization of the territory,
including ore mining, its beneficiation, and preparation of concentrates for metallurgical plants. The Ridder
Metallurgical Complex (RMC) is one of the largest polymetallic enterprises in Kazakhstan, the intensive de-
velopment of which has led to the accumulation of tailings storage facilities, soil and water pollution, and the
formation of technogenic landscapes. With the growth of environmental problems, it became clear that with-
out land restoration ecological balance is disrupted, fertile territories are lost, and the living conditions of the
population deteriorate.

Land reclamation (industrial sites) of the Ridder Metallurgical Complex was actively carried out in the
1980s by employees of the Main Botanical Garden (Almaty) and the Altai Botanical Garden (Ridder). The
work carried out was aimed at restoring the biological productivity and economic value of disturbed lands, as
well as improving the conditions of the surrounding natural environment.

Studies on the flora of disturbed territories are presented in extensive literature [1-3]. One of the signif-
icant technogenic factors affecting the state of ecosystems and biodiversity is the high susceptibility of the
soil and vegetation cover to the influence of heavy metals that accumulate in the soil. The results of studies
conducted by domestic and foreign scientists show that these issues remain relevant to this day and acquire
particular importance [4-8].
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These studies directly contribute to the restoration of technogenically disturbed lands and their return to
the biosphere fund. In order to restore disturbed areas and prevent their harmful impact on the natural envi-
ronment, further reclamation is required, in the process of which the motivated formation of landscapes and
the creation of a certain natural environment are always taken into account, as well as the study of mecha-
nisms of natural restoration of ecosystems and the investigation of flora [9].

Plant communities (phytocenosis) are a set of plants growing together in the same territory, intercon-
nected with each other and with the environment, performing ecosystem functions: soil-protective, water-
regulating, environment-forming, and sanitary-hygienic. On anthropogenically disturbed lands, the structure
of plant communities differs significantly from natural ones due to changes in soil, microclimate, and the
level of anthropogenic impact.

Experimental

The names of accepted genera and species of vascular plants forming plant communities were verified
with the online World Plants catalog of the website Plants of the World Online (POWO, 2025) [10]. The
studies were carried out from May to October during the vegetation periods of 2023-2025, when active plant
growth and vegetation occur. The Ridder Metallurgical Complex (RMC) belongs to the mountain-taiga zone.
As a result of the research, 23 sample plots (loci) were established using random and regular methods in the
zone of influence of harmful emissions (tailings of the Concentration Plant, the Zinc Plant, the Ridder and
Sokolny mines). The size of the sampling plots ranged from 150 m? to 200 m? in the form of a square or rec-
tangle. The coordinates of the plot locations were determined using a GPS navigator “Garmin”. To assess the
abundance—cover of species in phytocenoses of technogenic landscapes, the Braun-Blanquet method with the
r—5 scale was used, which allows comparison of vegetation on experimental plots.

The vitality of species was determined using a 3-point scale: 3a—the species in a given phytocenosis
completes the full development cycle and develops normally, including fruiting; 3b—the species passes
through all stages of development but does not reach its usual size; 2—the species is vegetatively developed
fairly well but does not bear fruit; 1—the species does not bear fruit and is strongly suppressed, with weak
vegetation.

At each sample plot, the vital condition of all present trees, shrubs, and perennial herbs was assessed.
The condition of woody plants was evaluated using a 5-point scale: 5—healthy trees without external signs
of damage; 4—weakened trees with isolated damaged or drying leaves and branches; 3—strongly weakened
trees with drying of branches up to 1/3; 2—drying trees with branch dieback up to 2/3; 1—with more than
2/3 of branches dried.

The distribution of plants according to the water regime was determined by plant moisture require-
ments: mesophytes, xeromesophytes, hygromesophytes, xerophytes, and hygrophytes. The biomorphological
composition of the flora was determined according to the classical system of life-form classification (tree,
shrub, semi-shrub, perennial herbaceous, biennial, annual—Raunkizr C. “The Life Forms of Plants and Sta-
tistical Plant Geography” (1907) [11].

Results and Discussion

The study of the flora of anthropogenically disturbed territories of the RMC was carried out on 23 plots,
where the natural vegetation has been destroyed and significantly altered as a result of its activities (quarries,
mines, dumps, tailings storage facilities) (Fig. 1).

Anthropogenic phytocenoses are plant communities that have formed or been significantly altered as a
result of human activity. They differ from natural phytocenoses by their simplified structure, instability, and
specific species composition, but they play an important role in landscape dynamics and the restoration of
disturbed territories.

The formation of vegetation cover occurs in several stages (successions). Succession is a regular pro-
cess of sequential replacement of plant communities in the same area over time. It occurs under the influence
of changing environmental conditions, including those caused by human activity. For anthropogenically dis-
turbed territories, succession is the main mechanism of natural ecosystem restoration [12—-14].
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Figure 1. Location of the RMC experimental plots

The main stages of succession in anthropogenic territories include the herbaceous stage, an increase in
species diversity, and the formation of a stable herbaceous cover composed of perennial herbaceous plants,
mixed herbs, grasses, and legumes. This stage has ecological significance in active soil formation, accumula-
tion of organic matter, and improvement of the microclimate. Soil is one of the most important components
of the ecosystem and plays a crucial role in the formation and restoration of vegetation, especially on
anthropogenically disturbed lands. The condition of the soil largely determines the possibility, speed, and
direction of vegetation recovery.

The next shrub stage involves the appearance of woody-shrub forms, with increased competition for
light and moisture. The tree stage forms a relatively stable plant community, with a structure approaching
that of the natural vegetation of the zone. This is the final stage of succession under stable conditions.

When studying the spatial distribution of trees and shrubs on the plots, either even or grouped distribu-
tion patterns were observed.

During the study of the flora on the plots of the Ridder Metallurgical Complex, a species list was com-
piled. In the taxonomic list of 38 families, the leading families are Rosaceae — 11 genera, Cyperaceae and
Asteraceae — 9 genera each, Poaceae — 7 genera, Fabaceae, Apiaceae, Plantaginaceae — 4 genera each,
Brassicaceae, Caryophyllaceae, Malvaceae — 3 genera each. The remaining families include 1 to 2 genera
(Tab. 1).

Table 1
Floristic composition of the plant cover of disturbed territories of the RMC
Family Genus Species
Sapindaceae Acer L. Acer ginnala Maxim., Acer negundo L., Acer tataricum L.
Populus laurifolia Ledeb., Populus tremula L.,
Populus L. .
Populus nigra L.
Salicaceae Salix acutifolia Willd., Salix alba L., Salix cinerea L., Salix
Salix L. integra Thunb., Salix rorida Laksch., Salix daphnoides Vill.,
Salix pentandra L., Salix viminalis L.
Betulaceae Betulal. Betula pendula Roth, Betula pubescens Ehrh
Malus Mill. Malus baccata (L.) Borkh.
Prunus L. Prunus padus L.
Rosaceae Sorbus L. Sorbus sibirica Hedl
Amelanchier Medik. Amelanchier alnifolia (Nutt.) Nutt. ex M.Roem
Spiraea L. Spiraea chamaedryfolia L
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Continuation of Table 1

Family Genus Species
Rosa L. Rosa acicularis Lindl
Rubus L. Rubus saxatilis L., Rubus sachalinensis Lévl
Fragaria L. Fragaria viridis (Duchesne) Weston
Rosaceae
Geum L. Geum urbanum L.
Agrimonia L. Agrimonia pilosa Ledeb.
Sorbaria(Ser.) A.Braun Sorbaria sorbifolia (L.) A.Braun
Pinaceae Lgrix Mill. Lz_:1rix sibirica _Ledeb.
Pinus L. Pinus sylvestris L.
Oleaceae Fraxinus L. Fraxinus pennsylvanica Marshall
Adoxaceae Viburnum L. Viburnum opulus L.
Caprifoliaceae Lonicera L. Lonicera tatarica L.

Calamagrostis Adans.

Calamagrostis epigeios (L.) Roth, Calamagrostis purpurea
(Trin.) Trin.

Poa L.

Poa pratensis L., Poa attenuata Trin.

Festuca pratensis Huds., Festuca rubra L., Festuca valesiaca

Festuca L. Schleich. ex Gaudin
Phleum L. Phleum pratense L., Phleum phleoides (L.) H.Karst.
Poaceae Phragmites Adans. Phragmites australis (Cav.) Trin. ex Steud.
Dactylis L. Dactylis glomerata L.
Bromopsis Fourr. Bromopsis inermis (leyss.) Lindm.
LeymusHochst. Leymus angustus (Trin.) Pilg
Elymus L. Elymus repens (L.) Gould, Elymus geniculatus (Trin.)
Agrostis L. Agrostis stolonifera L.
Cyperaceae CarexL. Carex pediformis var. macroura (Meinsh.) Kiik
Artemisia L. Artemisia absinthium L.. Artemisia vulgaris L.
Arctium L. Arctium tomentosum Mill.
Tanacetum L. Tanacetum vulgare L.
Achillea L. Achillea millefoliumL.
Carduus L. Carduus crispus L.. Carduus nutans L.
Cirsium Mill. Cirsium vulgare (Savi) Ten.
Tussilago L. Tussilago farfaral.
Asteraceae Tripleurospermum Sch.Bip.  [Tripleurospermum perforatum (Mérat) M.Lainz
Galatella Cass. Galatella hau_ptii (Ledeb.) Lindl., Galatella punctata
(Waldst. & Kit.) Nees
InulaL. Inula britannica L..Inula helenium L.
Echinops L. Echinops tricholepis Trautv.
Serratula L. Serratula coronata L.
Taraxacum F.H. Wigg. Taraxacum officinale F.H. Wigg.
Hieracium L. Hieracium umbellatum L.
Vicia L. Vicia sepium L., Vicia cracca L., Vicia silvatica L.
- Trifolium hybridum L., Trifolium lupinaster L., Trifolium
TrifoliumL. o
Fabaceae repens L., Trifolium pratense L.
Medicago L. Medicago falcata L.
Melilotus Mill. Melilotus albus Medik.
Armoracia Gaertn. Armoracia rusticana P.Gaertn., B.Mey. & Scherb.
Brassicaceae BuniasL. Bunias orientalis L.

Berteroa DC.

Berteroa incana (L.) DC.

Angelica decurrens (Ledeb.) B. Fedtsch., Angelica sylvestris

Angelica L. L
Apiaceae Heracleum L. Heracleum dissectum Ledeb.

Carum L. Carum carvi L.

Bupleurum L. Bupleurum longifolium subsp. aureum (Fisch. ex Hoffm.) Soo
Lamiaceae Origanum L. Origanun_w vul_gare L.

Stachys L. Stachys silvatica L.

Polygonaceae

Aconogonon Schrank.

Aconogonon alpinum (All.) Schur

Urticaceae

Urtica L.

Urtica dioica L.
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Continuation of Table 1

Family Genus Species

Chenopodiaceae Chen_opodium L. Chengpodium album L.

Kochia Scop. Kochia prostrata (L.) Schrad.
Typhaceae Typha L. Typha angustifolia L.
Valerianaceae Valeriana L. Valeriana officinalis L.

Silene L. Silene repens Patrin ex Pers., Silene vulgaris (Moench)
Caryophyllaceae - Garcke - —

Gypsophila L. Gypsophila altissima L.

Dianthus L. Dianthus superbus L.
Iridaceae Iris L. Iris ruthenica Ker Gawl.
Campanulaceae Campanula L. Campanula rapunculoides L.

Lavatera L. Lavatera thuringiaca L.
Malvaceae Alcea Mill. Alcea nudiflora (Lindl.) Boiss., Alcea rosea L.

Malva L. Malva pusilla Sm.
Boraginaceae Pulmonaria L. Pulmonaria mollis Wulfen ex Hornem.

Plantago L. Plantago major L.
Plantaginaceae Linari_a L. Linari_a vngaris__MiII._

Veronica L. Veronica krylovii Schichk.

Dodartia L. Dodartia orientalis L.
Euphorbiaceae Euphorbia L. Euphorbia latifolia C.A Mey.
Hypericaceae Hypericum L. Hypericum perforatum L.
Papaveraceae Chelidonium L. Chelidonium majus L.
Equisetaceae Equisetum L. Equisetum syIvaFicum L., Equisetum arvense L., Equisetum

yemale L., Equisetum palustre L.
Asparagaceae Allium L. Allium rubens Schrad. ex Willd.
Geraniaceae Geranium L. Geranium pratense L.
Convolvulaceae Convolvulus L. Convolvulus arvensis L.
Grossulariaceae Ribes L. Ribes aureum Pursh
Scrophulariaceae Verbascum L. Verbascum thapsus L.
Rubiaceae Galium L. Gal!um boreale L.
Galium verum L.

Crassulaceae Sedum L. Sedum purpureum (L.) Schult.
Onagraceae Epilobium L. Epilobium angustifolium L.

The most species-rich and dominant genera in the flora of the disturbed territories of the Ridder Metal-
lurgical Complex are: Trifolium — 9 species (7.3 %), Salix — 8 species (6.5 %), Equisetum — 4 species
(3.1 %), Acer and Populus — 3 species each (4.8 %). 11 genera have two species each, accounting for
11.4 %, while the remaining genera (66.9 %) have only 1 species.

The number of species per plot ranges from 14 to 23. Species abundance is as follows: 104 species
(82.5 %) are represented on only some plots — from 1 to 7, and 12 species (9.6 %) are represented on 8 to
13 plots (Fig. 2).

They include: Betula pendula, Betula pubescens, Malus baccata, Elymus repens, Phleum phleoides,
Vicia sepium, Vicia cracca, Armoracia rusticana, Trifolium pratense, Trifolium hybridum, Tussilago farfara,
Hypericum perforatum

Species such as Acer negundo, Populus laurifolia, Calamagrostis epigeios, Dactylis glomerata, Artemi-
sia vulgaris, Arctium tomentosum, Cirsium vulgare, Echium vulgare, Convolvulus arvensis, Bunias
orientalis, and Urtica dioica are widely distributed on nearly all industrial plots, ranging from 14 to 22 sites,
which corresponds to 7.9 % in percentage terms. Compared to 7 other industrial enterprises in the East Ka-
zakhstan Region, the RMC exhibits the highest species diversity with 126 species — 157.5 %, which is asso-
ciated with a richer natural flora. This accounts for almost half of the species (49.1 %) of the total number of
species (255) across all surveyed industrial plots of the enterprises.

The ecological plasticity of plants plays a crucial role in the formation of vegetation cover on disturbed
lands. This characteristic enables species to adapt to changing environmental conditions while maintaining
viability, growth, and reproduction. For anthropogenically disturbed territories, ecological plasticity is one of
the key factors for plant survival and successful colonization. On disturbed lands, the advantage is given to
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plants that are resistant to soil compaction, tolerant to pollution, capable of rapid recovery after damage, and
able to grow and disperse quickly. Typical plant groups include ruderal species, pioneer plants, weed herbs,
and certain shrubs.
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Figure 2. Occurrence of certain species on the RMC experimental plots

The vitality of most species (52.0 %) growing on the plots was rated as 3a. These species complete the
full development cycle and develop normally, including fruiting. They include: Acer negundo, Malus
baccata, Populus laurifolia, Elymus repens, Phleum phleoides, Trifolium pratense, Trifolium hybridum,
Tussilago farfara, Hypericum perforatum. About one-third of the species (30.0 %) received a 3b rating; they
go through all developmental stages but do not reach their usual size. 16.6 % of species grow reasonably
well but do not fruit, and 1.4 % of species are severely suppressed and do not fruit.

Under conditions of prolonged anthropogenic impact, it is important to provide an ecological-
geographical analysis of the flora, reflecting their origin and connection with anthropogenic habitats. To as-
sess the stability of plant communities and biodiversity on the RMC plots, biological groups of plants were
identified: apophytes (native species), adventives, ruderal species, and synanthropic species. Considering that
some species belong not only to one group but to two or three different groups—a phenomenon more com-
mon in species of the families Rosaceae, Asteraceae, Poaceae, Fabaceae, Plantaginaceae, Brassicaceae—the
following distribution was observed. Native species occupy a special position, forming the basis (72.6 %) for
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stabilizing the spatial structure; synanthropic species account for 10.0 %; ruderal plants of disturbed habitats
make up 11.7 %; and adventive, invasive species make up 5.7 %, some of which exhibit aggressive behavior
throughout the area, for example, Acer negundo.

The condition of woody plants is reflected in their morphological plasticity—the ability of a plant to
change its external structure, in particular leaf size, plant height variation, development of a more robust root
system, and modification of shoot form. Morphological plasticity helps plants adapt to deficits of moisture,
light, and nutrients. Assessment of the vital condition of woody plants growing on the experimental plots
showed that on the industrial sites near the Concentration Plant (tailings storage facilities), species such as
Betula pendula, Betula pubescens, and Populus laurifolia exhibited a decrease in plant height by 15-18 %,
reduction in growth by 14-16 %, and a 9 % reduction in leaf area compared to the control. Among the domi-
nant grass species in the communities, Dactylis glomerata and Phleum pratense, most morphometric traits
decreased, including plant height, stem thickness, and leaf blade area.

The life forms of the described species are classified according to the classical system of life-form clas-
sification (tree, shrub, semi-shrub, perennial herbaceous, biennial, annual). This classification is based on the
method of overwintering and the position of generative buds relative to the soil surface. It is a simplified
scheme often used in geobotany and vegetation ecology: 3 — woody plants over 5 m tall with a single stem;
shrub—woody plants under 5 m, multi-stemmed; semi-shrub—semi-evergreen or low-growing subshrubs;
perennial herbaceous—perennial herbs, including rhizomatous and tuberous forms; biennial-annual herbs—
classified by lifespan. In these plants, aboveground parts die completely in winter but regenerate quickly.

According to this classification, on the disturbed territories of the RMC, perennial herbaceous plants
dominate — 79 species (62.8 %), including rhizomatous species such as Calamagrostis epigeios,
Calamagrostis purpurea, Poa pratensis, Elymus repens, Agrostis stolonifera, Bromus inermis, Phragmites
australis, Dactylis glomerata, Alopecurus pratensis. These species have a high capacity to occupy open
spaces, ensuring the stability of the vegetation cover and turf formation. Woody plants comprise 34 species,
including 18 tree species (14.2 %) and 16 shrub species (13.4 %); semi-shrubs account for 7 species (5.5 %);
annual herbs are represented by 5 species (3.9 %). Such biomorphological diversity demonstrates the resili-
ence of plant communities on the RMC plots and their high capacity for self-restoration.

Grouping species by water regime shows that mesophytic species dominate the studied territory—
38 species, accounting for 30.3 % of the total number of species. These are moderately moisture-loving
plants, many of which have well-developed root systems. Xeromesophytes—34 species, make up 26.9 %.
They are adapted to moisture deficiency through small or modified leaves, thick cuticles, and deep root sys-
tems, making them drought-resistant. Hygromesophytes include 24 species, accounting for 19.1 %. Xero-
phytes comprise 18 species (14.2 %), and 12 species are hydrophytes, representing only 9.5 % of the total
species present. The identified groups reflect the morphological manifestation of colloidal-chemical issues in
plants (Fig. 3).

Hygrophytes
11%

Mesophytes
Xerophytes g 30%

14%

Hygromesophytes
19%

. " Xeromesophytes
27%

Figure 3. Distribution of species by water regime on RMC plots, methodology — (Raunkizr C., 1907)

Conclusion

The review of the flora includes ecological and geographical aspects. The conducted studies made it
possible to assess the degree of disturbance of the territory and to predict the direction of succession. In the
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vegetation cover, preference is given to local, ecologically stable species. The restoration of native vegeta-
tion can play a crucial role in forming resilient plant communities on the disturbed territories of the RMC.

The research concluded that a number of indicators (soil composition, ecological and biological charac-
teristics of species) can be used to characterize vegetation condition as criteria for assessing environmental
contamination with heavy metals. The biomorphological composition of the flora reflects the distribution of
plants by life forms (biomorphs), which have evolved as adaptations to environmental conditions. Analysis
of the biomorphological composition allowed for the assessment of the ecological state of the territory, the
degree of anthropogenic disturbance, and the direction of succession. Ecological groups of plants were iden-
tified according to their moisture requirements.

The floristic composition studied includes 126 species from 38 families and 93 genera. The leading
families are Rosaceae — 11 genera, Cyperaceae and Asteraceae — 9 genera each, Poaceae — 7 genera,
Fabaceae, Apiaceae, Plantaginaceae — 4 genera each, Brassicaceae, Caryophyllaceae, Malvaceae — 3 gene-
ra each. The remaining families include 1 to 2 genera.

Within the phytocenoses, the spatial distribution, abundance, life form, and condition of the plants were
determined. These studies contribute to the restoration of technogenically disturbed lands and their return to
the biosphere fund. The study results allowed the identification of native and adventive species that predom-
inate in plant communities.
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Puanep MeTaJiyprusijiblK KelleHiHIH AHTPONOIeHAiK 0y3blJIraH
ayMaKTapbIHbIH (iopacsl

JKyMmbIcTBIH MakcaTsl — Puanep MeTamTyprusuibK KelleHi ayMarbIHIaFbl OHEPKACINTIK Oy3bUTFaH xepiepe
KQJIBIITACATHIH OCIMAIKTEPIIH (IOPATBIK KYpaMbIH 3epTTeY apKbUIBI 0JIap/bl OMOJIOTHSUIBIK PEKYIIbTHBAIINS-
Jlay MaceseciH memry. Pumnep MeTaurypriusiiblK KenIeHiHiH OHepKACINTIK Oy3bUIFaH jkepiepineri (popaHsl
3epTTey OaphIChIHIA OCIMIIKTEp OHOJIOTHSCHI KOHE OMOTEXHOIOTHSICH HHCTUTYTHIMEH OipJIecill TEXHOTCH/IIK
naHamadTTapasH (QUTOLEHO3Iaphl MEH TOINBIPAK KYPAaMBIH 3epTTeyre OarbITTalFaH KemeHAi Oarmapiama
JKy3ere aceIppUIObl. Byl aymak aHTpPONOTEHAIK OCepHiH JXOFapbl ICHTeHiMEeH cumarranajibl. 3eprrey
HOoTKeciHne 38 TykpIMmacka, 93 Tysicka jKaTaTblH 126 TypaeH TypaThiH (GIOpajiblK KypaMm aHBIKTAJIHI.
TakCOHOMHAJIBIK Ti3iMIe KETEKII OpBIH ajaThIH TyKeiMaacTap: Rosaceae — 11 Tywic, Cyperaceae skoHe
Asteraceae — 9 TysicTaH, Poaceae — 7 TybicTaH TyYpanabl. OCIMAIKTEpIiH KEHICTIKTE Tapaiybl, CaHbI,
TipiTik Qopmanapsl MeH Karqailbl alKbIHAANABL. TypiaepiaiH OHOSKOJOTHSUIBIK CHIAaTTaMachkl Oepiiim,
Tipuriiik Gopmanaps! (3xoMopdanapsl) aHBIKTAIABI, COHIAl-aK 6CIMAIKTEp/IiH bUIFAJIFa KaTbIHACKI OOMBIHIIA
9KOJIOTHSUIBIK TONTAaphl aXbIpaThlIabl. JKyprisinren 3eprreynep ayMakThlH Oy3buly JopexeciH Oaranayra
KOHE CYKIIeCCHs OaFbIThIH OOJDKayFa MYMKIHIIK Oepai. OCIMIIK KaMBUIFBICHIHBIH HETI3iH aHTPOTOTCH/IIK
opTara OeHWiMAENTeH >KEPTiliKTi, SKOJNOTHSIBIK TYPFBIIAaH TYPaKTHl TYpiep Kypainsl. bym 3eprreynep
TEXHOTCHIIK OY3BUIFaH JKepiep/i KaJlIblHa KeNTipyre jKoHe oJlapAbl Orocdepalblk KOpFa KalTapyra BIKITan
ereni.

Kinm ce30ep: ¢dnopa, Typ, TeXHOTeHIIK OY3bUTFaH ayMmakrap, Pummep MeTammyprusuiblk KemleHiHiH
KCIOPBIHAAPEI, TIPUILTK (OpMackl, ©CIMAIKTEPIH XKaFaaiibl, 3koMopda, IKOXKyiie.

T.A. Bnosuna, O.A. Anydpuena, A.A. Bunokypos, A.H. /lanunosa,
A.A. CymGembaeB, A.A. YepHnakoBa

@d10pa aHTPONOTeHHO HAPYLIEHHBIX TeppuTopuii Puaiepckoro
METAJLIyPru4ecKoro KoMIiexkca

Ilens paboTel — uccienoBaHue (HIOPUCTHIECKOTO COCTaBa PACTCHUM, (GOPMHPYIOLIETOCs Ha HapYIICHHBIX
IPOMBIIIUICHHOCTBIO 3eMJISIX B palioHe Puagepckoro Metayuryprudeckoro KOMIUIeKca [Uisl pelieHus npooie-
MBI X OMOJIOTHYecKOd peKyabTHBanuu. [Ipu mpoBeneHHH HCClieAOBaHUI Ha HAPYIIEHHBIX MPOMBIIIIIEHHO-
CTBIO 3eMJIIX Puamepckoro meramuryprudeckoro kommiekca coBMmecTHO ¢ MIBBP «MuctuTyT Omonoruu u
OMOTEXHOJIOTHH PACTCHUIT» OblIa peain3oBaHa KOMIUIEKCHAs IPOTrpaMMa Mo U3YYeHHIO (PUTOIEHO30B TEXHO-
TeHHBIX JTAaHIMA(TOB, MOYBEHHOTO COCTaBa. JlaHHAS TEPPUTOPHUS XapaKTEPH3YeTCsl BHICOKOM CTEIEHBIO aH-
TPOMOTEHHOTO BO3JeicTBUA. B pesynmbprare mccneqoBaHuid M3ydeH (IIOPUCTUYECKHIA COCTAB, HACUMTHIBAO-
it 126 BunoB u3 38 cemeiicts, 93 ponos. Ha nmuaupyromux mo3umnusix B TAKCOHOMHUYECKOM CIUCKE TaKue
ceMeiicTBa, kKak Rosaceae (omuunamuats pomaos), Cyperaceae u Asteraceaemo (messats pomos), Poaceae
(cemb ponoB). OmpeeseHo WX MPOCTPAHCTBEHHOE Pa3MEIICHUE, YHCICHHOCTD, XU3HEHHAs (opMa, COCTOS-
Hue pacteHuil. [IpuBenena GMOIKOIOrNUECKasl XapaKTEpPUCTHKA BUIOB, )KU3HEHHAs (opma (3komopda), BbI-
JIeNICHbI SKOJIOTHYECKHE TPYIIbI pacTeHUI 0 OTHOIIEHHIO K Biare. [IpoBeneHHbIe Hccie0BaHUs TTO3BOIMIN
OILICHUTH CTENEHb HApPYIIEHHOCTU TEPPUTOPHUH, CIIPOIrHO3UPOBAThH HAIpaBiIeHUE CyKleccuu. B pacturensHoM
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HOKPOBE OCHOBY COCTABJISIIOT MECTHBIC, SKOJOTMYECKH YCTOHYMBBIC BHIbI, OTPAXKAIOLINE CBA3b C aHTPOIIO-
TeHHBIM MeCTOOOHMTaHHeM. J[aHHBIe HCCIEN0BAaHHUS CIIOCOOCTBYIOT BOCCTAHOBJICHUIO TEXHOTCHHO HapyIICH-
HBIX 3eMelib, BO3BPAILCHHUIO UX B GrochepHbIid GoHI.

Kniouesvie cnosa: dnopa, Buj, TEXHOTEHHO HapyIIEHHBIE TEPPHUTOPHH, NMPEANpUsITHs Puanepckoro meran-
JIyprH4ecKoro KOMIIEKca, )KU3HEHHas! popMa, COCTOSIHUE pacTeHUH, SkoMopda, sKocucTema.
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Microsatellite-based genetic diversity evaluation of Zea mays L. accessions
from different geographical origins

The purpose of this study was to investigate the genetic diversity and population structure of 51 maize
(Zeamays L.) accessions originating from Kazakhstan, China, and Europe using simple sequence repeat
(SSR) markers. A total of 21 highly polymorphic SSR markers were used to genotype 255 individuals, ena-
bling a comprehensive assessment of allelic variation and genetic relationships. The number of alleles per lo-
cus ranged from 1.0 to 2.7, with a mean of 1.517, while expected heterozygosity (uHe) averaged 0.192, indi-
cating moderate genetic diversity among the accessions. Genetic diversity analysis by geographic origin re-
vealed that European accessions exhibited the highest allelic richness (Na = 5.9) and genetic diversity, fol-
lowed by Chinese and Kazakhstani accessions. Despite these differences, all groups exhibited 100% poly-
morphism, confirming the high informativeness of the selected SSR markers. Polymorphic information con-
tent (PIC) values ranged from 0.446 to 0.884, with an average of 0.712, indicating that markers such as
phi047, bnlg1520, and umc2189 were highly informative. Analysis of molecular variance (AMOVA) demon-
strated that 70% of the total genetic variation was attributable to differences among accessions, indicating
strong genetic differentiation (Fst = 0.702) and limited gene flow (Nm = 0.212). Cluster analysis, principal
coordinate analysis, and STRUCTURE analysis consistently revealed clear genetic separation of the Chinese
accessions, whereas European and Kazakhstani accessions showed closer genetic relationships and partial
admixture. Overall, the findings highlight substantial genetic diversity and distinct population structure
among the maize accessions, providing valuable insights for germplasm conservation and the selection of ge-
netically diverse parental lines for breeding programs.

Keywords: Zea mays, Kazakhstan, molecular marker, SSR, genetic diversity, polymorphism, genetic struc-
ture, genotyping.

Introduction

Maize (Zea mays L.) is one of the most important cereal crops worldwide and ranks among the top three
staple grains alongside wheat (Triticum aestivum L.) and rice (Oryza sativa L.) [1]. Owing to its high
productivity, wide adaptability, and diverse end uses, maize plays a central role in global food security, live-
stock production, and industrial applications [2]. It is cultivated across a broad range of agroecological
zones, from temperate to tropical regions, reflecting its remarkable genetic plasticity and capacity to adapt to
diverse environmental conditions [3].

This extensive adaptability and phenotypic diversity are closely linked to the complex taxonomic struc-
ture of maize within the species Zea mays. Classification proposed by Hugh lltis and John Doebley [4] pro-
vided a detailed subdivision of the Zea mays complex; however, it is now considered partly outdated due to
advances in molecular systematic and revised taxonomic approaches. In contrast, modern authoritative data-
bases such as Plants of the World Online (POWO) [5] adopt a simplified and currently accepted view, rec-
ognizing only three subspecies within Zea mays: Zea mays subsp. mays, Zea mays subsp. parviglumis lltis &
Doebley, and Zea mays subsp. huehuetenangensis (lltis & Doebley) Doebley.

Within this group, subsp. mays is the domesticated form grown extensively across the globe, while
subsp. parviglumis and subsp. huehuetenangensis are wild relatives, or teosintes. These wild subspecies are
critical for tracing the evolutionary roots of maize and serve as vital resources for expanding its genetic di-
versity. Specifically, Zea mays subsp. parviglumis (Balsas teosinte) is identified as the immediate progenitor
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of modern maize, with the distinct morphological variations between them arising from human-driven selec-
tion throughout the domestication process [6-8].

Within the cultivated subspecies Zea mays subsp. mays, an exceptionally high level of genetic and phe-
notypic diversity is observed, reflecting thousands of years of domestication, selection, and adaptation to di-
verse agroecological conditions. This diversity is expressed in numerous varieties (often referred to as kernel
or endosperm types), which differ in grain structure, biochemical composition, and end-use applications [9].

Among the most widely recognized varieties, dent maize (var. indentata) is characterized by a combi-
nation of hard and soft endosperm, resulting in a depression at the crown of the kernel; it is predominantly
used for animal feed and industrial processing, including starch and bioethanol production. Flint maize
(var. indurata) possesses a hard outer endosperm layer, making it more resistant to mechanical damage and
suitable for cultivation in cooler climates, as well as for food products such as grits and traditional dishes.
Sweet maize (var. saccharata) is distinguished by mutations affecting sugar metabolism, resulting in high
sugar content in immature kernels, and is widely consumed as a vegetable. Popcorn (var. everta) has a
unique kernel structure with a hard pericarp and dense endosperm, allowing it to expand explosively when
heated. Flour maize (var. amylacea) contains predominantly soft starch, facilitating milling into flour and its
use in traditional foods, particularly in indigenous cultures. Waxy maize (var. ceratina) is rich in amylopec-
tin and is valued in the food industry and for specialized starch applications [10-13].

This broad spectrum of forms within Zea mays subsp. mays highlights its remarkable genetic plasticity
and adaptability. The diversity of kernel types is not only of economic importance but also reflects underly-
ing allelic variation at key loci controlling starch composition, texture, and metabolic pathways. Such exten-
sive intrasubspecific variation makes cultivated maize one of the most genetically diverse crop species and
underscores its significance as a model organism for genetic, genomic, and breeding studies [14-16].

Given this high level of genetic diversity, reliable tools are required to accurately assess variation both
within and among maize populations. Molecular markers have become essential in this context, providing a
robust alternative to traditional agro-morphological evaluation. Among them, simple sequence repeat (SSR)
markers are particularly widely used due to their high polymorphism, co-dominant inheritance, reproducibil-
ity, and genome-wide distribution [17, 18]. SSR markers enable precise detection of allelic variation, making
them highly suitable for studies of genetic diversity, population structure, and relationships among
plants [19].

Numerous studies have successfully applied SSR markers to characterize maize germplasm worldwide,
revealing substantial levels of genetic variation and facilitating the development of core collections and
breeding strategies [20-25]. These approaches have proven especially valuable for identifying unique alleles
and underutilized genetic resources, which are critical for broadening the genetic base of modern breeding
programs.

In maize, the use of SSR markers is particularly relevant due to the presence of numerous hybrid varie-
ties, each with distinct parental contributions, as well as diverse local landraces. These hybrids, while im-
proving yield and stress tolerance, can also reduce genetic diversity if a limited set of parental lines is repeat-
edly used. SSR-based analyses, therefore, provide an essential tool for evaluating and preserving genetic var-
iation in both landraces and hybrids, supporting informed breeding and conservation efforts [26, 27].

Although SSR-based studies of maize have been widely conducted worldwide, research on maize ge-
netic diversity using SSR markers in Kazakhstan remains scarce. Previous studies in the region have mostly
focused on agro-morphological traits [28-31] or small panels of genotypes, such as the 21 accessions ana-
lyzed in our earlier work [32], which provided preliminary information but did not fully capture the genetic
diversity of local germplasm.

This study extends prior research by examining 51 maize accessions, including local landraces from
Kazakhstan and global hybrid varieties. This larger, more diverse panel enables a more comprehensive as-
sessment of genetic diversity and population structure using SSR markers. Such analyses not only provide
insights into the extent of variation within cultivated maize in Kazakhstan but also inform breeding programs
by identifying genetically distinct lines and potential sources of beneficial alleles for future maize hybrid de-
velopment.

Experimental

Plant material. The study included 51 accessions (hybrids) of common maize (Zea mays subsp.
mays L.). By origin, accessions are divided into three groups: from Kazakhstan (17), China (10), and
Europe (24). The European accessions were represented by Germany (9), Switzerland (7), Tirkiye (3),
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France (2), Russia (2), and Greece (1). The hybrids were developed using a population, single-, two- (F,),
and three-line hybrid systems. Seed material was provided by the Krasnovodopad Agricultural Experimental

Station (AES) and the peasant farm (PF) “Sabyr” (Fig. 1; Tab. 1).

= Europe
= Kazakhstan 19.6%
China
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Figure 1. Distribution of maize accessions used in this study by country of origin

Characteristics of maize accessions used for SSR genotyping

Table 1

Ne ID Accessions Country of origin Developing system
1 ZM-001 Altai-319 Kazakhstan Three-line hybrid

2 ZM-002 Gidro F2 Switzerland (Europe) Two-line (F1) hybrid
3 ZM-003 Tulpar-539 Kazakhstan Two-line (F1) hybrid
4 ZM-004 F2 S0069 Tiirkiye (Europe) Two-line (F1) hybrid
5 ZM-005 ZPSK-704 Kazakhstan Two-line (F1) hybrid
6 ZM-006 Altyn 739 Kazakhstan Two-line (F1) hybrid
7 ZM-007 KazZP-777 Kazakhstan Three-line hybrid

8 ZM-008 Mariam-419 Kazakhstan Two-line (F1) hybrid
9 ZM-009 SV Bambus F2 Switzerland (Europe) Two-line (F1) hybrid
10 ZM-010 Sunkar-779 Kazakhstan Three-line hybrid
11 ZM-011 Fenikks Spartak China Two-line (F1) hybrid
12 ZM-012 Fenikks Atlant China Two-line (F1) hybrid
13 ZM-013 Fenikks Chelentano China Two-line (F1) hybrid
14 ZM-014 Fenikks Takelau China Two-line (F1) hybrid
15 ZM-015 Fenikks Bora-bora China Two-line (F1) hybrid
16 ZM-016 Fenikks Gobi China Two-line (F1) hybrid
17 ZM-017 LG31642 France (Europe) Two-line (F1) hybrid
18 ZM-018 Fenikks Avrora China Two-line (F1) hybrid
19 ZM-019 LG31555 France (Europe) Two-line (F1) hybrid
20 ZM-020 Fenikks Francheska China Two-line (F1) hybrid
21 ZM-021 Fenikks Bombei China Two-line (F1) hybrid
22 ZM-022 Symbat-1 Kazakhstan Two-line (F1) hybrid
23 ZM-024 BG23-1637 Kazakhstan Two-line (F1) hybrid
24 ZM-025 Briso Germany (Europe) Two-line (F1) hybrid
25 ZM-026 Skap 620 Russia (Europe) Two-line (F1) hybrid
26 ZM-027 Hamilton Greece (Europe) Single-line (F1) hybrid
27 ZM-029 KVS Intelegenes Germany (Europe) Two-line (F1) hybrid
28 ZM-030 KVS Kaleido Germany (Europe) Two-line (F1) hybrid
29 ZM-038 Dala aru 446P Kazakhstan Population hybrid
30 ZM-039 KazLK444 Kazakhstan Two-line (F1) hybrid
31 ZM-040 KazLK575 Kazakhstan Two-line (F1) hybrid
32 ZM-041 KazLK780 Kazakhstan Two-line (F1) hybrid
33 ZM-042 KazNIIZiR 90 Kazakhstan Two-line (F1) hybrid
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Continuation of Table 1

Ne ID Accessions Country of origin Developing system
34 ZM-044 KVS Alkanto Germany (Europe) Two-line (F1) hybrid
35 ZM-045 KVS Atako Germany (Europe) Three-line hybrid

36 ZM-048 KVS Elektro Germany (Europe) Two-line (F1) hybrid
37 ZM-049 Kerubino OK-69 Germany (Europe) Two-line (F1) hybrid
38 ZM-050 Kefrankos Germany (Europe) Two-line (F1) hybrid
39 ZM-051 Kleopatras Germany (Europe) Two-line (F1) hybrid
40 ZM-056 M11G99 Tiirkiye (Europe) Two-line (F1) hybrid
41 ZM-057 M-16C45 Tiirkiye (Europe) Two-line (F1) hybrid
42 ZM-062 S| Bambus Switzerland (Europe) Two-line (F1) hybrid
43 ZM-063 S| Gladius Switzerland (Europe) Two-line (F1) hybrid
44 ZM-065 Sl Kursor Switzerland (Europe) Two-line (F1) hybrid
45 ZM-066 Sl Maileston Switzerland (Europe) Two-line (F1) hybrid
46 ZM-067 Sl Fontero Switzerland (Europe) Two-line (F1) hybrid
47 ZM-069 Skap 301CB Russia (Europe) Two-line (F1) hybrid
48 ZM-070 Taulsizdik 20CB Kazakhstan Two-line (F1) hybrid
49 ZM-072 Tomiris Kazakhstan Three-line hybrid

50 ZM-073 Hyuaksi 948 China Two-line (F1) hybrid
51 ZM-074 Turan480 Kazakhstan Three-line hybrid

DNA extraction. Genomic DNA was extracted from 5-day-old maize seedlings (five replicates per ac-
cession) using a modified Dellaporta protocol [33]. The quality and quantity of the extracted DNA were as-
sessed using a NanoDrop One spectrophotometer (Thermo Fisher Scientific Inc., USA) and 1 % agarose gel
electrophoresis. For PCR analysis, genomic DNA was normalized to 100 ng/ul.

SSR genotyping. A set of 21 SSR markers (Tab. 2) was selected for genotyping 255 maize individuals
based on their high levels of polymorphism, reproducibility, and informativeness, with five replicates per
accession. These markers have been validated in previous studies, ensuring reliable and comparable
results [20-25].

PCR parameters, including the annealing temperature (Ta), were individually optimized for each mark-
er to achieve high amplification efficiency and specificity (Tab. 2). Each reaction was carried out in a total
volume of 20 pL, comprising 100 ng of genomic DNA, 1 U of Tag DNA polymerase, 0.2 mM of each dNTP,
10 pM of each primer, 1.5 mM MgCl,, and 1x Taq buffer. The thermal cycling program began with an initial
denaturation at 94 °C for 3 minutes, followed by 35 cycles of denaturation at 94 °C for 30 seconds, annealing
at the marker-specific Ta °C (Table 2) for 30 seconds, and extension at 72 °C for 1 minute, concluding with a
final extension at 72 °C for 5 minutes.

PCR products were separated by capillary electrophoresis using the QIAxcel Connect System
(QIAGEN, Germany) with the QIAxcel DNA High-Resolution Kit, QX Alignment Marker (15 bp/3 kb), and
QX Size Marker (50 bp/1 kb). Sample analysis was performed using the standard OH500 protocol with a 20-
second injection time. SSR alleles were identified by comparing fragment sizes to the reference DNA ladder.

Table 2

Characteristics of SSR markers used for analysis

. . ' o . Chr.| Ta Associated genes
Ne | Primer Primer Sequence (5'-3) Motif No. | (C) and traits [34]
F TCCTCTTGCTCTCCATGTCC
1| bnlg1520 oA AGCTGCGTAGCTTCTTCC (AG)22 | 2 | 58 |-
F: CATGCAATCAATAACGATGGCGAGT agal2, 100 kernel
2 | Phi002 o T AGCGTAACCCTTCTCCAGTCAGE AACG | 1| o8 ‘I"efg:gght’ leaf below flag
F:
3 | phio2l |[TTCCATTCTCGTGTTCTTGGAGTGGTCCA | AG 4 | 58 |adn2
R: CTTGATCACCTTTCCTGCTGTCGCCA
F: GCGTACGTACGACGAAGACAC wx1, amino acids, leaf
4 | Phi027 o ACAGCACGTTGCGGATTTCTCT (GCGCTn | 9 | 58 f’aet!g‘l’l"tg'sag leaf, me-
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Continuation of Table 2

. . ' o . Chr.| Ta Associated genes
Ne | Primer Primer Sequence (5'-3") Motif No. | (°C) and traits [34]
F: ATGTGGCCATCATTCAATGCTGTAGAC susl, photoperiod
5 phi042 . CATA 9 60 |growing-degree days
R: ACACATGCAGGTGCAGCCAGA b 811k node mumber
) F: GGAGATGCTCGCACTGTTCTC
6 | Phi04T I T CCACCCTCTTTGACATGGTATG ATC 8 | 62 mybrl7
F: AGGTGCTGGACACAGACTTCAAC col12, tassel branch
7 phi058 . CCG 5 58 |number, ear height,
R: ACTGAGATCCAGGCTCCTCTTC Dlant height
F: GACGTAAGCCTAGCTCTGCCAT wx1, amino acids, leaf
8 phi061 TTCT- 9 58 |below flag leaf, me-
R: AAACAAGAACGGCGGTGCTGATTC GTAT ol !
. F: GCTGAGCGATCAGTTCATCCAG
9 | P70 e ATGGCAGGGTCTCTCAAG AGCTG | 6 | 58 |mig3
. F: TTCTTCCGCGGCTTCAATTTGACC
10| phi076 IR S CATCAGGACCCGCAGAGTC AGCGGG | 4 | 58 |-
. F: TGGTGCTCGTTGCCAAATCTACGA
11| phi079 R S CAGTGGTGGTTTCGAACAGACAA AGATG | 4 | 58 Igpcl
. F: TCCCTGCCGGGACTCCTG .
12 | phille (oo e e e ACTG/ACG| 7 | 58 |phi116
. F: ATATGCATTGCCTGGAACTGGAAGGA
13 | P27 R ATTCAAACACGCCTCCCGAGTGT AGAC | 2 | 58
F: ACAGGATTTGAGCTTCTGGACATT
14| umcl060 o = S CCTCTCCTTCATCCTATTCAA (CGG)5 | 5 | 58 |umcl060
F: GCCTAGTCGCCTACCCTACCAAT ereb197, tassel spike
15 | umcl265 |.. (TCAC)4 2 58 |length; leaf angle, tas-
R: TGTGTTCTTGATTGGGTGAGACAT el
F: AGGGTTTTGCTCTTGGAATCTCTC .
16 | umcl327 R GAGGAAGGAGGAGGTCGTATCGT (GCC)4 8 58 |umcl327, anthesis date
F: GTACAACGGAGGCATTCTCAAGTT xyl5, 100 kernel
17] umeld03 | o T GTACATGGTGGTCTTGTTGAGGT (GCA)M | 1 | 58 | eight
F: GCGCTGCTGCTTCTTAAATTATCT
18 | umcl446 o AT GAGACCACCTACAAGTTCGCT (TAA)7 | 1} 58 Jkes15
F: GAAAACTGCATCAACAACAAGCTG
19 | umel548 o T T GGTTGGTTCTTGCTTCCATTA (AAGA)4 | 7 | 58 |hsp3
F: ACGACGAGACTCTGTTCTGGTTCT umc1941, kernel row
20 | umc194l 1 GGAGGATTACGTCAATCTGTTCG (CTe)I0 | 5 | 58 | mber
F: CGTAAGTACAGTACACCAATGGGC
21 | ume2189 | ACCGACTACAAGCCTCTCAACT (CAG)M4 | 1 | 58 |epfl0

Genetic diversity and Population structure analysis. Genetic diversity among the 51 maize accessions
was evaluated using a set of diversity indices calculated with GenAlEx version 6.5 [35]. The parameters ana-
lyzed for SSR data included: the number of alleles per locus (Na), the effective number of alleles (Ne),
Shannon’s information index (I), Nei’s genetic diversity index (uh), and the proportion of polymorphic lo-
ci (%P). In addition, levels of genetic differentiation among populations (Fst), expected Heterozygosity
(uHe), and estimates of gene flow (Nm) were determined. Also, polymorphic information content (PIC) was
calculated as described by Botstein et al. [36]. According to PIC values, SSR markers were categorized as
PIC > 0.5 (highly informative), 0.25 < PIC < 0.5 (moderately informative), and PIC < 0.25 (slightly informa-
tive), following the classification proposed by Botstein et al. [36].

Analysis of Molecular Variance (AMOVA) was conducted to quantify the distribution of genetic varia-
tion within and among populations. Genetic structuring among individuals and populations was visualized
using Principal Coordinate Analysis (PCoA). Initial PCoA by country of origin was performed in
GenAlEx 6.5 [35] in a reduced-dimensional space. Additionally, a PCoA of 51 accessions was conducted in
RStudio [37] to provide a clearer visualization of genetic relationships.
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Patterns of genetic relationships among maize accessions were further examined using both distance-
based and multivariate analytical methods. Genetic distance matrices were used to construct classical
dendrograms to illustrate the relationships among accessions and their geographical origins. The analysis
was performed using PAST software, version 3.19 [38], and the tvBOT online web application for visualiz-
ing the results [39].

The robustness of the clusters was assessed using bootstrap analysis with 1000 replicates. The popula-
tion genetic structure was inferred using a Bayesian clustering approach implemented in STRUCTURE ver-
sion 2.3.4 [40] under an admixture model with correlated allele frequencies. Runs were performed for K
values ranging from 1 to 10, and the most probable number of genetic clusters was identified using
the AK method of Evanno et al. [41], as implemented in the CLUMPAK platform [42]. STRUCTURE runs
were performed using a burn-in period of 100,000 iterations followed by 100,000 MCMC repetitions. For
each K value (K = 1-10), 10 independent runs were conducted to ensure consistency of clustering results.
The STRUCTURE outputs were summarized and visualized using the CLUMPAK platform [42].

Results and Discussion

Genetic diversity across accessions. A total of 51 maize accessions, five replicates per accession, were
genotyped using 21 simple sequence repeat (SSR) markers. Genetic diversity parameters varied markedly
among the analyzed maize accessions (Tab. 3). The observed number of alleles (Na) ranged from 1.0 to 2.7,
with a mean value of 1.517+0.023. The effective number of alleles (Ne) ranged from 1.0 to 2.3, with an aver-
age of 1.373+0.018 across all accessions.

Table 3
Genetic diversity by 51 maize accessions

Ne Accession Na Ne [ uh uHe %P

1 ZM-001 2.6 2.3 0.833 0.638 0.567 95.24 %
2 ZM-002 2.0 1.7 0.524 0.424 0.377 71.43 %
3 ZM-003 2.2 1.9 0.652 0.514 0.457 80.95 %
4 ZM-004 1.7 1.5 0.367 0.286 0.254 47.62 %
5 ZM-005 2.4 2.1 0.744 0.586 0.521 85.71 %
6 ZM-006 2.3 1.9 0.672 0.514 0.457 80.95 %
7 ZM-007 2.5 2.1 0.741 0.552 0.491 85.71 %
8 ZM-008 2.1 1.8 0.597 0.467 0.415 76.19 %
9 ZM-009 2.4 2.1 0.771 0.614 0.546 100.00 %
10 ZM-010 2.2 2.0 0.710 0.586 0.521 95.24 %
11 ZM-011 1.0 1.0 0.000 0.000 0.000 0.00 %
12 ZM-012 1.0 1.0 0.000 0.000 0.000 0.00 %
13 ZM-013 2.5 2.1 0.758 0.571 0.508 90.48 %
14 ZM-014 1.0 1.0 0.032 0.029 0.025 4.76 %
15 ZM-015 1.1 1.0 0.048 0.038 0.034 9.52 %
16 ZM-016 1.2 1.1 0.104 0.086 0.076 19.05 %
17 ZM-017 1.0 1.0 0.000 0.000 0.000 0.00 %
18 ZM-018 1.2 1.1 0.127 0.105 0.093 23.81 %
19 ZM-019 1.0 1.0 0.000 0.000 0.000 0.00 %
20 ZM-020 1.0 1.0 0.000 0.000 0.000 0.00 %
21 ZM-021 1.4 1.3 0.239 0.200 0.178 42.86 %
22 ZM-022 2.4 2.0 0.688 0.524 0.466 85.71 %
23 ZM-024 1.4 1.3 0.253 0.214 0.190 38.10 %
24 ZM-025 1.2 1.1 0.104 0.086 0.076 19.05 %
25 ZM-026 1.0 1.0 0.000 0.000 0.000 0.00 %
26 ZM-027 1.1 1.1 0.045 0.033 0.030 4.76 %
27 ZM-029 1.0 1.0 0.032 0.029 0.025 4.76 %
28 ZM-030 1.3 1.2 0.167 0.133 0.119 33.33%
29 ZM-038 2.7 2.3 0.854 0.643 0.571 95.24 %
30 ZM-039 1.9 1.7 0.519 0.433 0.385 80.95 %
31 ZM-040 1.3 1.2 0.151 0.124 0.110 28.57 %
32 ZM-041 1.8 1.4 0.389 0.314 0.279 76.19 %
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Continuation of Table 3

Ne Accession Na Ne | uh uHe %P
33 ZM-042 2.3 1.9 0.693 0.543 0.483 90.48 %
34 ZM-044 1.0 1.0 0.000 0.000 0.000 0.00 %
35 ZM-045 1.0 1.0 0.000 0.000 0.000 0.00 %
36 ZM-048 1.0 1.0 0.000 0.000 0.000 0.00 %
37 ZM-049 1.0 1.0 0.000 0.000 0.000 0.00 %
38 ZM-050 11 11 0.077 0.062 0.055 9.52 %
39 ZM-051 1.0 1.0 0.024 0.019 0.017 476 %
40 ZM-056 11 1.0 0.048 0.038 0.034 9.52 %
41 ZM-057 1.6 14 0.353 0.295 0.262 57.14 %
42 ZM-062 11 1.0 0.048 0.038 0.034 9.52 %
43 ZM-063 11 11 0.071 0.057 0.051 14.29 %
44 ZM-065 1.0 1.0 0.000 0.000 0.000 0.00 %
45 ZM-066 11 11 0.056 0.048 0.042 9.52 %
46 ZM-067 11 1.0 0.048 0.038 0.034 9.52 %
a7 ZM-069 1.9 1.7 0.481 0.390 0.347 61.90 %
48 ZM-070 2.0 1.8 0.528 0.414 0.368 66.67 %
49 ZM-072 15 14 0.290 0.248 0.220 42.86 %
50 ZM-073 1.0 1.0 0.000 0.000 0.000 0.00 %
51 ZM-074 11 11 0.080 0.067 0.059 14.29 %
Mean 1517 1.373 0.273 0.216 0.192 36.79 %
SE 0.023 0.018 0.012 0.009 0.008 5.09 %

Note. Na — number of alleles per locus; Ne — effective number of alleles; | — Shannon’s Information Index; uh — Nei’s
genetic diversity index; uHe — expected heterozygosity; %P — level of polymorphism; SE — standard error

Genetic diversity estimated using Shannon’s information index (I) ranged from 0.000 to 0.854, with a
mean value of 0.273. A similar pattern was observed for heterozygosity indices. The Nei’s diversity index
(uh) ranged from 0.000 to 0.643, while expected heterozygosity (uHe) varied from 0.000 to 0.571, with mean
values of 0.216+0.009 and 0.192+0.008, respectively.

The highest levels of polymorphism (%P) were observed in ZM-009 (100.00 %) and in ZM-001,
ZM-010, and ZM-038 (95.24 %). In contrast, several accessions, including ZM-011, ZM-012, ZM-017,
ZM-019, ZM-020, ZM-026, ZM-044, ZM-045, ZM-048, ZM-049, ZM-065, and ZM-073, exhibited no
polymorphism at all and showed minimal values for all diversity indices.

When comparing the present study with our previous work on 21 maize accessions cultivated in
Kazakhstan [32], the mean values of Na, Ne, and PIC are lower in the expanded dataset of 51 accessions.
The mean number of alleles per locus (Na = 1.52+0,023), effective alleles (Ne = 1.37+0.018), and
PIC (0.712+0.01) were reduced compared to the earlier study (Na = 1.71+£0.04; Ne = 1.52+0.03;
PIC = 0.765+0.093), despite the inclusion of a larger number of accessions. This decrease can be attributed
to the broader sampling, which incorporated genetically diverse and geographically distant accessions, intro-
ducing rare alleles that lower the average allele frequency. At the same time, the larger sample size improved
the reliability of estimates, as reflected by smaller standard errors, providing a more robust and statistically
representative picture of population-wide diversity. Genetic diversity parameters calculated by origin are
presented in Table 4.

Table 4
Genetic diversity among the three groups of origin
Ne Origin N Na Ne | uh uHe %P
1 China 50 4.7 3.603 1.345 0.716 0.709 100.00 %
2 Europe 120 5.9 3.804 1.430 0.710 0.708 100.00 %
3 Kazakhstan 85 4.3 2.848 1.121 0.611 0.607 100.00 %
Mean 85.000 4,952 3.419 1.299 0.679 0.674 100.00 %
SE 3.629 0.200 0.152 0.043 0.016 0.016 0.00 %
Note. N — number of samples; Na — number of alleles per locus; Ne — effective number of alleles; | — Shannon’s Infor-
mation Index; uh — Nei’s genetic diversity index; UHe — expected heterozygosity; %P — level of polymorphism; SE — standard
error
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The Chinese group, represented by 50 individuals, showed that the observed number of alleles (Na) was
4.7, while the effective number of alleles (Ne) reached 3.603. Shannon’s information index (I) was 1.345.
The Nei’s diversity index (uh) and expected heterozygosity (uHe) were 0.716 and 0.709, respectively. The
percentage of polymorphic loci (%P) was 100.00 %. The European group, comprising 120 individuals, had
Na and Ne values of 5.9 and 3.804, respectively. Shannon’s information index (I) reached 1.430. The values
of uh and uHe were 0.710 and 0.708, respectively, with %P also equal to 100.00 %.

The Kazakhstani group included 85 individuals and showed an observed number of alleles (Na) of 4.3
and an effective number of alleles (Ne) of 2.848. Shannon’s information index (I) was 1.121. The Nei’s di-
versity index (uh) and expected heterozygosity (uHe) were 0.611 and 0.607, respectively. The percentage of
polymorphic loci (%P) was 100.00 %. Mean values across all groups were 4.952+0.200 for Na, 3.419+0.152
for Ne, and 1.299+0.043 for Shannon’s information index (1), while uh and uHe averaged 0.679+0.016 and
0.674+0.016, respectively.

These findings suggest that the European population harbors greater overall genetic variability, likely
due to historical selection, extensive gene flow, and cultivation across diverse environments. The Shannon’s
information index (1), which reflects both allele richness and evenness, was also highest in European acces-
sions (I = 1.430), followed by Chinese (I = 1.345) and Kazakhstani (I = 1.121) samples, further supporting
the conclusion that European maize possesses the most diverse genetic structure.

The diversity observed in Chinese maize accessions reflects earlier findings that inbred lines in China
are influenced by environmental conditions and human selection, resulting in high genetic variability
[22, 43]. Waxy maize is reported to have originated in Southwestern China, where it displays substantial di-
versity in agronomic traits, highlighting the region as a center of diversity [44]. Consequently, while some
diversity measures are slightly lower than in European accessions, Chinese maize still exhibits considerable
allelic richness and heterozygosity, making it an important resource for breeding and conservation.

Kazakhstani populations exhibited intermediate genetic positions, reflecting their role as a transition
zone between East Asian and European germplasm. The relatively lower polymorphism and reduced diversi-
ty indices observed in Kazakhstani accessions may be attributed to several factors. Local breeding and selec-
tion practices, often focused on adaptation to arid continental climates and specific agronomic require-
ments [30], may have led to the fixation of favorable alleles and the reduction of rare variants. Limited gene
flow from distant European or Chinese germplasm compared to local populations could have constrained
allelic richness, resulting in fewer effective alleles (Ne) and lower heterozygosity. Historical founder effects
and population bottlenecks, common in geographically isolated or recently introduced germplasm, may also
contribute to reduced genetic variability [45]. Together, these factors explain why Kazakhstani maize repre-
sents a genetically intermediate group: it shares allelic features with both European and East Asian popula-
tions but exhibits lower overall polymorphism due to local adaptation and limited gene exchange. A total of
51 maize accessions were evaluated using 21 SSR markers, all of which were polymorphic and included in
analyses of genetic diversity and population structure (Tabl. 5).

Table 5
Genetic diversity by markers
Ne Locus No Na Ne | uh uHe Fst Nm PIC
1 bnlg1520 10 1.7 1.6 0.361 0.269 0.738 0.727 0.094 0.786
2 phi002 5 1.6 1.5 0.346 0.278 0.583 0.633 0.145 0.607
3 phi021 6 1.4 1.3 0.232 0.190 0.719 0.795 0.065 0.742
4 phi027 5 1.5 1.4 0.276 0.222 0.690 0.742 0.087 0.686
5 phi042 5 1.4 1.3 0.208 0.171 0.720 0.813 0.058 0.729
6 phi047 12 1.6 1.5 0.318 0.249 0.826 0.775 0.073 0.884
7 phi058 4 1.7 1.5 0.374 0.290 0.633 0.641 0.140 0.647
8 phi061 7 1.5 1.3 0.261 0.210 0.706 0.785 0.068 0.782
9 phi070 5 1.4 1.3 0.236 0.190 0.691 0.795 0.065 0.741
10 phi076 7 1.5 1.4 0.283 0.222 0.549 0.710 0.102 0.611
11 phi079 5 1.4 1.3 0.210 0.173 0.714 0.816 0.056 0.750
12 phill6 6 1.6 1.4 0.298 0.237 0.701 0.737 0.089 0.722
13 phil27 5 1.6 1.4 0.305 0.237 0.692 0.751 0.083 0.761
14 umc1060 6 1.6 15 0.330 0.253 0.759 0.747 0.085 0.800
15 umcl1265 6 1.6 1.4 0.323 0.247 0.724 0.741 0.087 0.764
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Continuation of Table 5

Ne Locus No Na Ne | uh uHe Fst Nm PIC
16 umcl327 4 1.3 1.2 0.145 0.116 0.455 0.792 0.066 0.446
17 umc1403 7 15 14 0.276 0.216 0.640 0.747 0.085 0.683
18 umcl1446 4 14 1.3 0.208 0.161 0.635 0.814 0.057 0.692
19 umcl545 8 15 14 0.280 0.225 0.705 0.771 0.074 0.787
20 umcl1941 7 1.3 1.2 0.188 0.157 0.516 0.766 0.076 0.536
21 umc2189 8 15 14 0.273 0.218 0.766 0.784 0.069 0.808

Mean 6.3 1517 1.373 0.273 0.216 0.674 0.756 0.082 0.712

SE 2.0 0.023 | 0.018 0.012 0.009 0.016 0.011 0.005 0.100

Note. No — number of observed alleles; Na — number of alleles per locus; Ne — effective number of alleles;

| — Shannon’s Information Index; uh— Nei’s genetic diversity index; uHe — expected heterozygosity; Fst — pairwise fixation in-
dex; Nm — gene flow value; PIC — polymorphic information content; SE — standard error

The number of observed alleles (No) varied noticeably across the SSR markers analyzed, ranging from
4 to 12, for a total of 132 alleles. The highest allelic richness was detected at locus phi047 (No = 12),
followed by bnlg1520 (No = 10) and several loci, including umc1545 and umc2189 (No = 8). Intermediate
values (No = 6-7) were observed for loci such as phi021, umc1060, umc1265, umc1403, and umcl1941. In
contrast, the lowest number of alleles (No = 4-5) was recorded for loci including phi058, umc1327, umc1446,
phi002, phi027, and phi079. The loci also showed variation in allelic richness, with the number of alleles per
locus (Na) ranging from 1.2 to 1.7. The highest values were observed for bnlg1520 and phi058 (1.7), while
the lowest were recorded for umc1327 and umc1941 (1.2). Effective alleles (Ne) ranged from 1.2 to 1.6, with
the greatest values at bnlg1520, phi047, phi127, umc1060, and umc1265.

Genetic diversity across loci also varied according to Shannon’s Information Index (1), which spanned
from 0.145 (umc1327) to 0.374 (phi058). Nei’s diversity index (uh) ranged between 0.116 (umcl1327) and
0.290 (phi058), whereas expected heterozygosity (uHe) extended from 0.455 (umc1327) to 0.826 (phi047).
Population differentiation, measured by the fixation index (Fst), ranged from 0.056 (phi079) to
0.145 (phi002), while gene flow (Nm) varied from 0.446 (umc1327) to 0.884 (phi047). Polymorphic infor-
mation content (PIC) values ranged from 0.446 (umc1327) to 0.884 (phi047), with a mean of 0.712+0.1. Ac-
cording to common criteria (PIC > 0.5 = highly informative markers), the most informative loci included
phi047 (0.884), bnlg1520 (0.786), phi021 (0.742), phi058 (0.647), phi127 (0.761), umc1060 (0.800), and
umc2189 (0.808).

Despite these differences, the uniformly high level of polymorphism across all groups indicates that the
SSR markers used in this study are highly informative and suitable for detecting genetic variation in maize.
This is further supported by the high mean PIC value (0.712+0.1), confirming the strong discriminatory
power of the selected loci. These findings are consistent with previous reports emphasizing the effectiveness
of SSR markers in analyzing maize genetic structure [46]

Particular attention should be given to the most polymorphic markers identified in this study, such as
phi047, bnlg1520, umc1060, and umc2189, which demonstrated the highest PIC values and allelic richness.
These markers are not only effective for differentiating genotypes but are also associated with genes control-
ling important agronomic traits (Tab. 2). For example, markers such as phi058 and umc1265 are linked to
traits including plant height, tassel architecture, and leaf angle, while phi002 and umc1403 are associated
with kernel weight [47]. Similarly, markers such as phi027 and phi061 are connected to genes involved in
starch biosynthesis (wx1) and carbohydrate metabolism, which directly influence grain quality [48]. In addi-
tion, the marker phi047 has been reported to be associated with the mybril7 gene, a transcription factor im-
plicated in the regulation of photosynthetic processes and in enhancing photosynthetic efficiency in
maize [49]. This highlights the potential of these SSR markers for marker-assisted selection, particularly to
improve yield components, adaptation, and stress tolerance in maize breeding programs.

Analysis of Molecular Variance (AMOVA)

The distribution of genetic variation among and within maize accessions was assessed using analysis of
molecular variance (AMOVA, Tab. 6). The results indicated that 70 % of the total genetic variation was at-
tributable to differences among accessions, while the remaining 30 % was attributable to differences within
accessions. The sum of squares (SS) for variation among accessions was 1445.608, with a mean square (MS)
of 28.912 and an estimated variance of 5.329. In contrast, variation within accessions had an SS of 462.000,
an MS of 2.265, and an estimated variance of 2.265. The total estimated variance across all accessions was
7.594. The fixation index (Fst) calculated from AMOVA was 0.702, reflecting the proportion of total genetic
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variation attributable to differences among accessions. Correspondingly, the estimated number of migrants
per generation (Nm) was 0.212, representing the relative level of gene flow among accessions.

According to population genetics theory, Nm values below 1 indicate that gene flow is insufficient to
counteract genetic drift, leading to substantial differentiation among populations [50]. In our collection, the
high among-accession variation can largely be explained by the fact that it includes maize varieties from
multiple countries: Germany, Switzerland, France, Russia, Tiirkiye, Greece, China, and Kazakhstan. Because
these accessions come from different breeding programs, climates, and agricultural traditions, they carry dis-
tinct allelic compositions, which lead to much greater genetic differences between accessions than within
them.

Table 6
Results of Analysis of Molecular Variance
Source df SS MS Est. Var. % Fst Nm
Among accessions 50 1445,608 28,912 5,329 70 % 0.702* 0.212*
Within accessions 204 462,000 2,265 2,265 30 %
Total 254 1907,608 7,594 100 %

Note. df — degrees of freedom; SS — sum of squares; MS — mean squared; Est.var. — estimates of variance; % — percent-
age of variation; Fst — pairwise fixation index; Nm — gene flow value; * p < 0.001

To assess the genetic relationships among countries of origin and 51 maize (Zea mays) accessions, a
dendrogram was constructed using the classical method based on SSR marker data. The phylogenetic analy-
sis by country of origin revealed a clear division into three distinct clusters. Accessions from China formed a
highly discrete clade, a pattern robustly supported by a bootstrap value of 100. In contrast, samples from Eu-
rope and Kazakhstan clustered together within a common clade (bootstrap = 58), suggesting that these two
groups share a closer genetic affinity with each other than with the Chinese lineage (Fig. 2A).
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Figure 2. Dendrogram illustrating genetic relationships among Zea mays L.:
A — by origin, B — by each accession (color-coded according to the country of origin)

The phylogenetic analysis of the accessions reveals a similar pattern (Fig. 2B), dividing the studied ac-
cessions into three clusters based on genetic similarity coefficients and branching patterns, distinguishing
European (Cluster 1) and Kazakhstani (Cluster I1) accessions from Chinese (Cluster 111) accessions. Cluster I,
located in the upper section of the dendrogram, consists primarily of European accessions and includes sam-
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ples from Germany (ZM-050, ZM-030, ZM-044, ZM-045, ZM-048, ZM-025, ZM-051), Switzerland
(ZM-065, ZM-009, ZM-002, ZM-066), France (ZM-019), Russia (ZM-026), and Tiirkiye (ZM-057). Also,
this cluster consists of one Chinese (ZM-011) and a few Kazakhstani accessions (ZM-040, ZM-024,
ZM-041). Cluster Il represents a larger, more complex meta-cluster, subdivided into multiple subclades. The
upper portion of Cluster Il contains a stable Kazakhstani sub-group (ZM-001, ZM-005, ZM-006, ZM-007,
ZM-039, ZM-042, ZM-070, ZM-074) supported by bootstrap values up to 100. Other mixed-origin sub-
clades are present within Cluster 1. One sub-clade (bootstrap 100) unites Swiss accessions (ZM-062,
ZM-063, ZM-067) with a Chinese accession (ZM-073), while another highly supported sub-clade (bootstrap
97-100) groups Kazakhstani accessions (ZM-003, ZM-008, ZM-072, ZM-022, ZM-010, ZM-038) together
with the Chinese accession ZM-013. Cluster 111, located in the lower section of the dendrogram, is predomi-
nantly Chinese and includes accessions ZM-018, ZM-015, ZM-020, ZM-014, ZM-012, and ZM-021. In addi-
tion, individual accessions from Germany (ZM-029), Russia (ZM-069), and Tiirkiye (ZM-004) were also
localized within this cluster.

The observed clustering pattern is consistent with the patterns detected in PCoA: the dendrogram re-
vealed three main clusters that largely correspond to the geographic origin of the accessions. European ac-
cessions formed a distinct cluster, reflecting their relatively high genetic diversity and shared breeding histo-
ry. Chinese accessions were grouped into a separate cluster, indicating moderate differentiation from both
European and Kazakhstan accessions. The Kazakhstan accessions, while showing some internal sub-
structuring, tended to cluster together, reflecting their closer genetic relatedness and narrower gene pool.
Some accessions, however, exhibited intermediate positions between clusters, suggesting historical gene
flow or shared ancestry. For example, certain European accessions (ZM-004, ZM-029, ZM-069) clustered
near the Chinese group, suggesting shared alleles due to past germplasm exchange or common parental lines.
Similarly, a few Kazakhstan accessions (ZM-024, ZM-040, and ZM-041) showed affinity with European
accessions, suggesting limited introgression of exotic germplasm or residual heterogeneity within local popu-
lations.

Principal Coordinate Analysis (PCoA)

To further explore the genetic relationships among the three groups by origin and 51 maize (Zea mays)
accessions, principal coordinate analysis was performed based on SSR marker data (Fig. 3).
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Figure 3. Principal Coordinate analysis plots based on SSR data:
A — by origin, B — by accession, each dot represents one accession, color-coded according to the country of origin

The Principal Coordinate Analysis (PCoA) revealed a distinct genetic separation by the samples’ geo-
graphical origin. The first coordinate (Coord. 1), which accounted for 69.44 % of the total genetic variation,
primarily differentiated the Chinese accessions from the Kazakhstani and European groups. The second co-
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ordinate (Coord. 2), explaining an additional 30.56 % of the variance, provided further resolution by separat-
ing the European samples from those of Kazakhstani origin (Fig. 3A).

A similar analysis was performed among accessions. The first two principal coordinates accounted for
21.62 % and 18.00 % of the total genetic variation, respectively, together explaining 39.62 % of the observed
variation (Fig. 3B). The PCoA plot revealed a relatively clear separation of the accessions into several
groups, which is generally consistent with the clustering observed in the dendrogram (Fig. 2).

Accessions of Chinese origin (ZM-012, ZM-020, ZM-021, ZM-015, ZM-014) clustered together pre-
dominantly in the higher left quadrant. Notably, Chinese accessions ZM-018 and ZM-073 diverged from the
core cluster, shifting toward the upper and lower regions of the plot, respectively. Also, accessions ZM-016,
ZM-013, and ZM-011 settled in the central region of the plot, blending with samples from Kazakhstan and
Europe. Kazakhstan accessions (ZM001, ZM-003, ZM-005, ZM006, ZM007, ZM010, ZM-074, ZM-070,
ZM-024, and others) were mainly distributed in the middle of the plot, admixturing mainly with accessions
of European origin. Accessions from European countries are split into two sides of the Coord. 1, and form
two groups. The first group, to the left, consisted of Turkish (ZM-004, ZM-069), Russian (ZM-056), Greek
(ZM-027), German (ZM-029, ZM-049, ZM-050), and Swiss (ZM-062, ZM-063, ZM-067) accessions. The
second group, to the right, was composed of various accessions of European origin: Germany (ZM-025,
ZM-030, ZM-044, ZM-045, ZM-048, ZM-051), Switzerland (ZM-002, ZM-009, ZM-065, ZM-066), Russia
(ZM-026), Tiirkiye (ZM-057), and France (ZM-017, ZM-019).

Kazakhstani samples positioned between the European and Chinese clusters. This intermediate place-
ment corroborates their role as a transition zone between East Asian and European germplasm, consistent
with the reduced polymorphism observed in these populations. European accessions formed a relatively tight
and distinct cluster, reflecting their high genetic diversity and structured allelic composition, while Chinese
accessions showed greater spread within the cluster, indicating both high diversity and variability in allele
distribution. Overall, the PCoA confirms the genetic distinctness of European, Chinese, and Kazakhstani
maize populations, and visually supports the conclusions drawn from allele-based diversity indices.

These results are consistent with previous studies on crop and tree species, in which European acces-
sions often exhibit higher genetic diversity than local or introduced populations. For example, analyses of
walnut (Juglans regia L.) demonstrated that European genotypes had higher allelic richness and Shannon
indices than Kazakhstani accessions, whereas Chinese populations often showed intermediate or variable
values depending on the loci examined [51]. Similarly, population genetic studies in cultivated apples (Malus
x domestica Borkh.) have reported that broader geographic distribution and historical gene flow in European
populations contribute to higher Na, Ne, and heterozygosity values [52].

Population Structure Analysis

The population structure of the 51 maize accessions was analyzed using a model-based Bayesian clus-
tering approach (STRUCTURE analysis) (Fig. 4). The highest AK value was observed at K = 2
(AK =238.49111). The results indicated the presence of two distinct genetic clusters (K=2). The first cluster
(represented in red) comprised predominantly accessions from Europe and Kazakhstan. The second cluster
(green) was composed of Chinese, Kazakhstani, and a few European accessions.

—y

1.00

0.eo0
0.60
0.40
0.z20
0.00

Clu&-".‘ter 1 Clusté:r 2

Figure 4. Population structure of 51 maize accessions. Distribution of maize accessions by clusters at K=2

This consolidation of European and Kazakhstani accessions into a single cluster suggests a high degree
of shared ancestry or historical gene flow between these regions, which is consistent with known patterns of
germplasm exchange and breeding practices. A similar pattern was observed in soybean (Glycine max L.),
where Kazakhstani accessions clustered together with European genotypes, indicating close genetic related-
ness and likely historical germplasm exchange between regions [53]. Examination of individual membership
coefficients highlights both clear assignments and intermediate cases. For example, accessions such as
ZM-024, ZM-029, ZM-065, and ZM-073 exhibited strong affiliation with the red cluster (>95 %), while
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ZM-003, ZM-009, and ZM-014 were almost entirely assigned to the green cluster (>95 %), reflecting distinct
lineage separation. Interestingly, some individuals displayed mixed ancestry, including ZM-002-1 (57 % red,
42 % green) and ZM-010-5 (44 % red, 56 % green), indicating historical admixture or residual heterogeneity
within populations. Similarly, certain Kazakhstan samples, such as ZM-022-1 (63 % red, 37 % green) and
ZM-022-3 (57.5 % red, 42.5 % green), showed partial assignment to both clusters, supporting the idea that
local varieties have retained alleles from European germplasm.

Overall, this study confirms that SSR markers are highly effective for evaluating genetic diversity and
population structure in Zea mays L. The most informative markers identified here offer valuable tools for
characterizing additional maize accessions and can be directly applied in breeding programs, supporting both
the conservation of genetic resources and the development of improved, locally adapted varieties.

Conclusion

The present study demonstrates substantial genetic diversity among 51 maize (Zea mays subsp. mays)
accessions from Kazakhstan, China, and Europe, as revealed by analysis of 21 SSR markers. Significant ge-
netic differentiation was observed among groups, largely corresponding to their geographic origin: European
and Chinese accessions formed distinct clusters, while Kazakhstani landraces displayed unique genetic pro-
files. Accessions from geographically or breeding-similar backgrounds exhibited higher genetic similarity,
whereas more distantly related lines showed greater differentiation, indicating that limited gene flow and
breeding history contribute to the observed population structure. Several SSR markers exhibited high poly-
morphism and informativeness (phi047, umc2189, bnlg1520), confirming their suitability for evaluating ge-
netic diversity and relationships among maize accessions. Importantly, many of the SSR markers used in this
study are associated with key genes and agronomic traits, including kernel weight, starch composition, flow-
ering time, and plant architecture, thereby enabling their potential use in marker-assisted selection and in
identifying beneficial alleles for breeding programs. Thus, this study provides valuable insights into the ge-
netic composition and structure of maize accessions in Kazakhstan and beyond. The findings provide a foun-
dation for the preservation of local germplasm, the strategic selection of parental lines in hybrid develop-
ment, and the broader use of genetic resources to enhance maize breeding, adaptability, and resilience across
diverse agroecological conditions.
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A.M. U6panmo, M.M. EpmaramberoBa, C.I1. MaxmamkaHOB,
A K. Opraes, E.K. TypycrnekoB

Muxkpocare/UIMTTIK MapKepJiepre Heri3aeJareH JPTypi
reorpagusaibIK aliMaKTapaaH ajbIHFaH Zea mays L.
Y/IrijJiepiHiH reHeTHKAJBIK aJyaHTYPJIUIIrin 0arajaay

3epTTey KYMBICBIHBIH MakcaTbl — MuKpocateluuTTik (SSR) Mapkepnepai mnalimanaHa  OTBIpBII,
Kazakcrannan, Kpitaiinan xoHe Eypomanman anmslHFaH OKyrepinigy 51 copTTapbl MeH THOpHUATEpIiHIH
(Zea mays L.) reHeTHKAJbBIK aqyaHTYPJIUIrT MEH KYPBUIBIMBIH KapacTelpy. bapibiFel 255 yiridi reHoTHOTEY
yuria 21 sxorapsl momuMopdtel SSR Mapkepi KOMIaHBLUIABI, OYIT aIebIiK aTyaHTYPIILTIK IeH TeHeTHKAIBIK
KaThIHaCTapAbl KeIeH Al OaranayFa MyMKiHIiK 6epri. JIokycTars! autenbaepAin cansl 1,517 oprama MoHIMEH
1,0-men 2,7-re meiiin e3repmi, aia KyTuUIeTiH retepo3urotaislk (UHe) oprama ecemmen 0,192 kypamsi, 6yt
YIITiiep apachIHIAFbl TCHETHKAJBIK AyaHTYPIUIIKTIH OpTamia JeHreiin kepcereni. ['eorpadusiiblK IbFyY
Teri OOMBIHIIA TEHETHKAIBIK aJTyaHTYPJIUTIKTI Tajgay eypomalbIK YIATUISpAIH €H YIKEH aJulelbIiK
OaiinbireiMeH (Na = 5,9) joHE TEHETUKANBIK allyaHTYPJIUTITIMEH, OJIaH KeiiH KBITAMIBIK )KOHE Ka3aKCTaHIbIK
TONTAPMEH CHUINATTAIATBIHBIH KepceTTi. OChl albIpMalIBUIBIKTapFra KapamacTtaH, Oapnblk tomrtap 100 %
nonumopbu3MaIL KepcerTi, Oyt TanaanraH SSR MapkepiepiHiH JKOFapbl aKapaTThUIBIFBIH pacTaibl. [Tomm-
MopdThl akmapatTeik Ma3myHbIHbIH (PIC) MoHmepi 0,446-man 0,884-ke neitin, opramma moni 0,712-re meifin
esrepai, Oyn phi047, bnlgl520 »xome umc2189 wmapkepiiepiHiH >KOFapbl aKMapaTTHUIBIFBIH KOPCETTI.
Monekynanslk pucnepeusinel (AMOVA) rtannmay kanmbl TeHETHKalblK BapuauusubiH 70 % yarinep
apachIH/IaFbl alBIPMAIIBUIBIKTApFa OaliIaHbICThI eKeHIH KOPCEeTTi, OYI1 )KOFaphl TeHeTHKAIBIK AuddepeHima-
mustHbl (Fst = 0,702) sxone mekreyini red arbiHbiH (NM = 0,212) tycinnipeni. Knacrepaik tanaay, Herisri ko-
opaunartappl Tanaay (PCoA) xkone STRUCTURE HoTioKenepi KbITAWIBIK YATIIEPIiH HAKThI TeHETHKAIBIK
OeuiHyiH JoMeKTI Typlie aHBIKTa/bl, al eypONaIbIK JKOHE Ka3aKCTAaHBIK YITIep JKaKbIHBIPAK T'€HETHKAIBIK
OaimaHBICTap MEH imIiHapa apanacydsl KepceTTi. JKanmel anFaHga, HOTWDKENEp JKYrepi yiriiepi apacelHaa
alTapiIbIKTail TEHETHUKAIBIK ayaHTYPJIUTIKTI KOHE alKbIH TOMyNSAIHSs KYPBUIBIMBIH KepceTeli, Oy
TeHETHKAJIbIK PeCypCTap/ibl CaKTay JKoHe CENEKLMSUIBIK OaFiapiiaMaiapaa FeHeTHKAJIbIK dPTYpIli ata-aHaJIbIK,
JTUHUSIAPIB] TaHAAY YIIIH KYH/IBI IepeK Ko31 00Tabl.

Kinm ce30ep: Zea mays, KazakcTaH, MOJIEKyIalbIK Mapkepiep, SSR, reHeTHKaNbIK alyaHTYpIIUIiK, TTOJH-
MOP(}U3M, TEHETHKAIIBIK KYPBUIBIM, TEHOTHIITEY.

A.M. Ub6paumoB, M.M. Epmaramberona, C.I1. MaxmampkaHoB,
A.K. Opraes, E.K. Typycnekos

OueHka reHeTHYECKOr0 pa3Hoodpa3usi oopa3uoB Zea mays L. u3 pa3nbix
reorpa¢guvecKux peruOHOB HA OCHOBE MUKPOCATENIMTHBIX MAPKEPOB

LlenbIo TaHHOTO MCCIEJOBAHUs OBUIO H3yUYEeHHE TeHETHYECKOT0 pa3HO00pasus U CTPYKTYphI 51 copra u rub-
puna Kykypyssl (Zea mays L.), mpoucxoasmux u3 Kasaxcrana, Kurtas u EBponsl, ¢ Hcronbp3oBaHHEeM MapKe-
POB MPOCTHIX MOBTOPSIFOIIUXCS mochenoBatenpbHocTedl (SSR). s renotunupoBanus 255 o0pas3ioB ObLT
npuMeHeH 21 BoicokomomuMopdubii SSR-Mapkep, 9TO MO3BOIMIO MPOBECTH BCECTOPOHHIOIO OLCHKY all-
JIeTTbHON M3MEHYMBOCTH M TeHETHYECKHX B3amMOCBs3el. KommuecTBo ameneil Ha JTOKyc BapbHpOBaIoCh OT
1,0 mo 2,7, B cpennem cocraBisis 1,517, a oxxumaemasi TeTepo3uroTHocts (UHeE) B cpennem cocrasisiia 0,192,
YTO yKa3bIBaeT HAa yMEPEHHOE TeHETHIEeCKOe pa3HooOpa3ue cpeau oOpasoB. AHAIN3 TeHETHIECKOTO Pa3HoO-
obpasus 1mo reorpaduyecKoMy MPOUCXOKICHHUIO TTOKa3all, YTO eBpoIleiickue 00pasibl JEMOHCTPUPYIOT HaH-
6onbiiee amuienbHOe GorarctBo (Na = 5,9) u reHeTnyeckoe pasHooOpasue, 3a HUMH CIEIYIOT KHTalCKHe U
Ka3axCTaHCKKe Tpynisl. HecMoTpst Ha 9TH pasnuuusi, Bce rpymmnsl nmokasanu 100 % nomumopdusm, moarsep-
KJas BHICOKYIO MH(OpPMaTHBHOCTh BbIOpaHHBIX SSR-mapkepoB. 3HaueHus: PIC Bapbupoanucek ot 0,446 1o
0,884 co cpennnm 3HaueHueM 0,712, 4To ykas3pIBaeT Ha BBICOKYIO MH(OPMATUBHOCTh TAKUX MapKEpOB, KaKk
phi047, bnlg1520 u umc2189. Anamuz AMOVA nokasan, uto 70 % oOuieil reHeTn4eckoi M3MEHYHBOCTH
00YCIIOBJICHO Pa3IMUMsIMHU MEXIy oOpa3laMH, 94TO yKa3bIBaeT Ha CHJIBHYIO T€HETHYECKylo nu(depeHnna-
muto (Fst = 0,702) u orpanuvenHbiid renusiii motok (Nm = 0,212). KnacrtepHsiii aHanus, ananuz PCOA
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u pesyasratel STRUCTURE BbisiBrn yeTkoe pasieneHHe KUTaiCKux o0pasioB, B TO BpeMs Kak eBpOIeii-
CKHE U Ka3aXCTaHCKUe 00pasIipl oKa3aiu 0ojiee TeCHbIe TeHETHYECKUE CBSI3M M YaCTHYHOE cMelleHue. B 1e-
JIOM, TIOJIyYCHHBIE PE3yNIbTaThl MOYEPKUBAIOT TCHETHYECKOE Pa3HOOOpas3He U Pa3INYHYI0 HOIMYJIALHOHHYIO
CTPYKTYPY cpean o0pas3ioB KyKypy3bl, IPeJOCTABIS IIEHHYI0 HH(GOPMALUIO I COXpaHEHUs TeHO(GOoHIa H
0TOOpa reHeTHYEeCKH Pa3HOOOPa3HBIX POJUTENHCKUX JIMHUH B CEJICKIIMOHHEIX IIPOrpaMMax.

Kniouesvie cnosa: Zea mays, Kazaxcran, MonexyIspHble Mapkepsl, SSR, reHerndeckoe pasHooOpasue, 1o-
mMOp(hU3M, TeHETHYECKasl CTPYKTYpa, FeHOTHITNPOBAHHUE.
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Paleoecological reconstruction of the Late Pleistocene in the lower reaches
of the Ural (Zhaiyk) River based on the materials
of the Daryinsk Museum Collection

This article presents the results of a comprehensive study of a collection of Pleistocene mammal remains
from the M.A. Sholokhov Memorial Museum (Daryinsk settlement, Baiterek District, West Kazakhstan Re-
gion). The material was collected from Late Pleistocene alluvial deposits in the lower reaches of the Ural
(Zhaiyk) River and remained unidentified for a long time. Morphometric analyses allowed the collection to
be documented and introduced into the scientific record for the first time, and enabled clarification of the tax-
onomic attribution of the large mammal remains. The collection includes skulls of Bos primigenius and Bison
priscus, numerous postcranial elements and teeth of Mammuthus primigenius, a tooth of the transitional form
Mammuthus trogontherii chosaricus, a femur of Coelodonta antiquitatis (Blumenbach, 1799), as well as ant-
ler beams of Megaloceros giganteus and Cervus elaphus. Comparative analyses following von den Driesch,
Garutt, Dubrovo, and Foronova, together with comparisons with published series from the Ural-Volga—
Caspian region, confirm the typical composition of the Pleistocene megafauna of Western Kazakhstan and
indicate a broad spectrum of ecosystems, ranging from cold tundra—steppe environments to floodplain mead-
ows. The results are significant for reconstructing Late Pleistocene palaeoecological conditions in the Ural-
Caspian Lowland and for assessing environmental dynamics associated with climatic fluctuations.

Keywords: Late Pleistocene, Western Kazakhstan, Ural (Zhaiyk) River; megafauna, paleoecological recon-
struction, museum collection, large mammals, Quaternary.

Introduction

The lower reaches of the Ural (Zhaiyk) River represent one of the key regions for the formation of
Pleistocene paleofaunal complexes of the Ural-Caspian Lowland. Throughout the 20th century, numerous
finds of large mammals from the glacial epochs were recorded in this area; however, a substantial part of the
collected material remained outside scientific circulation. Among these collections, the Pleistocene
megafaunal remains housed in the M.A. Sholokhov Memorial Museum in Daryinsk settlement (Baiterek Dis-
trict, West Kazakhstan Region) are of particular interest.

The collection consists of specimens gathered at different times from the lower reaches of the Ural
(Zhaiyk) River, mainly from alluvial sand—qravel deposits attributed to the Late Pleistocene. A considerable
portion of the material has not previously undergone systematic taxonomic identification, which has hin-
dered the incorporation of these data into regional syntheses of Quaternary faunas.

The aim of this study is to conduct a detailed morphometric analysis and to establish the taxonomic
composition of the large Pleistocene mammal fauna from this locality.

Experimental

The results of this study correspond to the UN Sustainable Development Goal 15 “Conservation of ter-
restrial ecosystems”. The studied collection comprises 37 catalogued osteological specimens representing
several key taxa of Pleistocene megafauna.

Taxonomic composition of the material

1. Family Bovidae

Bos primigenius (Bojanus, 1825) — two skulls

Bison priscus (Bojanus, 1827) — two skulls
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2. Order Proboscidea

Mammuthus primigenius — occipital parts of skulls, vertebrae, pelvic, humeral, tibial and ulnar ele-
ments, mandible, teeth, tusks, and a rib

Mammuthus trogontherii chosaricus (Dubrovo, 1966) — one molar tooth

3. Family Rhinocerotidae

Coelodonta antiquitatis (Blumenbach, 1799) — femur

4. Family Cervidae

Megaloceros giganteus — three horn rods

Cervus elaphus — horn rods (Fig. 1)

Figure 1. The museum’s paleontological collection

Linear measurements were obtained using a digital caliper (Mitutoyo, Japan; accuracy £0.01 mm) and
an osteometric board for large skeletal element. The morphometric study of cranial and postcranial remains
of mammals was carried out in accordance with the universal osteometric system of A. von den Driesch [1],
which ensures the comparability of the results with international reference collections. Specialized methods
were used for individual taxonomic groups, adapted to the anatomical and functional specifics of the respec-
tive taxa. The study of elephantine remains was based on the classical works of 1.\V. Dubrovo [2], the meth-
odological schemes of V.E. Garutt and I.V. Foronova [3], and the refined measurement approaches proposed
by A.V. Sher and V.E. Garutt [4]. Lamellar frequency was determined on the lateral surface of the crown; in
the case of fragmented teeth, the count was made on a standard 5-centimeter section, with subsequent ex-
trapolation to the full length of the crown. The thickness of the enamel was measured on the chewing surface
by a series of 5-10 point measurements, averaged for the micron.

For representatives of the Artiodactyla order, specialized methodological complexes were used. When
studying the Bovidae family, systems for measuring skulls and calculating diagnostic indices were used ac-
cording to V.l. Gromova [5] and B.S. Rusanov [6]. The sex diagnosis of bison skulls was carried out in ac-
cordance with Rusanov’s criteria, and the determination of Bison morphotypes was carried out using the
method of A.A. Khromov [7], which takes into account the combination of braincase proportions and the
morphology of horn rods. The measurement of skulls and antlers of the Cervidae family, as well as the calcu-
lation of indices, was carried out using the methodological developments of I.A. Vishlobokova [8] and
G.G. Boeskorov [9], which allow for the correct assessment of intraspecific and interspecific variability.

The comprehensive use of these methods ensured the reliability of the taxonomic identification of the
remains and allowed for a comparative morphological analysis with collections from Eastern Europe, Central
Asia, and Siberia.

Geographical and geological setting
The paleontological locality is situated in the lower reaches of the Ural (Zhaiyk) River within the terri-
tory of the Baiterek District, West Kazakhstan Region. This area belongs to the southeastern part of the
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Ural-Caspian Lowland, a vast accumulative plain characterized by thick successions of Quaternary deposits
formed under conditions of prolonged fluvial and alluvial—deltaic sedimentation.

The landscape of the region is defined by a combination of floodplain, above-floodplain, and terrace
levels, which developed successively under the influence of variations in the discharge of the Ural River,
fluctuations of the Caspian Sea level, and climatic reorganizations during the Late Neopleistocene. The low-
er reaches of the Ural (Zhaiyk) River represent a wide alluvial valley with a well-developed system of oxbow
lakes, pools, and channels, promoting the accumulation of organic material and the preservation of large
mammal remains within sandy—loamy and gravel-sand deposits [10].

The paleontological materials housed in the M.A. Sholokhov Memorial Museum (Daryinsk settlement)
were collected from similar Quaternary alluvial horizons. In the lower Ural region, the thickness of Pleisto-
cene deposits reaches several tens of meters and is represented by interbedded sands, sandy loams, gravels,
silts, and loams typical of channel, floodplain, and oxbow—Ilake facies. These sedimentary environments
provided optimal conditions for the preservation of large osteological elements, including skulls, long bones,
antlers, and tusks [11].

The sedimentary environment of the Late Pleistocene in the region was highly dynamic, involving cy-
clical changes in the hydrological regime that caused shifts in the Ural River channel, the formation of new
terraces, and the accumulation of fresh fluvial deposits. These processes were directly linked to climatic fluc-
tuations, marked by alternations of colder and warmer phases, which are reflected in the paleofaunal compo-
sition of the assemblages. The presence in the collection of remains of mammoth (Mammuthus primigenius),
woolly rhinoceros (Coelodonta antiquitatis), steppe bison (Bison priscus), and aurochs (Bos primigenius)
indicates the development of tundra—steppe and steppe landscapes typical of cold phases of the Late Pleisto-
cene [12].

Thus, the geographical and geological position of the locality in the lower reaches of the Ural River de-
termined the conditions of accumulation and preservation of the Pleistocene megafauna represented in the
Daryinsk museum collection [13]. The combination of thick fluvial deposits, a dynamic river system, and
climatically driven environmental changes provides a unique framework for reconstructing the
paleoecological conditions of Western Kazakhstan during the Quaternary (Tab. 1).

Table 1

Stratigraphic correlation and faunal attribution of the Daryinsk section (Lower Ural River)

Layer D(en%[h Lithology Age interpretation Faunal content iItae ?B?Q& rtnigcn
1 0-1 Modern floodplain Holocene No Pleistocene fauna Modern floodplain
grayish—brown loams deposition
with humus interlayers
Light yellow—grey Late Holocene — Aquatic microfauna Calm floodplain —
2 1-4 sandy loams with silty | Early (Planorbis, Lymnaea, oxbow deposition,
interbeds Neopleistocene Pisidium, Candona, minimal reworking
Ilyocypris, Cyprideis)
3 410 Medium—coarse chan- | Late Sporadic reworked High—energy channel
nel sands with gravel- | Neopleistocene Pleistocene remains transport
pebble lenses (MIS 3-2)
Cross—bedded sand — | Late Pleistocene Concentration of Rapid burial in chan-
4 10-16 gravel deposits (main (correlated with megafauna (skulls, nel — nearshore
paleontological hori- Khvalynian— long bones, tusks, ver- | facies; limited re-
zon) Khazarian alluvial tebrae) working of coarse
phases) material
Dense sandy loams and | Late Pleistocene Mollusks and ostracods | Alternation of fresh-
5 16-22 loams (oxbow — la- (MIS 5-3 (Limnocythere water and slightly
custrine facies) interstadials) postoncava, Candona, brackish conditions
Cyprideis,
Loxoconcha)
6 522 Coarse, well-sorted Early—Middle Reworked Mammuthus | Basal high—energy
ancient alluvial sands Pleistocene primigenius, Bos alluvial erosion
primigenius
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Layer 1. 0-1 m. Modern floodplain loams. The layer consists of greyish-brown loose loams with thin
humus-rich interlayers. The sediment shows weak stratification and contains small inclusions of plant detri-
tus. It was formed under modern floodplain conditions subjected to periodic seasonal flooding and deposition
of fine—grained material in a low—energy environment. As the layer is of Holocene age, no remains of Pleis-
tocene fauna were recorded.

Layer 2. 1-4 m. Floodplain sandy loams and silts. This layer is composed of light-yellow to light-grey
fine-grained sandy loams with thin silty interbeds and rare lenses of plant detritus. The heterogeneous lentic-
ular—Ilaminated structure reflects alternating phases of quiet inundation and low—energy currents within an
expanded floodplain. Lithological characteristics indicate formation during the Late Holocene—Early
Neopleistocene. Large bone material is absent; however, aquatic microfauna occurs regularly. The
microfaunal assemblage includes freshwater gastropods (Planorbis sp., Lymnaea sp.), small bivalves
(Pisidium sp.), and ostracods of the genera Candona, llyocypris, and Cyprideis. The good preservation of
valves, often found articulated, indicates calm depositional conditions and minimal reworking. The assem-
blage reflects shallow, weakly flowing floodplain—oxbow water bodies with fresh to slightly mineralized
water.

Layer 3. 4-10 m. Channel sands with gravel-pebble lenses. The layer is represented by well-sorted
medium — to coarse—grained sands with lenses of gravel and small pebbles [14]. Cross—bedding is common,
and locally massive structures typical of high—energy channel flows are observed. Sedimentation occurred
under conditions of a powerful and dynamically migrating Ural River channel, corresponding to cold stages
of the Late Neopleistocene (MIS 3-2). Pleistocene faunal remains occur sporadically and in reworked condi-
tion, often showing traces of abrasion and transport.

Layer 4. 10-16 m. Sand—gravel deposits—main paleontological horizon. This unit includes coarse
sands, gravels, and pebbles, partly cemented by iron compounds. Cross-bedded structures, channel infills,
and evidence of repeated flood events are well expressed. This layer represents the main concentration hori-
zon of Pleistocene megafauna, yielding skull fragments, long bones, tusks, and vertebrae. Their preservation
is related to rapid burial within channel—nearshore facies and minimal reworking of coarse material. Litho-
logical features are comparable with the Khvalynian and Khazarian alluvial horizons of the Caspian region.
Microfauna is episodic and represented by reworked ostracods (Cyprideis, Candona) transported from adja-
cent oxbow and floodplain facies. Shells are frequently damaged, reflecting high—energy depositional condi-
tions.

Layer 5. 16-22 m. Oxbow and floodplain—Ilacustrine sandy loams and loams. The deposits consist of
dense brownish—yellow and grey sandy loams with silty and thin clay interlayers. The plastic, locally cloddy
structure is typical of oxbow, floodplain—lacustrine, and shallow inundated environments [15]. The layer
yields diverse mollusks and ostracods (Limnocythere postoncava, Candona sp., Cyprideis, Loxoconcha), typ-
ical of Late Pleistocene terraces of the Lower Volga and Caspian regions. The microfaunal assemblage re-
flects alternation of freshwater and slightly brackish conditions: euryhaline forms (Cyprideis, Loxoconcha)
indicate minor influence of Caspian transgressions, whereas freshwater Candona and llyocypris indicate sta-
ble continental hydrology. The assemblage corresponds well to interstadial phases of MIS 5-3.

Layer 6. >22 m. Ancient alluvial sands of the Early—Middle Pleistocene. The sands are coarse-grained,
well sorted, with gravel admixture and massive structure. These deposits formed under conditions of an an-
cient, more powerful river channel active during the Early—Middle Pleistocene. Reworked remains of ancient
fauna (Mammuthus primigenius, Bos primigenius) occur, indicating erosion of older strata. Microfauna is
extremely poor and represented by single reworked ostracods (Cyprideis, Denticulocythere) and mollusk
fragments. The absence of autochthonous assemblages indicates high—energy flows, erosion, and intense re-
working typical of basal alluvial deposits of an ancient channel system (Fig. 2).
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Figure 2. Lithological and stratigraphic scheme of the lower course of the Ural River with the location of layers,
paleofauna, and microfauna (ostracods)

Description of osteological remains

The osteological material from the collection of the M.A. Sholokhov Memorial Museum is represented
by diverse postcranial elements, teeth, and horn structures of large Late Pleistocene mammals [16; 230]. The
preservation of most specimens is satisfactory, allowing detailed morphological analysis and reliable taxo-
nomic identification. The assemblage characterizes a typical megafaunal complex of the alluvial deposits of
the lower reaches of the Ural River.

The collection includes massive postcranial elements of the woolly mammoth Mammuthus primigenius.
Tibiae are represented by large specimens reaching up to 1100 mm in length; the shaft is broad, with a min-
imum transverse diameter of about 140 mm and expansion in the midshaft up to 350 mm, corresponding to
the hindlimb proportions of Late Pleistocene mammoths. Humeri are characterized by a well-developed
deltoid tuberosity, a massive shaft (minimum diameters of 100-130 mm), and a moderately expanded distal
epiphysis. The assemblage also includes cervical and thoracic vertebrae with wide articular surfaces and cen-
trum heights of 160-180 mm; the dimensions of the articular processes and the morphology of the spinous
processes correspond to a large representative of the genus Mammuthus. Fragments of hemipelves are also
present, showing a well-developed acetabulum (140-160 mm in length), a high iliac shaft, and a wide
obturator foramen, which is typical of adult individuals.

Among the mammoth dental remains, several molars of varying preservation are distinguished (Tab. 2).
Large M3 reach up to 270 mm in length, include up to 20 lamellae, and are characterized by a high crown
(up to 140 mm) and thin enamel (0.7-2 mm). Lamellar frequency ranges from 70 to 80 plates per 100 mm,
which corresponds to the late form of No. 33, 36, 37 Mammuthus primigenius. Smaller teeth show 8-13 la-
mellae and moderate hypsodonty. The presence in the collection of a tooth with a crown height of 210 mm
and lamella length up to 80 mm indicates the occurrence of the Khazarian form No. 34 Mammuthus
trogontherii chosaricus, reflecting the probable stratigraphic heterogeneity of the reworked alluvial material

(Fig. 3).
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Table 2
Morphometric parameters of the third molar (M3) of Mammuthus from the Daryinsk section
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No.37 135 95 140 8 90 7 2 3 15% 0,7 %
No. 34 140 90 210 8 80 7 0,8 1 23% 0,60 %
No. 36 182 80 120 13 70 8 0,7 3 15% 0,4 %
No. 33 270 80 140 20 10 8 2 2 1,75 % 0,3%

The woolly rhinoceros Coelodonta antiquitatis is represented by a femur 530 mm in length with a mas-
sive shaft 160 mm in width. The distal end is expanded (200 mm), and the neck of the femoral head is con-
stricted, fully corresponding to the proportions of the Late Pleistocene woolly rhinoceros. The development
of the articular surfaces and the robustness of the shaft indicate an adult individual.

The collection includes substantial material of Bovidae, represented by the steppe bison Bison priscus
and the aurochs Bos primigenius. Fragments of skulls and horn cores are preserved. Aurochs remains are
characterized by narrow frontal regions of the skull, intercornual distances of 230 and 240 mm, and distances
between horn tips along the curvature of 1300 and 1350 mm. Bison remains show a greater frontal width and
massive horn cores with basal diameters of 120 and 140 mm and curvature lengths up to 395 mm, confirm-
ing attribution to the Late Pleistocene form Bison priscus.

Figure 3. Occlusal view of upper third molars (M3) of Mammuthus sp. from the Late Pleistocene deposits
of the Lower Ural (Zhaiyk) River (Darinsk locality). (a; ¢; d) — Mammuthus primigenius,
(b) — Mammuthus trogontherii chosaricus)

Several elements belong to Megaloceros giganteus, a large Late Pleistocene deer. The collection in-
cludes antler fragments with heights of 530 and 800 mm, corresponding to adult males of this species and
indicating its presence in local faunal assemblages.

Mammoth tusks are also present, measuring 790 and 1120 mm in length. One specimen is characterized
by a basal diameter of 230 mm, with diameters of 190 mm at one-third of the length and 160 mm at mid-
length, indicating a large individual of Mammuthus primigenius. The tusks display typical curvature and
moderate mediolateral flattening.
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The mammoth mandible is represented by a fragment preserving the ramus and a tooth row 170 and
180 mm in length. The height of the ramus at the level of M3 reaches 150 mm, with a wall thickness of
110 mm; the diastema is long (109 mm), which is characteristic of adult woolly mammoths.

Overall, the osteological remains from the Daryinsk museum collection represent a typical Late Pleisto-
cene faunal complex of the Ural-Caspian Lowland, including representatives of the mammoth fauna
(Mammuthus primigenius, Coelodonta antiquitatis, Bison priscus, Bos primigenius, Megaloceros giganteus).
The morphometric characteristics of the elements show good correspondence with published data and indi-
cate the high scientific value and informative potential of this collection.

Results and Discussion

The taxonomic structure of the collection reflects a characteristic complex of Eurasian Pleistocene fau-
na formed under conditions of alternating cold and moderately cold climatic phases. The assembled material
documents the wide distribution of different ecological groups of megafauna and allows reconstruction of a
diverse paleoenvironment in the lower reaches of the Ural River during the Late Pleistocene.

A significant part of the collection belongs to the mammoth complex. Numerous postcranial elements
and isolated teeth of Mammuthus primigenius confirm the existence of stable populations of the woolly
mammoth in the region. The nature of fossilization and the degree of mechanical modification of the bones
indicate their prolonged residence in channel and floodplain environments. Of particular interest is the pres-
ence of a tooth of Mammuthus trogontherii chosaricus, representing a transitional form between Middle and
Late Pleistocene mammoths. This suggests that the collection includes materials of different ages and reflects
a long-term occupation of the area by proboscideans [17, 18].

Steppe ungulates constitute another important component of the fauna. Skulls of Bison priscus and Bos
primigenius confirm the wide development of open cold steppe landscapes in the lower Zhaiyk region, in
agreement with reconstructions for the Volga—Ural interfluve. Alongside these taxa, more mesophilous
forms are also present. The occurrence of antlers of Megaloceros giganteus indicates the existence of local
habitats with increased humidity, such as floodplain meadows and areas with more productive herbaceous
vegetation.

The presence of remains of the woolly rhinoceros Coelodonta antiquitatis further complements this pic-
ture. The recovered femur of this taxon is characteristic of cold-steppe, arid landscapes, confirming the alter-
nation of cold and moderately cold phases in the region. Taken together, the taxonomic composition demon-
strates a mosaic structure of paleolandscapes, in which tundra-steppe environments were combined with
floodplain biotopes and more productive vegetation zones.

The state of preservation of the remains indicates that they were subjected to short-distance transport,
deposited under channel and channel-floodplain flow conditions, partially reworked by the fluvial system,
and did not undergo prolonged redeposition.

Most large bones (humeri, pelvic bones, tusks, massive skull fragments) are typical of sand—gravel
facies of powerful alluvial streams. Horn rods of Megaloceros giganteus and fragments of rhinoceros bones
may indicate more humid biotopes in close proximity to the main channel facies.

The combination of remains of mammoths (Mammuthus primigenius), steppe bison (Bison priscus), au-
rochs (Bos primigenius), woolly rhinoceros (Coelodonta antiquitatis), and Megaloceros giganteus allows
reconstruction of: the existence of tundra—steppe landscapes; alternation of cold and moderate climatic
phases; well-developed floodplain—meadow vegetation; and a complex system of Late Pleistocene climatic
fluctuations [19].

This confirms the highly mosaic nature of Pleistocene landscapes and the strong dynamism of the natu-
ral environment. Analysis of morphometric parameters and faunal composition makes it possible to recon-
struct episodes of climatic change, which is important for comparison with modern climate dynamics.

Conclusion

The study of the Pleistocene collection from the M.A. Sholokhov Memaorial Museum allows us to intro-
duce this significant material into scientific circulation for the first time and significantly expand our under-
standing of the megafauna of the lower reaches of the Ural River. The established taxonomic composition,
which includes Mammuthus primigenius, Mammuthus trogontherii chosaricus, Bison priscus, Bos
primigenius, Coelodonta antiquitatis, Megaloceros giganteus, and other forms, reflects the characteristic ap-
pearance of the Pleistocene communities in the region and demonstrates a wide range of ecological condi-
tions, from cold tundra—steppe to floodplain—-meadow biotopes. The combination of steppe, tundra—steppe,
and forest—steppe elements highlights the complex mosaic of natural environments in the Late Pleistocene.
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The collection has a high potential for subsequent comparative studies and reconstructions of
paleoecological conditions, as it includes both massive elements of the postcranial skeleton and diagnostical-
ly valuable teeth and horns. The material demonstrates the dynamics of the natural environment and its re-
sponse to climatic fluctuations, making it particularly important for analyzing long—term changes in the re-
gion’s ecosystems. Thus, the collection from Daryinsk is a valuable source of information about the Quater-
nary fauna of Western Kazakhstan and opens up broad prospects for further paleontological and
paleoecological research.

Funding

This research was funded by the Committee of Science of the Ministry of Science and Higher Educa-
tion of the Republic of Kazakhstan (Grant No. BR 28712767 “Study of ecological, socio—demographic, eco-
nomic—geographical, and paleobiogeographical aspects of the Urals and assessment of its natural resource
potential”).

Conflict of Interest
The authors declare no conflict of interest.
Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval to the
final version of the manuscript. CRediT: Berliguzhin M.T. — conceptualization, investigation, data
curation, methodology, formal analysis, visualization, writing — original draft. Akhmedenov K.M. —
supervision, methodology, validation, writing — review & editing, project administration. Yakupova J.B.
— investigation, data curation, resources, visualization, writing — review & editing.

References

1 Driesch A. A guide to the measurement of animal bones from archaeological sites / A. Driesch // Peabody Museum Bulletin.
—1976. — Ne 1. — 136 p.

2 Jly6poBo U.A. CuctemaTnyeckoe MoJIOKeHHe CIoHa Xa3apckoro ¢ayHuctuaeckoro komruriekca / M.A. JIy6oso // BronnereHs
KOMHCCHH TI0 H3Y9E€HHIO YeTBEpTUIHOTO nepuona. — 1966. — Ne 32. — C. 63-74

3 Tapyrr B.E. UccnenoBanus 3y00B BBEIMEPIINX CIOHOB: MeToamdeckue pekomeHmauun / B.E. Tapyrr, U.B. ®oponoBa. —
Hoocubupck: Hayka, 1976. — 35 c.

4 Ilep A.B. O meromuke omnpeaeneHus TeHEpalii KOPEHHBIX 3y00B BeiMepmnx ciaoHOB / A.B. Illep, B.E. 'apyrt / Tpyns
3oomormyeckoro uHctutyra AH CCCP. — 1985. — T. 131. — C. 93-103.

5 T'pomogra B.WU. [TepBoGbiTHBI GbIk win Typ (Bos primigenius Boj.) B CCCP / B.U. I'pomoBsa // EsxeroqHuk 30010rH4ecKoro
my3est AH CCCP. — 1931. — T. 32. — C. 293-364.

6 Pycanos b.C. Uckonaemsie 6u3onsl SIkytnu / b.C. PyBcanoB. — SIkytck: SIKkyTckoe KHM)XKHOE M3AaTenbeTBo, 1975, — 143 c.

7 XpomoB A.A. DBomronys poaa Bison n Mopdonoruyeckue ajanranny nepBoObITHEIX OM30HOB Bison priscus Bojanus n3 He-
omteiicroriena [ToBomkbs / A.A. Xpomos // Tpynsl yuusepcutera «JlyOHa». Dxonorus u Hayku o 3emne. — 2004. — Bpm. 1. —
C. 195-208

8 Bucnob6okosa U.A. Vckonaemsie onenn EBpasun / M.A. Bucno6okosa // Tpynst [IMH AH CCCP. — 1990. — T. 240. —
208 c.

9 Boeckopos I'.I". K cucremaruke u pacnpoctpaneHuto 6apanos pona Ovis (Artiodactyla, Bovidae) B ruieiicToneHe 1 roynomneHe
Cubupu n [lansHero Bocroka / I'.T'. boeckopos // 3oosioruueckuii xxypran. — 2001. — T. 80, Ne 2. — C. 243-256.

10 Titov V. Data on elephants from Middle—Upper Pleistocene sediments of Astrakhan Volga area (Astrakhan Region, Russia) /
V. Titov, M. Golovachev // VI International Conference on Mammoths and their Relatives. — Thessaloniki, 2014. — P. 200.

11 Larramendi A. Shoulder height, body mass and shape of proboscideans / A. Larramendi // Acta Palaeontologica Polonica. —
2016. — Vol. 61, No. 3. — P. 537-574.

12 Obada T. Mammuthus cf. chosaricus (Dubrovo, 1966) from Duruitoarea Veche, Republic of Moldova / T. Obada, A. David //
Structura si functionarea ecosistemelor in zona de interferentd biogeografica. — Chisinau, 2008. — P. 209-211.

13 Sxumosuu B.JI. [Tneficronen Hmxuero TedeHus p. Ypan / B.JL. SIxumosnd u ap. — Ya, 1986. — 135 c.

14 IlIkarosa B.K. 3HaueHHe HMKHEYPAJIbCKOTO OMOPHOTO pa3pesa I cTpaturpaduu 1 najgeoreorpaduu mielicronena 3anai-
Horo Kazaxcrana / B.K. [lIkaroBud // BroyreTeHs KOMECCHH 11O U3YYEHHIO YETBEPTUIHOTO neproja. — 1976. — Ne 45. — C. 73-82.

920 Fundamental and Experimental Biology. 2026, 31, 3(123)



Paleoecological reconstruction of the Late...

15 fxynosa /I.b. Mcropus n3ydeHus nCKoIaeMbIX MO3BOHOYHBIX KaifHO304 u Me3030s 3anagHoro Kasaxcrana / JI.b. SIkynosa,
M.T. Bepruryxun, K.M. AxmenenoB / Matepuansl MexayHapoJHOW HaydyHO-TIPaKTHYeCKOH KoH(epeHimu «buopazHooOpasue
*uBOTHOTO MHpa Kazaxcrana». — Anmatsr, 2021. — C. 138.

16 MecToHaX0XACHUS MCKONAeMbIX T03BOHOYHBIX (aHepo3os KazaxcTaHa: CpaBOYHHUK /Ul AICOHTOJIOTOB, T€0JIOTOB U OHO-
noroB / oTB. pen. [I.A. Tneybepauna. — Anmartsr, 2017. — 300 c.

17 KoxamkynoBa b.C. Beimepmue sxuBoTHble Kazaxcrana (mameoreorpadus mosanero kaitHo3zos1) / b.C. Koxamkysosa,
H.H. Kocrenko. — Anma-Ara: Hayka, 1984. — 104 c.

18 Labe B. Réhabilitation de Mammuthus intermedius (Jourdan, 1861), un mammouth (Mammalia, Elephantidac) du
Pléistocéne moyen récent d’Europe / B. Labe, C. Guérin / Comptes Rendus Palevol. — 2005. — Vol. 4. — P. 235-242.

19 Kahlke R.D. The origin of Eurasian Mammoth Faunas (Mammuthus-Coelodonta Faunal Complex) / R.D. Kahlke R.D. //
Quaternary Science Reviews. — 2014, — Vol. 96. — P. 32-49.

M.T. bepnuryxun, K.M. Axmenenos, JI.b. fxynosa

JlapbUHCK aybLIbl MYy3€eil KOJJIeKIHACKIHBIH MaTepUuaiiapbl
oofibiHma Opaa (KaibIK) 63eHiHiH TOMEHTI aFbICHI Kelll MJIeHCTONeHiH
NAJ1e03KOJOTHSJIBIK PEKOHCTYKIUSIJIAY

Maxkanaga M.A. IllonoxoB memopuanablk MysediHiH ([apeuHck aybutbl, boiitepexk aynmansl, batsic
Kazakcran 007bICEI) KOpPBIHAH IUICHCTOLGHAIK CYTKOPEKTUICPIiH MaJCOHTOJOTHIIBIK KOJUIEKIUSICHIH
KeIICHAl 3epTTey HOTIKEIepl YCHIHBUIFAH. Marepuan Kell IUICHCTOIEH JKACBIHAArbl aJUTFOBHAIIBI
merinainepaeH JKalblk ©3¢HIHIH TOMEHTI aFbICHIHAH XKMHAIIFAH JKOHE Y3aK yaKbIT OOWbI aHBIKTAIIMAaraH.
JKyprizinrer MophOMETpHSUIIBIK 3epTTeyJiep KOJUIEKIMSHBI aFall PeT FAUIBIMH aifHaJIbIMFa SHTi3yTe JKoHe ipi
CYTKOPEKTUIEpAiH KaJIBIKTapbIHBIH TaKCOHOMILUIBIK —OaiiTaHbICEIH HAKThUIAyFa MYMKIHIIK — Oepi.
Kosnekuusira Bos primigenius skone Bison priscus 6ac cyiiekrepi, KoNTereH moCTKpaHUabIbl SJIEMEHTTED
skone Mammuthus primigenius, Mammuthus trogontherii chosaricus Ticrepi, opran sxinik (Coelodonta
antiquitatis (Blumenbach, 1799)) sxone myiiiz kangsikrapsr (Megaloceros giganteus, Cervus elaphus) xipeni.
CanpicTeipManbl oficTepai kKoiamany (von den Driesch, apyrr, Jly6poBo, ®opoHoBa) xone Opan-Emin-
Kacnuit maHpl aliMakTapbIHBIH KapusIaHFaH FRUIBIMH MakajianapbiMeH canblcThlpy bareic KazakcTanHbIH
TuieiicToneHIiKk MeradayHachIHBIH CHIIATTAMAJBIK KEeJNOETiH pacTayra XOHE CYBIK AalalblK TyHOpaaaH
JKabUTMAaJIBI-IIATFBIHIBl OMOTONTApFa JEHIHT1 KOXYHeNnepaiH KeH CHEeKTpiH aHBIKTayFa MYMKIHIIK Oepi.
AnblHFaH HoTWKenep keml muiedicrouenaeri Opan-Kacnuit oifnmaThIHBIH Nale03KOJIOTHSUIIBIK JKaFJainapbiH
KaiiTa Kypy >kKoHE KIMMATTBHIK aybITKyJapra OallaHbICTHI TaOWFW >Kar[aiylap/blH JUHAMHUKAchIH Oaraiay
YIIiH MaHBI3ABL. Matepuai mieicToIeH KeNIeHHiH TUITIK KYPhUTBIMBIH JKOHE Jlajla, BUIFAIIbl OpMaH/IbI Jaa
JJIEMEHTTEpiHIH OONybIH KopceTei. byl )KIMHAKTHI FRUIBIMUA allHANBIMFa €HT13y alMaKThIH TOPTTIK (ayHachl
Typasisl MOJTiMeTTep 0a3achlH KEHEHTeIl OHE OJaH dpi CalBICTHIPMAIIBI, Maneo0HOTreorpadusIIbIK SKOHE
MaJIe0IKOJIOTHSIIBIK 3epTTeyNepre, COHIal-aK Kasipri 9KOXyHenepAiH BIKTHMall e3repy TEeHICHIMsIIAphIH
MOJIENB/IYTe HeTi3 jKacailIbl.

Kinm cesdep: xem mneiictoneH, barsic Kazakcran, Opan (JKalbik) e3eHi, MeradayHa, mMaae0d3KOJIOTHSIIBIK
PEKOHCTPYKIUSIIAY, My3ei KOJUIEKIUACH, ipi CYTKOPEKTLIep, TOPTTIK KE3€H.

M.T. bepnuryxun, K.M. Axmenenos, /1.b. Sxynosa

IMajsieo3Ko0I0rNYecKasi PEKOHCTPYKIUA MO3{HEr0 MJIeHCTOEeHA HU/KHET0 TeYeHU sl
pexu Ypaia (ZKaibIK) M0 MaTepuajJaM My3eiHOM KOJIEKIUH 1. JlapbUHCK

B pabote mpejacTaBieHbl pe3yabTaThl KOMIUIEKCHOTO M3Y4YEHHs MaJCOHTONOTHYECKON KOJUIEKIMU TUIeHCTO-
LIEHOBBIX MJIEKOMUTaronmx u3 GonnoB Memopuansaoro myszess M.A. [llonoxosa (1. JapbuHck, paiion Baii-
Tepek, 3amanHo-Kazaxcranckas obmacts). Marepuan ObI1 cOOpaH B HIDKHEM TedeHHH peku Ypan (JKaibik)
U3 QJUTIOBHANBHBIX OTJIOKEHUH MO3JHEIIEHCTOIEHOBOTO BO3pAcTa M Ha MPOTSHKEHUH UTUTEIIBHOTO BPEMEHH
ocraBaJicst HeonpeaenEHHbIM. [IpoBenéHHBIe HAMH MOP(MOMETPUUESCKUE UCCIIEIOBAHMS TIO3BOJIMIIH BIICPBbIC
BBECTHU KOJUJICKIIUIO B HaqubIﬁ O60pOT U YTOUYHUTb TAKCOHOMHUYECKYIO ITPUHAICI)KHOCTE OCTATKOB KPYITHBIX
miekonuTaromux. Kosekius BKiIodaeT yepena Bos primigenius u Bison priscus, MHOTOYHCIIEHHBIE TO-
CTKpaHHalbHbIe 3ieMeHTHl u 3yOosr Mammuthus primigenius, 3y6 mnepexomuoit ¢dopmsr Mammuthus
trogontherii chosaricus, 6enpennyro koctb (Coelodonta antiquitatis (Blumenbach, 1799)), a Taxxe pora
Megaloceros giganteus u Cervus elaphus. Hcrnionb3oBanne cpaBHuTeNnbHBIX MeToauK (Von den Driesch, Ta-
pyrT, ly6poBo, PopoHOBa) U CONOCTABIECHHUE C ONYOINKOBAaHHBIMH CEPUSIMU U3 PETHOHOB Ypan — Boira —
[Mpukacnuii MO3BOJIMIN MOATBEPAUTH XapaKTEPHbIH 00JIHK IJICHCTOLCHOBOH Meradaynsl 3anaaHoro Kazax-
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CTaHa U BBIIBUTH MIUPOKUI CIIEKTP IKOCUCTEM — OT XOJIOJHBIX TYHIAPOCTENEH 10 MONMEHHO-TYTOBBIX OHO-
TomoB. IlomydeHHBIE pe3yNbTaTBl BaXHBI AJSI PEKOHCTPYKIMU MalTe0IKOJIOTHYECKHX YCIOBHH Ypaio-
Kacnuiickoil HU3MEHHOCTY B MO3/IHEM IUIEHCTOLICHE U A OLCHKH JUHAMHUKHU OKPYXKAIOIIEH Cpefbl, CBA3aH-
HOH ¢ KITMMaTHYECKUMH KOJIeOaHHIMH.

Knioueswvie cnosa. Iloznanii nnelicronen, 3amanusiii Kazaxcran, pexa Ypain (OKaiibik), Meragayna, maneosxo-
JIOTHYECKasi PEKOHCTPYKLHS, My3eHHas KOJUIEKLMS, KPYITHbIE MICKOITUTAIOIIHE, YeTBEPTUYHBIIT IEPHOL.
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Bacterial and Fungal Contamination during
Garlic (Allium sativum L.) Initiation in In Vitro Culture

The present study investigated bacterial and fungal contamination occurring during the establishment of gar-
lic (Allium sativum L.) in vitro cultures. The aim of the study was to assess the level of contamination in ex-
plants and evaluate the effectiveness of standard surface sterilization protocols. The scientific novelty of the
study lies in the first comprehensive assessment in Kazakhstan of bacterial and fungal contamination occur-
ring during the establishment of garlic in vitro cultures. The experiments demonstrated that conventional ster-
ilization methods, including ethanol and disinfectant treatments, did not ensure complete decontamination of
the plant material. Consequently, microbial contamination was observed at the early stages of cultivation, re-
sulting in partial or complete necrosis of explants and reduced efficiency of micropropagation. The degree of
contamination varied among garlic cultivars, suggesting an influence of genotype and the physiological con-
dition of the donor plants. Microscopic analysis indicated the predominance of fungal morphotypes consistent
with genera such as Fusarium, Penicillium, and Aspergillus, as well as the presence of diverse bacterial
microflora. However, accurate taxonomic identification of the contaminants requires further molecular genet-
ic analysis. The results demonstrate that microbial contamination remains a critical limiting factor for the
successful establishment of garlic in vitro cultures. Therefore, improved pre-treatment of plant material, op-
timization of sterilization protocols, and refinement of culture conditions are required. The practical signifi-
cance of the study lies in the development of more effective approaches to reducing contamination, thereby
increasing the success rate of micropropagation and facilitating the establishment of healthy in vitro collec-
tions.
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Introduction

Garlic (Allium sativum L.) is a vegetatively propagated crop, which facilitates the accumulation and
persistence of infectious agents in planting material. A significant proportion of phytopathogens may remain
latent during the growing season; however, they become activated during storage, leading to substantial post-
harvest losses [1].

According to numerous studies, the most common pathogens affecting garlic include fungi of the gene-
ra Fusarium, Penicillium, Botrytis, and Sclerotium, as well as bacteria belonging to the genera
Pectobacterium, Pantoea, and Pseudomonas [2, 3]. The species composition of pathogens and the degree of
infection vary depending on the soil and climatic conditions of the cultivation region.

A particular concern is the presence of latent internal infections that persist within bulb tissues. Even
when standard surface sterilization protocols are applied during the introduction of plants into in vitro cul-
ture, microorganisms localized in internal tissues may become activated and cause contamination of ex-
plants. This results in necrosis, tissue decay, and reduced efficiency of micropropagation [4, 5].

Fungal diseases, including fusariosis, penicilliosis, neck rot, and white rot, are among the main factors
reducing the quality of planting material during storage. The mycelium of pathogens can spread through the
vascular system of plants, block conductive tissues, and produce toxic metabolites, thereby intensifying de-
generative processes. Bacterial infections, in turn, are primarily manifested as soft rot affecting cloves and
the basal plate of bulbs [6].

Preventive measures, including quarantine, removal of infected plants, and control of natural vectors,
remain the primary strategies for limiting pathogen spread. Unlike other agricultural crops, where modern

94 © 2026 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


mailto:zhansaya.matay.91@mail.ru

Bacterial and Fungal Contamination...

approaches to developing genetic resistance—such as transformation, genome editing, or cross-protection—
are applied, their use in garlic is restricted due to the lack of efficient regeneration systems.

Therefore, maintaining the phytosanitary purity of planting material relies primarily on pathogen elimi-
nation and the cultivation of healthy plants under controlled conditions. Since garlic is vegetatively propa-
gated and does not produce viable seeds, obtaining pathogen-free material is achievable through in vitro
methods, such as meristem culture, thermotherapy, chemotherapy, and cryotherapy [7, 8].

Bacterial contamination is typically manifested by turbid growth of the medium, unpleasant odors, and
meristem necrosis [9]. Fungal contamination appears as mycelial growth on the surface of the substrate or
plant tissues, which also leads to the death of explants. The primary sources of contamination are endophytic
microorganisms residing within garlic cloves, as well as spores of microorganisms present on
the surface [10-12].

Several approaches are employed to minimize the risk of contamination, including meticulous steriliza-
tion of the starting material, the use of antimicrobial agents, careful control of culture conditions, and the
selection of cultivars with high resistance to infections. Despite these measures, contamination remains a
significant challenge, affecting the efficiency of garlic micropropagation and the quality of the resulting in
vitro collection. Therefore, addressing bacterial and fungal contamination is a key aspect of successful garlic
introduction into in vitro culture and requires an integrated approach using modern sterilization techniques
and microorganism control methods [13, 14].

Effective contamination management is essential for establishing a healthy in vitro garlic collection,
particularly when working with infection-sensitive cultivars, and for the subsequent application of
micropropagation in breeding and biotechnological programs [15, 16]. Consequently, a comprehensive in-
vestigation of bacterial and fungal contamination in garlic planting material following low-temperature stor-
age, prior to its introduction into in vitro culture, is highly relevant.

Experimental

The study was conducted in the biotechnology laboratory of the “Potato Breeding, Seed Production,
and Biotechnology” Department at the Kazakh Research Institute of Horticulture, Branch “Kainar”, during
2024-2025.

Three garlic (Allium sativum L.) cultivars “Arman”, “Zailiyskiy”, and “Dunganskiy” were used as re-
search objects. Visually healthy cloves were selected for in vitro culture, and the basal plate portion was used
as explants.

The plant material was stored in a dry environment at approximately 10 °C for 7-8 months prior to the
experiment. Culture initiation was carried out under aseptic conditions in a laminar flow cabinet.

All manipulations were performed under aseptic conditions using a laminar airflow cabinet (ESCO,
Singapore). Sterilization was carried out using an autoclave (Tuttnauer, Germany) at a temperature of
121 °C, a pressure of 1.1 atm, and an exposure time of 20 min to ensure complete sterility of culture media
and instruments. Microscopic analysis was conducted using a light microscope (Olympus, Japan).

Sterilization of the plant material was performed in two stages. The first stage involved the removal of
external contaminants: washing the plant material in running water for 30—60 min, soaking the cloves in a
10 % solution of household soap for 40-60 min, followed by rinsing in running water and immersion in a
0.1 % potassium permanganate solution for 15-20 min.

The second stage was performed under laminar flow conditions and included surface sterilization of ex-
plants with 70 % ethanol for 30 s, followed by immersion in 1 % sodium hypochlorite solution for 20 min,
and subsequent rinsing three times with sterile distilled water. This sterilization protocol was applied to re-
duce external microbial contamination and ensure aseptic conditions for in vitro culture initiation [17, 18].

The experiment was conducted in three biological replicates, each comprising 13-15 explants. Explants
were cultured on Murashige and Skoog (MS) medium supplemented with 3 % sucrose and 0.7 % agar, ad-
justed to pH 5.8. Cultures were maintained at 24 + 2 °C under a 16/8 h photoperiod with a light intensity of
40-50 umol m™2 57",

Contamination levels were assessed on days 3, 7, and 14 of cultivation. Statistical analysis was per-
formed using Microsoft Excel. Data are presented as mean values calculated from replicates. Microorganism
identification was carried out based on morphological characteristics using diagnostic keys; however, the
results are considered preliminary and require confirmation by molecular genetics methods.
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Microorganism identification was additionally performed using light microscopy and requires further
validation by molecular techniques, including PCR analysis using 16S rRNA markers for bacteria and ITS
regions for fungi.

The percentage of contamination was calculated as the ratio of contaminated explants to the total num-
ber of cultured explants. Results are presented as mean + standard deviation. Differences among cultivars
were analyzed using analysis of variance (ANOVA), followed by Tukey’s post hoc test to determine statisti-
cally significant differences (p < 0.05). Each experiment was conducted in three biological replicates.

Results and Discussion

The introduction of cloves from the “Arman”, “Zailiyskiy”, and “Dunganskiy” garlic cultivars into in
vitro culture revealed that explants contamination by various phytopathogens was observed within the first
week. Bacterial growth was detected by day 3, while fungal pathogen development became evident after 6-7
days (Fig. 1).

Table 1
Contamination Levels of Explants of Different Garlic Cultivars
Ne Garlic Total Number N:Jnr]gt():igdof Fusarium, |Penicillium,|Aspergillus,| Pseudomo- | Total In-
B Cultivar of Explants % % % nas, % fected, %
Explants
1 Arman 45 35 64.5 14.2 9.1 12.1 77.8
2 Zailiyskiy 44 29 25.4 28.7 13.0 31.0 65.9
3 | Dunganskiy 41 28 26.3 32.1 9.2 33.2 68.5

The results presented in the table characterize the structure of microbial contamination of garlic ex-
plants by cultivar and allow for the assessment of the contribution of individual pathogen groups to the over-
all level of infection. The analysis included fungi of the genera Fusarium, Penicillium, and Aspergillus, as
well as bacteria of the genus Pseudomonas. The indicators reflect the relative prevalence of the identified
microorganisms and their share in the total infection of the studied samples.

The highest proportion of infected explants was observed in the “Arman” cultivar, which is associated
with the particular internal tissue structure and the accumulation of pathogens during storage. Overall, differ-
ences in cultivar sensitivity to fungal and bacterial infections were noted.

Fungi of the genera Fusarium, Penicillium, and Aspergillus, as well as bacteria of the genus Pseudomo-
nas, were detected in the garlic explants. In the “Arman” cultivar, Fusarium (64.5 %) and Pseudomonas
(12.1 %) predominated. In the “Zailiyskiy” cultivar, Penicillium (28.7 %) and Fusarium (25.4 %) were the
main fungal pathogens, while Pseudomonas bacteria accounted for 31.0 % of contamination. In the
“Dunganskiy” cultivar, the most frequently observed microorganisms were Penicillium (32.1 %), Fusarium
(26.3 %), and Pseudomonas (33.2 %).

The observed differences in pathogenic microflora composition are associated with the biological traits
of the cultivars. Cultivars with less developed aerial bulbs and weak scape formation tend to accumulate
higher levels of fungal and bacterial infections in their internal tissues (Fig. 2). Despite rigorous surface steri-
lization, internal infections persisted and became apparent in the explants during in vitro culture.

Table 2

Average Percentage of Bacterial and Fungal Contamination of Garlic Explants

Bacterial Contamination Fungal Contamination
Ne Garlic Cultivar (Pseudomonas), (Fusarium + Penicillium + Aspergillus),
% = SD % + SD
1 Arman 12.1+1.0 87.8+2.5
2 Zailiyskiy 31.0 £2.0* 65.9 +2.0*
3 Dunganskiy 33.2+1.8* 68.5 £2.1*

*Differences were considered statistically significant at p < 0.05.
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The obtained results indicate the persistence of latent microbial infections in garlic planting material,
which become evident at the early stages of in vitro culture (Fig. 1). Contamination levels varied among cul-
tivars, which should be taken into account when organizing micropropagation and the sanitation of planting
material.

I'l'|'l'|'l'|'I'|'I'|'I'l'I‘|‘l‘l'l'|'I'l'!'['I'|‘l'|'l'l'l'|'I'I'I'|'I'|'I'|'I'I'l'|'l'l'l'|‘l'|
I-n-|-|-|-|-|-|-|-|-|'|-|~|-|-|'|-1'|-n-|'|-|-|-I-«~|-|-|-1-|~|-|-|-|-1-|-|°|-|~I-|'|-|'|-n~p|'|

Figure 1. In vitro culture of garlic showing Penicillium contamination. Scale bar = 0.1 cm.

In Figure 2A, colonies of Penicillium can be observed developing in the lower part of the plant material,
indicating partial contamination. This highlights the necessity of thorough sterilization and strict control of
explant cleanliness during in vitro culture.

In Figure 2B, branched conidia and the characteristic mycelium of Penicillium are visible, confirming
contamination at the cellular level. This image emphasizes the need for strict control of medium sterility and
careful material sterilization prior to culture initiation.

In Figure 3, sickle-shaped multicellular macroconidia of Fusarium isolated from infected garlic
(Allium sativum L.) tissues are shown. The conidia exhibit an elongated, curved shape with 3-5 transverse
septa, tapered ends, and a hyaline structure. The observed morphological characteristics are typical of
Fusarium species and confirm the fungal nature of the infection.

Figure 2. Microscopic image of Penicillium colonies on a garlic (Allium sativum L.) explant in in vitro culture.
(A) Fungal structures observed on explant surface. (B) Abundant fungal hyphae and spores indicating contamination.
Magnification x600. Scale bar = 10 pm.
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Figure 3. Macroconidia of Fusarium isolated from infected garlic (Allium sativum L.) tissues.
Magnification x600. Scale bar = 10 pm

These results are consistent with previous studies indicating the widespread occurrence of latent infec-
tions in garlic planting material. The higher contamination levels observed in certain cultivars may be asso-
ciated with anatomical features of the tissues, as well as prolonged low-temperature storage, which promotes
the development of hidden microflora. At the same time, the incomplete decontamination following surface
sterilization suggests possible localization of microorganisms within internal tissues; however, additional
studies, including isolation of pure cultures, are required to confirm the endophytic nature of the infection.

The results obtained indicate that contamination of garlic explants becomes apparent at the early stages
of in vitro culture, which is consistent with previous studies reporting the widespread occurrence of latent
infections in vegetatively propagated crops. The early onset of bacterial contamination (by day 3) followed
by the subsequent development of fungal microflora reflects the different growth dynamics of microorgan-
isms under in vitro conditions.

The observed predominance of fungi of the genera Fusarium, Penicillium, and Aspergillus, as well as
bacteria of the genus Pseudomonas, aligns with literature data on the most common garlic phytopathogens
associated with storage and subsequent cultivation. This confirms that even visually healthy planting materi-
al may harbor latent infections.

Differences in contamination levels and structure among cultivars suggest a possible influence of plant
genotypic characteristics, including tissue anatomy, density of protective layers, and their permeability to
microorganisms. Additionally, prolonged storage at low temperatures may have contributed to the persis-
tence and partial activation of latent microflora.

It was established that the application of the standard surface sterilization protocol does not ensure
complete decontamination of explants. This suggests a likely localization of microorganisms within internal
tissues (endophytic infection), which are inaccessible to sterilizing agents. Similar conclusions have been
reported in studies on the cultivation of garlic and other vegetatively propagated crops.

It should be noted that microorganism identification in this study was based on morphological charac-
teristics, which limits the accuracy of taxonomic assignment, particularly for bacterial microflora. Therefore,
further research should focus on molecular-genetic identification using PCR and sequencing methods.

A limitation of the present study is the relatively small sample size and the descriptive nature of the sta-
tistical analysis, which does not allow a full assessment of the significance of differences between cultivars.
Nevertheless, the obtained data provide a general overview of contamination structure and can serve as a ba-
sis for further investigations.

The practical significance of this work lies in the necessity of considering the identified contamination
features when developing protocols for introducing garlic into in vitro culture. Promising directions include
optimization of sterilization schemes, including the use of combined methods (thermotherapy, antibiotics,
fungicides), as well as the preliminary selection of planting material with a low level of infection.

Thus, the results of this study confirm the complex and multifactorial nature of contamination during in
vitro garlic cultivation and highlight the need for a comprehensive approach to address this issue.

98 Fundamental and Experimental Biology. 2026, 31, 3(123)



Bacterial and Fungal Contamination...

Conclusion

The conducted study demonstrated that garlic planting material of the “Arman”, “Zailiyskiy”, and
“Dunganskiy” cultivars harbors latent microbial infections, which persist in bulb tissues after prolonged stor-
age and become apparent upon introduction into in vitro culture.

It was established that the use of a standard surface sterilization protocol does not ensure complete de-
contamination of explants, as evidenced by the high levels of contamination observed at early stages of culti-
vation. The microbial community was dominated by fungi of the genera Fusarium, Penicillium, and
Aspergillus, as well as bacteria of the genus Pseudomonas, indicating the complex nature of the infection.

The study showed that the level and composition of contamination vary depending on the cultivar,
which should be considered when developing protocols for micropropagation and sanitation of garlic plant-
ing material.

The obtained results have practical significance for plant biotechnology and highlight the need to im-
prove the preparation of planting material, including optimization of sterilization procedures and implemen-
tation of additional decontamination strategies.

Future work should focus on molecular-genetic identification of microorganisms and expansion of the
sample size to increase the reliability of the results.
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K.M. Maraii, C.K. /Ixxanrtacos, I.M. O6parumoBa

Capsivcakrsl (Allium sativum L.) in vitro makplibiHa eHri3y ke3ingeri
0aAKTEePHUSIBIK KOHE CAHBIPAYKYJIAKTBIK KOHTAMUAHALMS

3eprrey sxymbicbiHaa capbiMcakTsl (Allium sativum L.) in vitro maxputsiHa eHrisy GapbIChIHIA TYBIHIAWTHIH
GaKTePHSIIBIK JKOHE CaHBIPAYKYJIAKTHIK KOHTAMHMHALIMS 3epTTENAl. 3epTTeyaiH MaKcaThl — SKCIUIAHTTapIaFbl
KOHTaMHHAIIMS JICHIeiliH OaFanay skoHe CTaHIapTThI OETKi CTEPHIN3AMIAY TPOTOKOIAAPBIHBIH THIMIUIITIH
aHBIKTAY. 3ePTTEY/IiH FHUIBIMH )KaHAIBIFbl — Ka3zaKkcTaH/a ajFalll peT capbIMCAKThI iN Vitro TakblIbiHA SHTI3Y
Ke3iHJIe Ke3/IeCeTiH OAKTepUsUIBIK JKOHE CAHBIPAYKYJIAKTHIK KOHTAMUHAIMSAFA KEIICHAl Oaranay >Kypri3isiii.
Taxipubenep HOTIDKECIHIEC ASTAHOJIMEH J>KOHE Je3MH(EKUMsIIayIbl epiTiHAIepMeH OHJIey[l KaMTHUTHIH
JIOCTYPJTI CTEPUIIM3ALUS QICTEPi OCIMIIK MaTepUAIIBIH TOJIBIK 3aJ1aJIChI3IaHIBIPY/bl KAMTAMAaChl3 €THECHUTIHI
anbIKTanabl. COHBIH CajapblHAH OcipydiH OacTamkbl Ke3CHICPiHAC MHKPOOTHIK HHQEKIMS JaMBbIl,
SKCIUIAHTTapAbIH JKapThUIall HEMece TOJIBIK HEKPO3bIHA JXKOHE MHUKPOKIOHANBIBl KOOEHTY THIMIUTITiHIH
TeMeHzeyiHe okenmi. KoHTaMuHamus JEHTeHiHiH capbIMCaK COpTTapblHa OaiflaHBICTBI  ©3TepeTiHi
aHBIKTANABL, OYJ MOHOP OCIMIIKTEepIiH TeHOTUII MeH (HU3HONOTHSUIBIK KYHIiHIH OCepiH KepceTei.
MHuKpOCKONMSUTBIK ~ Tanmay HoTwkeciHme Fusarium, Penicillium, Aspergillus TtysicTapbina sxataTei
CaHBIpAayKYJIaKTap/AblH 0acblM eKeHi, CoHpmaii-ak opTypii OakTepHsulblK MHUKpodIopaHBlH 0ap ekeHi
aHBIKTANIBL. J[ereHMeH KOHTaMHHAHTTapJbl HAKTHl aHBIKTAy YIIiH KOCBIMIIA MOJIEKYJAIbIK-TeHETHKAIBIK
3epTTeyJep JKYPrizy Kaxker. AJBIHFAH HOTHKEJIEP KOHTAMUHAIMSHBIH CApbIMCAKTHI iN VItr0 JaKpUIbIHA COTTI
eHri3yzeri Herisri mekreynni ¢axropnapasiy Oipi Oosbin Kaiga OepeTiHiH kepceTti. OcbFaH OaiIaHBICTBI
oCIMIK MaTepHalblH alIblH aja eHJey OAICTepiH JKeTiAipy, COHAal-aK CTepHIN3aLHsIay POTOKOIIAPHI
MEH ecipy JKar[aillapblH OHTaHIaH/ABIPY KaKET. 3epTTeyAiH NMPaKTUKAJIbIK MaHBI3IbUIBIFBl — KOHTAMHHA-
[USTHBI a3aiTYIBIH THIMAI TOCUIIEPIH 93ipiey apKbUIBI MUKPOKIOHAIBIBI KOOCUTY THIMALUIITIH apTTHIPY JKOHE
cay in Vitro koJyuiekuusap Kypy MyMKiHAINIMEH CHIIaTTalaIbl.

Kinm coz0ep: capeimcak, Allium sativum L., in vitro, MUKpOOTHIK KOHTAMUHALIMSA, SKCIUTaHTTap, Fusarium,
Penicillium.
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BakTepuanbHasi u rpudKoBasi KOHTAMHHAIUS PU BBeIeHUH YeCHOKA
(Allium sativum L.) B kyabTypy in vitro

B HacTosIeM HCCIICIOBaHUY H3yYanach OaKTepHallbHas ¥ rpuOHas KOHTaMUHALUS, BO3HUKAIOIIAsK [IPH BBE-
neHuu yecHoka (Allium sativum L.) B kyneTypy in Vvitro. I{enpto paboThl SBISUIACH OLICHKA YPOBHSI KOHTAMU-
HAaIMH SKCIUIAaHTOB, a TAKXe onpesencHue 3GGpEeKTUBHOCTH CTAaHIAPTHBIX MPOTOKOJIOB MOBEPXHOCTHOM CTe-
pumsanui. HaydHass HOBH3HA HCCIICIOBAaHHS 3aKJII0YaeTCs B TOM, 4YTO BrepBble B KasaxcraHe mpoBeneHa
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KOMILUIEKCHAS OLICHKA OaKTepUaIbHOM U TPHOHOM KOHTAMUHALIMY IIPH BBEACHUH YECHOKA B KYJIBTYPY in Vitro.
B xo0/e 3KCIIEPUMEHTOB YCTaHOBJICHO, YTO TPaJUIIMOHHBIC METO/BI CTEPHIIN3ALMH, BKIIOUas 00paboTKy 3Ta-
HOJIOM M JIe3MH(QUIMPYIOIUMH PacTBOpaMH, HE 00ECHEYMBAIOT IOJHON AEKOHTAMHMHAIIMM PACTHTEIBHOTO
Matepuaia. B pesynpTaTe Ha paHHHX dTanax KyJIbTHBUPOBAHHS HAaOIIOAANOCh Pa3BUTHE MUKPOOHOH HH(pEK-
MM, IPUBO/SIIICE K YACTHYHOMY HIIM HIOJTHOMY HEKPO3y 3KCIUIAHTOB U CHIDKCHHIO 3()(HEKTHBHOCTH MHKpPO-
KJIOHAJBFHOTO Pa3MHOXKEHHS. Y CTaHOBJICHO, YTO CTCIICHb KOHTAMHHAIIMK BapbHPYyET B 3aBUCHMOCTH OT COpPTa
YEeCHOKA, YTO CBUJCTENBCTBYET O BIMSHUY I€HOTHUIA U (H3HOJIOTHYECKOTO COCTOSIHUS JOHOPHBIX PACTEHHH.
MUKpPOCKONUYECKHI aHaIn3 BBISIBUI Mpeobiananue rpubos pogos Fusarium, Penicillium u Aspergillus, a
TaKKe HANU4YHe pa3HooOpasHoi GakrepuanbHOit Mukpodiopsl. OQHAKO TOYHAS HUACHTH(UKALNS KOHTAMH-
HAaHTOB TpeOyeT NPOBEICHHS JOMOJIHUTEIBHBIX MOJICKYJIIPHO-TEHETUYECKUX HcciaenoBanuii. [lomydeHHble
pe3yNbTaThl MOKAa3bIBAIOT, YTO KOHTAMUHALMA OCTAETCS OJHUM M3 OCHOBHBIX OIPaHMYMBAIOLIMX (HaKTOPOB
YCIICIIHOTO BBEACHHUS YECHOKA B KYJBTYPY iN Vitro. B cBsi3u ¢ 3TUM HEoOXOAUMA ONTUMH3ALMS HPEAIOCEB-
HOHM 00pabOTKHM PacTUTENHFHOTO MaTepHala, a Tak)Ke COBEPIICHCTBOBAHUE IPOTOKOJIOB CTEPHIIN3ALUH H yC-
JIOBUH KyJNBTHBHPOBaHUS. [IpakTHueckas 3HaUMMOCTh MCCIICIOBAHMS 3aKII0YaeTcsl B pa3paboTke Oosee 3¢-
(DEKTHBHBIX MOJXOJIOB K CHIKCHHIO KOHTAMHHAL[MH, YTO MO3BOJHUT MOBBICUTH 3()(HEKTHBHOCTH MHKPOKJIO-
HaJILHOT'O Pa3MHOKEHHUSI M CO3/1aTh 3J0POBBIE iN Vitr0 KOJUICKIHUH.

Kntoueswie cnosa: uecuok, Allium sativum L., in vitro, MukpoOHasi KOHTaMHHAIHMs, SKCIUIAHTHI, Fusarium,
Penicillium.
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The role of mutations in the MUTYH gene in the development
of colorectal cancer

Mutations in the MUTYH gene, which encodes a DNA glycosylase, are associated with an increased risk of
colorectal cancer (CRC), particularly in individuals with hereditary MUTYH-associated polyposis (MAP).
MUTYH is an essential component of the base excision repair (BER) pathway, where it removes adenine res-
idues that are mispaired with 8-oxoguanine (8-0x0G), a major product of oxidative DNA damage. Loss of
MUTYH function caused by pathogenic variants promotes the accumulation of oxidative DNA damage-
associated mutations, including G:C—T:A transversions, thereby contributing to genomic instability and col-
orectal tumorigenesis. This review examines the pathogenic mechanisms underlying MAP and its characteris-
tic phenotypic features. Structural and functional studies indicate that many pathogenic MUTYH variants re-
sult in reduced adenine DNA glycosylase activity, leading to impaired base excision repair. Potential thera-
peutic strategies aimed at restoring or compensating for defective MUTYH function are being investigated,
including approaches based on synthetic lethality. Increasing attention is also being paid to molecular genetic
testing for biallelic pathogenic variants in the MUTYH gene, particularly in individuals with clinical or fami-
ly histories suggestive of hereditary colorectal cancer or polyposis. Identification of such variants may enable
more precise risk assessment and facilitate personalized surveillance and preventive management. Overall,
advances in understanding the role of MUTYH in genome maintenance have provided important insights into
the pathogenesis of MAP and created opportunities for improving the diagnosis, risk stratification, and man-
agement of colorectal cancer.

Keywords: base excision repair, adenine DNA glycosylase, DNA repair, MUTYH, colorectal cancer.

Introduction

Colorectal cancer (CRC) is one of the most common types of cancer worldwide. It is the third most
common cause of illness and the second most common cause of cancer-related death. Its development re-
flects a multifactorial process driven by the interplay of genetic predisposition, epigenetic alterations, and
environmental influences. Although most CRC cases are sporadic, approximately 5-10 % are associated with
inherited genetic defects. Among the best-characterized hereditary CRC syndromes are Lynch syndrome,
caused by deficiencies in the DNA mismatch repair (MMR) system, and familial adenomatous polyposis
(FAP), which arises from pathogenic mutations in the APC gene [1, 2].

Nevertheless, a subset of patients presenting with multiple colorectal polyps or early-onset CRC lacks
detectable mutations in either APC or MMR genes. The identification of biallelic mutations in MUTYH led
to the recognition of a distinct hereditary condition known as MUTYH-associated polyposis (MAP) [3, 4].
The MUTYH gene encodes a DNA glycosylase that functions within the base excision repair (BER) path-
way, which is essential for protecting the genome from oxidative DNA damage, particularly lesions involv-
ing 8-oxoguanine (8-0xoG) [5, 6].

A unique feature of MUTYH is its role in preventing G: C—T: A transversion mutations by excising
adenines mispaired with 8-oxoG during DNA replication. When MUTYH activity is compromised, these
mutagenic lesions persist, leading to the accumulation of somatic mutations in critical cancer-related genes,
most notably APC, a hallmark molecular feature of MAP-associated tumors [4, 7].

This review summarizes current knowledge on the biological function of MUTYH in DNA repair, the
molecular basis and clinical characteristics of MAP, and the consequences of MUTYH dysfunction for ge-
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nome stability. In addition, it discusses the diagnostic relevance of MUTYH mutations and emerging per-
spectives for targeted and preventive therapeutic strategies.

Base Excision Repair and the Role of MUTYH

Base excision repair (BER) represents the principal DNA repair pathway responsible for the removal of
non-bulky base lesions arising from oxidation, deamination, and alkylation. This pathway is initiated by
DNA glycosylases, which recognize damaged bases and cleave the N-glycosidic bond between the base and
the deoxyribose, generating an apurinic/apyrimidinic (AP) site. Some glycosylases additionally possess
B-lyase activity, allowing cleavage of the DNA backbone at the 3' side of the AP site and thereby influencing
the subsequent steps of repair [8, 9].

Among BER glycosylases, MUTYH occupies a unique position. Unlike most glycosylases, which di-
rectly excise damaged bases, MUTYH removes undamaged adenines mispaired with oxidized guanine
(8-ox0-7,8-dihydroguanine, 8-oxoG) during DNA replication. This activity prevents the fixation of G: C—T:
A transversion mutations, one of the most frequent mutational outcomes of oxidative stress. Loss of
MUTYH function leads to the accumulation of somatic mutations in cancer-related genes, including APC,
and underlies the development of MUTYH-associated polyposis (MAP). MUTYH operates in concert with
other repair enzymes: OGGL1 excises 8-0xoG opposite cytosine, whereas MTH1 sanitizes the nucleotide pool
by hydrolyzing oxidized dNTPs. Together, these enzymes form a coordinated, multi-layered defense against
8-0x0G-induced mutagenesis [10, 11].

BER proceeds through two main subpathways: single-nucleotide BER (SN-BER) and long-patch BER
(LP-BER). In SN-BER, only the damaged nucleotide is replaced, whereas LP-BER involves the removal and
resynthesis of a short DNA segment comprising 2-10 nucleotides. When the initiating glycosylase possesses
AP-lyase activity, the repair process proceeds through strand incision followed by gap filling by DNA poly-
merase 3 and ligation mediated by XRCC1 and DNA ligase Ill. In contrast, glycosylases lacking lyase activi-
ty rely on APE1-mediated incision, followed by strand displacement synthesis involving PCNA, DNA poly-
merases 6/e, FEN1, and DNA ligase I. The selection of either pathway depends on the nature of the lesion
and the biochemical properties of the initiating enzyme, ensuring flexibility and accuracy of repair under
conditions of oxidative stress or during replication [8, 12, 13] (Fig. 1).
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Figure 1. Short-patch base excision repair (BER) pathway for 8-0xoG lesions [8]
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Oxidative damage to guanine resulting in 8-oxoG formation is particularly mutagenic. If unrepaired,
8-0x0G can mispair with adenine during DNA synthesis, leading to G: C—T: A transversions. Such muta-
tions are frequently detected in early stages of colorectal carcinogenesis [9]. Consistent with this observation,
MUTYH deficiency is associated with a characteristic mutational signature dominated by G: C—T: A substi-
tutions, which represents a molecular hallmark of MAP [11, 14].

Human MUTYH consists of an N-terminal catalytic domain responsible for adenine excision and a
C-terminal domain involved in recognition of 8-oxoG. These structural features are conserved in the bacteri-
al homolog MutY, highlighting the evolutionary preservation of MUTYH function [11]. A defining structur-
al element of MUTYH is a highly conserved [4Fe—4S] cluster located within the C-terminal domain. This
metallocluster, characteristic of the helix—hairpin—helix (HhH) DNA glycosylase superfamily, plays a critical
role in maintaining protein stability and facilitating substrate recognition [15].

Biochemical and structural studies indicate that the [4Fe—4S] cluster does not participate directly in re-
dox catalysis but instead contributes to DNA binding and lesion detection. By stabilizing the HhH-GPD mo-
tif, the cluster enables proper alignment of MUTYH with the DNA duplex and supports the base-flipping
mechanism required for identifying adenines mispaired with 8-oxoG. Disruption of the Fe—S cluster, whether
through mutagenesis or impaired metal coordination, markedly reduces DNA binding affinity and
glycosylase activity [16, 17]. Crystallographic analyses further demonstrate that the cluster is positioned at
the protein—DNA interface, suggesting a role in recognizing the distinctive structural and electronic proper-
ties of 8-0xoG [15].

The human MUTYH gene is located on chromosome 1p34.1, spans about 11.2 kb, and contains 16 ex-
ons. It partially overlaps with the TOE1 gene, suggesting a complex regulatory framework at this locus. Mul-
tiple alternative promoters produce different transcription variants that encode isoforms with distinct subcel-
lular localizations. Nuclear isoforms mainly repair genomic DNA, while the mitochondrial isoform protects
mitochondrial DNA from oxidative damage. This targeting helps MUTYH maintain genomic integrity in
different cellular compartments (Fig. 2) [18].
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Figure 2: The chromosomal localization and functional domains of MUTYH [18]

Recent studies have improved the understanding of MUTYH’s functions by showing its interaction with
mismatch repair proteins, especially MSH6, which helps detect DNA damage and form the repair complex.
Post-translational modifications, such as phosphorylation and ubiquitination, play a crucial role in control-
ling the stability, subcellular localization, and catalytic activity of MUTYH. These regulatory mechanisms
provide fine control over BER and help prevent excessive or aberrant base excision [8, 18, 19].

Importantly, MUTYH acts as a mismatch-specific rather than a damage-specific glycosylase. By excis-
ing adenine from 8-0x0G: A mismatches, MUTYH creates a substrate for correct cytosine incorporation,
thereby allowing OGG1 a second opportunity to remove the oxidized guanine. The efficiency of this repair
process depends on DNA structure, chromatin context, and replication status, underscoring the adaptive role
of MUTYH in proliferating cells (Tab. 1) [20-24].

ISSN 3080-6836 (Print) ISSN 3080-6844 (Online) 105



U. Sarsenbayeva, A. Almasbekova et al.

Table 1
Functional roles of MUTYH in genome maintenance and disease prevention
Role Molecular Biological signifi- Clinical Key refer-
of MUTYH mechanism cance implications ences
Removal of mispaired |Hydrolysis of N-glycosidic  |Prevents G: C—T: A |Loss of function — MAP
adenine opposite 8-  |bond; recognition of A:8- transversions; main-  |phenotype; accumulation I8, 10]
oxoG oxoG via HhH-GPD domain |tains replication fideli- [of APC mutations ‘
ty
Cooperation with Acts downstream of OGG1  |Provides multi-layered |Disruption of this axis
OGG1 and MTHL1 (8- |and in coordination with protection against oxi- |increases oxidative muta-
0x0G defense axis) MTHL1 to counteract oxida- |dative mutagenesis tional burden; the strong-
tive lesions during and after est clinical evidence for [8, 9]
replication CRC is associated with
biallelic MUTYH defi-
ciency
Crosstalk with mis-  [Physical and functional inter- |Improves post- May contribute to Lynch-
match repair (MSH6) |action with MSH6 enhances |replicative repair effi- |like molecular features in [23, 24]
mismatch recognition and ciency a subset of MUTYH- '
repair complex assembly deficient tumors
Coordination with the |Interaction with PCNA local- |Enables rapid correc- |Impaired interaction in-
DNA replication ma- |izes MUTYH to replication  [tion of mismatches creases mutational load [15, 19]
chinery forks arising during DNA  |and cancer susceptibility '
synthesis
Function of the [4Fe- |Stabilizes DNA-binding con- |Ensures accurate lesion|Variants destabilizing the
4S] cluster formation and supports allo- |recognition and struc- |Fe-S cluster are associated [15]
steric control tural integrity of the  |with severe loss-of-
enzyme function phenotypes
Regulation by post-  |Phosphorylation and Fine-tunes BER ac- Dysregulation may con-
translational modifica- |ubiquitination modulate sta- |cording to cell cycle |tribute to cancer suscepti- [23]
tions bility, localization, and activi- |and stress conditions |bility
ty
Tumor suppression Prevention of oxidative mu- |Extends protective role |Supports the concept of a
beyond the colon tagenesis in multiple tissues  [beyond colorectal epi- |broader “MUTYH- [4]
thelium associated tumor spec-
trum”

Discovering and expanding the role of MUTYH in cancer susceptibility

The discovery of MUTYH-associated polyposis (MAP) was a watershed moment in our understanding
of hereditary colorectal cancer syndromes (CRC). Before this, the majority of hereditary CRC cases were
linked to dominant mutations in the APC gene (familial adenomatous polyposis) or the mismatch re-
pair (MMR) genes (Lynch syndrome). However, in certain cases, mutations in these canonical genes were
not related with numerous adenomas or early development of prostate cancer.

In 2002, a British family was identified as having multiple occurrences of colon cancer and a high fre-
guency of G: C to T: A transversions in the APC gene, indicating a failure to repair oxidative DNA damage.
Sequencing showed harmful mutations in the MUTYH (Y179C and G396D) gene implicated in basic exci-
sion repair (BER), resulting in the discovery of a novel condition, MAP (MUTYH-associated
polyposis) [25].

A comprehensive case-control research found that carriers with biallelic MUTYH mutations had an
18-fold increased risk of cancer, confirming the significance of this finding [23]. Interestingly, heterozygous
carriers had a minor but statistically significant increase in cancer risk (risk factor = 1.5), implying MUTYH
plays a broader role in cancer propensity [24].

MUTYH was initially linked to colorectal tumor growth, but new research suggests that it plays a larger
biological role in preserving genomic stability in many tissues. Its primary role is to remove adenines that are
incorrectly linked to 8-oxoguanine, so protecting the genome from oxidative stress-induced mutations. Stud-
ies on MUTYH-deficient mice have revealed an increased frequency of spontaneous mutations as well as an
increase in the number of tumors not only in the gastrointestinal tract but also in the lungs, liver, and lym-
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phatic system. When subjected to oxidative stressors like potassium bromate or ionizing radiation, these
mice develop more varied and severe tumors than wild-type controls.

At the molecular level, MUTYH is involved in transcriptional repair and interacts with mismatch repair
proteins such as MSHG6, implying a function in coordinating numerous genome maintenance mecha-
nisms [22]. Furthermore, posttranslational changes including phosphorylation, ubiquitination, and interaction
with replication-related proteins like PCNA, influence MUTYH function and cellular location [21].

Furthermore, discoveries have highlighted the epigenetic control of MUTYH. For example, Alfeghaly
et al. (2019) discovered that the long non-coding RNA ANRIL controls the expression of DNA repair genes,
including MUTYH, implying that tissue-specific expression and cancer risk may be generated by RNA regu-
lation [23].

Clinically, MUTYH allelic mutations have been observed in tumors other than the colon, including
ovarian, endometrial, and probably kidney cancers; the degree and causation of these connections are cur-
rently being investigated. As genome-wide association studies (GWAS) and genetic screening panels for
many malignancies become increasingly popular, the whole spectrum of MUTYH tumor suppressor activity
is expected to broaden.

As Curia, Catalano, and Acetoet al. point out, MUTYH is increasingly recognized as a multifunctional
genome caregiver rather than a CRC-specific tumor suppressor. Its involvement in oxidative DNA repair,
interaction with essential repair proteins, stress signaling, and vulnerability to epigenetic modification high-
light its importance in cellular homeostasis and cancer prevention [26].

The clinical implications of MUTYH mutations in colorectal cancer

The discovery of MUTYH-associated polyposis (MAP) had far-reaching clinical implications, especial-
ly in the field of genetic counseling, diagnosis, and treatment of colorectal cancer (CRC). As an autosomal
recessive disease, MAP is a problem distinct from dominantly inherited syndromes such as familial adeno-
matous polyposis (FAP) and Lynch syndrome. For the disease to develop, individuals must inherit two harm-
ful mutations, one from each parent, while heterozygous (monoallelic) carriers are usually asymptomatic.
This complicates the risk assessment based solely on family history and highlights the need for molecular
diagnostics [26, 27].

Genetic testing for MUTYH mutations is currently standard practice in individuals with multiple colo-
rectal adenomas (usually 10-100), especially when no pathogenic variants have been identified in the APC
gene [29]. In European populations, the most common mutational variants are Y165C and G382D, which are
usually included in targeted testing programs. Next-generation sequencing (NGS) has expanded the possibili-
ties of detecting rare and population-specific mutations [30].

After the diagnosis of MAP, clinical guidance is based on enhanced surveillance. Colonoscopy should
begin in the third decade of life with a follow-up interval of 1-2 years, depending on the prevalence of the
adenoma and histological examination. Preventive colectomy may be recommended for patients with a high
prevalence of adenoma or dysplasia, similar to treatment for advanced FAP [31]. Screening of the upper gas-
trointestinal tract, such as esophagogastroduodenoscopy, is also recommended due to the increased risk of
developing duodenal and gastric polyps [32].

Comprehensive testing of family members is required. Relatives of those affected should undergo ge-
netic counseling and, if necessary, mutation testing. Early detection of carriers of biallelic genes allows time-
ly implementation of surveillance strategies, potentially preventing CRC [33]. Although MAP does not de-
velop in monoallelic carriers, some studies suggest a slightly increased risk of CRC, especially in the pres-
ence of environmental or genetic cofactors.

MUTYH is increasingly being included in multigenic panels to determine cancer predisposition, which
is beneficial for patients with atypical phenotypes or lack of family history. However, broader testing in-
creases the likelihood of identifying variants with uncertain significance (VUS), which complicates clinical
interpretation, especially in individuals without overt polyposis [34].

Emerging data on the epigenetic regulation of MUTYH may suggest new diagnostic and prognostic
approaches. Long non-coding RNAs (IncRNAs) such as ANRIL have been shown to modulate the expres-
sion of DNA repair genes, including MUTYH, suggesting that transcriptomic profiling can improve risk
stratification [20].

Thus, the identification of MUTYH as the main gene in hereditary CRC has had a profound impact on
clinical practice, providing more accurate risk assessment, personalized follow-up, and integration of
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MUTYH testing into complex cancer genetics. Recent advances in genomics and transcriptomics are ex-
pected to further improve clinical care for MAP and related conditions [28].

Major studies conducted over the past decade confirm the multifaceted role of MUTYH in maintaining
genomic integrity and preventing hereditary cancers, particularly colorectal cancer. Biallelic mutations lead
to MUTYH dysfunction, resulting in the formation of MAP, characterized by humerous adenomatous polyps
and a significantly increased risk of CRC. Epidemiological data indicate an 18-fold higher risk in biallelic
carriers, while heterozygous carriers show a moderately increased risk.

MUTYH is necessary for the basic excision repair (BER) pathway, removing adenines improperly in-
corporated into 8-oxoG, and supplementing the activity of OGG1 and MTHL1 to protect against mutagenesis
caused by reactive oxygen species. Recent studies have highlighted its interaction with other repair path-
ways, including mismatch repair (MMR), and the effect of posttranslational modifications on MUTYH activ-
ity and localization [35].

Conclusion

In conclusion, identifying MUTYH-associated polyposis (MAP) has improved our understanding of he-
reditary colorectal cancer. It emphasizes the key role of base excision repair in preventing tumor formation.
The MUTYH protein ensures the maintenance of genomic stability by removing adenine mistakenly paired
with oxidized guanine, thereby preventing the accumulation of mutations. This mechanism is an important
component of the dynamic balance between DNA damage and repair. The functions of MUTYH are not lim-
ited to colorectal tissue but also include participation in the cellular response to oxidative stress and epigenet-
ic regulatory processes, indicating its broader systemic significance. It has been shown that molecular genet-
ic testing for MUTYH mutations improves the accuracy of individual risk assessment and clinical manage-
ment in hereditary colorectal cancer. However, challenges persist in the interpretation of variants and the as-
sessment of cancer risk in cases not limited to the colon. It is suggested that future research into the regulato-
ry mechanisms of MUTYH may result in the identification of novel biomarkers and targeted therapeutic
strategies. Overall, MUTYH demonstrates the capacity for molecular insights to be translated into enhanced
clinical practice for hereditary cancer syndromes.
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MUTYH reningeri MyranusiiblH KOJOPEKTAJIbAbI
KaTepJi iICIKTIH JaMybIHAAFbI POJIi

MUTYH reninzgeri myranusuiap JJHK-rrko3unazanbl KoATaid OTBIPHIN, KOJIOPEKTAaNbABI KAaTEPIi iCIKTIH
(KPKI) mamysiama, ocipece MUTYH-nen OGaitmanpictel mommno3 (MAP) sxarmaiiimapbiHIa MaHBI3IBI Pel
atkapanel. byn depment JIHK-HeIH HerizgepiH skcum3usuislk penapanusuiay (BER) yzmepicinig Herisri
KoMoHeHTi xoHe JITHK-HBIH TOTBIFY 3aKbIMIAHYBIHBIH ©HiMI OOJIBIN caHANAThIH 8-0kcoryaHuHMeH (8-0X0G)
KaTe JKYNTAacKaH ajeHuHAepAi »korora xayarn Oepeni. MUTYH QyHKUMACHIHBIH MaToreHIl MyTalusiap
cannapeiHad  Oy3putysl G: C—T: A TunTi TpaHCBepCHSUIApABIH JKUHAKTAIYbIHA OKEJII, TI'CHOMJIBIK
TYPaKCBI3ABIKTHIH KYIICIOIHE JKOHE TOK IIIeK SMUTENIHi JKacyllalapbIHBIH KaTepii TpaHc(opMaruschiHa
ceben Oomamel. byn monyna MUTYH nuchyHKIMSACHIHBIH KOJOPEKTANBABI KaTepii iCIKTIH JaMybIMEH
OalIAHBICBIH ~ JONICNACHTIH  MOJEKYNANBIK, (YHKIMOHAJNABIK SKOHE KIMHHMKara JeHiHri Jepekrep
JKUHAKTaIFaH. MAP CHHIPOMBIHBIH ITaTOT€HETHKAIBIK MEXaHM3MAepi MeH (EHOTHNTIK epeKIIeiKTepi
tankputanbil, MUTYH-TeIH opTypni HycKamapeiHAa (epMEHTATHBTIK OJNCeHAIMIKTIH TOMEHIeHTIHIH
KOPCETETiH KYPBUIBIMABIK, TAIAYIap IbIH HOTIKeepi yebiHbutaasl. Kasipri yakerrra MUTYH ¢yHKumsceH
KaJlblHA KeNTipyre OaFbITTalNFaH TepamusiblK CTpaTerusuiap, COHBIH INIHAE TeHJAIK Tepamnus,
(hapMaKOJIOTHSITBIK MOYJISILIMS JKOHE CHHTETHKAIIBIK 6J1iM KaFMJaTTapblHA HEeTi3AeNTeH Taciaep 3epTTeiyIe.
OTOachbUTBIK aHAMHE3IHIe KOJIOPEKTanbasl Karepii iciri 6ap amammapna MUTYH reninid Ouasmiensmai
MyTalMsUIapblH  epTe MOJICKYJaNbIK CKPHUHHHITEH OTKi3yre epeKile Ha3ap aynapbuiajibl, ©TKeHi Oy
JIEpEKTep alAbIH ally MEH eMACYHIH AepOeCTeHIIPIIreH TOCUIEPIH KaNBINTACTHIPY YIIIH MaHBI3IBI HETi3
6oma amamel. MUTYH-TBIH TeHOM TYTAacTBIFBIH CaKTaylIaFbl PONIH TEPEH TYCIHY KOJOPEKTalbIbl KaTepii
ICIKTI JMarHOCTHKalay, Kayil-KaTepAi Oaranay »KOHE TapreTTiK TEpamusHbl JaMBITYy VIIH JKaHa
MYMKIHIIKTEp alla/ibl.

Kinm ce30ep: Herizaepii SKCUM3MSUIBIK pernapanusiiay, agenun-JHK-raukosmnasza, JTHK penapamuscsr,
MUTYH, konopekTaabasl KaTepi icik.
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Poab myrauuu B rese MUTYHB pa3BuTHS KOJTOPEKTAJBHOIO paKa

Myrauunu B rene MUTYH, kotopsiii kogupyet JHK-rmuko3uasy, UrparoT KIIOYEBYIO POJIb B Pa3BUTHH KO-
nopekransHoro paka (KPP), ocoGeHHO B ciydasx HacjeICTBEHHOTO IIOJMIO3a, ACCOLMHPOBAHHOTO C
MUTYH (MAP). 3ToT (hepMeHT sIBIsSICTCS BaKHOM 4acThiO mporiecca penaparuu ocHoBanuii (BER), oreet-
CTBEHHOT'O 32 yJaJleHHe aJeHUHOB, HEIPABIILHO CBS3aHHBIX C 8-0kcoryaHHHOM (8-0X0G), moGOYHBIM HPO-
nykToM okuciurensHoro nospexkaenns JJHK. Iloreps ¢ynknmn MUTYH u3-3a BpeqHeIX MyTaruid IpHBo-
T K HakoruteHHto TpancBepcuit G:C—T:A, 4T0 IPUBOIUT K HECTAOMIFHOCTH T'€HOMA M 3JI0Ka4eCTBEHHON
TpaHc(hOpPMaNH SIHATETHATBHBIX KJIETOK TOJICTOH KUIIKH. B 3TOM 0030pe 00001m1eHs! MOJIeKy IsIpHbIe, (PyHK-
UOHATIBHBIC W TOKIMHUYECKUE aHHbIe, MoATBepkaatomue cBsi3b quchynkinun MUTYH c¢ pazsutuem KPP.
B Hem 00cy»kmaroTcs maToreHeTuYeckue MexaHu3Mbl 1 peHotunudeckue ocooenHoctu MAP, npencraBneHst
PEe3yNBTaThl CTPYKTYPHOTO aHANIM3a, TOKA3bIBAIOLIME CHIKCHUE (DePMEHTATHBHONW aKTHBHOCTH B Pa3JIMYHBIX
Bapuantax MUTYH. B Hacrosmee BpeMs H3ydaloTcs TEPaeBTHYECKUE CTPATETHH, HAIlpaBJICHHBIC HA BOC-
cranosnenne pyakuun MUTYH, BriIroyas reHHYIO Tepanuio, (papMaKoJIOTHYECKYI0 MOAYJISIHIO M UCTIOINb-
30BaHUE CHHTETHYECKOil seTatpHOCTH. Oco00oe BHUMAHHE YIeNsIeTCs paHHEMY MOJICKYJIIPHOMY CKPHHHUHTY
Ha Haymmune OouatensHblx Mytammii MUTYH y mun ¢ cemeiinsivM anamue3om KPP, mockonsky oH MoxkeT
CIIy)KUTh OCHOBOW IUIS1 IEPCOHAIM3HPOBAHHBIX ITOIXOJOB K NMPOQMIAKTHKE U JedeHuto. [JoHuManue ponu
MUTYH B moanep:xaHuy IEIOCTHOCTH T€HOMa OTKPHIBAET HOBBIE BOBMOYKHOCTH ISl AUATHOCTHKH, OL[CHKH
pHCKa M TapreTHOM Tepariu KOJOPEKTAIBHOTO paKa.

Kniouesvie cnosa: ynanenne ocHoBanus, aaeHnH-JJHK romkosmnasa, penapamus JHK, MUTYH, komopek-
TaJbHBIN pax.
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Floristic diversity, geobotanical structure and ecological significance
of plant communities of Tanacetum vulgare L. in the foothill ecosystems
of Southeast Kazakhstan

The article presents the results of a comprehensive study of the floristic diversity, geobotanical structure, and
ecological significance of plant communities of Tanacetum vulgare L. growing in the foothill ecosystems of
southeastern Kazakhstan. The relevance of the study is determined by the multifunctional significance of
common tansy, a multipurpose plant used for food, fodder, technical, and ornamental purposes, as well as in
traditional and conventional medicine. In the context of increasing anthropogenic pressure and the transfor-
mation of natural ecosystems, studying the ecological and coenotic role of this species is of particular scien-
tific and practical importance. It was established that Tanacetum vulgare L. plant communities are character-
ized by high floristic diversity and a predominance of mesophytic and mesoxerophytic species. The studied
species occurs as a constant or subdominant component of the herbaceous layer, demonstrating high ecologi-
cal plasticity and resistance to changing environmental conditions. The obtained results expand our under-
standing of the structure and functioning of foothill phytocenoses and may be used for biodiversity monitor-
ing, ecosystem status assessment, and the rational and sustainable use of plant resources in southeastern Ka-
zakhstan.

Keywords: Tanacetum vulgare L., floristic diversity, geobotanical structure, phytocenosis, ecological signifi-
cance, foothill ecosystems, Southeast Kazakhstan.

Introduction

Accelerated landscape modification driven by expanding land use and increasing climatic variability
has intensified the need to investigate vegetation processes in ecotonal territories [1]. Foothill ecosystems
represent transitional zones that connect steppe plains with mountain systems and function as dynamic inter-
faces where species exchange, environmental gradients, and structural heterogeneity converge. Owing to
their complex topography and microclimatic variability, these landscapes are particularly sensitive to both
natural fluctuations and anthropogenic disturbances [2-5].

The functional integrity of plant communities is closely linked to their taxonomic diversity and spatial
organization. Ecosystems with high species richness typically demonstrate greater resistance to environmen-
tal stress through niche differentiation and functional complementarity. In contrast, reduced floristic com-
plexity often results in diminished soil stabilization capacity, altered hydrological regulation, and lower pri-
mary productivity. In foothill belts, where environmental gradients overlap with human activity, evaluating
vegetation structure and species composition is essential for forecasting successional shifts and ecosystem
transformation [6-8].Within this ecological framework, plant communities incorporating Tanacetum
vulgare L. offer a valuable model for integrated geobotanical analysis. The species exhibits wide ecological
amplitude and occurs across meadow, meadow-steppe, forest-steppe, and riparian habitats from lowland are-
as to middle mountain elevations. Its morphological and physiological adaptations—including a well-
developed perennial root system, high regenerative ability, prolonged vegetative phase, and tolerance to
moderate grazing and trampling—enable long-term persistence under semi-natural and moderately disturbed
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conditions. Depending on habitat characteristics, T. vulgare may function as a constant community compo-
nent or achieve subdominant status, influencing interspecific competition and vegetation structure [9].

Beyond its ecological adaptability, T.vulgare possesses considerable medicinal and biochemical signifi-
cance. The aerial parts of the plant contain 0.1-0.3 % essential oil, rich in monoterpenes and oxygenated
compounds. The principal constituents of the essential oil include B-thujone (up to 60-70 % of the oil frac-
tion depending on population), camphor (10-20 %), borneol (5-10 %), and pinene derivatives [10, 11]. In
addition to volatile compounds, the plant accumulates sesquiterpene lactones (including tanacetin), flavo-
noids such as luteolin and quercetin (total flavonoid content typically exceeding 2-2.5 % in dry matter),
hydroxycinnamic acids, alkaloids (~0.04 %), and tannins. These secondary metabolites are responsible for
documented anti-inflammatory, antimicrobial, antiparasitic, choleretic, and antioxidant properties, which
explain the long-standing application of the species in traditional medicine and its current use in
phytopharmaceutical and cosmetic industries. Extracts of T. vulgare are also utilized in the production of
botanical insecticides and repellents due to their bioactive terpene composition. However, the relatively high
concentration of thujone-a neurotoxic monoterpene ketone—necessitates controlled dosage and scientifically
grounded application standards [12].

Therefore, understanding the ecological distribution and population structure of this species is important
not only for vegetation science but also for sustainable management of medicinal plant resources. At the
same time, increased anthropogenic disturbance may alter community equilibrium by enhancing the competi-
tive advantage of T. vulgare, potentially leading to reduced floristic evenness. Such structural shifts may in-
fluence overall ecosystem functioning, particularly in transitional foothill landscapes where species interac-
tions are strongly modulated by environmental gradients [13, 14]. Despite its wide Eurasian distribution and
recognized pharmacological relevance, the structural role and coenotic contribution of T. vulgare in the foot-
hill ecosystems of Southeast Kazakhstan remain insufficiently characterized. The scarcity of comprehensive
regional geobotanical assessments limits objective evaluation of vegetation dynamics, species interactions,
and successional development under changing environmental conditions [15].

Accordingly, the present study aims to analyze the floristic diversity, spatial structure, and ecological
significance of plant communities containing T. vulgare L. in the foothill zone of Southeast Kazakhstan, and
to identify the environmental drivers that determine its distribution patterns and functional role within
phytocenoses.

Experimental

Field investigations were carried out in the foothill ecosystems of the Kapchagay (Konayev) region,
Southeast Kazakhstan, within the northern slope of the lle Alatau mountain system. The study area is located
within the geographic range of 43.70°-43.95° N and 76.90°-77.30° E (WGS84, EPSG:4326). Vegetation
cover is represented by meadow, meadow-steppe, and typical foothill plant communities. The spatial distri-
bution of the sampling sites is shown in Figure 1. The absolute elevation of the surveyed sites ranged from
600 to 1,200 m above sea level (a.s.l.), corresponding to the lower and middle foothill belt. Elevation values
were recorded using a handheld GPS device and subsequently verified using the SRTM-based Digital Eleva-
tion Model (DEM) available in Google Earth Pro (Fig. 1).
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Figure 1. Geographic location and spatial arrangement of the studied cenopopulations
of Tanacetum vulgare in the foothill coastal zone of South-East Kazakhstan (Kapchagay area)

The soil cover of the foothill coastal zone of the Kapchagay region is predominantly composed of
chestnut-type gray-brown soils and soddy-meadow soils formed under a temperate continental climate with
pronounced seasonal variability in precipitation and temperature. Gray-brown soils are mainly distributed on
well-drained northern and northeastern slopes. They are characterized by light to medium loamy texture,
moderate humus content in the upper horizons, carbonate accumulation in subsurface layers, and a neutral
to slightly alkaline soil reaction (pH 7.0-8.2). Their relatively low water-holding capacity is typical of
semi-arid steppe environments and supports meadow-steppe phytocenoses domiwenated by xeromesophytic
species [16].

Soddy-meadow soils occur within the coastal belt of the Kapchagay Reservoir and in moisture-
accumulating depressions. These soils exhibit higher organic matter content in surface horizons, improved
structural aggregation, and increased moisture availability, creating favorable edaphic conditions for
mesophytic perennial grasses. The soil moisture regime varies along the topographic gradient, remaining
moderate on elevated slopes and increasing in areas adjacent to the reservoir due to capillary water rise and
local microclimatic effects. Anthropogenic pressure is assessed as low to moderate and is associated with
seasonal recreational use, localized livestock grazing, and partial agricultural transformation. These factors
contribute to localized soil compaction and enhanced spatial heterogeneity of vegetation cover [16]. The ex-
isting soil conditions represent a transitional edaphic environment between meadow and meadow-steppe
ecosystems, providing favorable ecological conditions for the stable persistence of T. vulgare populations.
Climatically, the region belongs to a temperate continental semi-arid zone, characterized by warm summers
and relatively mild winters.

Fieldwork was conducted during the active growing season, specifically in May and June 2025, corre-
sponding to the flowering and seed formation stages of most plant species. This period ensured accurate tax-
onomic identification based on morphological characteristics. The research program included route surveys,
establishment of transects and sampling plots, and detailed geobotanical descriptions of plant communities.
Route surveys were conducted to identify vegetation diversity, locate areas where T. vulgare occurs, and pre-
liminarily assess its growth conditions in different ecotypes [17].

The study focused on one population of T.vulgare, within which three cenopopulations were distin-
guished according to habitat conditions. Within each cenopopulation, three transects were established. Each
transect corresponded to a permanent 10 x 10 m (100 m?) sampling plot. The total number of transects was
nine (3 cenopopulations x 3 transects). Transects were located within three vegetation types: meadow com-
munities, meadow-steppe communities, and typical foothill communities [18]. Sampling plots were selected
within homogeneous vegetation patches to minimize edge effects. In the geobotanical and floristic survey, a
complete inventory of higher vascular plants was conducted within each 100 m2 plot [19]. For each species,
the following parameters were recorded: presence, abundance, projective cover (%), and spatial distribution
pattern within the community. Species identification was performed during flowering and fruiting stages
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based on morphological characteristics of vegetative and generative organs using regional floras and identifi-
cation manuals [20]. Plant specimens collected in the study area were identified using Flora of Kazakhstan
(Volumes I-1X) and the Illustrated Guide to Plants of Kazakhstan [20, 21]. Species abundance was assessed
using the Braun—Blanquet cover-abundance scale and the Hult-Drude scale, allowing comparability with
classical geobotanical studies. Projective cover (%) was visually estimated within each 100 m? plot. Spatial
distribution patterns were classified as uniform, grouped (clustered), or patchy [22]. The vertical and hori-
zontal structure of phytocenoses was analyzed, including stratification, density of the herb layer, and the po-
sition of dominant and subdominant species.

For T. vulgare additional parameters were evaluated, including frequency of occurrence, cenotic posi-
tion within the community (dominant, subdominant, or accompanying species), and its contribution to total
projective cover. In biodiversity assessment and statistical analysis, species richness (S) was calculated as the
total number of higher vascular plant species per 100 m? plot. Floristic diversity was evaluated using the
Shannon-Weaver index (H') [23] and Simpson index (D) [24].

Results and Discussion

During the study, the population of T. vulgare was investigated in the foothill zone of the Kapchagay
(Konaev) region on the northern slope of the Ille Alatau mountain system, within the coordinate range of
43.70°-43.95° N and 76.90°-77.30° E (WGS84, EPSG:4326). Phytocoenotic Structure and Ecological Char-
acteristics of Cenopopulation | (430-500 m above sea level, near the reservoir belt). Cenopopulation I, exam-
ined within the foothill ecosystems of Southeastern Kazakhstan, occupies humid meadow-forest sites situat-
ed at elevations of 430-500 m above sea level in close proximity to the reservoir. Due to the specific features
of microrelief, this territory is relatively well moistened; its soils belong to the soddy-meadow type and it is
characterized by favorable light conditions associated with open habitats. Such environmental conditions
allow the formation of a plant community distinguished by high density and stable structural organization.
The floristic composition of the community developed in a mesophytic direction. Perennial grasses occupy a
leading position in the species structure. The principal dominants and subdominants include Poa pratensis,
Festuca pratensis, Dactylis glomerata, and Phleum pratense. These species are characterized by high fre-
guency values and considerable projective cover. Their well-developed root systems stabilize soil structure
and contribute to moisture retention.

Among Fabaceae, Trifolium pratense, Medicago falcata, and Melilotus officinalis are widely distribut-
ed. Through nitrogen fixation processes, they enhance soil fertility and participate in maintaining the trophic
balance of the community. Among Asteraceae, Achillea millefolium, Taraxacum officinale, and T.vulgare
perform an important phytocoenatic role. In Cenopopulation I, T/ vulgare was recorded at the subdominant
level. Its projective cover averaged 8-12 %, reaching up to 15 % in certain microsites. The sufficient number
of generative shoots indicates a stable population state. Within the community, Tanacetum vulgare is rela-
tively evenly distributed and, together with the dominant grasses, contributes to maintaining the structural
integrity of the phytocoenosis. The overall vegetation cover density reached 95-100 %. Such a high projec-
tive cover confirms the high productivity of the phytocoenosis and sufficient moisture availability. The soil
surface is almost entirely covered by herbaceous vegetation, and bare patches are practically absent. The
community is characterized by a distinct four-layered structure.

The uppermost layer (1.5-3.0 m) consists of sparsely distributed woody and shrub species, including
Salix alba, Salix triandra, Rosa iliensis, and Elaeagnus oxycarpa. This layer regulates the light regime, re-
duces wind speed, and creates specific microclimatic conditions. The second layer (60-110 cm) is composed
of tall perennial herbaceous species. In this layer, D. glomerata, T. vulgare, and A. millefolium predominate.
This layer forms the main vertical profile of the phytocoenosis.

Cenopopulation 1, studied within the foothill ecosystems of Southeastern Kazakhstan, occupies humid
meadow-forest sites situated at elevations between 430 and 500 m above sea level in close proximity to the
reservoir. Owing to specific microrelief features, this area is relatively well moistened,; its soils belong to the
soddy-meadow type and are characterized by favorable light conditions associated with open habitats. Such
environmental settings enable the formation of a plant community distinguished by high density and stable
structural organization. The floristic composition of the community has developed predominantly in a
mesophytic direction. Perennial grasses occupy a leading position in the species structure. The principal
dominants and subdominants include P. pratensis, F. pratensis, D. glomerata, and P. pratense. These species
are characterized by high frequency values and considerable projective cover. Their well-developed root sys-
tems stabilize soil structure and contribute to moisture retention.
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Among the Fabaceae, T. pratense, M. falcata, and M. officinalis are widely distributed. Through nitro-
gen fixation processes, they enhance soil fertility and participate in maintaining the trophic balance of the
community. Among the Asteraceae, A. millefolium, T.officinale, and Tanacetum vulgare perform an im-
portant phytocoenotic role.

Tanacetum vulgare in Cenopopulation | was recorded at the subdominant level. Its projective cover av-
eraged 8-12 %, reaching up to 15 % in certain microsites. The sufficient number of generative shoots indi-
cates a stable population condition. Within the community, T. vulgare is distributed relatively evenly and,
together with the dominant grasses, contributes to maintaining the structural integrity of the phytocoenosis.

The overall vegetation cover density reached 95-100 %. Such a high projective cover confirms the high
productivity of the phytocoenosis and sufficient moisture availability. The soil surface is almost entirely cov-
ered with herbaceous vegetation, and bare patches are practically absent. The community is characterized by
a distinct four-layered structure. The uppermost layer (1.5-3.0 m) consists of sparsely distributed woody and
shrub species, including Salix alba, Salix triandra, Rosa iliensis, and Elaeagnus oxycarpa. This layer regu-
lates the light regime, reduces wind speed, and creates specific microclimatic conditions. The second lay-
er (60-110 cm) is composed of tall perennial herbaceous species. In this layer, D. glomerata, T. vulgare, and
A. millefolium predominate. This layer forms the main vertical profile of the phytocoenosis.

The third layer (30—60 cm) was composed of dominant grasses and formed the main bulk of community
biomass. Within this layer, P. pratensis, F. pratensis, D. glomerata, and in some sites Bromus inermis pre-
dominated. These species were distinguished by high projective cover and well-developed vegetative repro-
duction capacity. Their dense turf-forming root systems stabilize soil structure and contribute to maintaining
its aggregate composition. This particular layer ensures the overall density of vegetation cover, shades the
soil surface, and reduces the intensity of moisture evaporation. In addition, it moderates seasonal temperature
fluctuations and creates favorable microclimatic conditions for plants of the lower layers. The stable devel-
opment of the third layer serves as a key indicator of phytocoenosis productivity and ecological stability.

The fourth layer (5-30 cm) consisted of low-growing mesophytic and eurytopic species. This layer in-
cluded Plantago major, V. chamaedrys, Potentilla anserina, T. officinale, and other low herbaceous plants.
These species form a dense ground cover that prevents erosion processes. The lower-layer plants participate
in the accumulation of organic residues and humus formation, thereby playing an important role in increas-
ing soil fertility. Furthermore, this layer facilitates regeneration processes and ensures rapid recovery of va-
cant microsites. The ecological plasticity of species within the lower layer enhances the adaptive capacity of
the community to changing environmental conditions.

Thus, the third and fourth layers maintain the structural integrity of the phytocoenosis and ensure its
functional stability. While the third layer forms the primary biomass component, the fourth layer performs
soil-protective and regenerative functions. The interaction between these layers allows the community to
maintain ecological balance.

Structurally, Cenopopulation | represents a stable, uniform, and ecologically balanced system. Accord-
ing to both Hult-Drude and Braun-Blanguet scales, the high proportion of dominant categories indicates
strong biomass concentration and dense vegetation cover. The relatively low proportion of rare species re-
flects a high level of structural stability.

From an ecological perspective, this cenopopulation develops in a hydromesophytic direction and is de-
pendent on the moisture regime. The combination of elevation and microclimatic conditions supports high
phytocoenosis productivity and stable vertical organization. Under these conditions, T. vulgare maintains a
stable subdominant position and functions as an integral structural component of the community.
Cenopopulation I belongs to the humid meadow-forest type and represents a structurally well-developed and
ecologically stable phytocoenosis. Its high vegetation cover density, clearly expressed stratification, and pre-
dominance of mesophytic species indicate that this system is developing under relatively favorable ecologi-
cal conditions.

As a result of the study, 50 species of higher vascular plants were recorded within the territory of
Cenopopulation . Due to its proximity to the reservoir, the community was characterized as
hydromesophytic. According to the Frequency (%) structure, species were grouped as follows: — High
frequency (>60 %) — 8 species (16 %) (P. pratensis, F. pratensis, D. glomerata, Artemisia vulgaris, etc.);
Medium frequency (30-59 %) — 22 species (44 %);— Low frequency (<30 %) — 20 species (40 %).

According to the Hult-Drude cover-abundance scale, the distribution of species within
Cenopopulation | was as follows: Cop3-Cop2 (dominants and subdominants) — 14 species (28 %); Copl
(moderate abundance) — 18 species (36 %); Sp (rare) — 12 species (24 %); Sol (solitary individuals) —
6 species (12 %). The proportion of 14 species belonging to the Cop2 — Cop3 categories indicates the for-
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mation of an ecologically significant structural core within the community. This group primarily includes
perennial grasses and stable mesophytic elements that determine the vertical structure of the phytocoenosis,
vegetation density, and the main portion of biomass accumulation. The relatively high proportion of the
Copl category (36 %) enhances the structural diversity of the community and provides additional ecological
stability to the dominant core. Species within this group form secondary structural components of the
phytocoenosis and contribute to spatial mosaicity. The combined proportion of Sp and Sol categories (36 %)
demonstrates the considerable presence of species occurring as rare or solitary individuals. Such species are
often adapted to specific ecological niches or may represent temporary succession elements. The relatively
high share of Cop2—Cop3 categories (28 %), together with the predominance of Copl species, confirms that
the phytocoenosis is dense, well-developed, and structurally stable. This pattern is directly associated with
the hydromesophytic character of Cenopopulation | and the favorable moisture regime. Overall, the data ob-
tained according to the Hult-Drude scale indicate that Cenopopulation | represents an ecologically balanced
meadow community with a clearly expressed dominant structure and relative resistance to anthropogenic
impact.

To assess species abundance and vegetation cover levels in Cenopopulation |, both the Hult-Drude
and Braun-Blanquet scales were applied. The results of the two scales were mutually consistent
and confirmed the structural stability of the community. According to the Hult-Drude scale:
Cop3—Cop2(dominant/subdominant) — 28 % of species; Copl — 36 %; Sp + Sol — 36 %. These indicators
demonstrate the presence of a clearly formed dominant core within the phytocoenosis, while secondary and
rare elements ensure structural diversity.

According to the Braun-Blanguet scale: Classes IlI-IV (moderate to high cover) — 36 %;
Class Il — 40 %; Class | + — 24 %.Thus, the predominance of classes Il1-11 confirms the high overall vege-
tation density (80-90 %). Cop2-Cop3 categories largely correspond to Braun—Blanquet classes IlI-1V,
indicating that dominant and subdominant species are widely distributed and possess high projective cover.
Copl species mainly correspond to Braun—Blanguet class Il, meaning these species are stable structural
components but not absolutely dominant. Sp and Sol categories correspond to Braun—Blanquet classes | and
+, reflecting species that occur rarely or at the periphery of the community. In the ecological interpretation of
the community structure, dominant species were mainly represented by perennial grasses. Subdominants
consisted of mesophytic and mesoxerophytic perennials, whereas rare species were primarily ruderal or suc-
cessional elements. Such a structural organization ensures high biomass production, well-developed stratifi-
cation, stable microclimate formation, and relative resilience to anthropogenic disturbance (Tab. 1).

Table 1
Floristic diversity and ecological structure of Cenopopulation I (430-500 m a.s.l.)
of Tanacetum vulgare in the Kapchagay foothills (South-East Kazakhstan)
No Species Frequency, % Hult-Drude |Braun-Blanquet| Ecological group
1 |Equisetum arvense 25 2 1l Mesophyte
2 |Phragmites australis 30 3 11 Hygrophyte
3 |Typha angustifolia 15 2 1l Hygrophyte
4 |Poa pratensis 40 3 I Mesophyte
5 |Festuca pratensis 35 3 I Mesophyte
6 |Dactylis glomerata 45 3 I Mesophyte
7 |Bromopsis inermis 45 3 I Xeromesophyte
8 |Agrostis stolonifera 30 3 I Hygromesophyte
9 |Phleum pratense 30 3 I Mesophyte
10 |Stipa capillata 40 3 I Xerophyte
11 |Allium decipiens 15 2 1 Xerophyte
12 |Carex colchica 25 2 1 Hygromesophyte
13 |Juncus compressus 20 2 1 Hygrophyte
14 |Trifolium pratense 35 3 I Mesophyte
15 |Trifolium repens 30 3 I Mesophyte
16 |Medicago falcata 40 3 I Mesophyte
17 |Melilotus officinalis 30 3 I Xeromesophyte
18 |Vicia cracca 25 2 1 Mesophyte
19 |Achillea millefolium 45 3 I Mesophyte
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Continuation of Table 1

No Species Frequency, % Hult-Drude |Braun-Blanquet| Ecological group
20 |Taraxacum officinale 30 3 11l Mesophyte

21 |Tanacetum vulgare 25 2 1l Xeromesophyte
22 |Artemisia austriaca 20 2 1l Xerophyte

23 |Artemisia vulgaris 50 4 v Xeromesophyte
24 |Xanthium spinosum 20 2 1l Mesophyte

25 |Onopordon acanthium 15 2 1l Xerophyte

26 |Conyza canadensis 20 2 1l Mesophyte

27 |Dodartia orientalis 20 2 1l Xerophyte

28 |Verbascum songoricum 15 2 1l Xeromesophyte
29 |Galium verum 25 2 1l Xeromesophyte
30 |Plantago major 25 2 1l Mesophyte

31 |Plantago lanceolata 30 3 11l Xeromesophyte
32 |Convolvulus arvensis 20 2 1l Mesophyte

33 |Thlaspi arvense 20 2 1l Mesophyte

34 |Descurainia sophia 20 2 1l Mesophyte

35 |Berteroa incana 15 2 1l Xeromesophyte
36 |Rosa iliensis 10 1 | Xeromesophyte
37 |Polygonum aviculare 30 3 11 Mesophyte

38 |Salix alba 20 2 1l Hygromesophyte
39 |Salvia stepposa 35 3 11 Xeromesophyte
40 |Papaver rhoeas 40 3 11 Xeromesophyte
41 |Urtica dioica 20 2 1l Hygrophyte

42 |Euphorbia palustris 35 3 11 Hygrophyte

43 |Elymus repens 40 3 11 Mesophyte

44 |Capsella bursa-pastoris 20 2 1l Mesophyte

45 |Rumex acetosa 25 2 1l Mesophyte

46 |Rumex crispus 20 2 1l Mesophyte

47 |Chenopodium album 15 2 1l Xeromesophyte
48 |Atriplex patula 15 2 1l Xeromesophyte
49 |Thymus marschallianus 20 2 1l Xerophyte

50 |Campanula patula 15 2 1l Mesophyte

51 |Stellaria graminea 20 2 1l Mesophyte

Cenopopulation 11 (500-570 m above sea level). Cenopopulation Il is located in the upper part of
the altitudinal gradient and represents a transitional meadow-steppe type. As a result of the study, 45 species
of higher vascular plants were identified within this cenopopulation. The taxonomic structure was classified
into two divisions, three classes, and 17 families. The majority of the flora is represented by angiosperms
(Magnoliophyta), whereas the division Equisetophyta is represented by only a single species. Among the
classes, dicotyledons (Magnoliopsida) occupy the leading position, indicating an increasing contribution of
steppe elements within the community. At the same time, the monocotyledonous class (Liliopsida) also plays
a significant role in the taxonomic structure of the community. A total of 14 species belonging to the class
Liliopsida were identified, the majority of which are representatives of the family Poaceae. Grasses form the
dominant and subdominant structure of the community and constitute the main component of phytocoenotic
biomass. Species such as P. pratensis, F. pratensis, Stipa capillata, Aegilops cylindrica, and Bromopsis
inermis were distinguished by high frequency and cover values. These species form the principal part of the
second vertical layer (11 layer) within the phytocoenosis and ensure the overall density of vegetation cover.

The predominance of Poaceae reflects the ecological specificity of this transitional ecosystem. With
increasing elevation and a relatively reduced moisture regime, the proportion of xerophytic and
xeromesophytic grasses increases. According to literature data, these species are characterized by drought
tolerance and well-developed root systems, contributing to soil stabilization and the reduction of erosion pro-
cesses. In addition, monocotyledonous species contribute to maintaining the microclimatic stability of the
community. Dense grass cover shades the soil surface, reduces moisture evaporation, and moderates seasonal
temperature fluctuations. Such conditions create favorable circumstances for the stable persistence of other
mesophytic and xeromesophytic species.
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Within the family structure, Poaceae and Asteraceae occupy leading positions, which is characteristic of
meadow-steppe phytocenoses. Families such as Fabaceae, Brassicaceae, and Lamiaceae also contribute sig-
nificantly to the overall floristic composition. Hygrophytic elements decrease in abundance, while the pro-
portion of xerophytic and xeromesophytic species increases.

From an ecological perspective, Cenopopulation Il is characterized by the predominance of
xeromesophytic and xerophytic species alongside mesophytes. This pattern is directly associated with chang-
es in altitude and the moisture regime. As the distance from the reservoir increases, the direct influence of
surface and capillary moisture decreases, leading to a higher proportion of drought-tolerant species. In terms
of floristic composition and taxonomic structure, Cenopopulation Il corresponds to a transitional meadow-
steppe type. Compared to Cenopopulation I, its structure displays a more pronounced xeromesophytic char-
acter and a spatially mosaic organization. These features indicate the ecological flexibility of Tanacetum
vulgare and its capacity to tolerate varying moisture conditions.

Analysis of frequency values among the 45 recorded species revealed three principal groups. Species
with high frequency (>60 %) comprised 9 taxa (20 %), including P. pratensis, F. pratensis, A. vulgaris, Stipa
capillata, and Aegilops cylindrica. Species with moderate frequency (40-59 %) accounted for 18 taxa
(40 %), while low-frequency species (<40 %) also represented 18 taxa (40 %).

Most of the high-frequency species belong to xerophytic and xeromesophytic ecological groups. Grass-
es and wormwood species within this category form the dominant structural framework of the community.
Their elevated frequency reflects drought tolerance, well-developed root systems, and effective vegetative
reproduction. These adaptive traits confirm that Cenopopulation Il has developed under relatively drier envi-
ronmental conditions associated with increasing elevation.

The group of moderately frequent species (40 %) contributes substantially to the ecological diversity of
the phytocenosis. This group is largely composed of mesophytic and mesoxerophytic taxa that, together with
the dominants, maintain structural integrity and prevent complete xerophytization of the community. Such a
configuration is typical of transitional ecosystems, where both meadow and steppe elements coexist.

Low-frequency species (40 %) occur sporadically or are confined to localized microhabitats. A consid-
erable portion of these taxa are ruderal or occupy peripheral ecological niches. Their relatively high propor-
tion reflects the mosaic spatial organization and ecological heterogeneity of Cenopopulation 1. Structural
analysis of frequency data demonstrates a clear predominance of xerophytic and xeromesophytic steppe ele-
ments. The dominance of steppe grasses and A. species among high-frequency taxa indicates a directional
ecological shift toward drier environmental conditions. Simultaneously, the increased share of moderate- and
low-frequency species suggests enhanced spatial heterogeneity and structural complexity of the
phytocenosis. These transformations are associated with altitudinal gradients and moisture variability, re-
flecting ecological reorganization of the community. The obtained data further emphasize the high ecological
plasticity of Tanacetum vulgare and its ability to adapt to diverse moisture and edaphic conditions.

According to the Hult-Drude cover—abundance scale, species distribution within Cenopopulation Il was
structured as follows: Cop2 (dominants) — 8 species (18 %), Copl (subdominants) — 17 species (38 %),
Sp (sparse) — 14 species (31 %), and Sol (solitary individuals) — 6 species (13 %). These proportions indi-
cate a relatively weaker dominant core and a more spatially heterogeneous organization of the community.
The reduced proportion of Cop2 species suggests uneven biomass concentration, while the elevated repre-
sentation of the Sp category reflects increased ecological niche differentiation and community heterogeneity.

In comparison with Cenopopulation I, the number of dominant species decreased, whereas the propor-
tion of rare taxa increased. This shift confirms structural transformation associated with changes in altitude
and moisture availability. Although the dominant layer remains present in Cenopopulation |1, it exhibits a
distinctly mosaic distribution pattern rather than forming a uniform phytocoenotic core.

According to the Braun—Blanquet cover-abundance assessment, species were distributed as follows:
IV class — 5 species, 111 class — 15 species, Il class — 17 species, and | plus (+) — 8 species. The predom-
inance of Il categories indicates that the phytocenosis has not undergone structural degradation and re-
tains overall stability. However, the reduced number of species in the IV category demonstrates a decline in
vegetation density compared to Cenopopulation I, with total projective cover estimated at approximately
75-85 %.

The obtained results for Cenopopulation 1l reflect a noticeable reorganization of community structure.
A decrease in cover uniformity suggests that vegetation is no longer spatially continuous but instead exhibits
a mosaic pattern. The relative weakening of the dominant layer also affects the vertical organization of the
phytocenosis. In contrast to Cenopopulation I, biomass in this case is not evenly concentrated but distributed
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heterogeneously across different microsites. This pattern is associated with a reduced proportional cover of
dominant species and a simultaneous increase in the spatial contribution of subdominant and sparse taxa. As
a result, the structural framework of the community becomes less compact, and the phytocenosis acquires a
more dynamic character.

The relative thinning of the lower layer is likewise linked to changes in environmental conditions. With
increasing elevation and a less stable moisture regime, the proportion of mesophytic and hygrophytic ele-
ments declines. This shift affects both the density and species richness of the lower stratum and may poten-
tially slow regeneration processes. In addition, uneven distribution of light and soil moisture restricts the full
development of the ground layer. The observed reduction in cover density and the attenuation of the domi-
nant structure in Cenopopulation Il indicate that the community is undergoing ecological adjustment. The
phytocenosis appears to be transitioning gradually from a meadow type toward a steppe type. Such structural
transformation confirms the ability of Tanacetum vulgare populations to persist under varying altitudinal and
moisture conditions, demonstrating a high degree of ecological plasticity (Tab. 2).

Table 2
Floristic diversity and ecological structure of Cenopopulation Il (500-570 m a.s.l.)
of Tanacetum vulgare in the Kapchagay foothills (South-East Kazakhstan)
No Species Frequency, % Hult-Drude Braun-Blanquet | Ecological group
1 [Poa pratensis 75 Cop2 11 Mesophyte
2 |Festuca pratensis 70 Cop2 11 Mesophyte
3 |Dactylis glomerata 65 Cop2 11 Mesophyte
4 |Stipa capillata 60 Cop2 I\ Xerophyte
5 |Bromopsis inermis 55 Copl 11 Xeromesophyte
6 |Elymus repens 50 Copl 1111 Mesophyte
7 |Anisantha tectorum 50 Copl 11 Xerophyte
8 |Aegilops cylindrica 65 Cop?2 [\ Xerophyte
9 |Eremopyrum orientale 30 Copl Il Xerophyte
10 |Taeniatherum crinitum 25 Copl 1l Xerophyte
11 |Artemisia austriaca 60 Cop2 I\ Xerophyte
12 |Artemisia frigida 55 Copl 11 Xerophyte
13 |Artemisia vulgaris 70 Cop2 I\ Xeromesophyte
14 |Tanacetum vulgare 55 Copl 1111 Xeromesophyte
15 |Achillea millefolium 60 Cop2 11 Mesophyte
16 |Taraxacum officinale 40 Copl I Mesophyte
17 |Salvia stepposa 50 Copl 11 Xeromesophyte
18 |Thymus marschallianus 45 Copl 1 Xerophyte
19 |Convolvulus arvensis 40 Copl I Mesoxerophyte
20 |Plantago lanceolata 45 Copl I Mesoxerophyte
21 |Plantago major 30 Sp | Mesophyte
22 |Galium verum 50 Copl 11 Xeromesophyte
23 |Medicago falcata 55 Copl 11 Mesoxerophyte
24 |Melilotus officinalis 45 Copl 1 Xeromesophyte
25 |Trifolium pratense 50 Copl 11 Mesophyte
26 |Trifolium repens 35 Sp 1 Mesophyte
27 |Vicia cracca 30 Sp 1 Mesophyte
28 |Thlaspi arvense 25 Sp 1 Mesophyte
29 |Descurainia sophia 25 Sp 1 Mesophyte
30 |Berteroa incana 30 Sp 1 Xeromesophyte
31 |Polygonum aviculare 35 Sp 1 Mesophyte
32 |Papaver rhoeas 45 Copl 11 Xeromesophyte
33 |Rosa iliensis 20 Sol | Xeromesophyte
34 |Elaeagnus oxycarpa 15 Sol | Xeromesophyte
35 |Salix alba 15 Sol | Hygromesophyte
36 |Tamarix ramosissima 20 Sol | Haloxerophyte
37 |Dodartia orientalis 30 Sp 1l Xerophyte
38 |Verbascum songoricum 25 Sp 1l Xeromesophyte
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Continuation of Table 2

No Species Frequency, % Hult-Drude Braun-Blanquet Ecological group
39 |Onopordon acanthium 20 Sol | Xerophyte

40 |Xanthium spinosum 30 Sp 1l Mesophyte

41 |Chenopodium album 25 Sp 1l Xeromesophyte

42 |Atriplex patula 25 Sp 1l Xeromesophyte

43 |Rumex acetosa 30 Sp 1 Mesophyte

44 |Rumex crispus 25 Sp 1l Mesophyte

45 |Urtica dioica 20 Sol | Hygrophyte

The conducted research demonstrated that plant communities involving T. vulgare, although belonging
to a single population, exhibit clear structural and ecological differentiation along the altitudinal gradient.
Within the elevation range of 430-570 m above sea level, the two cenopopulations differ significantly in flo-
ristic composition, dominant structure, vegetation density, and ecological orientation.

Cenopopulation I (430-500 m) is located closer to the reservoir in a relatively well-moistened zone. A
total of 50 species of higher vascular plants were recorded here, and the community developed under
hydromesophytic conditions. Vegetation cover is dense (80-90 %, reaching up to 95 % in some sites), and
the dominant layer is well expressed. According to the Hult—Drude scale, the proportion of Cop2—Cop3 cate-
gories reached 28 %, indicating the presence of a stable dominant core within the phytocenosis. The Braun—
Blanquet assessment confirmed this pattern: the predominance of species belonging to cover classes l1-1V
reflects sufficient biomass concentration and uniform vegetation cover. In this community, mesophytic
grasses form the structural framework, while T. vulgare acts as a stable subdominant species with a relatively
even spatial distribution.

Cenopopulation 11 (500-570 m) is situated at a higher altitudinal level and is characterized by relatively
drier ecological conditions. A total of 45 species were identified, indicating a slight decrease in species rich-
ness. The floristic composition shows an increased proportion of xeromesophytic and xerophytic elements,
corresponding to a transitional meadow-steppe type. According to the Hult-Drude scale, the proportion of
Cop2 species decreased to 18 %, while the share of sparse (Sp) species increased to 31 %. This pattern indi-
cates a weakening of the dominant structure and the development of a more mosaic spatial organization.
Within the Braun—Blanquet system, the number of species assigned to class IV decreased, whereas classes
II-I increased in proportion. Total vegetation cover declined to 75-85 %. These changes suggest reduced
uniformity of biomass distribution and a relative weakening of the dominant layer.

The results obtained from both scales are consistent: the reduction of Cop2 species corresponds to a de-
crease in the number of class 1V species. This confirms structural reorganization of the community and re-
flects its transition to a more dynamic ecological state. While Cenopopulation | possesses a clearly expressed
and stable dominant core, Cenopopulation Il demonstrates an increased proportion of subdominant and
sparse species, resulting in a comparatively loosened structural configuration.

Altitude and moisture regime exert a direct influence on phytocenotic organization. In the lower belt
near the reservoir, mesophytic elements predominate and vegetation cover remains dense and uniform. In
contrast, in the higher belt, drought-tolerant species increase in abundance, and the ecological orientation
shifts toward steppe conditions. However, this change represents a transitional stage rather than complete
transformation.

T. vulgare remains present under both ecological conditions, demonstrating high ecological plasticity.
In Cenopopulation I, it occurs as a stable subdominant with relatively even distribution, whereas in
Cenopopulation Il its cover slightly decreases and distribution becomes less uniform. Nevertheless, the spe-
cies maintains viability across different moisture and altitudinal regimes. Thus, comparative analysis shows
that although both cenopopulations belong to a single population, the altitudinal gradient significantly influ-
ences their structural organization, floristic composition, and dominant patterns. Cenopopulation | corre-
sponds to a stable meadow-type community, whereas Cenopopulation Il exhibits features of a transitional
meadow-steppe system. These findings scientifically substantiate the altitude-dependent structural differenti-
ation of plant communities involving T. vulgare.

The high uniformity is primarily due to the developed three-tiered structure of the phytocenoses and the
significant proportion of mesophytic rhizomatous grasses (Poa pratensis, F. pratensis, D. glomerata), which
form a stable background for the grass stand and prevent the monopolization of space by individual species.
Despite the persistent presence of T.vulgare as a subdominant, this species does not disrupt the uniform dis-
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tribution of floristic elements or suppress associated mesophytic species. The uniform distribution of species
within the population contributes to the maintenance of high functional stability of the phytocenoses, includ-
ing effective microclimate regulation, soil stabilization, and the preservation of an optimal water regime.
Thus, the population can be considered a standard (reference) meadow community of the foothill ecosystems
of southeastern Kazakhstan, characterized by a highly uniform species distribution, sustainability, and eco-
logical stability.

Application of the Braun-Blanquet scale allowed us to identify a pronounced hierarchical structure of
the phytocenoses of population 1 and quantitatively characterize the contribution of individual species to the
formation of the herbaceous layer. Category 3 (26-50 %) included the dominant grass species P. pratensis L.
and F. pratensis Huds, which form the main background of the herbage and ensure high community density.
Category 2 (6-25 %) included subdominant species: T. vulgare L., D. glomerata L., T. pratense L.,
M. falcata L., Galium verum L., and A. millefoliumL. It was in this group that T.vulgare exhibited the great-
est cenotic stability. Category 1 (1-5 %) was represented by assectator species: P. major L., V.chamaedrys
L., Potentilla anserina L., T. officinale F.H. Wigg., Ranunculus acris L., Rumex acetosa L., which form the
regenerative and stabilizing ground layer. Categories r and + (<1 %) included single and rare species:
Capsellabursa-pastoris L., Stellaria media L., Chenopodiumalbum L., indicating local anthropogenic influ-
ence and micromosaic nature of phytocenoses. The altitudinal gradient in the study area revealed a distinct
differentiation in the floristic composition and geobotanical structure of plant communities, accompanied by
a consistent change in species frequency. Vertical zonation is due to the complex influence of climatic,
edaphic, and orographic factors, primarily changes in air temperature, moisture regime, and slope exposure.
The lower part of the altitudinal belt (430-500 m a.s.l.) is characterized by the development of xerophytic-
xeromesophytic wormwood-grass communities with the participation of ruderal and halophytic elements.
The greatest floristic diversity and maximum occurrence rates are noted here. The dominant species are
Aegilops cylindrica (90 %, score V), A. vulgaris (85 %, scores IV-V), Stipa capillata, Anisantha tectorum,
Leymus angustus, and A. frigida. These species form a dense turf cover and determine the overall physiog-
nomic appearance of the phytocoenosis. The high frequency of ruderal species (Polygonum aviculare,
Tanacetum vulgare, Xanthium strumarium, Descurainia sophia) indicates significant anthropogenic impact
and soil compaction. In the mid-altitude zone, a gradual transition from xerophytic to xeromesophytic-
mesophytic meadow-steppe communities is observed. The proportion of mesophytic grasses and legumes
increases: P. pratensis, F. pratensis, D. glomerata, T. pratense, and M. officinalis, accompanied by an in-
crease in the projective cover of the grass stand.

The frequency of xerophytes (Artemisia frigida, Aegilops cylindrica, and Taeniatherum crinitum)
decreases slightly, while mesophytic species tend to increase in frequency, which is associated with a more
favorable moisture regime and lower thermal stress. In the upper altitude zone, mesophytic meadow-forest
communities with tree and shrub forms develop. The frequency of occurrence of mesophytic and
hygromesophytic species increases: Picea schrenkiana, Pinus sylvestris, Carex colchica, Rosa iliensis,
Schoenoplectus lacustris. The proportion of ruderal and xerophytic elements significantly decreases, reflect-
ing reduced anthropogenic load and a more stable hydrothermal regime. Thus, a clear zonal change in
phytocenoses is observed along the altitudinal gradient: from xerophytic-wormwood-grass communities of
the lower belt through xeromesophytic-meadow-steppe communities of the middle belt to mesophytic mead-
ow-forest communities of the upper belt. Changes in species frequency along the altitudinal profile reflect
the adaptation of the flora to changing conditions of moisture, temperature, and the degree of anthropogenic
impact.

Conclusion

The comprehensive study conducted in the foothill ecosystems of Southeastern Kazakhstan revealed
clear structural and floristic differentiation of plant communities involving Tanacetum vulgare L. along the
altitudinal gradient within 430-570 m above sea level. The identified differences correspond to measurable
changes in vegetation cover, dominance structure, and species composition.

Two phytocoenotic variants were distinguished within a single population of Tanacetum vulgare L. In
the lower altitudinal belt (430-500 m a.s.l.), located closer to the reservoir, meadow-type communities were
recorded. This cenopopulation included 50 vascular plant species and was characterized by high projective
cover (95-100 %) and a well-developed dominant structure. According to the Hult-Drude scale, Cop2—-Cop3
categories accounted for 28 %, Cop1 for 36 %, and Sp + Sol for 36 %. The Braun—Blanquet assessment indi-
cated the predominance of classes I11-1V, and total vegetation cover ranged between 80-90 %, reaching up
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to 95 % in certain plots. These parameters reflect a relatively concentrated biomass distribution and a clearly
expressed dominant core.

In contrast, in the upper altitudinal belt (500-570 m a.s.l.), the community exhibited features of a transi-
tional meadow-steppe type. This cenopopulation contained 45 vascular plant species, and total vegetation
cover decreased to 75-85 %. According to the Hult-Drude scale, the proportion of Cop2 species declined to
18 %, while sparse species (Sp) increased to 31 %. The Braun—Blanquet scale showed a reduction in class IV
species to five, with classes I1-111 predominating. These changes indicate a decrease in dominance concen-
tration and a more heterogeneous spatial distribution of vegetation.

Comparative analysis demonstrated that increasing elevation is associated with a reduction in total veg-
etation cover, a decline in dominance intensity, and an increased proportion of xerophytic and
xeromesophytic elements. The concordance between the Hult—Drude and Braun—Blanquet assessments con-
firms that the decrease in Cop2 abundance corresponds to a reduction in high cover classes, providing con-
sistent quantitative evidence of structural transformation along the altitudinal gradient.

Floristic analysis showed that Poaceae and Asteraceae were the leading families in both
cenopopulations, which is typical for foothill meadow and transitional meadow-steppe phytocoenoses. Spe-
cies richness remained relatively high (50 species in Cenopopulation | and 45 species in Cenopopulation I1),
reflecting the floristic variability of the study area.

T.vulgare maintained a subdominant position in both ecological conditions. In Cenopopulation I, its
projective cover ranged between 8-12 % and its distribution was relatively uniform, whereas in
Cenopopulation 11, its cover decreased to 5-10 % and spatial distribution became less uniform. Despite these
changes, the species remained a consistent structural component of both communities.

Overall, the study provides gquantitative evidence of altitude-related structural differentiation of
T. vulgare communities in the foothill ecosystems of Southeastern Kazakhstan. Cenopopulation | corre-
sponds to a meadow-type phytocoenosis with higher vegetation density and more concentrated dominance,
whereas Cenopopulation 1l represents a transitional meadow-steppe community characterized by reduced
cover and increased representation of xeromesophytic species.
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Onrycrik-Ibirsic KazakcTaHHBIH Tay eTerinaeri 3KoxKyiesaepinaeri
Tanacetum vulgare L. ecimaikTep KaybIMIACTBIFBIHBIH (JIOPUCTHKAIBIK dPTYPJIiJiri,
re000TAaHUKAJBIK KYPbLJIBIMbI 7K3HE IKOJIOTHSJIBIK MAHbBI3bI

Maxkanana Onrycrik-Ibirsic KasakcranHbIH Tay GekTepi koxyiernepinae ecerin Tanacetum vulgare L.
ociMAIIKTep OIpIecTIKTEepiHiH (IIOPANBIK OPTYPJILIri, Te00O0TaHUKAIBIK KYPBUIBIMBI JKOHE 3KOJOTHSIIBIK
MaHBI3BIHA OKYPTi3UIreH KeImIeHAlI 3epTTey HOTIDKeIepl YCHIHBUFAH. 3epTTEy[iH ©3eKTUITrl KomiMri
MIKMaHbIH KeT(YHKIMOHAJIB MaHbI3IbUIBIFBIMEH afiKbIH AT Ibl, ce0e0i O anam3aT TapamnblHaH TaFaMIIbIK,
MaJll a3bIKTBIK, TEXHHKAJIBIK JKOHE COHJIK MaKcaTTapla, COHIai-aK XaJbIKTHIK JKOHE FBUIBIMH MEAMIMHAa
KeHIHeH KOJIIaHbUIaThlH oMmOebanm  ociMIiK. AHTPONOTrEHIIK OJKYKTEMEHIH KYILICi JKoHe TaOuFH
IKOXYHenepAiH TpanchopMalUsIaHybl KaFJalblHIA aTalFaH TYPAIH JKOJOTHSUIBIK JKOHE LEHOTHKAIIBIK
peJtiH 3epTTey epeKile FhUIBIME dpi MPaKkTHKAIbIK MOHTE He. 3epTTey HoTmkeciHae Tanacetum vulgare L.
KaTBICATBHIH OCIMIIK KaybIMIACTBIKTApBl JKOFaphl (IIOPANBIK OPTYPIUTIKIICH JKOHEe Me30(uTTi opi
Me30KCcepodUTTI TyprepaiH 6ackiM OOTybIMEH CHITATTaNaTHIHBI aHBIKTAIABL. 3€PTTENTeH TYpP HIONTECiH CaThI-
CBl TYpakThl HeMece CYOJOMHHAaHT KOMIIOHEHTI peTiHIe KepiHic Oepim, e3repMmeri opTa >XaraailapbiHa
JKOFaphl OKOJNIOTHSUIBIK HWKEMIUTIK TeH TO3IMAUTIK TaHBITanbl. AJBIHFAH HOTHXKeIep Tay Oekrepi
(UTOLICHO3IaPBIHBIH ~ KYPBUIBIMBI  MEH KbI3MET €Ty epeKIIeNKTepi Typajibl TYCIHIKTI KEHEWTilm,
OuoayaHTYPIIUTIKTI MOHUTOPHHTIIEYIE, dKOXYHenepliH skai-kyitin Oaramayna »xoHe OHrycTik-LIbIFBIC
Kasakcranaarsl CiMIiK pecypcTapblH YThIMABI aiAallaHyAa KOJIJaHbUTYbl MYMKIH.

Kinm co30ep: Tanacetum vulgare L., ¢uopanblk opTyp:iiiik, reoGOTaHUKAIBIK KYpbUIBIM, (UTOLCHO3,
SKOJIOTHSUIIBIK MaHBI3B, Tay OOKTepi skoxkyHenepi, puronpenapar, Oxrycrik-IIsrsic Kazakcran.
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K.A. Cmaenona, XX.A. A6aykanuposa, ['.JI. AnapoekoBa, A.C. Koxxamkapona,
K.C. Uzbactuna, M.O. AliT:kaHoBa

diopucTHYECKoe pa3HooOpa3ue, re000TaHUYeCKAsl CTPYKTYypa
¥ K0JIOTHYECKOe 3HAaYeHNe PacTUTEJbLHBIX coodmecTB Tanacetum vulgare L.
B npeAropHsix s3xocucremax FOro-Bocrounoro Kazaxcrana

B crarbe npencraBieHs! pe3yIbTaThl KOMILIEKCHOTO HCCIIEA0BaHUS (DIIOPHCTHIECKOTO pa3sHOOOpasus, reodo-
TaHUYECKOH CTPYKTYPHI M KOJOTMYECKOH 3HAYMMOCTH PAacTHUTENBHBIX COOONIECTB C ydacTHeM Tanacetum
vulgare L., mpomspacraroimux B mpearopHsix skocucremax FOro-Bocrounoro Kasaxcrana. AKTyalnbHOCTb
UCCIIEIOBaHUS OIPEEISIeTCs] MHOTO(YHKIIMOHAIBHOW 3HAYMMOCTBIO MIKMBI OOBIKHOBEHHOM, SIBIISIONIEHCS
YHUBEPCAIBHBIM PACTEHHEM, HCIONb3yeMbIM YEJIOBEKOM B MHINEBBIX, KOPMOBBIX, TEXHUYECKHX U AeKOpa-
THBHBIX I[EJISIX, a TAKKe B HAPOJAHOU M HAyYHOH MeIUINHE. B yCIOBUSIX yCHUIeHHs! aHTPOIIOT€HHON Harpys3KH
U TpaHc(hOpMaIMU MPUPOTHBIX SKOCHCTEM M3YyUEHUE KONOTHYECKON M LEHOTHYECKONH POJIM JaHHOTO BHIA
nproOpeTaeT 0co0yr0 Hay4HYIO M IPAKTUYECKYI0 3HAUMMOCTb. Y CTAHOBIICHO, YTO PACTHTEIbHbIE COOOIIECT-
Ba ¢ yuacTueM Tanacetum vulgare L. xapakrepu3yroTcst BHICOKMM (DIOPUCTUYECKUM Pa3sHOOOpasueM U Ipe-
obyaaHueM Me30(UTHBIX U Me30KCepO(UTHBIX BHJIOB. VccieayeMmsblil BUA BBICTYNAET IOCTOSIHHBIM WIIH
CyOJJOMMHAHTHBIM KOMITOHEHTOM TPABSHOTO sIpyca, JEMOHCTPUPYS BBICOKYIO SKOJIOTHYECKYIO IIACTHYHOCTD
U YCTOWYMBOCTD K M3MEHSIOMINMCS yCIOBUSAM cpeabl. [loydeHHbIe pe3ynbTaThl PACIIMPSIOT IPEICTaBICHHS
0 CTPYKType M (DyHKIMOHHPOBAHUH IPEATOPHBIX (PUTOIIEHO30B U MOTYT OBITH MCIONB30BAaHBI TP MOHHTO-
puHre OMOpa3sHOOOPa3usl, OIEHKE COCTOSIHUSI SKOCHCTEM U PAlMOHATBHOM HCIIOIb30BAHHU PACTHTENBHBIX
pecypcoB FOro-Bocrounoro Kaszaxcrana.

Knroueswie cnosa: Tanacetum vulgare L., ¢piopucrudeckoe pasHooOpasue, reoboTaHnuecKas CTpyKTypa, Gpu-
TOLICHO3, YKOJOTHYECKasi 3HAYMMOCTh, IIPEATOpHBIE 3KOCUCTeMEl, ¢uronpenapar, IOro-Bocrounsiii Kazax-
CTaH.
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Cell Cultures as a Platform for Optical Diagnostics and Toxicological Analysis:
Cancer Predictors and Cytotoxicity of Organic Compounds

This review examines the use of cell cultures as an experimental platform for optical diagnostics and the as-
sessment of the cytotoxic effects of organic compounds. In vitro models, including primary cell cultures, im-
mortalized cell lines, and tumor cell lines, are used to investigate biochemical changes associated with malig-
nant transformation and cytotoxic effects. Particular emphasis is placed on Raman and infrared spectroscopy
as label-free methods for detecting molecular alterations and evaluating dose-dependent cellular responses to
organic compounds. The review covers studies using human cell lines, including MCF-7, HelLa, A549,
HepG2, HL-60, and U-937, with particular attention to documented changes in lipid and protein composition,
structural abnormalities, and metabolic adaptations. The integration of cellular models with optical methods
enables the acquisition of reproducible and quantitatively measurable indicators of biochemical changes,
thereby supporting the development of novel diagnostic approaches and the assessment of compound toxicity.
The findings highlight the scientific value of cell cultures as a versatile platform for both fundamental and
applied research in oncology and toxicology.

Keywords: cell cultures, cytotoxicity, organic compounds, Raman spectroscopy, infrared spectroscopy, opti-
cal diagnostics, in vitro.

Introduction

Cell cultures are widely employed as experimental tools in applied, fundamental, and biological re-
search, representing one of the principal in vitro models [1]. They are valued for being convenient and readi-
ly controllable systems [2], enabling the study of cellular structural, functional, and metabolic features under
both normal and pathological conditions [3]. Additionally, in vitro cultures allow the assessment of various
chemical and physical factors within precisely defined experimental settings [4].

Due to their ease of cultivation and high reproducibility, cell cultures are widely used in oncology, toxi-
cology, and pharmacology [5]. They offer a convenient experimental platform for controlled in vitro studies.
Cell cultures are frequently used to investigate cellular mechanisms, assess the toxicity of substances, and
prescreen potentially effective compounds [6, 7].

In recent years, the application of cell cultures in combination with optical research methods has gained
particular relevance. Optical microscopy, along with fluorescent and spectroscopic techniques, enables the
monitoring of changes in cell morphology, structure, and biochemical state without disrupting the sample
[8, 9]. These capabilities make such methods promising for the early detection of malignant cell transfor-
mation, as well as for evaluating the cytotoxic effects of various organic compounds at the cellular level [10].

Scientific literature reports various findings on the use of cell cultures in oncological research and toxi-
cological analysis. These studies demonstrate optical methods are applied to both tumor and non-tumor cell
lines to study cellular changes and assess the various chemical compounds toxicity [11-13]. At the same
time, various publications consider these aspects separately, focusing either on the cell cultures biological
characteristics or on individual optical methods without a comprehensive examination [14, 15]. This indi-
cates the relevance of using cell culture analysis as a unified experimental platform for optical diagnostics
and toxicological assessment.
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A key issue in this field is the lack of a comprehensive understanding of the capabilities and limitations
of using cell cultures to identify optical predictors of malignant transformation and to assess the cytotoxic
effects of organic compounds. The criteria for interpreting optical data obtained from cell models, as well as
their relevance to preclinical research, remain insufficiently defined [16].

The object of this study is cell cultures employed in biomedical research, while the subject is their ap-
plication in optical diagnostics of malignant transformations and the toxicological assessment of organic
compounds. The aim of this review article is to analyze and systematize the scientific literature on the use of
cell cultures as a platform for optical diagnostics and toxicological evaluation. To achieve this goal, the arti-
cle addresses the following objectives: to review the main types of cell cultures and their applications; to
analyze the advantages and limitations of cell cultures as in vitro models; to describe the optical methods
employed to study cell cultures in oncology.

Experimental

A systematic approach was employed to analyze the scientific literature for this review. The primary
sources of information included the international databases PubMed, Web of Science, and Scopus, as well as
open-access scientific journals publishing research in the fields of cell biology, oncology, toxicology, and
spectroscopy. Inclusion criteria encompassed studies focused on the use of cell cultures (primary, immortal-
ized, and tumor cell lines) as models for investigating biochemical changes associated with malignant trans-
formation and the cytotoxicity of organic compounds, as well as studies employing spectroscopic methods
for the quantitative and qualitative analysis of cellular components. Studies lacking experimental data or
without a detailed description of spectroscopic methods were excluded. Data were systematically organized
to analyze cell line types, studied compounds, applied spectroscopic approaches (Raman and FTIR), and
identified biochemical changes. The collected materials were used to summarize current trends, compare re-
sults across studies, and highlight prospects for the development of optical diagnostics and in vitro toxicolog-
ical analysis.

Main types of cell cultures and their applications

Cell cultures are experimental systems consisting of populations of cells maintained outside the organ-
ism under controlled in vitro conditions. Such conditions ensure cell viability, support proliferation, and pre-
serve essential biological functions. Consequently, cell cultures are widely used as model systems for the
investigation of cellular processes, the study of pathological alterations, including malignant transformation,
and the assessment of the cytotoxic effects of chemical compounds [17, 18].

Cell cultures are classified into three main types based on their source and biological characteristics:
primary cultures, immortalized cell lines, and tumor cell lines [19, 20].

Primary cell cultures are obtained directly from body tissues and maintained in vitro without prolonged
adaptation or targeted genetic modification. As a result, they largely preserve the morphological, functional,
and metabolic characteristics of the original tissue, including specific cellular phenotypes and regulatory
mechanisms [21]. For example, primary human mammary epithelial cells (HMECs) have been isolated and
cultured from mammary tissue to study fundamental aspects of breast biology and diseases, including early
stages of breast cancer development [22]. Primary human hepatocytes isolated from resected liver tissue are
frequently used as physiologically relevant models to study drug metabolism, cytochrome P450 regulation
and response to xenobiotics in vitro [23]. Similarly, primary adult cardiomyocytes isolated from human
myocardium were cultured to evaluate electrophysiological properties and cardiotoxic responses to
therapeutic compounds, demonstrating their utility in cardiovascular research and drug safety assess-
ment [24]. Their close resemblance to native tissue underlies their high biological relevance, making primary
cultures an important tool in fundamental research [25]. They are widely employed to investigate cellular
mechanisms underlying tumor development, to study disruptions in cellular regulation [26], and to experi-
mentally assess the effects of various chemical compounds at the cellular level [27].

Immortalized cell lines are characterized by their ability to undergo an unlimited number of cell divi-
sions, making them a convenient and stable platform for long-term, reproducible experiments. This enables
the standardization of experimental conditions and the comparability of results across different studies. For
example, the Jurkat T-lymphoblastic cell line, derived from human T-lymphoblastic leukemia, is routinely
used in an in vitro model to study signaling pathways during T-cell activation and their functional roles, in-
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cluding studies of T-cell receptor (TCR) signaling pathways and cytokine production in response to stimula-
tion protocols [28]. Similarly, the HEK293 cell line, an immortalized human kidney cell line, is commonly
used as a host system for transient expression studies, recombinant protein production, and viral vector
production due to its high transfection and robust growth properties [29]. Immortalized hepatoma cell lines,
such as Huh7 cells play a key role in virological research as they enable efficient replication of hepatitis C
virus (HCV) RNA in culture and allow the screening of antiviral compounds that would otherwise be diffi-
cult to evaluate in primary hepatocyte systems [30]. Their role as model systems for studying the molecular
mechanisms of cell activity, analyzing signaling pathways, and performing pharmacological and toxicologi-
cal screening of various compounds confirms their importance for basic and applied research. Immortal cell
lines also play a key role in the development and validation of cell-model-based diagnostic methods, such as
reporter assays generated on transformed cell lines to detect biomarker-mediated responses [31].

Tumor cell lines are derived from malignant neoplasms of various origins. Their distinguishing feature
is the disruption of growth, proliferation, and cell cycle regulation, which makes them a valuable tool for
studying tumor cell biology [32]. For example, human breast adenocarcinoma MCF-7 and hepatocellular
carcinoma HepG2 cell lines are frequently used in cancer research to study metabolic changes and stress
responses in tumor cells; studies have shown how metabolic inhibition and hypoxic conditions affect
viability and apoptotic markers in these tumor cell lines, providing insight into regulatory pathways
associated with carcinogenesis [33]. In another study, a range of human ovarian tumor cell lines, including
IGROV1, OVCAR-3, OVCAR-4, OVCAR-5, OVCAR-8, and SK-OV-3, were used to characterize the
antitumor activity of the chemotherapeutic agent irofulven. Significant antiproliferative effects were
demonstrated in vitro, and the suitability of these cell lines for the preclinical evaluation of cytotoxic
compounds was confirmed [34]. The human cervical cancer cell line HelLa is derived from a malignant
epithelial tumor. Fourier-transform infrared spectroscopy (FTIR) and Raman spectroscopy were used to
investigate changes in the protein and lipid composition of HelLa cells following cytotoxic and
pharmacological stimulation. For example, FTIR and Raman imaging of HelLa cells treated with the
adaptogen withaferin A revealed dose-dependent biochemical changes in lipid-related spectral regions and
protein secondary structures. This suggests alterations in cellular metabolism and response to chemical
substances [35]. Further studies demonstrated that cell cycle-dependent changes in the FTIR spectra of HeLa
cells correlate with changes in amide | and Il bands, which are associated with protein conformation and cell
state [36]. Raman spectroscopy combined with atomic force microscopy was also used to detect changes in
the DNA, lipid, and protein composition of HelLa cells after exposure to external substances such as
nanoparticles. This confirmed that the vibrational signatures reflect molecular adaptation to the treat-
ment [37]. These studies demonstrate the suitability of HeLa cells for assessing cytotoxic effects and for
investigating biochemical reactions in solid tumor models using optical methods.

In contrast, the human leukemia cell lines HL-60 and U-937 are derived from hematological
malignancies and grow in suspension, making them suitable models for toxicological and spectroscopic
investigations. Leukemia cell cultures have been extensively studied using Raman spectroscopy and Fourier-
transform infrared spectroscopy (FTIR) to identify alterations in protein, lipid, and nucleic acid composition
associated with cytotoxic effects and apoptosis [38, 39]. The combined use of solid tumor and leukemia cell
lines allows for a comparative evaluation of cytotoxic effects and molecular reactions in different cancers
using optical spectroscopic methods.

Tumor cell lines of various origins are frequently used to model solid and hematological malignancies
in vitro. These lines are employed to investigate the mechanisms of carcinogenesis, analyze the phenotypic
and molecular characteristics of malignant cells, and identify potential cellular markers of tumor transfor-
mation. In applied research, such cultures are used to assess antitumor activity and the cytotoxic effects of
organic compounds using various analytical techniques, including optical methods, which provide infor-
mation on structural, functional, and biochemical changes in cells [40].

Cell cultures as an experimental model in vitro: advantages and limitations

Cell cultures are regarded as a common in vitro model in biomedical research, owing to the ability to
maintain strict control over experimental conditions and achieve highly reproducible results when studying
cellular processes. The use of cell cultures enables the analysis of the effects of various factors on cells under
standardized conditions, which is particularly important for oncology and toxicology studies [41].
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The main advantages of cell cultures are the strict control of experimental conditions, including the
composition of the culture medium, the concentration of the compounds being studied, the temperature, and
the exposure time. These conditions ensure reproducible results and enable quantitative analysis of cellular
responses. Moreover, cell cultures offer high experimental flexibility, enabling the variation of study pa-
rameters and the modeling of diverse biological conditions.

A significant benefit of cell models is the ability to investigate cellular mechanisms at the molecular
and subcellular levels [42]. The use of cell cultures facilitates the analysis of proliferation, apoptosis, meta-
bolic changes, and the structural organization of cells. This makes them indispensable for studies of carcino-
genesis as well as for assessing the cytotoxic effects of chemical compounds [43].

Despite their advantages, cell cultures as in vitro models have several limitations. One limitation is the
simplified nature of the system compared to in vivo conditions, as cell cultures do not fully reflect complex
intercellular and tissue interactions, nor the influence of systemic factors present in the organism. This re-
stricts the direct extrapolation of results to whole-organism contexts [44]. Another limitation is the variability
of cellular characteristics during long-term culture, particularly for immortalized and tumor cell lines. Such
changes can affect morphology, metabolism, and gene expression, which must be considered when interpret-
ing results. Additionally, study outcomes may depend on the specific cell line used and the culture conditions
applied [45].

Cell cultures represent an effective and informative in vitro model with several significant advantages,
but careful interpretation of data and consideration of their limitations are essential.

Optical methods for the identification of cancer-related predictors in cell cultures

Optical spectroscopic techniques are widely applied to examine molecular changes associated with tu-
mor phenotypes and are recognized as effective tools for identifying cancer-related predictors in vitro. By
analyzing the spectral properties of cell cultures, researchers can detect variations in biochemical composi-
tion corresponding to different levels of malignancy and tumor aggressiveness. Among these methods, Ra-
man and infrared (IR) spectroscopy stand out in oncology research due to their label-free operation and high
molecular specificity. For example, investigations of urothelial carcinoma cell lines, including T24a, T24p,
RT4, HT-1376, and J82, using both Raman and FTIR imaging, have revealed that the spectral signatures
reflect critical molecular differences between malignant and non-malignant cells, correlating with malignan-
cy grade and invasive potential. These findings support the use of such spectroscopic profiles as reproducible
indicators of cancer-related molecular changes in vitro [46]. The use of well-characterized tumor cell lines
provides a controlled experimental platform for correlating spectral signatures with specific malignant phe-
notypes, facilitating the identification of reproducible molecular predictors of cancer development [47].

Raman spectroscopy is widely applied to characterize the biochemical profiles of tumor cell lines and to
distinguish them from less aggressive cellular models. Studies involving breast cancer cell lines such as
MDA-MB-231, MDA-MB-468, HCC-1143, and MCF-7 have demonstrated that both Raman and infrared
spectral analyses can reveal molecular features characteristic of distinct tumor subtypes. In these models,
Raman spectra have been shown to reflect differences in cellular lipid organization, protein secondary struc-
ture, and nucleic acid content, which are associated with variations in tumor aggressiveness. Such spectral
distinctions enable the differentiation of highly invasive cell lines from less aggressive ones, supporting the
use of Raman-based molecular fingerprints as potential predictors of tumor behavior [48].

Several studies have shown that Raman spectroscopy is sensitive to biochemical adaptations and meta-
bolic features of tumor cells [49]. For instance, comparative analyses of the MDA-MB-231 and MCF-7 cell
lines indicate that the intensity of spectral bands associated with lipid and protein components correlates with
cellular aggressiveness and metastatic potential. In these investigations, elevated lipid-associated Raman sig-
nals were linked to increased membrane remodeling and altered energy metabolism in more aggressive cells.
The application of multivariate statistical methods, including principal component analysis (PCA), allows the
identification of informative spectral features and facilitates reliable discrimination between tumor cell lines
[50]. As a result, cell line-specific spectral profiles can be generated and further explored as quantitative pre-
dictors of malignant phenotype and progression.

Infrared spectroscopy, particularly Fourier-transform infrared (FTIR) spectroscopy, complements Ra-
man analysis by detecting the absorption of infrared radiation by specific molecular functional groups [51].
Studies of tumor cell lines have shown that alterations in amide | and amide Il bands, as well as lipid-
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associated spectral regions, reflect biochemical shifts characteristic of malignant transformation. Using
breast cancer cell lines such as MCF-7 and more aggressive counterparts, FTIR spectroscopy has been
shown to detect differences in protein-to-lipid ratios and conformational changes in cellular macromolecules.
These FTIR-derived spectral features provide reproducible indicators of tumor-associated biochemical re-
modeling and can be employed to distinguish cell populations with different malignant potentials [52].
Overall, the application of Raman and infrared spectroscopic techniques to cell cultures enables the de-
tection of stable molecular changes associated with tumor development. The resulting spectral profiles re-
flect key biochemical characteristics of malignant cells, including alterations in lipid metabolism, protein
structure, and nucleic acid content, and may be considered potential predictors of cancer. Consequently, cell
cultures serve as an effective and informative experimental platform for the development and validation of
optical diagnostic approaches aimed at identifying cancer-related predictors in oncology research [53].

Cell cultures as a model for the assessment of cytotoxicity of organic compounds using optical methods

Cell cultures are widely used in toxicological studies to assess the cytotoxic effects of organic com-
pounds, as they allow for the direct analysis of chemical impacts on cells derived from various tissues under
controlled conditions [54]. In such studies, Raman and infrared spectroscopy are applied as optical tech-
niques for detecting biochemical alterations in cells induced by toxic agents without the use of labels or de-
structive sample preparation [55].

Liver cell lines, particularly HepG2, are among the most commonly used models for evaluating the cy-
totoxicity of organic compounds with potential hepatotoxic effects. Several studies employing this model
have investigated the impact of organic solvents, such as dimethylformamide and ethanol, as well as aro-
matic hydrocarbons and pharmacologically active compounds [56, 57]. Exposure to these substances induces
alterations in lipid and protein components of HepG2 cells, which can be detected in both Raman and FTIR
spectra. Spectral features associated with membrane integrity disruption and metabolic dysfunction have
been shown to correlate with reduced cell viability, allowing these changes to be considered indicators of
cytotoxic effects [58].

The HelLa and A549 cell lines are widely used in studies aimed at assessing the cytotoxicity of organic
compounds in epithelial cells. In HeLa cells, Fourier-transform infrared (FTIR) spectroscopic analysis has
been applied to detect biochemical changes in protein and lipid regions following exposure to pharmacologi-
cally active and toxic agents [59]. FTIR spectra of HeLa cells reveal alterations in amide I/11 bands and lipid-
related regions corresponding to cellular responses, including cell cycle arrest and phenotypic changes in-
duced by external compounds [60]. Raman spectroscopy has also been successfully applied to live HelLa
cells, demonstrating that vibrational signatures can provide detailed molecular information (including lipids
and proteins) when HelLa cells are examined under different experimental conditions [61]. In A549 models,
FTIR spectroscopy has been used to monitor apoptosis and cytotoxicity induced by toxic agents, including
predominantly organic compounds as well as inorganic toxicants such as arsenic trioxide, demonstrating
shifts in spectral regions associated with proteins, lipids, nucleic acids, and carbohydrates [62]. The com-
bined application of Raman and infrared spectroscopy enables a more comprehensive characterization of cel-
lular responses to toxic exposure, revealing complementary biochemical insights into membrane integrity,
protein conformation, and metabolic disfunction.

The MCEF-7 breast cancer cell line is frequently employed to evaluate the cytotoxicity of organic anti-
tumor compounds, natural bioactive substances, and synthetic organic molecules considered as potential
therapeutic agents. In such studies, Raman and FTIR spectroscopy have been used to detect changes in the
protein and lipid composition of cells, reflecting structural damage and disturbances in cellular energy me-
tabolism [63]. The resulting spectral data have been applied for the comparative assessment of toxic effects
and for the analysis of dose-dependent cellular responses [64].

In a number of studies, cell cultures have been used to construct dose-dependent models of cytotoxicity
for organic compounds of various chemical classes, including aromatic compounds, alcohols, ketones, and
pharmacologically active molecules. The use of a single cell line in combination with Raman and infrared
spectroscopy allows the generation of reproducible spectral profiles that reflect the extent of cellular damage
at different toxicant concentrations [65, 66]. These spectral profiles complement conventional cell viability
assays and can be employed for the quantitative evaluation of cytotoxic effects in vitro.

The main cell lines, studied compounds, and applied spectroscopic methods are summarized in Table 1.
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Table 1
Application of cell lines and optical methods in cytotoxicity studies
Cell line Type of organic Method Main detected References
compounds changes
HepG2 Organic solvents, aromatic Raman. FTIR Changes in lipid and [67]
compounds protein components
Hela Pharmacologically active Raman, FTIR Shlft'S in aml_de bands [68]
compounds and lipid regions
A549 Toxic organic compounds FTIR Apoptosis-associated [62]
spectral changes
MCE-7 Organic antitumor Raman. FTIR P'I’Otem-hpld balance [69]
compounds disorders

Thus, the integration of cell culture models with Raman and infrared spectroscopy represents an effec-
tive platform for assessing the cytotoxicity of organic compounds [66]. This approach enables the identifica-
tion of molecular and biochemical changes induced by toxic exposure and supports the use of spectral char-
acteristics for the comparative analysis and evaluation of the potential toxicity of organic substances [69].

Conclusions

The review demonstrates cell cultures serve as a versatile platform for research in optical diagnostics
and toxicological analysis. The use of primary, immortalized, and tumor cell lines allows for the reproduci-
ble assessment of biochemical and structural changes resulting from both malignant transformation and ex-
posure to organic compounds. Application of Raman and infrared spectroscopy facilitates the identification
of molecular cancer markers, structural alterations in proteins and lipids, and cellular metabolic adaptations.
The compiled data confirm the effectiveness of cell models for both quantitative and qualitative analysis of
biochemical processes, as well as their potential in the development of new diagnostic approaches and the in
vitro assessment of compound toxicity. Future research should focus on standardizing spectroscopic analysis
methods and expanding the use of cell models for the predictive evaluation of biochemical and pharmacolog-
ical effects of substances.
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Kacyma ecingici onTMKAJIBIK INATHOCTHKA
JKOHE TOKCHKOJOTHSIIBIK Tajiay nmiaardopmacsl peTinae:
KaTepJIi iCik NpeanKTOPJIaphI KIHE OPraHUKAJIBIK
KOCBUIBICTAPABIH HMTOTOKCUKAJIBIK dcepi

[lomy Maxaiaza jkacylla OCiHIICIH ONTHKAJbIK [JUAarHOCTHKA JKOHE OPraHHMKAIbIK KOCBUIBICTAPIIbIH
[MTOTOKCHKAJIBIK dCepiH Oaranay YIIiH 3KCIEPHUMEHTTIK Iuiargopma peTiHie MaianaHy KapacThIpbUFaH.
Karepni TpaHcdopmaiMsMeH »aHE YBITTHI ocepiepMeH OaiaHbICTBI OHOXUMUSUIBIK ©3TepiCTepl 3epTTey
yiuriH Oacrankpl OCiHAiCi, COHAaM-aK eIMEeWTIH KoHe ICIK »Kacylia JKeNiiepiH Koca amFaHma, in Vitro
MOJIeNblIepi KOAaHbULAbl. MOJIEeKyTanblK ©3repicTep/ii aHbIKTay JKOHE OpPTaHMKAIBIK KOCBUIBICTApFa J03aFa
TOyeJi JKacylIanblK peakuusuiapabl Oaranay yuiiH TaHOackl3 ojicTep peTinae PamaH jxoHe HH(PAKBI3BLT
CIIEKTPOCKONMSFAa EepeKlle Hazap aygapbUuiAbl. KapacThIppUIFaH 3epTTeyiep JIMIMUATEP MEH aKybl3
KYPaMBIHBIH ~ KYKaTTaJFaH  e3repicTepiHe, KYpPBUIBIMABIK  aybITKyJapFa JKOHE  METa0OJMKAIbIK
Geftimnenynepre Hazap aygapa oteipsin, MCF-7, Hela, A549, HepG2, HL-60 xone U-937 cusKTHI agam
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JKacylia JKeJiIepiH Kamtuabl JKacyina MoOJEnbIepiH ONTHKAIBIK OAICTepMEH OipiKTipy OHOXMMHUSIIBIK
e3repicTep/iH KaliTallaHATBIH JKOHE CaHIBIK TYPFBIIaH MaHbBI3Abl KOPCETKIIITEPiH alTyFa MyMKIHIIK jKacaibl,
Oy ’kaHa JUAarHOCTHUKANBIK TOCUIIEpAl o3ipiey JkoHe KOCBUIBICTBIH YBITTBUIBIFBIH Oaranay YUIiH
MYMKiHAiKTep Oepeni. KopeIThIHIbIIA jkacyIa ©CIHICIHIH OHKOJOTHS MEH TOKCHKOJIOTHSIAFBI 1pTelli xKaHe
KOJIIaHOAaJIbl 3epTTeYIIep YIIiH KaH-)KaKThl IaTGhopmMa peTiHAeT] FhUIBIMUA KYHIBUIBIFBI aTall OTUIICH.

Kinm  ce30ep: xacyma ecCiHMiCI, IIMTOTOKCHKAJIBIK OCEep, OpPraHUKAIBIK KOCBUIBICTap, Paman
CIIEKTPOCKOMHSCH, HH()PAKBI3bUT CIIEKTPOCKOIIHS, OTNITHKAIIBIK JIMATHOCTHKA, iN Vitro.

A.A. Amanrensauna, A.l'. Kymuna, A.K. 3eitnunenos, A K. AiimyxaHoB,
K.T. Illakees, ¥ .K. Carbiaranu, [.B. IllectakoB

KyabTypsl KJIeTOK Kak miaTgopma il ONTHYECKO# TNATHOCTUKH
U TOKCHKOJIOTHYECKOr0 AaHAJM3a: MPeANKTOPbI paKa
U IUTOTOKCHYHOCTH OPraHUYeCcKUX coeMHEeH Uil

B nmanHO# 0030pHOI cTaTbe MBI pacCMaTpHBaeM HCIIOJIb30BaHUE KICTOYHBIX KYJIbTYp B KAaueCTBE HKCIIEPH-
MEHTAJIFHON MIaT(OPMBI U ONTHYECKON THATHOCTUKU M OLIEHKH HUTOTOKCHYECKOTO NEHCTBHS OpraHude-
CKUX coeqMHeHHHU. [ nccenoBannsi OMOXUMUYECKAX U3MEHEHUH, CBA3aHHBIX CO 3JI0KAYECTBEHHOH TpaHC-
(dopMarmeil ¥ TOKCHYECKUM JEHCTBHEM, MCIIONB3YIOTCS MOJENH iN VItro, BKIIOYast MepBHUYHbIE KYJIBTYPHI, a
TaK)Ke MMMOPTAJIM30BaHHBIC U OMYXOJICBBIC KIIETOUHBIC THHUH. Oc000e BHUMAHUE YIEIACTCS PaMaHOBCKOM
1 MH(pPaKpaCHOW CHEKTPOCKONMUHM KakK 0€3METOYHBIM METOJaM OOHAPYKCHUS MOJICKYJSPHBIX U3MCHCHUH W
OIICHKH J10303aBUCHMBIX KJIETOUHBIX OTBETOB Ha OPraHUYECKHUE COeIMHEHHs. PaccMOTpeHHbIe UcCiie0BaHus
BKJIIOYAIOT KIICTOYHBIC JUHUM YenoBeka, Takue kak MCF-7, HeLa, A549, HepG2, HL-60 u U-937, ¢ akien-
TOM Ha JTOKYMEHTHPOBAHHBIC U3MEHECHUS B JIMITUIHOM H OCIKOBOM COCTaBE, CTPYKTYpHBIC aHOMAIHUU U Me-
TaboIMUecKe amantanuy. VHTerpamus KISCTOYHBIX MOJAECICH ¢ ONTHYECKUMH METOJAMHU ITO3BOJSET IMOY-
4aTh BOCHPOHM3BOANMBIC W KOJMYECTBEHHO 3HAUMMBIC IMOKA3aTeNd OMOXMMHYECKUX M3MEHEHUH, MPeaOoCTaB-
JIsIs1 BOBMOYKHOCTH JIJIs pa3pabOTKK HOBBIX TUATHOCTUYECKUX MOJXOIOB M OIICHKH TOKCHYHOCTH COCTUHCHHA.
B BBIBOJIaX MOmYEpKUBACTCS HAaydHAs IEHHOCTh KJIETOYHBIX KYJIbTYp KaK YHHUBEPCATbHOH miaathopMbl st
(hyHIaMEHTANbHBIX U MPUKIIAJHBIX UCCICTOBAHHIA B OHKOJOTHU M TOKCUKOJIOTHH.

KnroueBble cioBa: KJIETOYHBIE KyJIbTYPbI, LIMTOTOKCHYHOCTb, OpPIaHMYECKHE COEIMHEHUs, paMaHOBCKas
CIIEKTPOCKONHS, MH(PaKpacHasi CIIEKTPOCKOMNHMS, ONTHYECKas IMArHOCTHKa, iNVitro.
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Species identification of crops and weeds in wheat fields using
hyperspectral data and machine learning algorithms

Based on the relationship established between the morphological and anatomical properties of plant tissues
and the recognition performance of a machine learning algorithm, a comprehensive assessment of the limita-
tions of ML algorithms, using Random Forest as an example, was conducted for the first time for the mul-
ticlass identification of crops and weeds in the agroecosystems of northeastern Kazakhstan. The study identi-
fies the principal biological factors underlying the optical overlap of classes in the hyperspectral feature
space. Data were collected using a hyperspectral sensor operating in the VIS-NIR range. Spectral profiles
were analyzed by assessing variance distribution using principal component analysis and constructing reflec-
tance curves. Classification of the extracted data was performed using the Random Forest algorithm. Spring
wheat (Triticum aestivum) at different phenological stages and five dominant weed species (Euphorbia
virgata, Descurainia sophia, Vicia hirsuta, Fallopia convolvulus, and Echinochloa crus-galli) were selected
as the study objects. The algorithm demonstrated an overall classification accuracy of 72.94% on the test data
for crop-weed discrimination. High identification accuracy was achieved for wheat (MCC = 0.994), attributa-
ble to its spectral stability and pronounced red-edge features (680—730 nm). Lower accuracy in the intra-class
separation of weed species was associated with species-specific anatomical characteristics: the thick cuticle of
Euphorbia virgata increased reflectance, the complex structure of Vicia hirsuta contributed to spectral disper-
sion, and similarities in mesophyll structure between Echinochloa crus-galli and other grasses resulted in op-
tical overlap with crop features. Thus, the model enables reliable crop—weed discrimination, which is im-
portant for precision agriculture and targeted agrochemical application.

Keywords: hyperspectral sensing, spring wheat, weeds, machine learning, species identification, species dif-
ferentiation, spectral signatures, precision agriculture.

Introduction

Wheat is an important crop that ensures food security [1], accounting for approximately one-fifth of the
total current global food demand [2]. However, despite the global prevalence of its cultivation areas, these
regions are characterised by a number of problems that impede the implementation of initiatives in this direc-
tion [1]. One of the key destructive factors affecting cultivation and leading to substantial economic losses is
the infestation of crop stands with weeds [3], which is caused by the delay and slowdown of crop growth,
leading to reduced productivity and harvest quality [4] due to competition with weeds for sunlight, essential
nutrients, territory, and water resources [5, 6]. According to FAO data, the share of annual crop losses due to
weeds amounts to approximately 10 % [7, 8]. Traditional control methods, based on the blanket application
of herbicides to field areas infested with weed vegetation, are associated with high labour intensity, increased
financial costs, soil degradation, and negative environmental impacts [4, 9].

In the context of precision agriculture, the SSWM (Site-Specific Weed Management) strategy is gaining
relevance [3, 10, 11], involving the targeted application of protective agents only in locations where specific
species of undesirable plants (weeds) are detected [12], which allows for a manifold reduction of the pesti-
cide load on ecosystems [13]. The basis of this strategy is the automated and accurate identification of weeds
against the background of crop vegetation [14], which remains a challenging task to this day due to the mor-
phological similarity of plants, especially at early developmental stages.

Standard digital RGB cameras have significant limitations when classifying species with similar visual
characteristics. A promising alternative to them is hyperspectral systems, which, unlike traditional RGB and
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multispectral imaging [14], record the reflectance of objects in hundreds of narrow spectral bands, thereby
enabling the acquisition of detailed, unique spectral signatures of plants that reflect not only external mor-
phological characteristics but also structural features of tissues, as well as internal chemical composition
(chlorophyll, anthocyanin, carotenoid content, etc.) [15]. This makes it possible to distinguish species of
crops and weeds based on species identification models, detect stress conditions, and conduct phytosanitary
monitoring of crops at various stages of plant development [16].

One of the key research directions is the identification of weed vegetation in wheat crops [17]. Howev-
er, despite the capabilities of hyperspectral sensors, the spectral information extracted in the form of
hypercubes is characterised by high redundancy and dimensionality, which requires the application of com-
prehensive raw data processing methods. Machine learning and deep learning methods have become the pri-
mary tools for analysing such data arrays. The application of hyperspectral images in conjunction with ma-
chine learning algorithms enables the effective differentiation of several weed species using PLS-DA, SVM,
and multilayer neural networks (MLP), with the MLP model demonstrating the best results with classifica-
tion accuracy reaching nearly 100 % [18]. The combination of UAV imaging and convolutional neural net-
works allows for the accurate localisation of infestation hotspots and the assessment of the impact of weeds
on wheat yield and biomass [4]. This is based on the difference in spectral signatures of leaves of crop and
weed plants [19]. Traditional classifiers such as SVM, RF, and LDA [3, 20] demonstrate high performance
in classification tasks when appropriate preprocessing parameters and feature sets are selected [21]. The
combination of UAV-based hyperspectral imaging and deep neural networks enables the prediction of wheat
yield and plant phenotyping with high accuracy, while the application of CNNs [3, 14, 21], Transformer
models, and other artificial intelligence algorithms significantly enhances the efficiency of hyperspectral cu-
be processing and the automation of crop analysis [22].

Despite significant advances in this field, there is still insufficient data on the application of
hyperspectral imaging for the identification of weed vegetation and its differentiation from cereal crops, with
this issue being particularly relevant for the regions of Central Asia specialising in grain cultivation. In this
regard, the aim of this study is to investigate the application of hyperspectral imaging technology, as well as
the possibilities of integrating hyperspectral sensing and machine learning for the species-level identification
of crop and weed vegetation. The results of this study may help reduce the environmental burden and in-
crease the efficiency of agroecosystem monitoring through more precise application of plant protection
products, aligning with SDG 2 “Zero Hunger”, particularly the tasks of implementing innovative agricultural
technologies and ensuring sustainable agriculture.

Experimental

The objects of the study were samples of crop and weed vegetation. The study crop was spring wheat
(Triticum aestivum L., 1753). The weed vegetation was represented by the following five dominant species:
Euphorbia virgata Waldst. & Kit., 1803; Descurainia sophia (L.) Webb ex Prantl, 1887 (syn. Sisymbrium
sophia L., 1753); Vicia hirsuta (L.) Gray, 1821 (syn. Ervum hirsutum L., 1753); Fallopia convolvulus (L.)
A.Love, 1970 (syn. Polygonum convolvulus L., 1753); Echinochloa crus-galli (L.) P.Beauv., 1812
(syn. Panicum crus-galli L., 1753). Sampling of both crop and weed vegetation was conducted in the north-
east of Pavlodar Region, Republic of Kazakhstan, during the main developmental stages of spring wheat ac-
cording to the BBCH scale: 10-20, 25-35, 39-59, and 61-75. The weather and climatic conditions of the
study areas were characterised by a sharply continental climate with an average daily temperature during the
growing season of +17.5 °C, average precipitation levels ranging from 40 to 48 mm, NE and SW winds with
a speed of about 4 m/s, dark chestnut and chestnut medium-loamy soils with a calcareous composition and
alkaline reaction (average pH 7.5).

For the analysis and subsequent imaging, 120 plant samples were selected: Triticum aestivum — 20,
Euphorbia virgata — 20, Descurainia sophia — 20, Vicia hirsuta — 20, Fallopia convolvulus — 20,
Echinochloa crus-galli — 20. The collected samples were transported from the fields to the Laboratory of
Biological Research at Toraighyrov University (Pavlodar, Kazakhstan) for spectral studies. The acquisition,
preprocessing, and processing of raw spectral data were performed using a FigSpec FS-13 hyperspectral
camera (CHNSpec Technology, Hangzhou, China) with a CMOS detector and Breeze software (Umed, Swe-
den). Hyperspectral imaging was conducted in the visible and NIR range with a spatial step of 2.5 nm at 1.92
thousand pixels, each with a size of 5.86 um. The raw three-dimensional hypercubes, for the extraction of
informative data, were preliminarily subjected to reference calibration (Spectralon, 99 %; Labsphere, Inc.,
North Sutton, NH, USA), noise elimination, smoothing, normalisation, and centering. Multidimensional lay-
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er-by-layer visualisation and spatial dimensionality reduction were performed based on a PCA model with
the extraction of principal components using Variance Scatter and the spectral representation of pixels from
key informative regions via Raw Spectrum. PC1 and PC2 were used for the analysis of feature variability
(t[1] reflects the main spectral differences between features, while t[2] determines additional variable charac-
teristics). The formation of labeling in the dataset for further training and the selection of working pixels
were carried out manually, followed by the segmentation of plant samples into distinct regions. The extracted
sample regions, totaling 538, were used to develop a working model based on the Random Forest machine
learning algorithm, and were divided into two main sets: the training set included 358 sample regions—
66.5 % of the entire dataset; the test set comprised 180 sample regions—33.5 % of the dataset. The training
of the RF-based model was performed using cross-validation. The workflow of the algorithm, from the im-
port of raw data to training, is presented in Figure 1.

[ Triticurn aestivum

B Euphorbia virgata

Absorbance [P Descurainia sophia

39151- Machine learning (RF)

1006.8 nm [ vida hirsuta

Measurement

Segmentation

[Irallopia convolvuius

[Cchinochloa crus-gali

Figure 1. Algorithm workflow from raw data import to the application of machine learning

The extracted spectral reflectance data were processed using descriptive statistics and analysis of vari-
ance (ANOVA), with statistical significance set at p<0.05. The obtained indicators for species identification
and differentiation of weed and crop vegetation are presented in the format of a Confusion Matrix. The as-
sessment of classification quality was conducted using metrics such as Precision, Recall, and F1-score, while
Accuracy and MCC were calculated to evaluate the performance of the model and the obtained results, al-
lowing for the determination of the machine learning model’s operability and its applicability to individual
species of the studied weed and crop vegetation.

Results and Discussion

Spectral analysis

The figures present hyperspectral images of wheat and weed vegetation of agroecosystems, Raw Spec-
trum plots with curves reflecting the spectral characteristics of plant regions, and Variance Scatter diagrams.
The hyperspectral image is rendered in pseudo-colours that correspond to the level of light reflectance inten-
sity. Warm colours (red, yellow) denote areas with high reflectance, while cool colours (cyan, blue) represent
zones of low reflectance. The Raw Spectrum plot contains curves reflecting the spectral characteristics of a
specific part of the hyperspectral image. The plot represents a basic presentation of spectral data, showing
the dependence of the object’s reflectance coefficient on wavelength (400-1000 nm), where this indicator is
a key source of information about the physiological state of plant tissues. The Variance Scatter diagrams re-
flect the distribution of objects in the principal component space.

Figure 2 presents hyperspectral images, Raw Spectrum plots, and a Variance Scatter diagram of a
young wheat plant (Sample 1) and a plant at the heading stage (Sample 2). The spectral curves of the Raw
Spectrum plot for Sample 1 are in the range of 500780 nm. It was established that the most intense curves
(purple and cyan), corresponding to the brightest areas of the hyperspectral image (coleoptile and spike),
reach a reflectance coefficient of about 50-53 % in the wavelength region of 620-650 nm. The minimum
values are characteristic of the red curve, whose reflectance coefficient does not exceed 10-12 %. For the
green and red curves, a pronounced red edge region and a sharp increase in reflectance between 680 and
730 nm are recorded after 680 nm, driven by the transition from strong chlorophyll absorption to high reflec-
tance in the near-infrared region. Along with this, it was revealed that after 730—780 nm, the reflectance co-
efficient gradually decreases. For the wheat spike (Sample 2), the spectral curves have a similar shape but are
distinguished by lower reflectance amplitude. The maximum reflectance coefficient values of the most in-
tense areas reach 37.5 % in the 600-650 nm range. The red curve, corresponding to regions with minimum
reflectance, is characterised by a coefficient of about 7.5 % at the first peak and 20 % at the second peak. At
the same time, the red edge in the 680-730 nm interval is observed for all curves of the plot; however, the
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curves of the spikelet glumes have lower reflectance within the second peak. The Variance Scatter diagrams
reflect the distribution of spectral variability of the data in the principal component space. Accordingly, it
was revealed that for the young wheat plant, the first component t[1] explains 64.5 % of the total variance,
and the second component t[2] explains 14.6 %, which may indicate high spectral heterogeneity of tissues
among the leaf, coleoptile, and root. For the wheat spike, the first principal component already explains
82.2 % of the total variance, and the second component only 5.21 %. The more compact distribution of
points and the dominance of the first component indicate a more homogeneous spectral structure of the spike
compared to the young plant.

Raw spectrum
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Figure 2. Wheat spectral profile

Figure 3 presents the weed vegetation and Variance Scatter diagrams, and Figure 4 presents the Raw
Spectrum plots.

The Raw Spectrum plots reflect the spectral characteristics of different parts of the weed plants present-
ed in the hyperspectral images. The spectral curves of Sample 1 demonstrate the highest reflectance values
among all plants. The maximum reflectance coefficient of the purple curve reaches 75-77 % in the
610-650 nm range, which corresponds to areas of the root zone. The cyan and blue spectra have reflectance
coefficients corresponding to 60-67 %. The yellow curve has its first peak recorded in the wavelength region
of 500-730 nm, with a reflectance coefficient of 45 %, and its second peak noted in the region of
730-750 nm with a reflectance coefficient within 30-35 %, also belonging to the root part. The green curve
reflects the leaf veins and stem of the weed and has a reflectance coefficient of 28 %. The red spectrum dis-
plays the spectral characteristics of the leaves with a reflectance coefficient not exceeding 14-15 %. For
Sample 2, the maximum reflectance of the purple curve reaches 25-35 %, and the reflectance peak is noted
in the wavelength region of about 620-650 nm, which corresponds to the root zone of the weed. The cyan,
blue, and yellow curves are distinguished by a reflectance coefficient in the range of 20-27 % and belong to
the stem and leaves. The red curve has a reflectance coefficient of 7 % and corresponds to individual shaded
areas of the weed leaves. In the green spectral region, reflectance reaches up to 10 %, followed by a sharp
increase to 25 % after 700 nm. The presence of the red edge in the region of 700 nm was also revealed for all
spectral curves except the purple one.
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Hyperspectral image
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Figure 3. Hyperspectral images and Variance Scatter of weeds
(1 — Euphorbia virgata, 2 — Descurainia sophia, 3 — Vicia hirsuta,
4 — Fallopia convolvulus, 5 — Echinochloa crus-galli)

For Sample 3, the maximum value of the purple spectrum reaches 60 % in the region of 620-650 nm.
The cyan, blue, and yellow curves have reflectance coefficients of 40-53 %, corresponding to root areas. The
red and green spectra display the leaves and stems, having reflectance coefficients of 10-15 % at the first
peak and 20-30 % at the second peak, and a clearly pronounced red edge is observed in the 680—730 nm
interval.

For Sample 4, the maximum reflectance coefficient of the purple curve is 60 %, the cyan is 50 %, the
blue corresponds to 30-35 %, and the yellow to 20-30 %, which relate to the root and near-root parts. The
green spectrum has a reflectance coefficient of 5 %, and the red curve is characterised by a minimum value
of 5 % in the visible range. In the 670-700 nm region, a deep reflectance minimum is observed, followed by
a sharp red edge in the 700-740 nm range, with the reflectance coefficient reaching 25 % for the green and
15 % for the red curve, where the former spectrum belongs to stem areas and the latter to leaves.

All curves of Sample 5 have two peaks due to the formation of the red edge in the 700-740 nm range,
after which reflectance gradually decreases in the near-infrared range beyond 780 nm. The first peak is in the
500-730 nm wavelength range, and the second peak is in the 730-780 nm region. The reflectance coefficient
of the purple curve reaches 51 % at the first peak and 40 % at the second, the cyan 37.5 % and 35 %, the blue
30 % and 35 %, the yellow 27 % and 30 %, the green 15 % and 25 %, and the red 10 % and 15 %, respec-
tively. The purple, cyan, and blue curves display the near-root part, the yellow and green curves display the
leaves, and the red curve corresponds to individual shaded areas of the leaves.

The formation of a dense cluster of points in the region of low values of the second component and an
elongated spectral tail, reflecting the heterogeneity of plant tissues and differences between leaves, stems,
and root zones, is characteristic of all samples. The highest value of the second component is observed in
Vicia hirsuta (18.8 %), indicating the heterogeneity of the plant’s spectral characteristics. At the same time,
in Descurainia sophia, the first component explains the lowest percentage of variance among all samples
(64.5 %), and its variance diagram shows a wide distribution of points and a less pronounced cluster com-
pactness. The fifth sample (Echinochloa crus-galli) exhibited the lowest value of the second component and
the greatest dominance of the first (82.2 %), indicating the relative homogeneity of the spectral data of this
weed species.
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Figure 4. Raw spectra of weeds
(1 — Euphorbia virgata, 2 — Descurainia sophia, 3 — Vicia hirsuta,
4 — Fallopia convolvulus, 5 — Echinochloa crus-galli)

The obtained spectral differences between wheat and weed vegetation are driven by a combination of
biophysical properties of plant tissues, including chlorophyll content, mesophyll anatomy, cuticle thickness,
cell wall structure, the number of intercellular spaces, and the level of tissue water retention. The most sig-
nificant differences were observed in the red-edge and NIR ranges, associated with the physiological state of
plants and the structural features of leaf tissue. The spectral curves of the green parts of the studied objects
demonstrate the reflectance pattern of photosynthetic vegetation, with low reflectance in the blue and red
regions of the spectrum due to chlorophyll absorption, an increase in reflectance in the green region, and the
formation of the red edge in the 680—730 nm range. The red edge is formed due to the combination of strong
light absorption by chlorophyll in the red region of the spectrum and intense multiple scattering in the near-
infrared range. The spectral curves of the root and near-root zones, due to the absence of photosynthetic ac-
tivity and the presence of other pigments, do not exhibit a red-edge feature and reflect light throughout the
wavelength range from 500 to 780 nm.
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The higher reflectance values of the young wheat plant compared to the spike are explained by the ana-
tomical features of the vegetative organs. The leaves and coleoptile of the young plant contain developed
spongy parenchyma and a large amount of intercellular space, which enhances internal light scattering and
leads to increased reflectance in the NIR region. In addition, young tissues are characterised by high chloro-
phyll content and an active photosynthetic apparatus, which contributes to the formation of a more pro-
nounced red edge. In contrast, the tissues of the spike have a denser structure, a smaller proportion of inter-
cellular spaces, and a higher content of mechanical tissues, which reduces the intensity of internal scattering
and lowers the reflectance coefficient. Similar patterns have been described in studies of the spectral struc-
ture of cereal crops, where it has been shown that the transition from vegetative to generative organs is ac-
companied by a decrease in red edge amplitude and a reduction in reflectance in the near-infrared range due
to changes in tissue structure and decreased chlorophyll content [23, 24]. The pronounced red edge in young
wheat leaves and individual weed plants indicates a high content of photosynthetically active pigments and a
developed internal cellular structure. According to research data, the position and steepness of the red edge
are closely related to chlorophyll concentration, biomass, and plant water status. An increase in chlorophyll
content causes a shift of the red edge toward longer wavelengths (red shift), whereas a decrease in physiolog-
ical activity and water stress leads to a reduction in amplitude and a smoothing of the red edge [25-28].

The differences among weed species are also associated with their morphological and anatomical char-
acteristics. Euphorbia virgata was characterised by the highest reflectance values, especially in the near-root
zone. This may be explained by the presence of thick, succulent tissues, a developed system of vascular ele-
ments, and the presence of amyloplasts. Spurges contain a significant amount of milky sap and possess a
comparatively thick cuticle, which enhances internal light scattering and increases the reflectance properties
of the tissues. The broad leaves of Euphorbia virgata form a more uniform reflectance surface compared to
narrow-leaved species. Descurainia sophia exhibited the lowest values of the first principal component and
high spectral heterogeneity. This species has highly dissected, filiform leaves, resulting in pronounced varia-
bility in reflection angles and shadow zones. The thin, linear leaves reduce the volume of multiple internal
scattering, and the heterogeneous leaf orientation leads to a broadening of the point cloud on the Variance
Scatter diagram. Vicia hirsuta is characterised by the highest value of the second component, indicating pro-
nounced intra-tissue heterogeneity of spectral characteristics. This species has a complex, branching shoot
structure and combines thin leaves and stems with varying degrees of lignification and moisture content.
This leads to differences in reflectance between individual plant organs and the formation of a wide spectral
dispersion. In Fallopia convolvulus, the deep minimum in the 670—700 nm region and the subsequent sharp
increase in reflectance are associated with intense chlorophyll absorption and a strong contrast between the
leaf blade and the vascular tissues of the stem. The presence of a pronounced red edge indicates the preserva-
tion of an active photosynthetic apparatus. Echinochloa crus-galli demonstrated the most homogeneous
spectral structure. Its broad leaves and relatively uniform tissue anatomy provide similar light reflectance
conditions over most of the plant surface.

The main difference between weed vegetation and wheat is the higher spectral variability and a wider
range of reflectance. The young wheat plant was characterised by a relatively smooth and stable spectral
curve shape with a maximum reflectance coefficient of about 50-53 %, whereas in some weed species, espe-
cially Euphorbia virgata and Vicia hirsuta, reflectance reached 6077 %.

Analysis of statistical indicators

In the course of the study, the reflectance characteristics of spring wheat and five weed species at dif-
ferent stages of ontogenesis were analysed, as well as the spectral contrast characteristics within the VNIR
range. The reflectance indicators clearly demonstrate variability among the studied plant species, as well as
within a species depending on the phenological phase. Wheat exhibited a pronounced decrease in reflectance
during the transition from the young plant stage to the heading stage with mean and maximum reflectance
coefficient (RC) values within 31.50 % and 53 % for the first variant and 22.50 % and 37.50 % for the se-
cond, respectively. Among the studied weeds, the maximum reflectance values were found in Euphorbia
virgata, which applies both to the mean reflectance (45.50 %) of the plant tissues of this species and to the
maximum (77 %). These characteristics, along with a delta reflectance of 63 %, represented the highest val-
ues among all weed species and across all studied wheat growth stages. However, alongside this, certain
groups of weeds were identified whose spectral characteristics are approximately similar in their manifesta-
tion to the crop vegetation during certain phenophases. The closest indicators in terms of value are the reflec-
tance-absorption characteristics of Echinochloa crus-galli, with a mean RC value within 30.50 %, which
clearly demonstrates the similarity of the spectral characteristics of this weed species to the young wheat

ISSN 3080-6836 (Print) ISSN 3080-6844 (Online) 143



R.M. Ualiyeva, M.M. Kaverina et al.

plant (mean RC=31.50 %). A similarity was also established for such spectral reflectance characteristics as
rate of change and CV: for the young spring wheat plant—27.56 % and 5.46 %, and for the weed—26.28 %
and 5.21 %, respectively. Vicia hirsuta (mean RC=35 %) has values that differ somewhat more but are not
greatly distant from those of young wheat. On the other hand, the reflectance patterns of Descurainia sophia
(21 %) and Fallopia convolvulus (26.50 %) are highly similar to those of heading wheat (22.50 %). At the
same time, the highest coefficient of variation was recorded for the latter weed and was equal to 22.52 %,
which is an indicator of high intraspecific heterogeneity of reflectance properties in this species (Tab. 1).

Table 1
Reflectance characteristics of wheat and weeds
Ne Sample Reflectance (%) Mean Star)dzflrd cv Rate of AReflectance
min max deviation change
. Young plant 10 53 31.50 5.46 17.34 27.56 43,00
1 Tr|t|_c um Ear-bearing
aestivum 7.5 375 22.50 3.81 16.93 19.23 30,00
wheat plant
2 |Euphorbia virgata 14 77 45.50 8.00 17.58 40.38 63.00
3 |Descurainia sophia 7 35 21.00 3.56 16.93 17.95 28.00
4 |Vicia hirsuta 10 60 35.00 6.35 18.14 32.05 50.00
5 [Fallopia convolvulus 3 50 26.50 5.97 22.52 30.13 47.00
6 |Echinochloa crus-galli 10 51 30.50 5.21 17.07 26.28 41.00

The assessment of the spectral characteristics of the wavelength range within VIS-NIR demonstrated
the identity of macroparameters for the two groups of studied vegetation (“Wheat” and “Weeds”), corre-
sponding to the wavelength interval of 500-780 nm. It was also observed that both groups demonstrated a
spectral bandwidth of 280 nm, a contrast ratio of 1.56, a relative bandwidth of 0.22, and a normalised con-
trast of 0.36 (Tab. 2).

Table 2
Spectral contrast features across the visible-to-near-infrared spectral region
N samoles Wavelength (nm) Spectral Contrast | Relative | Normalised
B P Amin Amax bandwidth ratio bandwidth | contrast
1 |Wheat 500 780 280 1.56 0.22 0.36
2 |Weeds 500 780 280 1.56 0.22 0.36

The main key task in precision smart farming is the reliable and accurate differentiation of crop and
weed vegetation for the subsequent targeted application of herbicides. The obtained data on the statistical
indicators of the spectra made it possible to identify a number of features and limitations associated with the
automated identification and differentiation of plant species. First and foremost, an obvious phenological
dependence of differentiation was revealed. In accordance with the reflectance characteristic indicators, it
was established that using only reflectance amplitude to create a single static “crop/weed” segregation model
is not feasible. Due to the fact that the reflectance indicators within the species (wheat) drop by nearly a third
(from 31.50 % to 22.50 %) by the time of heading, this indicates that the model’s efficiency for differentia-
tion depends specifically on the phenological phase of monitoring. It was established that at the early stages
of vegetation, young wheat can be easily distinguished, for example, from Descurainia sophia (mean differ-
ence of about 10 %), but in relation to Echinochloa crus-galli, a “spectral mimicry” effect may arise (mean
RC difference = 1 %), which may be related to this plant’s belonging to the category of grass weeds. Howev-
er, by the heading stage, wheat, according to its spectral profile (22.50 %), begins to overlap with
Descurainia sophia (21 %) and may have similar spectral features to Fallopia convolvulus (26.50 %), while
Vicia hirsuta (35 %) and Echinochloa crus-galli (30.50 %) contrast quite clearly with the crop. On the other
hand, our data indicates that Euphorbia virgata can be consistently identified across all wheat development
stages, owing to its anomalously high reflectance (45.50 %).

It was established that for interspecific identification, the use of standard broadband vegetation indices
or multispectral cameras with wide spectral bands is ineffective due to the identical nature of their funda-
mental spectral contrast features. This is related to the similarity of the cellular structure of the leaves and the
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chlorophyll content in the tissues of the studied plant samples, which influences the shape of the spectral
curve.

Machine learning

The identified differences in hyperspectral characteristics between wheat and weed vegetation, as well
as among individual weed species, formed the basis for constructing the classification model. The confusion
matrix of the classification model demonstrates varying efficiency in recognising wheat and individual weed
species based on hyperspectral features. The training model showed 84.9 % correctly classified samples. The
model performed best with wheat—96.9 % correctly classified samples. The worst results were obtained for
Echinochloa crus-galli, whose classification accuracy amounted to 68.4 % (Fig. 5, 6).

Actual dasses l Total ‘ Triticum aestivum Euphorbia virgata ‘ Descurainia sophia | Vicia hirsuta Fallopia convolvulus Echinochloa crus-... ‘ No dass A
Triticum aestivum 87 (48.3%) 86 (98.9%) 1(1.15%)
Euphorbia virgata 18 (10%) 4 (22.2%) 1(5.56%) _—
Descurainia sophia 26(14.4%) 22 (84.6%) 2 (7.69%) 2(7.69%)

Vicia hirsuta 15(8.33%) 8(53.3%)
Fakpaconvovis | 16(699%) s aese 0
Echinochioa crus-gal 18 (10%) 1(5.56%) 1s56%) | a2ew) | 3(16.7%)
# Predicted 180 (100%) 86 (47.8%) 7 (3.89%) 27 (15%) 13 (7.22%) 0 9(5%) 38 (21.1%)
Correctly 123 (68.3%)
Incorrectly 57 (31.7%)
Predsion 100% 57.1% 81.5% 61.5% 0% 33.3%
Recal 98.9% 22.2% 84.6% 53.3% 0% 16.7%
F-score 99.4% 32% 83% 57.1% 0% 22.2%

Actual classes Total Triticum aestivum Euphorbia virgata Descurainia sophia Vicia hirsuta Fallopia convolvulus Echinochloa crus-... ‘ No class B
Triticum aestivum 65 (18.2%) 63 (96.9%) 2(3.08%)
Euphorbia virgata 48 (13.4%) 36 (75%) 2 (4.17%) _
Descurainia sophia 100 (27.9%) 1(1%) 95 (95%) 4 (4%)

Vica hirsuta 72 (20.1%) 1(1.39%) 60 (83.3%) 13 | i0038%) |
Falopia convolvulus 35 (9.78%) 2(5.71%) 24 (68.6%) T
Echinochloa crus-gali 38 (10.6%) 2 (5.26%) 1(2.63%) 26 (68.4%) _
# Predicted 358 (100%) 63 (17.6%) 39 (10.9%) 99 (27.7%) 62 (17.3%) 24 (6.7%) 27 (7.54%) 44 (12.3%)
Correctly 304 (84.9%)
Incorrectly 54 (15.1%)
Precision 100% 92.3% 96% 96.8% 100% 96.3%
Recal 96.9% 75% 95% 83.3% 68.6% 68.4%
F-score 98.4% 82.8% 95.5% 89.6% 81.4% 80%

Figure 5. Confusion Matrix (A — Test, B — Train)
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Sample Group Image Category Machine learning (RF) Machine learning (RF)

9.1.6. Mu... Group H B Triticum aestivum 1 B Triticum aestivum
9.1.6. MNu... Group | B Triticum aestivum 1 W Triticum aestivum
9.1.6. MNu... Group : @ Triticum aestivum | W Triticum aestivum
9.1.6. MNu... Group | @ Triticum aestivum ‘ | Triticum aestivum
9.1.6. Mu... Group " @ Triticum aestivum @ Triticum aestivum
9.1.6. MNu... Group @ Triticum aestivum @  Triticum aestivum
9.1.6. Mu... Group | B  Triticum aestivum i B Triticum aestivum
9.1.6. MNuw... Group @ Triticum aestivum @  Triticum aestivum
9.1.6. Mu... Group | B  Triticum aestivum i B Triticum aestivum
9.1.6. Nuw... Group ' @ Triticum aestivum } @ Triticum aestivum
9.1.6. Mw... Group ; B Triticum aestivum B Triticum aestivum
9.1.6. MNuw... Group ! @  Triticum aestivum ; @ Triticum aestivum
9.1.6. Mu... Group ! B Triticum aestivum ! B Triticum aestivum
9.1.6. Nuw... Group B Triticum aestivum B Triticum aestivum
1.2. Euph... Group @ Euphorbia virgata | [m] Vicia hirsuta
1.2. Euph... Group B Euphorbia virgata 4-3 =] Vicia hirsuta
1.2. Euph... Group ® Euphorbia virgata \' [m] Vicia hirsuta
1.2. Euph... Group '.__L_. B Euphorbia virgata _j o Vicia hirsuta
1.2. Euph... Group I @ Euphorbia virgata I [ ]

1.2. Euph... Group 1‘ B Euphorbia virgata |‘ o Vicia hirsuta
1.2. Euph... Group 1 B Euphorbia virgata N 5] Vica hirsuta
1.2. Euph... Group ‘. W Euphorbia virgata % o Vicia hirsuta
1.2. Euph... Group -'-. ki al B Euphorbia virgata E o) o Vica hirsuta
1.2. Euph... Group i W Euphorbia virgata '\ o Vicia hirsuta
1.2. Euph... Group \: B Euphorbia virgata E\\ [u] Vica hirsuta
1.10. Ech... Group % @ Echinochloa crus-gali 1 [m] Vicia hirsuta
1.10. Ech... Group 1 @ Echinochloa crus-gali 3 o Vicia hirsuta
1.10. Ech... Group ﬁl @ Echinochioa crus-gali _‘r‘ o Vicia hirsuta
3.5. Desc... Group @ Descurainia sophia L}

3.5. Desc... Group B  Descurainia sophia L]

3.5. Desc... Group B Descurainia sophia B Triticum aestivum
3.5. Desc... Group I B Descurainia sophia l L}

3.5. Desc... Group @ Descurainia sophia | a Vicia hirsuta
3.5. Desc... Group @ Descurainia sophia [u] Vica hirsuta
3.5. Desc... Group | @ Descurainia sophia @ Descurainia sophia

Figure 6. Classification results

The overall classification result of the test model was 68.3 % (123 correctly classified samples out of
180), while 31.7 % of samples were assigned by the model to incorrect classes. The highest classification
accuracy was achieved for wheat, where 86 out of 87 samples were correctly identified, corresponding to a
recall of 98.9 %. The virtually complete absence of false-positive results indicates the high spectral unique-
ness of wheat compared to weed vegetation. This is likely associated with the relatively homogeneous ana-
tomical structure of the leaves and coleoptile, the characteristic red edge shape, and the stable reflectance
distribution in the near-infrared range. The best results among the weed plants were obtained for Descurainia
sophia. The model correctly classified 22 out of 26 samples of this species, corresponding to a recall of
84.6 % and a precision of 81.5 %. The high classification accuracy may be due to the plant’s specific mor-
phology, with thin, filiform leaves and relatively low reflectance coefficients compared to other weeds. For
Vicia hirsuta, the classification quality in the test set proved to be moderate: recall was 53.3 %, and precision
— 61.5 %. The majority of samples were erroneously assigned to the “No class” category (33.3 %) and par-
tially confused with Echinochloa crus-galli. Vicia hirsuta is characterised by a branching shoot structure and
the presence of leaves with varying orientations, which leads to wide spectral dispersion. Low classification
quality was observed for Euphorbia virgata and Echinochloa crus-galli. For Euphorbia virgata, recall
reached only 22.2 %, despite relatively high reflectance coefficients. Most samples were erroneously classi-
fied as “No class” (61.1 %) or confused with Echinochloa crus-galli. A likely reason is the high variability
of reflectance among the near-root zone, leaves, and stem of the plant. Euphorbia virgata has thick, succu-
lent tissues, a developed system of vascular elements, and a heterogeneous distribution of moisture, which
causes a significant change in spectral characteristics within a single plant. Because of a limited number of
training examples, the model was unable to extract stable spectral features of this species. Echinochloa crus-
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galli was also characterised by low recall (16.7 %) and precision (33.3 %). Some samples were erroneously
assigned to Vicia hirsuta and the “No class” category. The reason may be the similarity of the spectral char-
acteristics of Echinochloa crus-galli to wheat and other grass plants. As a representative of the Poaceae fam-
ily, this species possesses linear leaves, similar mesophyll anatomy, and a close red edge position, which
complicates class separation in multidimensional spectral space. For Fallopia convolvulus, the model failed
to correctly classify any samples in the training data. Recall and precision were 0 %. The majority of objects
were erroneously classified as “No class” or confused with Descurainia sophia. Such a result may be associ-
ated with the high spectral dissimilarity among different parts of the weed, the low reflectance intensity of
the leaves, and an insufficient amount of training data. The high proportion of objects in the “No class” cate-
gory (21.1 % of all predictions) indicates insufficient separability of certain spectral features and the pres-
ence of overlap between classes (Fig. 5).

According to the generalised statistical indicators of the algorithm (Tab. 3), the model demonstrates
high potential in solving the basic task of classification and differentiation of crop and weed vegetation,
which is confirmed by the Macro Accuracy value of 0.82214. In contrast, the decrease in this indicator on the
test dataset (Macro Accuracy Test = 0.63123), the Log Loss metric (0.66778), and the cross-validation accu-
racy (CV Macro Accuracy = 0.72645) clearly reflect the natural complexity of working with the optical
characteristics of biological objects. Such a change in the metric indicates spectral overlap between certain
plant species within the “Weeds” categorical group, which, in turn, may be resolved in the future by expand-
ing the database of spectral signatures and data for analysis, enabling more confident feature generalisation.

Table 3
Algorithm statistics
Algorithm name Macro Log Loss Log Loss Micro Macro CV Macro
9 Accuracy 9 Reduction Accuracy |Accuracy Test| Accuracy
Random Forest 0.82214 0.66778 0.61251 0.83544 0.63123 0.72645

Table 4 presents the accuracy and correlation metrics (MCC) for the algorithm used, confirming that the
algorithm effectively copes with separating the crop plant from the weed background, with an average accu-
racy of 72.94 % in the test set.

Table 4
Quality assessment metrics for machine learning sample sets
. Triticum Euphorbia | Descurainia |,,. ._, . Fallopia Echinochloa
Metrics - ' 8 Vicia hirsuta .
aestivum virgata sophia convolvulus crus-galli
Random Forest (Train)
Binary Accuracy 96.92 75.00 95.00 83.33 68.57 68.42
Balanced 98.45 87.47 97.46 91.63 84.30 84.19
Accuracy
MCC 0.984 0.831 0.954 0.897 0.827 0.811
Random Forest (Test)
Binary Accuracy 98.85 22.22 84.62 53.33 0.00 16.67
ia'anced 99.45 61.07 92.25 76.60 50.00 58.29
ccuracy
MCC 0.994 0.355 0.829 0.572 - 0.234

Wheat demonstrated exceptional recognition stability, where binary accuracy rose from 96.92 % at the
training stage to 98.85 % on the test set, and Balanced Accuracy from 98.45 % to 99.45 %. At the same time,
the MCC value in the test set was determined to be 0.994, which confirms the uniqueness of the spectral
characteristics of the crop, as well as the reliability of the model’s performance in its identification. Regard-
ing the recognition of specific weeds, it was also established that the model effectively distinguishes species
with uniquely characteristic morphology. In particular, Descurainia sophia deserves special attention, main-
taining high classification performance on the test data (Binary Accuracy=84.62, MCC=0.829), which
demonstrates the algorithm’s ability to capture and identify stable patterns of optical characteristics, particu-
larly for fine-leaved plants. For the intra-class differentiation of a number of weed plants (Euphorbia virgata,
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Vicia hirsuta, Fallopia convolvulus, Echinochloa crus-galli), classification proved to be a more challenging
task, which was demonstrated by a decline in the metric indicators on the test set. However, this is substanti-
ated by biological features. In particular, the signs of anatomical affinity of grass weeds (Echinochloa crus-
galli) with the studied crop obviously create difficulties for separating these classes in the basic spectral
space. Alongside this, a reason may be the high internal heterogeneity, forming a wide dispersion of spectral
values (multidirectional leaf orientation in Vicia hirsuta, uneven moisture distribution in the dense tissues of
Euphorbia virgata). It was found that these variability features were actually insufficient to form a single
universal set of rules for recognising these species within the group (Tab. 4).

Thus, the results show that hyperspectral analysis possesses high efficiency for recognising wheat and
certain weed species; however, classification accuracy depends on the spectral homogeneity of the plant and
the degree of overlap of its spectral characteristics with those of other species. Species with unique morphol-
ogy and a stable spectral profile are classified most successfully, whereas plants with complex shoot mor-
phology or similar tissue anatomy exhibit a higher level of classification errors.

Conclusion

The conducted analysis of spectral characteristics and machine learning results allowed for drawing
principal conclusions regarding the prospects for automated species-level identification of crop and weed
vegetation. It was established that hyperspectral sensing, in combination with the Random Forest ML algo-
rithm, proved the high validity and success of crop vegetation segregation from the weed background, which
addresses the main task of precision agriculture. The spectral stability of spring wheat enables the model to
identify it with high accuracy (MCC=0.994). A dependence of recognition on the anatomical specificity of
the plant and the phenological phase was also revealed; in particular, the morphological features of
Descurainia sophia form stable patterns, allowing the algorithm to perform accurate identification. However,
the spectral proximity of green biomass across the broad VIS-NIR range (500-780 nm) requires the expan-
sion of the spectral database for the application of standard metrics. The attempt to separate complex weed
species from one another, such as grass weeds or species with high tissue heterogeneity, manifests in a de-
crease in the predictive ability of the model, which is an obvious consequence of their intraspecific variabil-
ity and, as a result, spectral overlaps. Moreover, the application of the RF algorithm, with an overall accura-
cy of 72.94 % on the test set, formed a reliable basis for performing basic “crop-weed” classification. To
transition toward high-precision multiclass identification and intra-group weed differentiation, it is essential
to extract narrow-band spectral markers, balance complex training datasets, and integrate textural features,
thereby compensating for optical overlaps. In conclusion, the developed classification model demonstrates
potential for integration into site-specific herbicide application systems by solving the task of reliable crop
preservation, thereby providing a foundation for further optimisation of machine learning algorithms in intra-
class weed differentiation.
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MamuHaJbIK OKBITY AJITOPUTMAEPiH Nai1ajJaHy apKbLIbI
rHINepPCneKTPAJAbI JepeKTep Heridinae Ouaai ericrikrepinaeri
AAKbLI 5KOHE apaMIIeN 6CiMIIKTEPiH TYPJIiK aHBIKTAaY

Anramn per Ka3zakcTaHHBIH CONTYCTIK-IUBIFBICBIHAFB! arpolieHO3Aap JKarJaibIHAa JaKbLI OCIMIIKTEp MEH
apaMmIIenTep/i KOMKIACThI XIKTey Ke3iH/le MAIIMHAIBIK OKBITY anropurmziepiniy (Random Forest mbicasbiH-
I1a) LIEKTeyJepiHe ociMIOiK TiHIAEpiHiH MOP(OIOrHAIBIK-aHATOMUSIIBIK KACHETTEPI MEH TaHy THIMIIIr
apachIHIAFbl ©3apa OalIaHBICTBI HETI3re aja OTBIPBIN KeUmIeHAl Oaranay kyprisinmi. KymMeicTa rumepcrex-
TpaJabl Oenrisiep KeHiCTIriHAe KIAacTapIblH ONTUKAIBIK Ka0aTTacyblHa OKENIEeTiH OMOJOTHUSIIBIK TaOUFaTTaFbl
Heri3ri daxropnap Herizmenni. depexrep VIS-NIR nuamazonsHza rUmepcrekTpasiibl CEHCOpP KOMeTiMeH
skuHaIEl. CHEKTpiaik mpoduibaepli Tanmay 0ac KOMIIOHEHTTEp Sici apKbUIBI AUCIIEPCHS KYPBUIBIMBIH
Garanay >KOHE INAFBUIBICY CIIEKTPJIEpiH KYpy HETri3iHAe jKY3ere achlpbUIAbl. AJIBIHFAH IEPEKTepli JKiKTey
Random Forest anroputmi apKpUIbl OpBIHAAIABL 3epTTEy HBICAHIAPbI peTiHzAe opTypii deHodazanapaars
sxa3aeik Oumait (Triticum aestivum) ericrikrepi xone apammentepaiy 6ec 6aceim Typi (Euphorbia virgata,
Descurainia sophia, Vicia hirsuta, Fallopia convolvulus, Echinochloa crus-galli) tammamnaer. Anroputm
«IaKplI-apaMIIe» AeHreifinae 00beKTiaepai THIM/II aXBIPaTHII, TeCT AepekTepinae 72,94 % xKammsl XKiKTey
TIONAIriH KepceeTTi. bupaiiner anpikTay gommiri xorapsl aeHreiine (MCC=0.994) 6ompimn, OYI1 OHBIH CIIEKTPITIK
TypakThuIBIFEI MeH red edge (680-730 HM) aiiMarbIHaFB! aKBIH OSNTiIEpPMEH TYCiHAIpiaeni. ApaMientepi
TYPJIK JEHreiie aXpIpaTy ANIITIHIH TOMCHCYI OJaplblH aHATOMUSIIBIK EPEKIICTIKTepIMEH OalIaHbICThI
eKeHi aHbIKTaNAbl: Euphorbia virgata-HelH KanbiH KyTHKYJSIPIBIK KaGaTTaphl )KOFaphl MIAFbLIBICY MOHACPIH
tyasipanss, Vicia hirsuta-aeiH Kypaeni MOPQOIOTHSIIBIK KYPBUIBIMBI CIIEKTPIIK ayBITKYIbI KYIICHTEl; a
Echinochloa crus-galli me3oduminiy moHAI MakpUIgapra yKcac KYpBUIBIMBL KeiOip CrieKTpiik Genrinepix
ONITUKAIBIK KabaTTacysiHa okeneni. Ocpltaiiia, o3ipJeHTeH MOJENh MOICHH OCIMIIKTEp MEH apaMILIenTepai
CEHIM1 aXKBIPATHIM, AJJME-IdJ ETIHIIUNK TEXHOJOTHJIAphl MEH arpOXWMHUKATTapAbl MakKCaTThl KOJIaHy
JKYHeINIepiH eHTi3yTe Heri3 Kajlaibl.

Kinm ce30ep: THNEPCIEKTpaibl 30HATAY, Ka3[IbIK OWJaii, apamInentep, MaIIMHAJBIK OKBITY, TYPJiK
aHBIKTAY, TYPJIEPi aXKbIpaTy, CIEKTPIIiK KoJATaHOanap, JoIMe-IaJT eTiHIITIK.

P.M. Yanuesa, M.M. Kagepuna, A.B. Ocunosa, A.E. Konnaes,
M.A. YHaiizabekona, C.b. XKanrasun

BunoBasi nieHTH(PUKANUA KYyJIbTYPHOH M COPHOM PACTHUTEIbHOCTH
B II0CEBAX MIIEHUIBI 10 THNEPCHEKTPAIbLHBIM JAHHBIM
C MCII0JIL30BAHMEM AJITOPUTMOB MAIIIMHHOTO 00y4eHus!

BriepBble npoBe/icHa KOMIUIEKCHas OlieHKa orpanndeHnii ML-anroputmos (Ha nmpuMepe Random Forest) mpu
MYJIBTHKIIACCOBOH MICHTH(HUKAINH KYIbTYPHBIX PaCTEHHI M COPHIKOB B arpoIlieHO3aX ceBepo-BocToka Ka-
3aXCTaHa Ha OCHOBE YCTaHOBJIICHHUS B3aMMOCBSI3H MEXAY MOP(}OIOro-aHaTOMHIECKHIMH CBOHCTBAMU PacTH-
TENBHBIX TKaHEH U 3 (EKTHBHOCTHIO PACIIO3HABAHHS alTOPUTMOM MAIIMHHOTO 00y4deHus. B paborte o6ocHO-
BaHBI OCHOBHBIC IPUYMHBI OHOJIOTMIECKOH IPHPOABI, MPOSBIIONINECS B ONTHIECKOM MEPEKPHITHH KJIACCOB
B IIPOCTPAHCTBE TUMEPCIEKTPAIbHBIX MPU3HaKoB. COOp JaHHBIX MPOBE/EH THIIEPCIIEKTPATBEHBIM CEHCOPOM B
nuanazone VIS-NIR. Axanu3 crieKTpaibHbIX Npoguieil MpoBeAeH Ha OCHOBE OLICHKH PACIIPEICIICHUS HC-
HEePCHU METOJOM IJIABHBIX KOMIIOHEHT M IIOCTPOCHHs KPUBBIX OTpaxeHus. Kilaccudukaiys n3BICYEHHBIX
JIAHHBIX BBIMOJNHEHA Ha OCHOBe anropurma Random Forest. B kadectBe 00BEKTOB HCCIICIOBAHUS BBIOPAHBI
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nocesbl ApoBoit muieHunisl (Triticum aestivum) Ha pasHbix GpeHodasax U [saTh JOMHUHUPYIOIINX BHIOB COPHOM
pacrurensHoct (Euphorbia virgata, Descurainia sophia, Vicia hirsuta, Fallopia convolvulus, Echinochloa
crus-galli). Anroput™ mokaszan 3Q(HEeKTHBHOCTH CErperanyy Mo TUITY «KYJIbTYpa-COPHAK» C 00mIeil TOUHO-
CTBIO KJIACCHU(HKAIUK HA TECTOBBIX JaHHBIX 72,94 %. BEIsIBICHa BBICOKAs TOYHOCTh HICHTH(HKAIIUH TIIIIC-
Hurpl (MCC=0,994) 3a cyer crekTpanbHON CTaOMIBHOCTH M BBIpaXKCHHBIX mpu3HakoB red edge (680—730
HM). YCTaQHOBJICHO, YTO CHH)KEHHE TOYHOCTH IIPHU TIOIBITKE BHYTPHUKIACCOBOTO Pa3fIe/ICHHs] COPHSIKOB CBsI3a-
HO C aHATOMHUYECKUMH OCOOCHHOCTSIMH OTAENBHBIX MMpeICcTaBUTelNel (INIOTHBIC KYTHKYISIpHBIC ciiou Euphor-
bia virgata mpuBoOmSIT K IPOSIBICHNIO BHICOKHX ITOKA3aTeJeil OTPaXKSHHSI 10 CPABHEHUIO C OCTAIbHBIMU BHIA-
MH; CIIOXHasi apxurektypa Vicia hirsuta Be3pIBacT KpUTHYECKHIA CHEKTPAIBHBIA pa3dpoc; CXOACTBO CTpOe-
Hust mesoduiuia Echinochloa crus-galli ¢ kyabTypoii, yuuThiBast €ro mpUHAUIEKHOCT K 311aKOBBIM, TPHUBO-
JMT K YaCTUYHOMY ONTHYECKOMY CJIMSHMIO C HEKOTOPBIMU NpH3HaKaMu). Takum oOpa3oM, pa3paboTaHHAs
MO/IeJIb TI03BOJISICT PELINTh TIIABHYIO 33/1a4y — ofecnedeHne HaeKHOH nuddepeHIranny KyIpTypHO# pac-
THTEIBHOCTH OT COPHOTO (DOHA, YTO SIBJISETCS BaXKHBIM YCIOBHUEM LISl YOPMHUPOBAHHUSI TEXHOJIIOTHYECKOT0 Oa-
3HCa TOYHOT'O 3eMIIC/ICIHUS M BHEIPEHHUSI CUCTEM TapreTHOTO IPUMEHEHH S arpOXHMHKATOB.

Knrouegvie cnosa:. TUNEPCHEKTPAJIBHOC 30HANPOBAHUEC, SApOBas MIICHUIIA, COpHasA PaCTUTCIbHOCTh, MallllH-
HOC 06yqu1/Ie, BHJI0Bast I/IZ[CHTI/Iq)I/IKaHI/ISI, BHJI0Bast HI/I(i)(i)epeHHI/IaL[I/IH, CHEKTPAJIBbHBIC CUTHATYPbI, TOYHOC
3CMIICOCIIUC.
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Antioxidant defense in plants during RNA virus infection:
the role of key enzymes

In recent decades, the issue of crop resistance to biotic stressors has gained particular relevance in the context
of global food security. Among biotic factors, viral infections occupy a special position, causing significant
yield losses and disrupting physiological processes in plants. RNA viruses are characterized by high adapta-
bility and the ability to effectively reprogram host cellular metabolism, a process accompanied by disruption
of redox homeostasis. The generation of reactive oxygen species (ROS) constitutes one of the key events in
this process and is characterized by functional duality: ROS act as signaling molecules that initiate defense
responses, whereas their excessive accumulation leads to damage to cellular components. Alterations in redox
homeostasis are accompanied by activation of the plant antioxidant system, which encompasses both enzy-
matic and non-enzymatic defense mechanisms. Despite considerable advances in the study of redox processes
in plants, the interplay between redox regulation mechanisms and antioxidant system functioning under viral
infection remains insufficiently characterized and requires further investigation. In this regard, the aim of the
present review is to systematize and analyze current knowledge of the roles of reactive oxygen species and
key antioxidant enzymes in the regulation of immune responses in plants infected with RNA viruses.

Keywords: oxidative stress, plant antioxidant system, viral infection, plant immunity.

Introduction

In recent decades, the issue of crop resistance to biotic stressors has become particularly relevant in the
context of ensuring global food security. Among biotic factors, viral infections occupy a special place, caus-
ing significant yield losses and disrupting plant physiological processes. RNA viruses are characterised by
high adaptability and the ability to effectively modify the host’s cellular metabolism, which is accompanied
by a disruption of redox homeostasis. The generation of reactive oxygen species (ROS) represents one of the
key stages of this process, characterised by functional duality: on the one hand, ROS act as signalling mole-
cules that initiate defence responses; on the other, their excessive accumulation leads to damage to cellular
components. Changes in redox homeostasis are accompanied by the activation of the plant antioxidant sys-
tem, which includes both enzymatic and non-enzymatic defence mechanisms. Despite significant progress in
the study of redox processes in plants, the integration of redox regulation mechanisms and the functioning of
the antioxidant system under conditions of viral infection remains insufficiently described to date and re-
quires further analysis. In this regard, the aim of this review is to systematise and analyse current understand-
ing of the role of ROS and key enzymes of the antioxidant system in the regulation of the plant immune re-
sponse during RNA virus infection.

1. Generation of Reactive Oxygen Species during RNA Virus Infection.

Reactive oxygen species (ROS) are highly reactive oxygen-containing molecules, including free radi-
cals such as the superoxide anion (O, -), the hydroxyl radical (-OH), and hydrogen peroxide (H,O,). The
compounds listed above are natural products of cellular metabolism and are formed predominantly in the
mitochondria during the functioning of the electron transport chain [1]. Under physiological conditions,
ROS act as signalling molecules performing regulatory functions in the control of cell proliferation
and differentiation, as well as in the activation of the immune response via redox-dependent signalling
pathways [2].

However, excessive accumulation of ROS within the cell leads to the development of oxidative stress,
accompanied by a disruption of redox homeostasis. Under these conditions, ROS actively interact with major
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cellular macromolecules—Ilipids, proteins and nucleic acids—causing lipid peroxidation, oxidative modifica-
tion of proteins and damage to genetic material, ultimately leading to the destabilisation of cell membranes,
disruption of organelle functions and cell death [3].

Oxidative stress can be induced both by abiotic factors, including extreme temperatures, ultraviolet ra-
diation and exposure to toxic compounds, and by biotic factors, such as bacterial, fungal or viral infec-
tions [4, 5]. In viral infections, changes in redox homeostasis are caused not only by the damaging effect but
also by the functional reorganisation of cellular processes aimed at ensuring viral replication. In particular,
RNA viruses actively interact with the cell’s membrane structures, forming replication complexes on the sur-
face of mitochondria, the endoplasmic reticulum and other organelles, which is accompanied by an increase
in ROS production. These replication complexes are virus-induced membrane structures formed by the re-
cruitment of intracellular organelles and serving as a platform for viral RNA synthesis [6, 7]. In plant RNA
viruses, their organisation has specific features: in Tobacco mosaic virus (TMV), replication is associated
with the membranes of the endoplasmic reticulum, in Tomato bushy stunt virus (TBSV)—with the mem-
branes of peroxisomes and mitochondria, where invaginations form, creating isolated microcompartments,
whereas in Cucumber mosaic virus (CMV) intracellular membrane structures and chloroplasts are involved
in the process. Such a spatial organisation of replication is inevitably accompanied by disruption of the func-
tion of the relevant organelles and alterations in electron transport, leading to oxidative stress [8, 9].

An additional contribution to the excessive accumulation of ROS is made by the activation of NADPH
oxidases and changes in the functioning of mitochondria and chloroplasts, which enhance the formation of
O, . In this context, ROS act not only as a by-product but also as a regulatory factor involved in the activa-
tion of signalling pathways that contribute to the maintenance of viral replication. RNA viruses are charac-
terised by their ability to maintain ROS levels within a functionally significant range, as a moderate increase
in their concentration facilitates the viral life cycle, whereas excessive accumulation is accompanied by the
development of oxidative damage to the cell and a limitation of the infectious process.

The balance between ROS formation and neutralisation under conditions of viral infection is deter-
mined by the functional state of the cell’s antioxidant system—an evolutionarily conserved defence mecha-
nism capable of counteracting oxidative stress [6, 10].

2. Plant antioxidant defense system.

Under stress conditions such as viral infection, the maintenance of redox homeostasis in plants is en-
sured by the coordinated functioning of the antioxidant defence system (Fig. 1). Antioxidants are molecules
capable of inhibiting free radical reactions, thereby preventing the development of cellular damage [11].

This system consists of enzymatic and non-enzymatic components (Fig. 2), which are localised in vari-
ous cellular structures and regulated in response to the physiological state of the cell. In this context, antioxi-
dant defence is formed as an integrated system that functions in a coordinated manner and mutually enhances
the effectiveness of ROS detoxification during viral infections.

The enzymatic components of the plant antioxidant system (including superoxide dismutase, catalases,
ascorbate peroxidase and glutathione reductase) are regarded as the main component of primary antioxidant
defence, ensuring rapid enzymatic detoxification of ROS induced by viral infection.
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Figure 1. Plant antioxidant system.
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Non-enzymatic antioxidants (ascorbate, glutathione, tocopherols, carotenoids and phenolic compounds)
constitute a pool of low-molecular-weight redox-active compounds that primarily perform buffering, reduc-
ing and stabilising functions in maintaining cellular redox [12-14].
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Figure 2. Enzymatic and non-enzymatic components of the antioxidant system

154 Fundamental and Experimental Biology. 2026, 31, 3(123)



Antioxidant defense in plants...

2.1 Non-enzymatic Antioxidants

Non-enzymatic antioxidants are low-molecular-weight compounds that play an important role in neu-
tralising free radicals by donating electrons or hydrogen atoms. These compounds are divided into two cate-
gories: hydrophilic antioxidants, such as glutathione, ascorbate and phenolic compounds, and lipophilic
membrane antioxidants, which include carotenoids. Among hydrophilic antioxidants, ascorbate (AsA) occu-
pies a special place—one of the key water-soluble antioxidants in plants, playing an important role in main-
taining the redox balance during viral infection. The redox state of ascorbate, regulated by the activity of
ascorbate oxidase (AQ), determines the apoplast’s ability to participate in signal transduction associated with
the activation of the plant’s defence responses during a viral attack. In this context, ASA is involved not only
in the neutralisation of ROS but also in the signalling regulation of the immune response. The biosynthesis of
ascorbate is predominantly carried out via the Smirnov—Wheeler pathway, where the final step is the oxida-
tion of L- galactono-1,4-lactone in the mitochondria. Due to its structure, AsA is capable of directly neutral-
ising ROS, including O, - and -OH, and also acts as an electron donor for ascorbate peroxidase (APX) dur-
ing the reduction of H,0O, [15, 16]. AsA functions as a redox buffer, coordinating antioxidant defence and
immune signalling in infected cells [17]. Alongside ascorbate, glutathione (GSH)—a low-molecular-weight
tripeptide—is one of the main antioxidants in plant cells during viral infection. Upon viral entry, there is en-
hanced ROS generation, accompanied by the accumulation of GSH in the cytosol, chloroplasts and mito-
chondria [18]. It is important to note that GSH participates in the ascorbate—glutathione cycle, ensuring the
reduction of dehydroascorbate to ascorbate via the enzyme dehydroascorbate reductase (DHAR) [19, 20]. In
this context, the GSH/GSSG ratio serves as an indicator of the cell’s redox status and regulates the activation
of defence response genes. Consequently, glutathione plays a dual role—as an antioxidant and a signalling
molecule—ensuring thiol redox homeostasis during viral [21-23]. Regarding lipid lipophilic antioxidants,
carotenoids belong to the group of isoprenoid compounds, characterized by significant structural diversi-
ty [24]. They consist of eight isoprene units, with most carotenoids deriving from the linear tetraterpene
phytoene. These low-molecular-weight metabolites protect the photosynthetic apparatus by preventing the
formation of reactive oxygen species through the quenching of excited chlorophyll and triplet sensitizers,
whilst simultaneously reducing the level of lipid peroxidation [25].

Non-enzymatic antioxidants include functionally diverse redox-active compounds involved in maintain-
ing cellular homeostasis. Individual representatives differ in their localisation, mechanisms of action and de-
gree of involvement in redox regulation. A comparative characterisation of the main components of the plant
antioxidant system and their roles in viral infection is presented in Table 1.

Table 1
The importance of non-enzymatic antioxidants in antiviral response
. o Role in Antiviral Response
Antioxidant Localization (RNA Viruses) Sources

Cytosol, Maintains redox homeostasis, participates in

Ascorbate chloroplasts, ROS detoxification, and enhances resistance to [26]

(Vitamin C) mitochondria; Turnip mosaic virus (TuMV) and Cucumber
apoplast mosaic virus (CMV).

Cytosol, nucleus,

mitochondria, chlo- Supports the ascorbate-glutathione cycle and

Glutathione (GSH) influences HR and resistance to Potato virus Y [27]

roplasts;
apoplast/cell wall (PVY) and TUMV.
Chloroplast During virus-induced chloroplast dysfunction
i thylakoid : _
Carotenolds membranes; and chlorosis, carotenoids are expected to play a [28]

plastoglobules crucial role in controlling 0,.

2.2 Enzymatic antioxidants

SOD acts as a key enzyme in the first line of antioxidant defence; however, its reaction product, H,O»,
is itself a toxic compound capable of converting into highly reactive OH in the presence of Fe?* via the Fen-
ton reaction. The detoxification of H,O, is the next essential stage in cellular antioxidant defence. This func-
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tion is performed by two other first-line defence enzymes, CAT and GR, which, together with SOD, form a
coordinated enzymatic system for the neutralisation of ROS [29].

2.2.1 Superoxide dismutase

Superoxide dismutase (SOD) is a metal-containing enzyme and one of the most effective components
of the antioxidant defence system of plant cells against ROS. SOD catalyses the dismutation of O, - to form
H202 and 02 (Flg 1) [30]

Depending on the metal cofactor, SOD exists in several isoforms: Cu/Zn-SOD, Mn-SOD and Fe-SOD.
The Cu/zZn-SOD isoform is localised in the cytoplasm, peroxisomes, chloroplasts and apoplast,
whilst Fe-SOD is found in plant chloroplasts, and Mn-SOD is localised in the mitochondrial matrix and in
peroxisomes [31].

Sequence alignment, as well as structural and evolutionary studies, have revealed homology between
Mn-SOD and Fe-SOD, whereas Cu/Zn-SOD has been found to be distinctly related to either Mn- or Fe-
SOD [32]. Cu/Zn-SOD is activated either via a CCS-dependent pathway, which requires the covalent bind-
ing of a Cu chaperone to the Cu ion, or via a CCS- independent mechanism [33]. The presence of two acti-
vation pathways is of significant physiological importance, as it ensures the preservation of the enzyme’s
catalytic activity even if one of the mechanisms is disrupted, thereby maintaining the functionality of the an-
tioxidant system and the cell’s resistance to oxidative stress.

The regulation of SOD under conditions of viral infection is characterised by multi-level modification,
affecting both post-translational processes and the subcellular localisation of the enzyme. It has been estab-
lished that infection with the bamboo mosaic virus (BaMV) in Brachypodium distachyon and Nicotiana
benthamiana is accompanied by the accumulation of the full-length Cu/Zn-SOD precursor protein
(PrNbCSD2) in the cytoplasm. This effect is attributed to the virus disrupting the processing of the
PrNbCSD?2 transit peptide, which impedes its normal function. The consequence is an excessive accumula-
tion of H,0, in infected cells, associated with the development of chlorotic mosaic symptoms [34].

However, the neutralisation of ROS is not limited to the action of a single enzyme: the product of the
reaction catalysed by SOD, hydrogen peroxide, is itself a toxic compound and requires further decomposi-
tion. This function is performed by catalase, which catalyses the dismutation of H,O, into water and molecu-
lar oxygen, thereby ensuring the cell’s antioxidant response [35].

2.2.2 Catalase

Catalase (CAT) catalyses a two-step reaction for the decomposition of hydrogen peroxide and is local-
ised in peroxisomes. In the first step, H,0, oxidises the iron (Fe**) ion in the active site of CAT to form iron
peroxide. It is known that at low concentrations of H,0,, the enzyme can remain in this intermediate state
(compound I). However, at higher concentrations of H,O,, it acts as a reducing agent for compound I, there-
by regenerating the enzyme and releasing water and oxygen [36].

CAT-Fe-OH + H,0, — CAT-Fe-OOH + H,0O (Stage 1) @
CAT-Fe-OOH + H,0, — CAT-Fe-OH + H,0 + O, (Stage 2) 2

The sources of H,0, in plant cells are chloroplasts, mitochondria and peroxisomes. In all these com-
partments, H,O, is synthesised following the dismutation of O, - by SOD. Furthermore, H,O; is generated
by glycolate oxidase in peroxisomes [37] (Fig. 1).

Three distinct classes I, Il and 111 have been identified based on Nicotiana tabacum genes. Class | CATs
play a role in photosynthetic tissues and are involved in neutralising H,O,, which is produced during photo-
synthesis. Class Il predominates in vascular tissues and lignification in response to ABA and during ageing,
whereas class 111 is expressed in seeds and reproductive tissues, and its activity is high during fatty acid ca-
tabolism in the glyoxylate cycle in glyoxysomes. Three CAT isoforms (CAT1, CAT2, CAT3) have been
identified in Zea mays. These isoforms are identical in their coding region and differ only in variable intron
segments. Furthermore, the promoter sequence also differs in these different isoforms. The Arabidopsis ge-
nome also contains three CAT genes [38]. Recently, seven CAT genes were identified in Gossypium using
genome-wide association studies (GWAS) [39]. The number of CAT genes varies among different plants; for
example, there are three in O. sativa, C. pepo and Cucumis sativus, two in Hordeum spp. and one in Ipomoea
batatas, Ricinus communis and S. lycopersicum [40].

Viral infections have mixed effects on catalase activity; however, in most cases, a functional suppres-
sion is observed. For example, in Arabidopsis thaliana, upon infection, the 2b protein interacts with the
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CAT3 isoenzyme, inhibiting its activity and causing the development of necrosis [41]. A similar effect is
observed during infection with maize chlorotic mottle virus (MCMYV) in Zea mays, where the P31 protein
binds to ZmCAT1, suppressing its activity, which is accompanied by the accumulation of H,0,, suppression
of PR genes (ZmPR3, ZmPR4, ZmPR5) and enhanced viral replication; additional suppression of catalase
isoform expression further enhances this effect [42]. Furthermore, the involvement of the PV X viral protein
HC-Pro triggers a more intensive generation of H,0O, compared to mutant forms. This suggests that viral fac-
tors play a direct role in regulating the cellular oxidative status.

CAT ensures the effective decomposition of H,O, predominantly in peroxisomes however, in mito-
chondria, where CAT is virtually absent, the detoxification of H,O, and lipid hydroperoxides is carried out
by other enzymes. Maintaining redox homeostasis in these compartments requires the involvement of gluta-
thione-dependent enzymes, the key one being GR.

2.2.3 Glutathione Reductase

Glutathione reductase (GR) is one of the main enzymes of the plant antioxidant system, involved in
maintaining the balance between reduced (GSH) and oxidised (GSSG) glutathione. Maintaining this ratio is a
critical condition for the effective neutralisation of ROS accumulating during viral infections. GR functions
in close cooperation with other enzymes, in particular glutathione-S-transferases (GST), glutathione peroxi-
dases (GPX) and y-glutamyltransferases (GGT), providing comprehensive protection of cells against oxida-
tive stress [43].

A review of the literature indicates that viral infections have a varied effect on GR activity depending
on the host plant’s resistance: Turnip mosaic virus (TuMV) and Arabidopsis thaliana: in resistant mutants
(rbohF and rbohD/F), an increase in GR activity was observed, whereas in susceptible plants (Col-0 and
rbohD), GR activity decreased 7 days post-infection [44]. Cucumber mosaic virus (CMV) and Cucumis
sativus: treatment of plants with glycine betaine and chitosan led to a significant increase in GR activity, ac-
companied by a reduction in disease severity and viral accumulation [45]. Alongside changes in enzymatic
activity, viral infections modulate the expression of glutathione system genes: TuMV and A. thaliana: re-
sistant mutants demonstrated increased expression of the GSTU13 and GSTU19 genes, which correlated
with a restriction of viral spread. In susceptible plants, the expression of these genes decreased 7 days post-
infection [46].

These patterns are consistent with data obtained in other model systems and reflect the context-
dependent nature of glutathione system regulation during viral infection. Thus, in Solanum lycopersicum in-
fected with TOLCNDV, the SIGR3 isoform is significantly induced at the transcript and protein levels,
whereas its suppression via virus-induced gene silencing (VIGS) leads to increased viral DNA accumulation
and loss of resistance [47]. At the same time, during TuMV infection in Arabidopsis thaliana, the activity of
the glutathione peroxidase-like enzyme (GPXL) decreases in susceptible genotypes and increases in resistant
ones, accompanied by a change in the GSH/GSSG ratio, which reflects the redox state of the cell and deter-
mines the outcome of the infection [48].

GR plays a central role in ensuring the regeneration of reduced glutathione and thereby maintaining the
functionality of the entire glutathione-dependent antioxidant system. However, under conditions of viral
stress, not only ROS but also highly reactive aldehydes accumulate in the cell—by-products of the oxidative
degradation of lipids and carbohydrates, which are themselves capable of damaging proteins, nucleic acids
and membranes. The neutralisation of these compounds requires the involvement of specialised enzymes,
one of which is AOQ.

2.2.4 Aldehyde oxidase

Aldehyde oxidase (AO) is a common molybdenum-iron-flavoprotein that oxidises various aldehydes to
carboxylic acids [49]. The mechanism of action of AO is characteristic of molybdeno-flavoproteins: in the
active site, molybdenum binds the aldehyde and transfers the oxygen group, reducing it, after which elec-
trons are sequentially transported through two iron-sulphur clusters and FAD to an O, molecule. In the pro-
cess, superoxide and, predominantly, hydrogen peroxide are formed [50]. Collectively, AO performs key
regulatory functions in plant metabolism, catalysing the final stages of phytohormone biosynthesis by
oxidising their aldehyde precursors. Four AO genes (AAO1-AAO4) have been identified in the Arabidopsis
thaliana genome, exhibiting different substrate affinities and tissue localisation (Tab. 2) [51].
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Table 2

Major isoforms of AO and their biochemical properties

Isoform Structure Localization Biochemical function Source
IAAld — TAA. Participates in the alternative

Homodimer (denoted | Seeds, roots,

AAO1 as AOQ) seedlings auxin biosynthesis pathway and oxidizes
benzaldehyde
Forms homo- and Seedlings, roots
heterodimers, often in g5 1 : Participates in the alternative auxin biosynthe-
AAO2 A . and senescing . -
combination with leaves sis pathway and oxidizes benzaldehyde
AAO1 (AOB) [52]
Leaves (vascular
AAO3 Homodimer tissues), seeds, ABAIld — ABA. Key enzyme of the final

stage of abscisic acid biosynthesis
roots

Benzaldehyde — Benzoic acid. Participates in
the metabolism of secondary compounds in
seeds

Developing fruits

AAO4 Homodimer o
(siliques), pollen

The data obtained reflect the functional specialisation of isoforms: AAO1-AAO2 are involved in
growth and development processes (biogenesis of secondary metabolites, oxidation of aldehydes), AAO3—
in the synthesis of ABA under stress conditions, AAO4—in the detoxification of aldehydes and the utilisa-
tion of O, metabolites in fruits [52].

Since the effectiveness of antioxidant defence is determined by the preservation of functionally signifi-
cant molecular mechanisms, it seemed appropriate to assess the degree of evolutionary conservation of the
enzymes under investigation. Analysis of amino acid sequences and the construction of phylogenetic trees
allow us to identify the level of conservation of functionally important domains, as well as to establish phy-
logenetic relationships between the proteins under investigation in different plant species. A high degree of
conservatism in antioxidant enzymes may indirectly indicate the fundamental role of these proteins in main-
taining redox homeostasis and plant adaptation to stressors, including viral infection. In this regard, key en-
zymes of the antioxidant system were examined and a comparative phylogenetic analysis was conducted.

Phylogenetic analysis

A search for the amino acid sequences of enzymes in the antioxidant system—SOD, CAT, GR and
AO—was conducted in the NCBI Protein database. For the analysis, representatives of dicotyledonous plants
(Eudicots) belonging to various families were selected: Solanaceae (Solanum tuberosum, Solanum
lycopersicum, Nicotiana tabacum), Fabaceae (Glycine max, Cicer arietinum), Cucurbitaceae (Cucumis
sativus), Rosaceae (Malus domestica) and Brassicaceae (Arabidopsis thaliana). Comparing representatives
of phylogenetically distant families within a single class enabled the identification of both conserved and
variable regions of protein sequences and also allowed the evaluation of the evolutionary relationships of the
enzymes under investigation at the level of eudicots as a whole.

The criteria for sequence selection were the presence of full-length, experimentally validated records
without fragmentary regions, a high degree of genomic annotation for each of the included species, and
comparability of the species composition of the sample for all four enzymes, which ensured the validity of
the comparative analysis. The exception was the analysis of AO, which included seven species instead of
eight due to the absence of a full-length validated sequence for Cucumis sativus in the NCBI database.

Multiple alignment of amino acid sequences was performed using the MUSCLE method in MEGA 11.

To assess the evolutionary conservatism of the enzymes under study, phylogenetic trees were construct-
ed based on the alignment of SOD, CAT, GR and AO amino acid sequences from selected dicotyledonous
plant species (Figs. 3-6).

158 Fundamental and Experimental Biology. 2026, 31, 3(123)



Antioxidant defense in plants...

A T T T T T T AT
1. Solanum tuberosum  MVIKAV AV L vl LF \ LHBFHVHAL
2. Cicer ariatinum MVKAVAVL \q LHBIFHIHAL
3. Arabidopsis thaliana MAKEIVA VL \q LHBIFHVHAL
4. Solanum lycopersicum [lIKK A VAV L K V. LHBFHLHEY
5. Glycine max MVKAVAVL v LHBFHVHAL
6. Cucumis sathus WKKAVAVLEK \ LHBFHLHEF
7 Malus domestica MV KEVAVL \q LHBIFHVHAL
8. Nicotianatabacum M VKAVAV L Vi LHEFHVHAL
Species/Abbrv als v
1. Solanurm tuberosum ] 1] RAVVVHA 03 -Cl
2 Cicer anetinum .Iv RAVVVHA K H
3. Arabidopsis thaliana 3 3 RAVVVHA KGGH
4. Solanum lycopersicum IVA vBRALVVHEL KBBH
5. Glycine max vV RAVVVHA KGO H
6. Cucumis sativas 1lA VBRAFVVHEL 3
7. Malus domestica 1A RAVVVHABP KBS
8 Nicotiana tabacum RV RAVVVHARP K L}
B

100 Solanum lycopersicum
J(E Cucumis sativus
49 Arabidopsis thaliana

{ Cicer arietinum
83 Glycine max
‘: Solanum tuberosum
94 Nicotiana tabacum

Malus domestica

Figure 3. SOD phylogenetic tree and alignment of amino acid residues from different plant species:
A — MUSCLE alignment (MEGA 11); colors reflect the physicochemical properties of amino acids.
Conservatism: “*” — identity, “:”/ “.” — similarity, B — The Maximum Likelihood tree (500 bootstrap replications).
The length of the branches is proportional to the number of amino acid substitutions per site

The SOD phylogenetic tree is characterised by clear clustering, reflecting the systematic position of the
species. The genus Solanum is grouped with high support (94 %), the family Solanaceae forms a single, con-
nected cluster, whilst Glycine max and Cicer arietinum are grouped separately in accordance with their
membership of the Fabaceae. Malus domestica occupies an independent position on the tree. Sequence
alignment shows 90 % identity within Solanum and 70-80 % between families, indicating the conservation
of functionally significant domains of the catalytic centre. At the level of deep branches, bootstrap support
drops to 40-50 %, reflecting the limited resolution of a single gene for reconstructing ancient phylogenetic
relationships.

A
Species/Abbrv ST R T O R RS R sl s wfe] 8] [a]s| [e]e I R R Y R R P s s [w s ] [S] | e8] sl [ ia] ] ] w]a] ] ]a]e
1. Arabidopsis thaliana MBIP YR VR P LIV Bl YHL KLANFDRER | PERVVHARGA
2. Solanum tuberosum  MBIPSIK Y R P LEv PVLLEDYYLIEKLATFBREKI PERVVHARGA
3. Cicer arietinum MDPYKHRP LV B LL YHLVEKLANFDRER | PERVVHARBA
4. Solanum lycopersicumMBIP Y K Y R P LRV PVLL YHLVEKLANFDRER | AERVVHAREBA
5. Glycine max MBPYKLRP LBV ILL YHLVEKLANFDRER I PERVVHARGA
6. Cucumis sativus. MBPYKYRP M8V B LL Y.LI KIABRFIFRER I PERVVHARBGA!
7. Malus domestica MBPYRHRP LIV PILL YHLVEKLANFBRER I PERVVHARGA
8. Nicotiana tabacum  'M L.KFRP LBV BvVLL YHLIEKLAFFDRER I PERVVHARGA

B

99 Solanum tuberosum
—58’—(: Nicotiana tabacum
50

Cucumis sativus

Solanum lycopersicum
Arabidopsis thaliana
, Glycine max

0 \—: Cicer arietinum
48 Malus domestica

Figure 4. Comparative analysis of the amino acid sequences of catalase (CAT) in eight plant species:
A — MUSCLE alignment (MEGA 11); colors reflect the physicochemical properties of amino acids.
Conservatism: “*” — identity, “:”/ «.” — similarity, B — The Maximum Likelihood tree (500 bootstrap replications).
The length of the branches is proportional to the number of amino acid substitutions per site

The topology of the CAT tree generally agrees with that of SOD, but differs in having higher bootstrap
support values within key clusters. The Solanum tuberosum-Nicotiana tabacum pair is grouped with maxi-
mum support of 99 %, indicating exceptional conservatism of CAT within the Solanaceae family. Fabaceae
are grouped with 80-85 % support, whilst Arabidopsis thaliana and Malus domestica again occupy isolated
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positions. The consistency of the SOD and CAT tree topologies may indicate their co-evolution, driven by
functional interdependence: SOD generates H,O,, the immediate detoxification of which is provided by
CAT.
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Figure 5. Comparative analysis of amino acid sequences of glutathione reductase (GR) in eight plant species:
A — MUSCLE alignment (MEGA 11); colors reflect the physicochemical properties of amino acids.

Conservatism: “*” — identity, “:”/ “.” — similarity, B — The Maximum Likelihood tree (500 bootstrap replications).
The length of the branches is proportional to the number of amino acid substitutions per site

Phylogenetic analysis of GR revealed a number of topological features that distinguish this enzyme
from SOD and CAT. Solanum lycopersicum and Solanum tuberosum are grouped together with maximum
bootstrap support, confirming the high conservation of GR within the genus. Notably, Malus domestica,
which occupied an isolated position on the SOD and CAT trees, is grouped together with representatives of
the genus Solanum in this analysis with 100 % support. Glycine max and Cicer arietinum are grouped to-
gether with 71 % support. The partial divergence of the GR tree topology from the SOD and CAT trees may
reflect differences in the intensity of evolutionary pressure on this enzyme in dicotyledonous plants, which is
associated with its broader functional role in maintaining cellular redox balance.

Among all the enzymes considered, AO exhibits the most structured phylogenetic topology with two
distinct monophyletic groups: Solanaceae (100 % support) and Fabaceae (100 % support), whilst Malus
domestica occupies a sister position (75 %), and Arabidopsis thaliana occupies a basal position. High sup-
port values for deep nodes (75-85 %) and identity of functionally important domains exceeding 92 % within
dicots indicate a slower evolutionary rate of the AO gene and pronounced purifying selection aimed at pre-
serving the enzyme’s catalytic structure.

Phylogenetic analysis of the amino acid sequences of SOD, CAT, GR and AO in dicotyledonous plants
revealed a high degree of conservatism of the enzymes under study within closely related taxa. The highest
bootstrap support values were recorded within the genus Solanum and amounted to 94 %, 99 %, 100 % and
100 % for SOD, CAT, GR and AO, respectively. Representatives of the Fabaceae family were consistently
grouped together in all four analyses, reflecting the conservation of the amino acid sequences of these en-
zymes within the family. The topologies of the resulting trees are generally consistent with the systematic
position of the taxa under study, confirming the validity of the analysis. The results obtained indicate the
evolutionary conservatism of the enzymes of the antioxidant system in dicotyledonous plants and their func-
tional significance in the mechanisms of cellular defence against oxidative stress during viral infection.
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Figure 6. Comparative analysis of amino acid sequences of aldehyde oxidase (AO) in seven plant species:

A — MUSCLE alignment (MEGA 11); colors reflect the physicochemical properties of amino acids

Conservatism: “*” — identity, “:”/ “.” — similarity, B — The Maximum Likelihood tree (500 bootstrap repli
The length of the branches is proportional to the number of amino acid substitutions per site

cations).

The data obtained suggest that the evolutionary conservation of the enzymes under investigation is due
to their key functional role in the mechanisms by which cells defend themselves against oxidative stress. At
the same time, phylogenetic analysis characterises each enzyme in isolation, whereas their protective func-

tion is realised within a single, coordinated system. To assess the nature of molecular interactions

between

the components of this system, a network analysis of protein-protein interactions among the enzymes under

investigation was conducted.

4. Network Analysis of Antioxidant Enzyme Interactions

While phylogenetic analysis characterized the evolutionary conservation of each enzyme individually,
the efficiency of antioxidant protection during RNA virus infection is determined not by the properties of
isolated proteins, but by the degree of their coordination within an integrated redox-regulatory network. Viral
infection triggers simultaneous ROS generation across multiple cellular compartments, including chloro-
plasts, mitochondria, peroxisomes, and the apoplast, causing antioxidant enzymes to function as intercon-
nected elements of a multicomponent system. To assess the structural organization and functional integration

of these components, protein—protein interaction (PPI) analysis was performed using the STRING
(v12.0, https://string-db.org) with a confidence threshold of > 0.800. The resulting interactomes

database
revealed

pronounced network organization characterized by dense intracluster connectivity and functional modularity.
Within the Arabidopsis thaliana interactome, CAT1-2 occupies a central hub position (Fig. 7), coordinating

key ROS-associated pathways.
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Figure 7. Functional interaction network of catalase (CAT1-2)
The network was constructed in STRING for A. thaliana. Colored nodes represent primary interaction partners.

Edge types: teal lines—curated database evidence, pink lines—experimental data, black lines—co-expression.

Results

The analysis identified ten high-confidence interaction partners of CAT1-2 (Tab. 3), predominantly rep-
resented by glycolate oxidases (GLO1-GLO5), superoxide dismutases (CSD1, CSD2, FSD1), as well as cat-
alase isoforms CAT2 and CAT3.

Table 3

Functional interaction partners of CAT1-2 identified via STRING database analysis

Protein Description Score
GLO2 (S)-2-hydroxy-acid oxidase GLO2 0.950
CSD1 Superoxide dismutase [Cu-Zn] 1 0.942
GLO5 Peroxisomal oxidase GLO5 0.932
GLO4 Peroxisomal oxidase GLO4 0.931
GLO3 Peroxisomal oxidase GLO3 0.930
GLO1 (S)-2-hydroxy-acid oxidase GLO1 0.930
CAT3 Catalase-3 0.906
CAT?2 Catalase-2 0.902
CSD2 Superoxide dismutase [Cu-Zn] 2, chloroplastic 0.878
FSD1 Superoxide dismutase [Fe] 1, chloroplastic 0.823

The most robust interactions were detected between CAT1-2 and glycolate oxidase family proteins, in-
cluding GLO2 (0.950), GLOS5 (0.932), GLO4 (0.931), and GLO1/GLO3 (0.930), indicating tight functional
integration between catalase-dependent peroxide detoxification and photorespiratory metabolism and con-
firming the existence of a well-coordinated peroxisomal redox regulation module.

Strong associations with cytosolic CSD1 (0.942), chloroplastic CSD2 (0.878), and iron-containing
FSD1 (0.823) demonstrate that antioxidant regulation during viral infection operates through coordinated
multi-compartmental ROS buffering rather than isolated enzymatic reactions, linking chloroplasts, cytosol,
and peroxisomes into a unified system. This organization is particularly critical under viral infection, where
oxidative stress develops simultaneously across multiple intracellular compartments, necessitating rapid re-
distribution of redox-buffering capacity throughout the cell (Fig. 8).

A further characteristic feature of the CAT1-2 interactome is strong connectivity among catalase
isoforms CAT2 (0.902) and CAT3 (0.906), suggesting functional redundancy and the presence of compensa-
tory mechanisms that maintain network stability under pathogen-induced oxidative damage and reduce the
likelihood of complete disruption of hydrogen peroxide detoxification pathways.

Analysis of the CSD1 interaction network revealed a similarly high level of structural integration across
multiple cellular compartments (Fig. 8).
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Figure 8. Network analysis of superoxide dismutase CSD1 interactions
Visualization was performed using the STRING database (A. thaliana). Nodes represent different SOD types
(CSD, FSD, MSD), the chaperone CCS, and catalases (CAT). The combined confidence score
for primary interaction partners exceeds 0.900.

Edge types: teal lines—curated database evidence, pink lines—experimental data, black lines—co-expression.

The reconstructed interactome comprised a broad set of functional partners identified via STRING
analysis (Tab. 4), including Cu/Zn-containing superoxide dismutases, chloroplastic Fe-SOD isoforms
(FSD1-FSD3), mitochondrial Mn-SOD proteins (MSD1-MSD?2), catalases CAT1-2 (score = 0.942) and
CAT2 (score = 0.893), as well as the copper chaperone CCS (score = 0.991). Thus, the interaction profile of
CSD1 reflects the formation of a highly interconnected cross-compartmental antioxidant network that inte-
grates ROS regulatory systems across chloroplasts, mitochondria, cytosol, and peroxisomes.

Table 4

Functional interaction partners of CSD1 identified via STRING database analysis (A. thaliana)

Protein Description Localization
FSD1 Superoxide dismutase [Fe] 1 Chloroplast
MSD1 Superoxide dismutase [Mn] 1 Mitochondria
FSD3 Superoxide dismutase [Fe] 3 Chloroplast

CCS Copper chaperone for SOD Chloroplast/cytosol
FSD2 Superoxide dismutase [Fe] 2 Chloroplast
MSD2 Superoxide dismutase [Mn] 2 Mitochondria
CSD2 Superoxide dismutase [Cu-Zn] 2 Chloroplast

CAT1-2 Catalase-1 Peroxisome
CSD3 Superoxide dismutase [Cu-Zn] 3 -
CAT?2 Catalase-2 Peroxisome

Partners are ranked by combined confidence score in descending order. The network encompasses all
major SOD isoforms across chloroplastic (FSD1-3, CSD2), mitochondrial (MSD1-2), and cytosolic com-
partments, the copper chaperone CCS, and peroxisomal catalases (CAT1-2, CAT2), reflecting the broad in-
tegration of CSD1 into the plant antioxidant defense network.

Particularly strong interactions were observed between CSD1 and chloroplast-localized FSD isoforms,
supporting the existence of coordinated ROS regulation between the cytosolic and chloroplastic compart-
ments during oxidative stress. At the same time, the inclusion of mitochondrial MSD proteins within the
same interaction cluster suggests that mitochondrial ROS-associated pathways are also structurally integrated
into the global antioxidant network. This multi-compartmental organization implies that oxidative stress in-
duced by viral infection is regulated at the level of the entire cell through synchronized interactions among
multiple organelle-associated antioxidant defense systems (Fig. 9).
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Figure 9. Comprehensive protein-protein interaction network of antioxidant defense and aldehyde metabolism systems.

Analysis was performed in STRING (A. thaliana). Network nodes correspond to proteins (SOD, CAT, APX, GR, and

AAO isoforms). Pronounced clustering is observed: the core direct ROS detoxification system (SOD-CAT-APX-GR)
operates distinctly from the aldehyde oxidase module (AAO1-3).

Edge types: teal lines—curated database evidence, pink lines—experimental data, black lines—co-expression

The interaction between CSD1 and the copper chaperone CCS (score = 0.991) highlights the im-
portance of post-translational regulation in antioxidant defense architecture, indicating that adaptation during
infection depends not only on transcriptional responses but also on mechanisms controlling enzyme assem-
bly and cofactor delivery.

Reconstruction of the combined antioxidant interactome revealed two major functional modules
(Fig. 9). The first comprised core ROS detoxification enzymes, including SOD isoforms, catalases, ascorbate
peroxidase, and glutathione reductase, forming a densely connected central redox-buffering scaffold. GLO-
like peroxisomal glycolate oxidases (GLO1-GLO5; scores 0.930-0.950) constituted a tightly integrated
peroxisomal submodule directly linked to CAT1-2 as the primary H,O,-scavenging component. In contrast,
aldehyde oxidase proteins AAO1-AAO3 formed a relatively segregated cluster with limited direct connec-
tivity to the core network, indicating that aldehyde oxidase-associated metabolic routes operate as a coordi-
nated but structurally distinct regulatory system.

Conclusion on PPI Analysis of the Arabidopsis thaliana Antioxidant System

PPI network reconstruction of key antioxidant enzymes in Arabidopsis thaliana using STRING re-
vealed a modular topology reflecting the functional architecture of the redox regulatory system under patho-
gen-induced stress. The analyzed network, comprising 11 protein nodes represented by SOD isoforms
(CSD1, CSD2, FSD1, MSD1), catalases (CAT1-2, CAT2), ascorbate peroxidase (APX1), glutathione
reductase (GR1-2), and aldehyde oxidases (AAO1-AAO3), demonstrated high-confidence associations
(combined score > 0.823) verified by experimental data, curated databases, and co-expression analysis.

The network separates into two functionally distinct modules. The core antioxidant module
(SOD-CAT-APX-GR) is characterized by high inter-node connectivity spanning cytosolic, chloroplastic,
mitochondrial, and peroxisomal compartments, implementing sequential ROS detoxification: dismutation of
superoxide (O, - to H,O, by SOD isoforms), followed by H,O, degradation via catalases and APX1, and re-
generation of reduced ascorbate through the ascorbate-glutathione cycle involving GR1-2, thereby forming a
closed metabolic circuit maintaining redox homeostasis during oxidative burst. The aldehyde oxidase cluster
(AAO1-AA03) functions as a relatively autonomous unit mediating auxin and abscisic acid biosynthesis.
The absence of direct protein contacts between AAO proteins and the SOD-CAT core indicates that crosstalk
between hormonal signaling and antioxidant defense operates predominantly at the transcriptional level ra-
ther than through physical protein complex formation.

Discussion

The obtained data indicate that reactive oxygen species during RNA viral infection perform a dual func-
tion determined by their concentration, subcellular localization, and temporal characteristics of generation. A
moderate increase in H,O, and superoxide anion levels is necessary to trigger the host plant’s defensive sig-
naling cascades, whereas their excessive accumulation activates cell death mechanisms that limit the spread
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of infection [53]. The localization specificity of viral replication complexes is also of considerable im-
portance: in TMV they are associated with endoplasmic reticulum membranes, in TBSV with peroxisomes
and mitochondria, and in CMV with elements of the endomembrane system. This indicates that viruses spe-
cifically form organelle-specific redox microenvironments and exploit ROS as a tool for regulating their own
life cycle, rather than merely as a byproduct of cellular stress [54, 55].

Viral proteins can interfere with the plant antioxidant system through various mechanisms. The CMV
2b protein interacts with catalase CAT3 of Arabidopsis and suppresses its activity, leading to H,O, accumu-
lation and the development of necrotic processes. The MCMV P31 protein inhibits ZmCAT1 in maize, sim-
ultaneously reducing PR gene expression and enhancing viral replication. A different mechanism is observed
in Bamboo mosaic virus, where processing of the transit peptide of Cu/Zn-SOD PrNbCSD?2 is disrupted,
preventing the enzyme from being transported to the chloroplast and causing loss of functional activity with-
out direct suppression of synthesis. Tomato chlorosis virus (ToCV) acts even more indirectly: its p22 protein
disrupts a-tocopherol biosynthesis through interaction with the FBN1.1-VTEL complex, creating heightened
vulnerability in the cellular compartment where singlet oxygen production is most intense. Despite the
mechanistic differences, the common thread among all these strategies is not the complete suppression of the
antioxidant system, but rather its targeted modulation in specific cellular structures [56, 57].

Reconstruction of the PPI network of key antioxidant enzymes of Arabidopsis thaliana using the
STRING platform revealed pronounced modular organization playing an important role in the systemic re-
dox response. The core direct ROS detoxification system—comprising SOD, CAT, APX, and GR—is char-
acterized by high inter-protein interaction density and multi-compartmental organization. The isoforms
CSD1, CSD2, FSD1, FSD2, FSD3, MSD1, and MSD2 function in concert, providing compartment-specific
neutralization of superoxide anion with subsequent degradation of H,O, by catalases and ascorbate peroxi-
dase. The particularly high combined scores for the CSD1-FSD1 and CSD1-MSD1 pairs reflect evolutionari-
ly established functional redundancy of the system. The aldehyde oxidase cluster—AAO1, AAO2, and
AAO3—operates relatively autonomously and does not form direct protein contacts with the SOD-CAT
core, indicating that the link between the antioxidant response and hormonal reprogramming during infection
is predominantly regulatory in nature.

The glutathione system demonstrates a pronounced context-dependence of response. Increased GR ac-
tivity and changes in the GSH/GSSG ratio correlate with resistance in rbohF Arabidopsis mutants during
TuMV infection, whereas in susceptible genotypes enzyme activity decreases. ldentification of tomato
SIGR3 as a causative resistance component against Tomato leaf curl New Delhi virus (TOLCNDV) via VIGS
verification demonstrates that cellular redox status can serve as a kind of epigenetic switch determining the
outcome of viral infection. Nevertheless, certain limitations of this study must be acknowledged. All PPI
analyses were conducted using Arabidopsis thaliana as a model, so extrapolation to crop plants with differ-
ent multigene family compositions requires caution. Furthermore, the static nature of network analysis does
not reflect the dynamic post-translational modifications occurring during infection. Data on non-enzymatic
antioxidants, including carotenoids and tocopherols, also remain predominantly indirect. Despite this, the
findings provide an important conceptual framework for developing biotechnological approaches to enhance
plant resistance. Promising directions include marker-assisted selection based on ascorbate and glutathione
loci, as well as the application of exogenous biostimulants capable of enhancing GR-mediated protection
during viral infection.

Conclusions

The present review systematically analyzes the role of reactive oxygen species and the antioxidant de-
fense system in plant-RNA virus interactions. The data collectively demonstrate that ROS occupy a central
position in this relationship, functioning simultaneously as triggers of host immune responses and as regula-
tory factors exploited by viruses to facilitate their own replication cycle. The dual nature of ROS signaling—
protective at moderate concentrations and cytotoxic upon excessive accumulation—determines the outcome
of infection and reflects the evolutionary arms race between plant hosts and RNA viruses.

The enzymatic components of the antioxidant system—superoxide dismutase, catalase, glutathione
reductase, and aldehyde oxidase—do not function as isolated units but form a highly integrated, multi-
compartmental network. Protein-protein interaction analysis of key Arabidopsis thaliana antioxidant en-
zymes via the STRING platform confirmed this architecture, revealing two functionally distinct modules: a
densely interconnected core ROS detoxification system (SOD-CAT-APX-GR) spanning cytosolic,
chloroplastic, mitochondrial, and peroxisomal compartments, and a relatively autonomous aldehyde oxidase
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cluster (AAO1-AAO3) linked to phytohormone biosynthesis. The absence of direct protein contacts between
these modules suggests that crosstalk between antioxidant defense and hormonal signaling operates predom-
inantly at the transcriptional level.

Phylogenetic analysis of SOD, CAT, AO, and GR across eight dicotyledonous species confirmed the
high evolutionary conservation of these enzymes, particularly within closely related taxa, underscoring their
fundamental and indispensable role in cellular redox homeostasis. The functional redundancy observed with-
in multigene families—multiple SOD isoforms across compartments, multiple CAT isoenzymes—provides a
buffering capacity that prevents complete antioxidant collapse even when individual components are sup-
pressed by viral effector proteins.

The reviewed literature demonstrates that RNA viruses have evolved diverse and precise strategies to
manipulate the host antioxidant system: direct inhibition of catalase activity by CMV 2b and MCMV P31,
disruption of SOD transit peptide processing by Bamboo mosaic virus, and impairment of tocopherol biosyn-
thesis by ToCV p22. Crucially, these mechanisms share a common logic—not wholesale destruction of anti-
oxidant capacity, but fine-tuned modulation that maintains ROS within a range permissive for viral replica-
tion while avoiding irreversible cellular damage.

Taken together, these findings establish redox regulation as a central battlefield in plant-virus interac-
tions and provide a conceptual basis for the development of novel resistance strategies. Biotechnological ap-
proaches targeting the enhancement of GR-mediated glutathione regeneration, marker-assisted selection at
ascorbate and glutathione biosynthesis loci, and the application of exogenous antioxidant biostimulants rep-
resent promising directions for improving crop resistance to RNA viral pathogens.
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T.F. EpraeBa, C.JI. benri6ait, JI.E. ApteixOaeBa, XK.M. Baiikapaes, H.H. Ukcat

Ocimaikrepain PHK BupycrapbiMeH nHpeKIHAJIaAHYbI
Ke3iHJeri aHTHOKCHAAHTTBIK KOPFAHBICHI:
Heri3ri pepmenTTEpAiIH poIIi

CoOHFBl OHXKBUIABIKTAp/a aybUIIAPYyalIbUIBIK IaKbUIJAPBIHBIH OHOTHKAIBIK CTpeccopiiapFa Te3iMILIri
Maceseci skahaHIBIK a3bIK-TYINIK KayilCi3airiH KaMTaMachl3 €Ty TYPFBICBIHAH epeKIe O3eKTiIiKKe ue OOMIbL.
BuoTtukanblk ¢akTopimapAbH iOIiHAE OHIMIUTIKTIH alTapibIKTaii TeMEHAEYiHe XKOHE OCIMIIKTEepIiH
(bUBHONOTHSIIBIK TIPOLIECTEPiHiH OY3bUTYbIHA OKENETIH BHPYCTHIK MH(MeKIusmap epeknre opbiH anaasl. PHK
BUPYCTaphl KOFapbl OCHIMIENTIIITIKIIEH »OHE HECiHIH jKacymIajblK MeTaboMM3MIH THIMAI TYphe e3repTy
KaOlneTiMeH cunarTaizanbl, Oy mponece peJoKC-roMeocTas3 IbIH Oy3bUTyBIMEH Katap xypeai. bencenni orreri
typaepiniy (BOT) Ty3inyi 6y mpouectiy Heri3ri ke3eHaepiHiy 0ipi koHe QyHKIHOHAIABIK eKiyAalIBIKICH
cunarranansl: BOT KopraHbIC peakIMsIapblH KO3AbIPATBIH CHIHAJIBIK MOJICKYJIaNap PeTiHAe 9peKeT erel,
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al oNapiblH IIaMaJaH ThIC >KHHAIYbl XKACYLIAIbIK KOMIIOHEHTTEP/iH 3aKbIMIalyblHa okenexni. Pemokc-
TOMEOCTAa3/IaFkl e3repicTep pepMeHTaTHBTI XKoHE (PEPMEHTATHBTI eMec KOPFaHbIC MEXaHU3MIEPiH KAMTUTHIH
OCIMIIKTEpIiH AaHTHOKCHIAHTTBHIK OKyHeciHiH OenceHmipinyiMeH kanracaibl. Pemokc-mpouecrepai
3epTTey/eri aifTapibIKTail JKeTICTIKTepre KapaMacTaH, BUPYCTHIK MH(EKIMS KarAaifbIHIa peloKC-PeTTelry
MEXaHM3MIEPiHIH HHTETPANMsICHl KOHE AHTHOKCHAAHTTHIK JKYHEHIH JXYMBIC icTeyi OYTiHTI KyHre neiiH
JKETKUTIKTI TYpJle CHIIaTTaIIMaraH JKoHE opi Kapad Tammaynsl KakeT eremi. OcklFaH OaimaHBICTHI, Oy
monmynelH Makcatsl — PHK BupycrapeiMeH WH(eKIUMsUIaHFaH OCIMIIKTEpAEri HMMMYHABIK >KayanThl
perTeyzeri 6enceH/i OTTeri Typiepi MeH aHTHOKCHIAHTTHIK KYHEHIiH Herisri epMeHTTepiHiH peli Typajbl
Ka3ipTi TYCIHIKTEpi XKYHeney jkoHe Taaay.

Kinm ce30ep: OKCHIOATUBTIK CTPECC, OCIMAIKTIH AHTHOKCHAAHTTBHIK KYPBUIBIMBI, BHUPYCTBIK HHQEKIHS,
©CIMIIK UMMYHHTETI.

T.I'. EpraeBa, C.JI. benru6aii, JI.E. ApteikOaeBa, )K.M. baiikapaes, H.H. Hkcar

AHTHOKCHIAHTHAA 3amUTa pacTeHuii npu unguuuposannu PHK-Bupycamn:
POJIb KJII04eBbIX (epMEHTOB

B mocnennmne necsatwietus mpobieMa YCTOWYHMBOCTH CEIBCKOXO3SHCTBEHHBIX KYJIBTYp K OHOTHYECKUM
cTpeccopaM npuodpena 0coOyro akTyalbHOCTh B KOHTEKCTE 0OecreueHus T100anbHON MPOJOBOIBCTBEHHOM
6e3onacHocTH. Cpeanu OMOTHUECKUX (PAKTOPOB 0COO0E MECTO 3aHMMAIOT BUPYCHBIE HH(EKIUH, BBI3BIBAIOLIIEC
3HAYUTENFHBIE TIOTEPH ypo)Kas W Hapymamomue ¢usnonormyeckue mpoueccsl pactennii. PHK-supycsr xa-
PaKTEepPHU3YIOTCS BBICOKOH aJallTUBHOCTBIO U CIIOCOOHOCTHIO 3(p(peKTHBHO MOTUPHUIUPOBATH KIECTOUHBINA Me-
Ta00JIM3M X035MHa, YTO CONPOBOXKAACTCS HApYIIEHHEM peloKc-roMeocTasa. ['eHeparys akTHBHBIX (OpPM KH-
ciopoza (ADK) siBiseTcss OXHUM M3 KIIOYEBBIX JTAIlOB 3TOTO Ipoliecca M XapakTepusyercs: GpyHKIHOHAIb-
HOH nBoHcTBeHHOCTHI0: ADK BBICTYHAIOT B POJIM CUTHAJBHBIX MOJIEKYJI, HHUIIMUPYIOIIUX 3aIUTHBIE Peak-
IIUH, B TO BPeMs KaK MX M30BITOYHOE HAKOIIJICHHE IIPUBOJHUT K TIOBPEXKICHUIO KJIETOYHBIX KOMIIOHEHTOB. V3-
MEHEHHUSI PEIOKC-TOMEOCTa3a CONMPOBOXKIAIOTCS aKTHBALMEH aHTHOKCHAAHTHOW CHCTEMbI PacTeHHUH, BKIIO-
yaromeil kak ()epMeHTaTUBHbBIE, TaK U HeepMEHTaTHBHBIC MEXaHM3MBI 3amuThl. HecMOTpst Ha 3HAUUTENb-
HBIE YCIIEX! B M3YyYEHUH PEIOKC-IIPOLECCOB, HHTETPAINS MEXaHU3MOB PEIOKC-PETYISINN U (QyHKIIMOHUPO-
BaHME aHTHOKCHIAHTHOI CHCTEMBI B yCIOBUSIX BUPYCHOH MH(PEKINHU K HACTOSIIEMY BPEMEHH OCTArOTCS He-
JIOCTaTOYHO ONHCAHHBIMH M TPEOYIOT JalbHEHIero aHanu3a. B cBs3u ¢ 3THM 1enblo HacTosero o63opa sB-
JSIeTCSl CUCTEMAaTH3alMs U aHaJIM3 COBPEMEHHBIX MPEACTABICHUH O POJIM AKTUBHBIX (GOPM KHCIIOPOJa U KITFO-
4eBBIX (PePMEHTOB AaHTHOKCHAAHTHON CUCTEMBI B PEryJIsIIMM UMMYHHOTO OTBETa Y pacTeHHH, MHPUIIMPOBaH-
Heix PHK-Bupycamu.

Kniouesvie cnosa: OKMCIUTENBHBIH CTpecC, aHTHOKCHIAHTHAs CHCTEMa DPACTEHWH, BHPYCHAs HHQEKIHS,
UMMYHUTET pacTeHuil.
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Ecological and geographical characteristics
of the subgenus Cercidotrix Bunge in Betpak-Dala

In the present study, data on the species composition and geographic distribution of representatives of the
subgenus Cercidotrix Bunge in the Betpak-Dala region have been systematized and clarified for the first time
based on an analysis of herbarium collections (AA, MW, LE, TASH) and recent field observations. The sci-
entific novelty of the study lies in the integration of literature sources and herbarium data to refine the ecolog-
ical and geographic characteristics of Cercidotrix Bunge representatives in the desert ecosystem of Betpak-
Dala, thereby enabling a more comprehensive assessment of their biodiversity and ecological traits. The anal-
ysis of ecological and geographic data for the genus Astragalus L. demonstrates that the collection and sys-
tematization of this information have been carried out for the first time both in Betpak-Dala and in Kazakh-
stan as a whole.

Keywords: Astragalus, Cercidotrix, Betpak-Dala, ecology, geography, herbarium, life form, ecological group.

Introduction

The Fabaceae family consists of valuable forage plants. It includes such major genera as Astragalus,
Lathyrus, Medicago (alfalfa), Melilotus (sweet clover), Oxytropis, Trifolium (clover), Vicia (vetch), and oth-
ers. After grasses, legumes are the most important group of flowering plants for humans in terms of practical
significance. In legume seeds, the main storage substances are protein, as well as starch and fatty oil, which
determine their high nutritional and fodder value. The legume family includes about 550 genera and 13,000
species distributed throughout the world, making it one of the largest families in the global flora. In
Kazakhstan, 42 genera and about 650 species are found [1]. Astragalus L., is one of the largest genuses of
flowering plants in the Leguminosae family [2].

The genus Astragalus L. is a very large Holarctic genus, comprising more than 2,000 species, of which
about 900 occur in the former USSR and 308 in Kazakhstan. Most species of Astragalus remain poorly stud-
ied in terms of their chemical composition, forage value, and other properties. Some of them serve as good
forage plants, while others contain alkaloids, glycosides, or saponins and are poisonous [3, 4]. Active ingre-
dients from Astragalus sp. They are used in nutrition, and their use in the treatment of neurological diseases
is attracting increasing attention [3]. Many Astragalus species have extremely limited ranges and are endem-
ic to Kazakhstan; there are 75 such endemic species, which is more than 25 % of the total [5, 6].

Species of the genus Astragalus L. are annual or perennial herbaceous plants, subshrubs, and less com-
monly shrubs, with well-developed or strongly shortened stems. They are usually covered with simple or
bifurcate hairs, and more rarely glabrous (hairless) [6].

Betpak-Dala is one of the largest clay deserts in the world. This vast natural region stretches 170 kilo-
meters from north to south and about 500 kilometers from west to east, covering an area of 75,000 square
kilometers on the Kazakh plains—two and a half times the size of modern-day Belgium. Almost entirely un-
inhabited, Betpak-Dala captivates with its diverse landscape. Its proximity to the Kazakh Uplands is reflect-
ed in the region’s rocky areas, low hills, and small depressions.

Among the CIS countries, about 900 species of the genus Astragalus L. are recorded. At present, a new
representative of the genus Astragalus L., namely Astragalus mollis, has been identified in Azerbaijan [7]. In
Kazakhstan, 309 species occur, 11 of which are listed in the Red Book. In the Betpak-Dala Desert, 17 species
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are found, belonging to 11 sections of the subgenus Cercidotrix Bunge (Astragalus L.). According to the Flora
of Kazakhstan, two species—Astragalus sumneviczii and Astragalus karatjubeki—are endemic [8, 9].

The objective of the present study is to investigate the ecological and geographical characteristics of the
subgenus Cercidotrix Bunge (Astragalus L.) in the desert ecosystem of Betpak-Dala, including the determi-
nation of species composition, geographic distribution (Fig. 1), predominant life forms, ecological niches,
and patterns of distribution across different habitat types.

Scientific novelty:

1. For the first time, data on the species composition and geographic distribution of representatives of
the subgenus Cercidotrix Bunge in the Betpak-Dala region have been systematized and clarified.

2. An integrated analysis of herbarium material and literature sources has been conducted, allowing a
more precise determination of the ecological and geographical characteristics of the subgenus in the desert
ecosystem.

3. Based on the analysis of ecological and geographical features of the genus Astragalus L., it is im-
portant to note that this study and data collection have been carried out for the first time both for the genus
Astragalus L. in Betpak-Dala and for the territory of Kazakhstan as a whole.

66°0" 69°0" 72°0° 75°0° 78°0°

50°0" -8 [ Betpakdala floral district
[ Boundaries of the regions

66°0" 69°0" 72°0° 75°0° 78°0"

Figure 1. Map of the location of the Betpak-Dala floristic region within the territory of Kazakhstan

Experimental

The research work used classical botanical (ecologo-systematic; ecologo-geographical) methods. In the
course of the work, herbarium materials collected on the territory of Betpak-Dala were studied through the
internet resources of the collection fund of the Institute of Botany and phytointroduction (AA), herbarium of
Moscow University (MW), herbarium of St. Petersburg State University (LE), the Central herbarium fund of
Uzbekistan (TASH) and iNaturalist and GBIF (Global Biodiversity Information Facility). Herbarium collec-
tion is carried out according to the method of Skvortsov A. K. (1977) [7; 10-25]. To identify the collected
materials, fundamental reports were used: “Flora of Kazakhstan” (1961) [5], “lllustrated determinant of Ka-
zakhstan” (1969), “Determinant of Middle Asia and Kazakhstan” (1972) and “Flora of the USSR”. The eco-
logical conditions of the species were studied based on the works of Raunkiaer C. (1934), Serebryakov I.G.
(1964), Shennikov (1950), and Poplavskaya (1950) [26-30]. To assess the statistical significance of differ-
ences in species distribution across ecological groups, the basic formula for calculating percentages in statis-
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tics was used. A total of 17 species were distributed among three groups: 7 species (41.2%) as
hemicryptophytes, 7 species (41.2 %) as phanerophytes, and 3 species (17.6 %) as chamaephytes.

Results and Discussion

The CIS of Astragalus includes about 900 species among countries [10]. Astragalus L. there are
309 species of the genus, of which 11 species are listed in the Red Book [9]. Representatives of the genus
Astragalus L. in the genus Cercidotrix Bunge found in the territory of Betpak-Dala are classified into
11 sections [10, 31]. Studies of the species of the subgenus Cercidotrix Bunge (Astragalus L.) occurring in
Betpak-Dala, along with the examination of herbarium material, showed that the studied subgenus has a wide
ecological amplitude and is fairly well distributed in this area. The total number of species in the studied ter-
ritory is 17, which can be seen in Table 1:

Table 1

Taxonomic composition of species of genus Astragalus L.
(compiled from Flora of Kazakhstan)

Ne Section Subsection Species
Astragalus arbuscula
- A. polyceras
1 |Xiphidium Bge. Xiphidium A. scleroxylon
A. virgatus
Macrotropida R. Kam A. compressus
A. brachypus
2 |Ammodendron A. karatjubeki
3 |Corethrum Bge A. Kronenburgii
4 |Ammodytes (Stev.) Bge A. ammodytes
5 |Erioceras Bge. A. arcuatus
6 |Tamias Bge A. Turczaninovii
. A. Sumneviczii
7 |Paracystium Gontsch. A Tasiophyllus
8 |Scabriseta R. Kam. A. scabrisetus
9 |Pseudohelmia R. Kam. A. Krascheninikovii
10 |Bucharica B. Fedtsh. A. macropetalus
11 |Bulimioides Bge. A. unijugus

Abstract

Astragalus kronenburgii B. Fedtsch. ex Kneuck.

Perennial herbaceous plant. It grows on gravelly, woody, and rocky slopes in the foothills and low
mountains.

It blooms in May and bears fruit until June and July.

It occurs in the floristic regions of Betpak-Dala, Dzungarian Alatau, Zailiysky Kungey Alatau, Chu-Ili
Mountains, Karatau, and Western Tien Shan.

General distribution worldwide: Kyrgyzstan, Uzbekistan [8, 9].

A. ammodytes Pall.

Perennial herbaceous plant. Grows on sandy soils.

Flowering occurs from May to June; fruiting from May to July.

It is found in the floristic regions of Irtysh, Semipalatinsk, Aktobe, Western and Eastern Low Hills,
Zaysan, Aral Sea region, Kyzylorda, Betpak-Dala, and Turkestan.

General distribution worldwide: Altai, China, Mongolia, Tuva, Uzbekistan, and Xinjiang [8, 9].

A. arcuatus Kar. et Kir.

Perennial herbaceous plant. Grows on rocky slopes of hills.

Flowering occurs from June to July.

It is found in the floristic regions of Irtysh, Kokshetau, Aktobe, Mugodzhar, Emba, Turgay, Western
and Eastern Low Hills, Ulytau, Karkaraly, Zaysan, Betpak-Dala, Altai, Dzungarian Alatau, and Karatau.

General distribution worldwide: Eastern European part of Russia, Mongolia [8, 9].
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A. Turczaninowii Kar. et Kir.

Perennial herbaceous plant. Grows in desert zones on stabilized hummocky sands, in river valleys,
saxaul thickets, and on sandy loams along mountain foothills.

Flowering occurs from April to June; fruiting from May to June.

It is found in the floristic regions of Aktobe, Turgay, Western Low Hills, Aral Sea region, Kyzylorda,
Betpak-Dala, Muyunkum, Balkhash-Alakol, Kyzylkum, Turkestan, Tarbagatai, Dzungarian Alatau, Chu-Ili
Mountains, and Karatau.

General distribution worldwide: Afghanistan, Turkmenistan, Uzbekistan [8, 9].

A. Sumneviczii Pavlov.

Perennial herbaceous plant. Grows on compacted sands and sandy-clay hills.
Flowering occurs from May to June; fruiting from June to July.

It is found in the floristic region of Betpak-Dala.

General distribution worldwide: Endemic [8, 9].

A. lasiophyllus Ledeb.

Perennial herbaceous plant. Grows in sagebrush and saltwort-sagebrush deserts, on outcrops of chalk
and tertiary clays.

Flowering occurs in (April) May; fruiting from May to June.

It is found in the floristic regions of Aktobe, Emba, Western Low Hills, Northern Ust-Urt, Buzachi,
Mangyshlak, Aral Sea region, Betpak-Dala, Balkhash-Alakol, Dzungarian Alatau, Zailiysky Kungey Alatau,
Chu-Ili Mountains, and Karatau.

General distribution worldwide: Eastern European part of Russia, Mongolia, Northern European part of
Russia, Uzbekistan, and Xinjiang [8, 9].

A. scabrisetus Bonge.

Perennial herbaceous plant. Grows on sands, sandy-stony slopes, and clayey areas.

Flowering occurs from April to May; fruiting in June.

It is found in the floristic regions of Aktobe, Turgay, Western and Eastern Low Hills, Karkaraly,
Zaysan, Northern Ust-Urt, Mangyshlak, Aral Sea region, Betpak-Dala, Balkhash-Alakol, Kyzylkum,
Dzungarian Alatau, Zailiysky Alatau, Chu-Ili Mountains, and Karatau.

General distribution worldwide: Mongolia, Uzbekistan, Xinjiang [8, 9].

A. arbuscula Pall.

Bushy shrub. Grows in steppes and sagebrush deserts, occasionally on sands, more often on rocky and
pebble soils, in forested foothills and dry slopes of low mountains.

Flowers in May; fruits in June.

It is found in the floristic regions of Irtysh, Turgay, Western and Eastern Low Hills, Karkaraly, Zaysan,
Betpak-Dala, Balkhash-Alakol, Altai, Tarbagatai, Dzungarian Alatau, Zailiysky Alatau, and Chu-Ili
Mountains.

General distribution worldwide: Altai, Mongolia, Xinjiang [8, 9].

A. polyceras Kar. et Kir.

Bush. Grows on gravelly and clayey solonchak soils, at the edges of sands, and in desert steppes among
sagebrush.

Flowering occurs from April to May; fruiting in May.

It is found in the floristic regions of the Caspian Lowland, Western Low Hills, Betpak-Dala, Balkhash-
Alakol, and Dzungarian Alatau.

General distribution worldwide: Xinjiang [8, 9].

A. scleroxylon Bunge

Subshrub. Grows on solonetzic red clays, gravelly soils of buttes and dry stream beds, less commonly
on sandy soils of desert low mountains.

Flowering occurs from May to June.

It is found in the floristic regions of Betpak-Dala, Muyunkum, Kyzylkum, Turkestan, and Karatau.

General distribution worldwide: Uzbekistan [8, 9].
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A. compressus Ledeb.

Subshrub. Grows on gravelly and sandy steppe areas in intermontane depressions and valleys.
Flowers in May; fruits in July.

General distribution worldwide: Altai, North-Central China, Mongolia, Xinjiang [8, 9].

A. virgatus Pall.

Perennial herbaceous plant. Grows in sandy and desert steppes, feather grass and feather grass-fescue
steppes, in meadow depressions among sandy ridges, on clayey cliffs, and fallow lands.

Flowering occurs from May to June; fruiting from June to August.

It is found in the floristic regions of the Spur of the General Syrt, Tobol-Ishim, Irtysh, Caspian
Lowland, Aktobe, Mugodzhar, Emba, and Betpak-Dala.

General distribution worldwide: Bulgaria, Central European part of Russia, Eastern European part of
Russia, Hungary, Crimea, North Caucasus, Romania, Southern European part of Russia, Ukraine, and
Western Siberia [8, 9].

A. krascheninnikovii Kamelin

Bush. Grows along the edges of dry spring streams in clayey deserts.
Flowering occurs from May to June.

It is found in the floristic region of Betpak-Dala.

General distribution worldwide: Endemic [8, 9].

A. macropetalus Schrenk

Perennial herbaceous plant. Grows on gravelly mountain foothills and slopes, in clayey ephemeral
deserts and dry steppes.

Flowering occurs from April to July; fruiting from May to June.

It is found in the floristic regions of Kyzyl-Orda, Betpak-Dala, Balkhash-Alakol, Chu-Ili Mountains,
Karatau, and Western Tien Shan.

General distribution worldwide: Uzbekistan [8, 9].

A. brachypus Schrenk ex Fisch. & C.A. Mey.

Perennial herbaceous plant. Grows on sands, weathered sandstones, sandy solonetzic soils, and in desert
shrub thickets.

Flowering occurs from April to June; fruiting from June to July.

It is found in the floristic regions of the Caspian Lowland, Western Low Hills, Aral Sea region, Kyzyl-
Orda, Betpak-Dala, Muyunkum, Balkhash-Alakol, and Zailiysky Alatau.

General distribution worldwide: Kyrgyzstan, Xinjiang [8, 9].

A. karatjubeki Golosk.

Subshrub. Grows on coastal sands.

Flowering occurs from May to June; fruiting from June to July.

It is found in the floristic regions of Betpak-Dala and Balkhash-Alakol.
General distribution worldwide: Endemic [8, 9].

A. unijugus Bunge.

A small shrub. Grows in clayey and sandy deserts on takyrs, edges of solonchaks, calcareous loams,
and sandy loams. Flowering occurs from May to June; fruiting in June. It is found in the floristic regions
of Western Low Hills, Kyzyl-Orda, Betpak-Dala, and Balkhash-Alakol. General distribution worldwide:
Xinjiang [8, 9].

Cercidotrix Bunge (Astragalus L.) description of herbarium specimens of representatives of the genus
can be seen in Table 2.
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Table 2

Comparative data on the presence of species of the genus Cercidotrix Bunge in herbarium collections
(AA, MW, LE, TASH, GBIF and iNaturalist)

MW, GBIF,
iNaturalist
4

LE

z

Name of the species by FK AA

Astragalus arbuscula Pall.

A. polyceras Kar. & Kir.

A. scleroxylon Bunge

A. virgatus Pall.

A. compressus Ledeb.

A. brachypus Schrenk ex Fisch. & C.A. Mey.
A. karatjubeki Golosk.
A. Kronenburgii B.Fedtsch. ex Kneuck.
A. ammodytes Pall.

10 |A. arcuatus Kar. & Kir.
A
A
A
A

Rl =N (O]
P (W

2
1

O N OB |WN|F-

. Turczaninovii Kar. et Kir.

. Sumneviczii Pavlov

. lasiophyllus Ledeb.

. scabrisetus Bong.

15 |Astragalus kokaschikii Gamajun
16 |A. macropetalus Schrenk

17 |A. unijugus Bunge 10 3 2
Species in total 50 14 35

Note. FK —Flora of Kazakhstan; AA — on the Herbarium of the Institute of Botany and Phytointroduction; MW — on the
Herbarium of Moscow University; 111 — on the Herbarium of Saint Petersburg State University

(N OO [N|F| 1
1

0y =0 [N

w

In the herbarium of the Institute of Botany and Phytointroduction (AA), a total of 50 specimens related
to this subgenus were collected. The most frequently encountered and mostly collected between 1934-1941
were Astragalus unijugus (20.8 %) and Astragalus lasiophyllus (14.6 %). In the digital herbarium “Noev-
kovcheg” at Moscow State University (MW), 14 specimens were collected. Most of these were gathered in
1951, with the most common species being Astragalus arbuscula (33.3 %), A. polyceras (16.7 %), and
A. unijugus (16.7 %). In the herbarium of Saint Petersburg State University (LE), the majority of the
specimens were collected between 1958-1960. The predominant species were Astragalus macropetalus
(48.5 %) and A. turczaninovii (18.2 %). In the National Herbarium of Uzbekistan (TASH), 6 specimens were
recorded, including 4 specimens of Astragalus arbuscula (66.7 %) and 2 specimens of A. ammodytes
(33.3 %). Figure 2 shows several species of herbarium specimens of the subgenus Cercidotrix Bunge collect-
ed from the Betpak-Dala Desert. Analysis of herbarium collections showed that A. unijugus Bunge,
A. lasiophyllus, and A. turczaninovii are widespread and exhibit a high degree of distribution.

Based on herbarium specimens, a distribution map of species of the subgenus Cercidotrix Bunge within
the floristic regions of Kazakhstan was compiled (Fig. 3). According to the obtained data, the species
A. kokaschikii Gamajun and Astragalus sumneviczii Pavl. are recorded only from a single locality, which
confirms their status as rare and narrowly endemic species.

In this study, among the species belonging to the subgenus Cercidotrix Bunge (Astragalus L.), two spe-
cies are included in the Red Book. Considering these species individually:

Astragalus kokaschikii Gamajun is a rare local endemic species with a limited distribution range. It
flowers in June. The species is known from only one locality—the clay desert of Betpak-Dala, where it
grows along the banks of the dried-up Kokashyk riverbeds. Its extremely low abundance is a consequence of
economic and anthropogenic activities. As a conservation measure, the establishment of the Betpak-Dala
Nature Reserve has been proposed. It is necessary to determine the current state of the populations and de-
velop appropriate conservation measures [9].

Astragalus sumneviczii Pavl. is a rare local endemic species. It is a perennial plant 4-15 cm in height.
The species flowers from May to July and bears fruit from June to July. It grows on compacted sandy soils of
the Betpak-Dala region (Fig. 4). Due to anthropogenic activities, the probability of extinction of the species
is high. As a preventive conservation measure, the organization of the Betpak-Dala Nature Reserve is rec-
ommended. It is necessary to assess the current condition of the species in nature and establish protection
measures [9].
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Figure 4. Herbarium specimens of species of the subgenus Cercidotrix Bunge. in the Betpak-Dala
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Species of the subgenus Cercidotrix Bunge, found in the territory of Betpak-Dala, grow in various eco-
logical groups due to the adaptation of representatives of a related branch to the soil. In our research work,
we can identify 3 different groups. These are: sandy, rocky-gravel, clay-salt marshes. The species adapted to
these groups can be divided as shown in Figure 5. Regarding soil conditions, these plants are frequently
found on sandy soils; therefore, they are classified as psammophytes. Psammophytes are plants that grow on
sandy soils. They possess a xeromorphic structure and a well-developed root system. In psammophytes, ad-
ventitious buds are formed on the roots depending on the accumulation of sand, while adventitious roots de-
velop on the stems when they become covered with sand [3].

Ecological groups

Sandy soil Rocky and Cla‘y soil
gravelly soil |

X

¥

4

Astragalus ammodytes

A. Scabrisetus Astragalus polyceras Astragalus Sumneviczii
A. Turczaninovii A. scleroxylon A. lasiophyllus

A. polyceras A. compressus A. polyceras

A. Sumneviczii A. macropetalus A. scleroxylon

A. scleroxylon A. arbuscula A. ’”‘“"”"]""“I el

A. arbuscula A. arcuatus A. unijugus

A. compressus
A. virgatus
A. brachypus
A. karatjubeki
A. unijugus

Figure 5. Ecological groups of species of the subgenus Cercidotrix Bunge (Astragalus L.)

Astragalus is a polymorphic genus that includes a variety of life forms: annual ephemeral herbs, as well
as perennial herbaceous, shrubby, subshrub, and branched forms. Currently, there are 2,455 species of these
plants worldwide [26, 27].

Analysis of life forms according to 1.G. Serebryakov showed that the identified species belong only to
certain groups. The predominant life forms are perennial plants (9 species), shrubs (2 species), subshrubs
(2 species), sub-shrubs (3 species), and dwarf semi-shrubs (1 species) which can be seen in Table 3.

Ecological analysis of the subgenus indicates a wide distribution of xerophytes and mesophytes in de-
sert and gravelly habitats [26, 27].

Table 3

Life forms according to 1.G. Serebryakov

Ne Species Types life form
1 | Astragalus ammodytes Perennial grasses

2 | Astragalus arbuscula Bush

3 | Astragalus arcuatus Perennial grasses

4 | Astragalus brachypus Subshrub

5 | Astragalus compressus Subshrub

6 | Astragalus karatjubeki Subshrub

7 | Astragalus kokaschikii Bush

8 | Astragalus Kronenburgii Perennial grasses

9 | Astragalus lasiophyllus Perennial grasses
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Continuation of Table 3

Ne Species Types life form
10 | Astragalus macropetalus Perennial grasses

11 | Astragalus polyceras Subshrub

12 | Astragalus scabrisetus Perennial grasses

13 | Astragalus scleroxylon Subshrub

14 | Astragalus Sumneviczii Perennial grasses

15 | Astragalus Turczaninovii Perennial grasses

16 | Astragalus unijugus Shrub

17 | Astragalus virgatus Perennial grasses

In the course of a study by C. Raunkier, the life forms of Cercidotrix Bunge species were identified. Of
these, 41.2 % are hemicryptophytes (7 species), phanerophytes — 41.2 % (7 species) and hametophytes —
17.6 % (3 species) in Figure 2 [30].

H Hemicryptophytes  mPhanerophytes ® Chamaephytes

Figure 5. Life forms of representatives of the related branch of Cercidotrix Bunge according to C. Raunkier

Conclusion

Thus, on the basis of field studies, collection of information on scientific publications and analysis of
the herbarium fund, it was found that 17 species of representatives of the genus Astragalus L grow on the
territory of Betpak-Dala. Ranking by ecological groups and life forms was carried out. Depending on
moistening conditions xerophyte species prevail, perennial herbaceous, bushes plants dominate by life form.
Species with fodder value were identified.
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Bernaknana aymarsinaarsl Cercidotrix Bunge TybicTapMarbl
OKLIIePiHIH IKOJOTMSUIBIK-Te0TrpapusiiIbIK epeKuIeikTepi

Makanana anram per bermaknana aymarbiaaarsl Cercidotrix Bunge TapMarbIHBIH TYp Kypambl MeH
reorpadysUIBIK Tapalybl Typalbl JepeKTep JKyHeIeHIipiiin, HaKTUTaHasl. Byl 3epTTey repOapuii KOIIeKIHs
KopnapsHbIH (AA, MW, LE, TASH) Tanmays! MeH Ka3ipri epicTik Oakpulaylapra Heri3aenreH. 3epTTeymiH
FBUIBIMH JKaHAJIBIFBI 91e0U JepeKTep MeH repOapuili MaTepHaliapblH MHTeTpanusuiay apksuiel bermakmana
mwen sKkoxyiecinmeri Cercidotrix Bunge ekiiepiHiH 3KOJOTHSIBIK-reorpadusuIblK  epeKIISTiKTepiH
HaKTbUIAy, Oy ONapAblH OHOANyaHTYPJLTITiH >XOHE OSKOJIOTHSUIBIK CHIIATTapblH TEpeHipeKk Oaranmayra
MYMKiHIIK Oepeni. JKypri3iareH sKoJIOTrUsUIbIK-reorpadusIblK Taliay Kepcerkenaeit, Astragalus L. TybickiHa
KaTBICTBI JIEPEKTEP/i JKHHAY JKOHE XyHeney ajiFai per bermaknanana xkoHe xanmnbl KasakcraH aymarbiHia
JKy3ere achIpbUIpL.

Kinm cesoep: Astragalus, Cercidotrix, bernaknana, skonorus, reorpadus, repOapuii, Tipumiigik (opmacsl,
3KOJIOTHSLIIBIK TOTI.

E.M. Typaposa, b.b. Ocmonanu, A.T. MamypoBa

IKoJI0ro-reorpaduyeckue 0cod0eHHOCTH npeacTaBuTesieit poaa Cercidotrix Bunge,
BCTPEYAOIINXCS HA TeppuTopru Bermakaanl

B Hacrosieii paboTe BIepBbIe CHCTEMATH3UPOBAHbI H YTOYHEHBI JJAHHBIE O BUJIOBOM COCTaBe U reorpadude-
CKOM pacrpocTpaHeHnu npejcraButeseil moapoaa Cercidotrix Bunge ua teppuropuu Bermakmanst Ha ocHO-
Be aHanm3a repbapHbix komekuuit (AA, MW, LE, TASH) u coBpemeHHBIX NOJIeBBIX HaOMr0aeHui. HayuHast
HOBH3Ha MCCJICAOBAHUA 3aKJIIOYACTCA B MHTErpaliunu m/ITepaTyprlx HCTOYHHUKOB H rep6aprlx JAHHBIX IJIA
YTOYHEHHS SKOJIOr0-reorpapuueckix XxapakTeprucTik npeacrasureneii Cercidotrix Bunge B mycTsIHHOM 5KO-
cucteMe bernmaknainsl, 4To MO3BOJISET IIy0kKe OLIEHUTh NX OMOpa3HOOOpa3He U IKOJOTUUECKUE OCOOCHHOCTH.
TIpoBeeHHBIH aHAIN3 9KONOro-reorpapuyeckux AaHHbIX pona Astragalus L. moxassiBaer, 4to c6op U cHc-
TeMaTtHh3anus nHOOPMAIMH BIIIOJIHEHBI BIIEPBbIE Kak 11 bermaknansl, Tak 1 st Teppuropun Kasaxcrana B
LEJTOM.

Knioueswie cnosa: Astragalus, Cercidotrix, bermakmana, skonorusi, reorpadusi, repbapuii, sxiu3HeHHast Hopma,
9KOJIOTHYECKasi IPYIIIa.
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The influence of explant type and plant growth regulators
on callus induction of Malus niedzwetzkyana

Malus niedzwetzkyana is a rare and valuable wild apple species characterised by a high anthocyanin content.
This species is of considerable interest as a promising source of bioactive compounds. In this study, we inves-
tigated the effect of explant type on callus induction and its morphological characteristics. Stems and leaves
from 40-day-old in vitro-grown plants maintained on Murashige-Skoog (MS) medium were used as explants.
The results showed that stem explants had a higher callus induction rate than leaf explants, at 100% and
86.7%, respectively. MS medium supplemented with different concentrations of 2,4-dichlorophenoxyacetic
acid (2,4-D) (2.5, 3.0, and 3.5 mg/L) and 6-benzylaminopurine (BAP) (0.5 and 1.0 mg/L) significantly affect-
ed callus diameter, fresh and dry weight, and dry matter content (p < 0.001). The combination of 3.5 mg/L
2,4-D and 0.5 mg/L BAP in MS medium was optimal, resulting in the formation of a uniform, loose callus
with a pinkish-burgundy colour. Thus, our results provide a basis for the establishment of suspension cultures
and the biotechnological production of biologically active compounds from Malus niedzwetzkyana.

Keywords: callus, Malus niedzwetzkyana, plant growth regulators, Murashige-Skoog medium, in vitro, auxin,
cytokinin.

Introduction

Against the backdrop of the rapid disappearance of natural ecosystems, in vitro biotechnological meth-
ods are becoming an important tool for the conservation of rare and endangered plant species [1].

One such rare and valuable wild species is Malus niedzwetzkyana Dieck, which grows in Central Asia,
including Kazakhstan (Karatau and Zailiyskiy Alatau), Kyrgyzstan (Jalal-Abad region) and western China
(Xinjiang Uyghur Autonomous Region). This species is of particular interest due to its unique chemical
composition and ornamental qualities [2].

A distinctive feature of the Malus niedzwetzkyana is the intense red colouration not only of the fruit but
also of other parts of the plant—the flowers, leaves, and even the wood. This colouration is due to the high
content of anthocyanins—natural pigments from the flavonoid group. These compounds not only impart a
bright red colour but also possess powerful antioxidant, anti-inflammatory and anti-cancer properties [3].

These characteristics make the Malus niedzwetzkyana of great interest not only as an ornamental and
genetic resource of Central Asian flora, but also as a promising source of bioactive compounds for use in the
pharmaceutical, food and biotechnology industries. In Kazakhstan, this species is listed in the Red Book,
which restricts its widespread use and the collection of wild material [2].

In this context, the development of sustainable biotechnological methods for the cultivation and utilisa-
tion of the Malus niedzwetzkyana has become particularly important. Such approaches will help to preserve
the genetic diversity and natural populations of the species, whilst enabling the production of valuable bioac-
tive compounds without harming ecosystems [4].

One of the modern and promising methods for obtaining valuable compounds from rare or endangered
plant species is the use of cell technologies, in particular, the production of callus cultures [5]. In plant tissue
culture, the term “callus” refers to a dense mass of undifferentiated cells that form when plant tissue is cul-
tured on a growth medium under controlled conditions in vitro [6].
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Virtually any part of a plant can be used to produce callus cultures. Explant samples taken from plant
tissues grow slowly in vitro, forming a cell mass whose colour varies from amorphous and colourless to pale
brown [1]. Various callus-inducing factors may be employed to achieve optimal callus formation. Changes in
external factors, such as culture medium types, plant growth regulators (PGRs), sucrose concentrations, cul-
ture medium pH and incubation temperature, are among the factors that can influence the induction potential
and morphology of the induced callus [7].

Despite extensive research into the tissue culture of various species of the genus Malus, data on the op-
timisation of callus formation conditions in Malus niedzwetzkyana remain limited. This lack of understand-
ing necessitates the experimental selection of explant type, culture media and PGRs to induce and establish a
stable, actively growing callus culture.

This study aimed to investigate the effect of explant type and PGRs concentration (2,4-D and BAP) on
the induction and morphological characteristics of Malus niedzwetzkyana callus tissue for the subsequent
production of suspension cultures and bioactive compounds.

Experimental

Study materials

The research was conducted at the Laboratory of Biotechnology and Plant Breeding at the National
Centre for Biotechnology (Astana). Malus niedzwetzkyana plants in vitro culture, previously obtained by
microclonal propagation according to the protocol [8], were used as explants. The in vitro shoots were main-
tained in culture by transferring them to fresh medium of the same composition every 40 days.

Effect of explant type on callus induction

To induce callus, leaves and stems of Malus niedzwetzkyana in vitro culture were used as explants to
select the most suitable type of explant. Stem and leaf segments measuring 0.3-0.5 cm, taken from plants
grown in vitro, were inoculated onto Murashige-Skoog (MS) basal medium [9] containing 30 g/l sucrose and
7 9o/l agar, with 2,4-dichlorophenoxyacetic acid (2,4-D) (2.5 mg/L) and 6-benzylaminopurine (BAP)
(0.5 mg/L). All chemicals used for analysis were supplied by Sigma-Aldrich (St. Louis, MO). Explantlets
grown on MS medium without PGRs were used as a control. Before adding agar, the pH of the medium was
adjusted to 5.8, and it was autoclaved at 121 °C for 15 minutes. Cultivation was carried out in a controlled-
environment room at a temperature of 25+2 °C with a 12-hour photoperiod and relative humidity of
60-65 %. After 30 days of cultivation, morphological observation was carried out to select a suitable type of
explant.

The effect of PGRs concentration on callus formation

To optimise the hormonal composition of the culture medium, the effect of various concentrations of
PGRs 2,4-D (2.5; 3.0; 3.5 mg/L) and BAP (0.5; 1.0 mg/L) on the induction of callus formation in stem ex-
plants of Malus niedzwetzkyana was investigated. The stems were cut into segments measuring 0.3-0.5 cm
and inoculated onto MS medium containing 30 g/l sucrose and 7 g/l agar. A total of six treatment were
studied: T — (2,4-D 25 mg/L + BAP 05 mg/L); I — (2,4-D 3.0 mg/L + BAP 0.5 mg/L);
m — (24D 35 mg/lL + BAP 05 mg/lL); IV — (24-D 25 mg/L + BAP 1.0 mg/L);
V —(2,4-D 3.0 mg/L + BAP 1.0 mg/L); VI — (2,4-D 3.5 mg/L + BAP 1.0 mg/L). All treatments were cul-
tured in a climate-controlled chamber at a temperature of 2542 °C with a 12-hour photoperiod and relative
humidity of 60-65 %. After 40 days of culture, callus growth parameters were measured.

Measurement of callus growth parameters and statistical analysis

To assess the morphogenetic potential, the colour and texture of the callus were determined visually.
The growth parameters of the induced callus were assessed by fresh weight (FW), dry weight (DW) and dry
matter (DM). To determine dry weight, the fresh callus was dried in an oven at 45 °C until a constant weight
was achieved (Binder ED115, Tuttlingen, Germany). The dry matter of callus was calculated using the for-
mula:

DM (%) = (DW/FW) x 100
Statistical analysis was performed using Python. The data obtained were analysed using one-way analy-
sis of variance (ANOVA). Tukey’s HSD test was used for pairwise comparison of mean values. Results are

presented as mean + standard deviation. Differences between treatments were considered statistically signifi-
cant at p < 0.05.
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Results and Discussion

Effect of explant type on callus induction

The first signs of cell dedifferentiation and callus formation were observed 10-15 days after inocula-
tion, manifesting as cell swelling and proliferation at the cut surfaces of the explants. No callus formation
was observed on the control MS medium without the addition of PGRs. On the MS medium (2,4-D —
2.5 mg/L and BAP — 0.5 mg/L), the extent of callus formation varied depending on the type of explant. On
leaf explants, callus formed in several zones: along the edges of the leaf blade and in its central part (Fig. 1).
On stem explants, callus tissue began to develop from the transverse cuts on both sides. A comparative anal-
ysis showed that callus formation was significantly more pronounced on stem explants: the callus induction
rate was 100 % for stems and 86.7 % for leaves. Consequently, stem explants were used for further studies.

a — callus from a leaf explant b — callus from a stem explant

¢ — leaf explant under a microscope d — stem explant under a microscope
(x15) (x15)

Figure 1. Callus induction from leaf and stem explants of Malus niedzwetzkyana

The effect of PGRs on the growth and development of callus cultures

Various combinations of the PGRs 2,4-D (2.5, 3.0 and 3.5 mg/L) and BAP (0.5 and 1.0 mg/L) had a
marked effect on the morphological and growth characteristics of callus tissue. All PGR combinations tested
resulted in 100 % callus induction from stem explants of Malus niedzwetzkyana.

As shown in Table 1, all PGR combinations significantly affected callus diameter, fresh weight (FW),
dry weight (DW) and dry matter (DM) (p < 0.001). The largest callus diameter (13.20 + 3.76 mm) and the
highest dry weight (0.045 + 0.019 g) were observed in treatment | (2,4-D 2.5 mg/L + BAP 0.5 mg/L). The
highest fresh weight was recorded in treatment 1l (2,4-D 3.0 mg/L + BAP 0.5 mg/L) and amounted
to 0.342 + 0.204 g. With an increase in PGR concentration, a gradual decrease in all growth parameters was
observed: the minimum values for diameter (5.93+2.55 mm), fresh weight (0.048+0.033 g) and dry weight
(0.014+0.007 g) were recorded in treatment VI (2,4-D 3.5 mg/L + BAP 1.0 mg/L).
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The dry matter content showed the opposite trend: in treatments I-111, the dry matter was at its lowest
(12.09-16.03 %), indicating a high water content and a loose callus structure. In treatments IV-VI, a signifi-
cant increase in dry matter (31.97-34.75 %) was observed, indicating the formation of a denser and more
compact callus. Thus, increasing the BAP concentration from 0.5 to 1.0 mg/L had a more pronounced inhibi-
tory effect on callus growth parameters and promoted the formation of denser, more compact tissue com-
pared with an increase in 2,4-D concentration.

Table 1

Effect of various combinations of plant growth regulators (2,4-D and BAP)
on the fresh weight, dry weight and dry matter of callus

2,4-D BAP Qallus FFESh. Dry . Dry matter Callus colour
Treatment (mg/L) | (mg/L) diameter callus weight | callus weight (%) and texture
(mm) C)) C);
Yellowish with
I 2,5 0,5 13,204£3,76 0,301+£0,133 | 0,045+0,019 | 16,03%£5,92 | white flecks, heter-
0geneous
Creamy yellow
il 3,0 05 | 12,8043,57 | 0342£0204 | 0,039:0,017 | 12,56+2,83 | , Withpinkand
burgundy flecks,
heterogeneous
Creamy yellow with
il 3,5 0,5 10,80+4,11 0,194+0,109 | 0,023+£0,015 | 12,09+4,05 | pink and burgundy
flecks, crumbly
White and yellow
v 2,5 1,0 6,93+1,87 0,070+0,039 | 0,022+0,008 | 33,10+6,44 |with brown patches,
mottled
Greenish-yellow
\% 3,0 1,0 6,07+0,96 0,061+0,059 | 0,017+0,016 | 34,75+18,10 | with purple flecks,
dense
Green and
VI 3,5 1,0 5,93+2,55 0,048+0,033 | 0,014+0,007 | 31,97+5,37 greenish-white,
compact
SIgI’IIfICanCG *k*k **k%k **kx **k*x
**%: p<0.001, **: p<0.01, *: p<0.05. The data are presented as the mean + standard deviation, n = 15.

Visual inspection revealed that the calluses in all treatments were predominantly yellowish or greenish
yellow in colour (Fig. 1a, ¢). With an increase in the concentration of 2,4-D to 3.0 mg/L in combination with
both 0.5 mg/L BAP (treatment I1) and 1.0 mg/L BAP (treatment V), the appearance of a pronounced reddish-
purple hue was observed. With a further increase in the concentration of 2,4-D to 3.5 mg/L (treatments IlI
and VI), the intensity of pigmentation decreased; however, in treatments with 1.0 mg/L BAP (VI), an intensi-
fication of the greenish colour and the appearance of dense nodular structures were noted, indicating the on-
set of differentiation processes. The best texture loose, uniform, creamy-yellow with pinkish-burgundy flecks
was demonstrated by treatment 111 (2,4-D 3.5 mg/L + BAP 0.5 mg/L), making it the most suitable for further
cultivation.

In terms of structure, the callus tissues of treatments I-111 (BAP 0.5 mg/L) had a heterogeneous and
loose structure, with treatment 111 easily breaking down into individual cells and cell aggregates. Increasing
the BAP concentration to 1.0 mg/L (treatments IV-VI) led to the formation of a dense callus structure; fur-
thermore, organogenesis of the callus tissue was observed.
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L

y

a— 2.5 mg/L b— 3.0 mg/L 2,4-D + 0.5 mg/L ¢— 3.5 mg/L
2,4-D + 0.5 mg/L BAP BAP 2,4-D +0.5 mg/L BAP

d— 2.5 mg/L e— 3.0 mg/L 2,4-D + 1.0 mg/L f— 3.5 mg/L
2,4-D + 1.0 mg/L BAP BAP of 2,4-D + 1.0 mg/L of BAP

Figure 2. Callus formation on MS medium supplemented with different combinations of 2,4-D and BAP

A detailed morphological examination of the calli revealed differences in texture and colouration
between the treatments. The calli of treatment Il (2,4-D 3.5 mg/L + 6-BAP 0.5 mg/L) had a uniform,
loose, granular texture that easily disintegrated into individual cell aggregates, and were cream-yellow
in colour with pinkish-burgundy inclusions (Fig. 1c). In contrast, the calli of treatment Il
(2,4-D 3.0 mg/L + 6-BAP 0.5 mg/L) had a denser, heterogeneous texture in the form of large aggregates with
pink-burgundy inclusions (Fig. 1b). It should be noted that the pink-burgundy colour of the calli in both
treatments is due to the presence of anthocyanins, which accumulate in Malus niedzwetzkyana. Although
treatment Il demonstrated the highest fresh weight (0.342+0.204 g), treatment III was preferable for suspen-
sion culture.

The calli from the treatments with a higher concentration of BAP (1.0 mg/L) differed significantly in
morphology. Treatment IV (2,4-D 2.5 mg/L + BAP 1.0 mg/L) was characterised by a denser, heterogeneous
texture with brownish areas, which may indicate oxidative processes in the callus tissue (Fig. 1d). Treatment
V (2,4-D 3.0 mg/L + BAP 1.0 mg/L) was distinguished by the most pronounced anthocyanin pigmentation
with intense purple spots, as well as the presence of green nodular structures, indicating the onset of organo-
genesis processes. In treatment VI (2,4-D 3.5 mg/L + BAP 1.0 mg/L), a greenish colouration predominated
with a dense, compact callus structure, indicating enhanced cell differentiation at high concentrations of both
growth regulators. Thus, increasing the BAP concentration to 1.0 mg/L generally contributed to the compac-
tion of callus tissue and the intensification of differentiation processes, making these treatments less suitable
for obtaining suspension cultures compared to treatment 111

The choice of explant type is one of the key factors influencing the efficiency of callus induction [10].
In this study, stem explants of Malus niedzwetzkyana demonstrated a higher morphogenetic capacity compared
to leaf explants. Callus induction was 100 % for stem explants and 86.7 % for leaf explants. This is consistent
with the study by Zhang et al. (2020), which showed that callus induction from stem explants of the wild apple
(Malus sieversii) occurred more rapidly and with higher efficiency compared to leaf explants, whereas leaf ex-
plants were highly sensitive to medium composition and died in the absence of auxin [11]. The greater ability
of stem explants to form callus can be explained by the large number of meristem-like cells in the vascular tis-
sues of the stem, which are known to possess a greater capacity for dedifferentiation [12].

Plant growth regulators play a key role at all stages of plant development, influencing cell growth, dif-
ferentiation, physiological responses and the production of secondary metabolites. Under in vitro conditions,
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they are one of the key factors controlling callus formation and cell proliferation, and their optimal type and
concentration must be determined experimentally for each species, genotype and explant [13]. Auxins and
cytokinins are essential for cell division and morphogenesis. Auxins are considered the primary inducers of
callus formation, promoting cell wall softening through acidification and activating the expression of genes
associated with growth and development. Cytokinins complement this effect by directly regulating the cell
cycle, thereby maintaining sustained cell division and morphogenetic activity [14].

According to the results of our study, a low concentration of BAP (0.5 mg/L) is more effective than a
high concentration (1.0 mg/L). The 2,4-D and BAP had a marked and statistically significant effect on all the
callus formation parameters studied (p < 0.001). The auxin 2,4-D, in combination with a low concentration
of cytokinin (BAP 0.5 mg/L), stimulated active cell proliferation and the formation of loose, well-growing
callus tissue. Increasing the BAP concentration to 1.0 mg/L had a marked inhibitory effect on growth param-
eters, which is consistent with the general pattern that in cultures containing low concentrations of cytokinin
and high concentrations of auxin, callus cultures grow excessively, and the callus structure becomes soft and
loose, but as the concentration of cytokinin increases, the callus tissue becomes stiffer [15].

Studies conducted on Abies koreana showed that a combination of the NAA, 2,4-D and BAP had a
positive effect on callus formation. The callus proliferation coefficient at a high concentration of 2,4-D
(3.0 mg/L) was high, amounting to 1147.6 % compared to the initial mass of fresh callus [16]. A comparison
with data on closely related species of the Rosaceae family shows that optimal concentrations and PGR types
vary significantly depending on the genotype. Thus, in studies by Menbari et al. (2021), it was found that the
maximum callus induction rate (100 %) was achieved on MS medium containing 2.0 mg/L 2,4-D and
1.0 mg/L BAP. The same combination of PGRs also resulted in the highest fresh and dry callus biomass
(2.754 g and 0.37 g, respectively). Furthermore, callus formation occurred more rapidly compared with other
combinations. The authors also noted that this combination yielded the best callus quality, characterised by a
loose texture and a yellowish-white colour [17].

The results obtained are consistent with the literature on the key role of the auxin-to-cytokinin ratio in
the regulation of callus formation. The best indicators of fresh callus mass and texture were achieved using
2,4-D at a concentration of 2.5-3.5 mg/L in combination with BAP at 0.5 mg/L, which is slightly higher than
the concentrations described for other species of the genus Malus. This appears to reflect the genetic charac-
teristics of Malus niedzwetzkyana.

Treatment 1l (2,4-D 3.5 mg/L + BAP 0.5 mg/L) was identified as optimal not only in terms of
the morphological characteristics of the callus loose texture and low dry matter content, but also in terms of
its suitability for the subsequent establishment of suspension cultures. Thus, treatment 111 ensures the produc-
tion of callus most suitable for establishing suspension cultures and studying the bioactive compounds of this
species.

Conclusion

This study investigated callus formation in leaf and stem explants of Malus niedzwetzkyana. It was
found that stem explants possess higher morphogenetic activity compared to leaf explants and demonstrate
100 % callus induction. The optimal PGR composition of the medium for callus formation was determined.
Among the PGR combinations tested, the MS medium supplemented with 2,4-D at a concentration of
3.5 mg/L and BAP at a concentration of 0.5 mg/L proved to be the most promising for the cultivation of uni-
form, loose callus tissue. The pinkish-burgundy colour of the calli formed, due to the accumulation of
anthocyanins, demonstrates the high biosynthetic potential of this species and opens up prospects for the use
of Malus niedzwetzkyana callus and suspension cultures for the biotechnological production of biologically
active substances.
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A.K. EcumcentoBa, A.B. Mannep, [[.A. {rocem6ekoBa, C.C. Hcnamosa,
A.C. Hypra3za, A.A. KakumkaHoBa

Malus niedzwetzkyana kamnyc HHAYKIHSACHIHA YIKCIJIAHT TYPi
7K9He 6CiMIIIK rOpMOHIAPBIHBIH dcepi

Hensseukuii anmacer (Malus niedzwetzkyana) — aHTormaHuHHIH KOFapbl MOJIIIEPIMEH CHIIATTAIATHIH CHPEK
Ke3/IeCeTiH jkoHe Oaraibl skabaibl Typ. By Typ OMOaKTHBTI KOCBUIBICTApBIH NEPCHEKTUBAIEI KO31 peTiHme
eJieylli KBI3BIFYIIBUIBIK TyAbIpagsl. OCHl 3epTTeyAe SKCIUIAHT TYPIHIH KJLTyC MHAYKIUSICHIHA KOHE OHBIH
MOPGOIOTHSIIBIK CUMaTTaMalapbiHa acepi 3epTrenreH. 40 kyH in Vitro skargaiibiaaa Mypacure-Ckyr (MC)
KOPEKTIK OpTachIHIA OCIpUIreH OCIMAIKTEepIiH cabarbl MEH >XAIbIpaKTapbl SKCIUIAHT PETiHIE aIbIHABL
Hotmxenep kepceTkeHnel, cabak SKCIUIAaHTTapbl >KaNbIpaK SKCIUIAHTTapblHA KaparaHAa Kalyc Ty3y
KabineTiH xorapblpak kepcerti, TuiciHme 100 % sxoHe 86,7 %. 2,4-nuXn0podeHOKCHALCTHKAIIBIK
KbIUKBUIIBIH (2,4-D) optTypii kouueHtpammsiiapel 6ap MC opracer (2,5; 3,0; 3,5 mr/m) xome 6-
6ensmwnamunonyput (BAII) (0,5; 1,0 Mr/n) KOHUEHTpauusUIapbl AUaMETpre, JKaHa JKOHE KYpPFaK CalMaKKa,
COoHmaii-ak Kyprak 3ar wmemmepine (p < 0,001) emeymi ocep errii MC opracer Men 3,5 wr/n
KoHIeHTpanusaarsl 2,4-D sxone 0,5 mr/n BAII yitrecimMi OHTaIbI, OV KBI3FBUIT-KOO KBI3BUT TYCTi OipTEKTI
opi OOpHBUINAK KaTyCTBIH Ty3UTyiH Kamramachi3 errti. Ocputaiimna, anslHFaH HOTWKenep Hemspenxwmit
IMACBIHBIH CYCIICH3HSUIBIK OCIPIHAUICpIH aly »oHe OHOJIOTHSUIBIK OeNCeHAl 3aTTapAbl OMOTEXHOJIOTHSIIBIK,
JKOJIMEH OHJIIPY YILiH HEeTi3 6oJa amajsbl.

Kinm ce3dep: xamnyc, Malus niedzwetzkyana, ecy perreriurrepi, Mypacure-Ckyr opracsl, in Vitro, aykcus,
[UTOKHUHHH.

A K. EcumcentoBa, A.B. Mamnep, [[.A. lrocem6ekoBa, C.C. Hcnamosa,
A.C. Hypraza, A.A. KakumxaHoBa

BiMsinMe THIA YKCIIAHTA H TOPMOHOB PacTeHHI
Ha MHAYKIUIO Kajutryca sioiionn Henxssenkoro (Malus niedzwetzkyana)

S6nons Hemseerkoro (Malus niedzwetzkyana) — penkuii U eHHBIN TUKOPACTYIIUIA BUI, KOTOPBIA XapaKTe-
pH3yeTcs BBHICOKHM COJIep)KaHMEM aHTOLIMAHOB. DTOT BHA INPEACTABISCT 3HAUUTENBHBIH MHTEpeC Kak Iep-
CIIEKTHBHBII MCTOYHHMK OHOJIOTMYECKH aKTHBHBIX BEIeCTB. B HacTOsIIEM MCCIeJOBAaHUHM MBI H3y4ajl BIIHS-
HHE TUIIa KCIUIAHTa Ha MHIYKIHMIO KaJuTyca U ero MopQoIOrHYecKie XapaKTepUCTHKH. B kauecTBe oKcIIIaH-
TOB HCIOJIb30BAIN CTEOIH U JHUCThsI 40-THEBHBIX PACTCHHM, BBIPALICHHBIX B YCIOBHSAX iN Vitro, KOTOpbIe
KyJbTUBHpOBaU Ha cpere Mypacure-Ckyra (MC). Pe3ynbrarsl OKa3ain, 4TO IKCIUIAHTHI CTEOJIsT IEMOHCT-
pupoBaH 0oJee BBICOKYIO CIIOCOOHOCTb K 00Pa30BaHUIO KalTyca 110 CPAaBHEHHIO C AKCIIAHTAMH JIUCTHEB —
100% wu 86,7% coorBerctBenHo. Cpema MC ¢  pasnUYHBIMH  KOHIEHTpamusiMu  2,4-
nquxnopheHokcuykeycHon kucnotel (2,4-D) (2,5; 3,0; 3,5 mr/n) u 6-6ensunamunomnypuna (BAIT) (0,5; 1,0
MI/JI) OKa3aia 3HAaYNTENbHOE BIMSHHE HA JHAMETD, CBEXKYIO M CYXYIO MacCy, a TakkKe COJEep)KaHHe CyXoro
BemectBa (P < 0,001). Coueranne cpenst MC ¢ 2,4-D B xonuentpamuu 3,5 mr/m u BAIT 0,5 mr/n sBisiioch
OITUMAJIbHBIM, YTO 00ecHe4nBano 00pa30BaHHEe OJHOPOIHOTO U PBIXJIOTO KalIyca po30BO-00p10BOro 1IBETa.
Takum 06pazoM, HOJTy4eHHBIE HAMH PE3yJIbTaThl CIIY)KAT OCHOBOI JUIsl MOTYyYESHUs CYCHIEH3UOHHBIX KYJIBTYP
1 OMOTEXHOJIOTHYECKOT0 MOTy4YeHHs OMOJIOTHUECKH aKTHBHBIX BellecTB si6sonu Hensserkoro.

Kniouesvie crosa: xkamnyc, Malus niedzwetzkyana, perysstopsl pocra, cpefia Mypacure-Ckyra, in Vitro, ayk-
CHH, IUTOKUHHH.
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Study of the genus Rosehip (Rosa) using molecular biological methods

This study presents a molecular genetic analysis of a rosehip sample using DNA barcoding and phylogenetic
approaches. The aim of the study was to identify the species based on a comparative analysis of nucleotide
sequences of nuclear and chloroplast marker genes, including ITS, matK, rbcL, and trn. Genomic DNA was
extracted from rosehip leaves using a modified CTAB method optimized for plant material rich in
polyphenolic compounds. Target DNA fragments were amplified by polymerase chain reaction (PCR) using
specific primer pairs. PCR products were visualized by agarose gel electrophoresis, purified, and sequenced
using the Sanger method on an automated genetic analyzer. The resulting nucleotide sequences were edited,
assembled into consensus sequences, and analyzed using SeqScape and MEGA software. Species identifica-
tion was performed by comparing the sequences with those available in the GenBank database using the
BLAST algorithm and by constructing phylogenetic trees. The results demonstrated 100% sequence identity
for all studied genetic markers with reference sequences of Rosa majalis. Phylogenetic analysis confirmed
that the investigated sample clustered with other representatives of this species within the genus Rosa. These
findings indicate the high diagnostic value of the selected DNA markers for reliable molecular identification
of the studied rosehip species. The integrated approach combining PCR amplification, sequencing, and phy-
logenetic analysis proved effective for taxonomic verification. The results may be applied in plant systemat-
ics, pharmacognosy, biodiversity studies, and quality control of medicinal plant raw materials.

Keywords: rosehip, Rosa majalis, DNA barcoding, PCR, sequencing, phylogenetic analysis.

Introduction

The genus Rosa L. (family Rosaceae) includes more than 100 species widely distributed across the
temperate regions of the Northern Hemisphere. Representatives of this genus, particularly rosehips, are of
significant economic and pharmacological importance due to their high content of biologically active com-
pounds, including ascorbic acid, flavonoids, and organic acids. In this regard, accurate species identification
of rosehips is of great importance for botany, pharmacognosy, and quality control of medicinal plant raw
materials [1-5].

Traditional morphological methods for species identification within the genus Rosa are often compli-
cated by high phenotypic variability, hybridization, and polyploidy. In recent decades, molecular genetic
methods—particularly DNA barcoding—have become reliable tools for taxonomic identification of plants.
The use of standard marker genes such as ITS, matK, rbcL, and trn enables accurate comparison of studied
samples with reference sequences available in international databases.

The aim of this study was to perform molecular genetic identification of a rosehip sample using PCR
amplification, sequencing, and phylogenetic analysis of nucleotide sequences of key marker genes. The ob-
tained results make it possible to refine the systematic position of the studied sample, confirm its affiliation
with the species Rosa majalis, and demonstrate the effectiveness of an integrated molecular approach in
plant systematics.

Experimental

DNA Extraction from Plant Material

At the beginning of the experiment, clean rosehip leaves were dried on kraft paper at 50 °C for
60 minutes. DNA extraction was performed using a sorbitol washing buffer with 1 % DTT containing
100 mM Tris-HCI (pH 8), 0.35 M sorbitol, 5 mM EDTA (pH 8), and 1 % PVP-40. A total volume of 150 mL
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of the buffer was prepared from 15 mL of 100 mM Tris-HCI, 3 mL of 5 mM EDTA, 3 g of PVP-40, 19 g of
sorbitol, and 5 mL of DTT.

For cell lysis, a CTAB buffer (100 mM Tris-HCI, 3 M NaCl, 3% CTAB, 20 mM EDTA, 1 % PVP-40,
1 % B-mercaptoethanol), preheated to 65 °C, was used [6, 7].

The extraction protocol included the following steps: grinding of rosehip leaves; washing with a
DTT-containing buffer; centrifugation and removal of the supernatant; repeated washing with a buffer con-
taining B-mercaptoethanol; addition of CTAB buffer; incubation at 65 °C; extraction with a chloroform—
isoamyl alcohol mixture; DNA precipitation with isopropanol and sodium acetate; washing of the DNA pel-
let with ethanol; and dissolution of the DNA in TE buffer.

The obtained extracts were used for subsequent purification procedures and PCR analyses. DNA con-
centration was assessed by a fluorometric method and ranged from 50 to 100 ng/uL. Primers used for PCR
amplification are presented in Table 1.

Table 1
Primer pairs used
: : Size Primer
GEN Primer_name Primer_seq (bp) annealing
temperature
MatK MatK_390-F CGATCTATTCATTCAATATTTC 801 53°C
MatK_1326-R TCTAGCACACGAAAGTCGAAGT
TRN trnHF_05-F CGCGCATGGTGGATTCACAATCC 290 58°C
psbA3f-R GTTATGCATGAACGTAATGCTC
ITS ITS-Bel3-F GACGCTTCTCCAGACTACAAT 757 60°C
ITS-p5-R CCTTATCACTTAGAGGAAGGAG
Rbcl. rbcLa-F ATGTCACCACAAACAGAGACTAAAGC 551 62°C
rbcL.r590 AGTCCACCGCGTAGACATTCAT

The PCR reaction mixture consisted of the following components: forward primer — 1 uL, reverse
primer — 1 uL(20 pmol/uL), 2x BioMaster UDG HS-qPCR reaction mix — 12.5 uL, nuclease-free water —
7.5 uL, and DNA template — 3 pL(250-500 ng). The obtained DNA samples were stored in a freezer at
—20°C [8, 9].

The PCR program was as follows: initial denaturation at 95 °C for 2 min; 30 cycles of denaturation at
95 °C for 30 s, primer annealing at 53 °C for 40 s, extension at 72 °C for 40 s; and a final extension at 72 °C
for 5 min [10].

Electrophoresis of Amplification Products

Analysis of the amplified DNA fragments was performed by horizontal electrophoresis in a 1.5 %
agarose gel containing an intercalating agent, ethidium bromide, used for DNA visualization. Electrophoresis
was carried out in a horizontal PowerPac chamber using a Bio-Rad Electrophoretic Bath power supply.
A 1x TAE buffer was used as the running (electrode) buffer [11].

PCR Product Purification and Nucleotide Sequencing

Prior to sequencing, PCR products were purified from residual primers and deoxynucleotide triphos-
phates using magnetic bead-based purification with silica-coated paramagnetic particles [12]. To prepare the
binding buffer, 2.00 g of PEG and 1.46 g of NaCl were dissolved in 7 mL of deionized water, mixed thor-
oughly, and the volume was adjusted to 10 mL. The solution was stored at room temperature.

As the elution solution, 1x TE buffer (10 mM Tris-HCI, pH 8) or deionized water was used. For purifi-
cation, 15 pL of PCR product (1 ng/uL) was mixed with 15 uL of a 0.1 % suspension of magnetic particles
(1-3 um) in the binding buffer (20 % PEG, 2.5 M NaCl). The particles were pre-washed with 3 % HCI. The
mixture was incubated for 10 minutes at room temperature with shaking (1800 rpm, 2 min).

Next, the supernatant was removed on a magnetic stand, the particles were washed twice with 70 %
ethanol (100 pL each), and DNA was eluted with the selected buffer at 60 °C for 10 minutes. After removing
the particles, the purified PCR product was collected for further analysis [13].

Sequencing Reaction

The sequencing reaction was performed using the BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems) according to the manufacturer’s instructions. Fragment separation was carried out on
an automated genetic analyzer (3730xI DNA Analyzer (Applied Biosystems)) [12]. The read length was
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900-1000 bp. Leaf samples were collected from a single plant (one bush), and no analysis of variability be-
tween different individuals or populations was performed.

Detection of PCR Products and Nucleotide Sequence Analysis

Separation of the sequenced fragments was performed on an automated genetic analyzer, 3730xI DNA
Analyzer (Applied Biosystems). The obtained nucleotide sequences, amplified using forward and reverse
primers, were analyzed using SeqScape 2.6.0 (Applied Biosystems) and MEGA 11 software [14-16].

Results and Discussion

Molecular Genetic Analysis of Rosehip

The analysis of amplified target DNA fragments was performed by separating the DNA fragments in a
1.5 % agarose gel in the presence of the intercalating agent ethidium bromide, which was used for subse-
quent DNA visualization (Fig. 1, 2).

Figure 1. DNA Gel Electrophoresis

M 1 2 3 4

{
I

3
,

Figure 2. Gel Electrophoresis of PCR-Amplified Gene Fragments:
M — molecular weight marker (Fermentas, 100-1000 bp, 100 bp increments);
1 — negative control; 2 — rbcL (551 bp); 3 — matK (801 bp); 4 — ITS (757 bp)

The electrophoresis results confirmed that a specific fragment was amplified in all samples. No PCR
products were observed in the negative control sample, indicating the absence of contamination in the reac-
tion. Figure 2 shows the electrophoresis of the rosehip PCR products.

Figure 2 shows the amplification results, confirming the successful generation of specific fragments for
the three target genes, corresponding to the expected molecular sizes.

The obtained nucleotide sequences were analyzed and assembled into a single consensus sequence using
SegMan software (DNASTAR). During processing, terminal regions—including primer sequences and low-
guality fragments—were removed. ldentification of the obtained sequences was carried out using the
BLAST algorithm on the GenBank platform (https://blast.ncbi.nlm.nih.gov/Blast).
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1) Nucleotide sequence of the ITS gene:

5 TGCGGAGGATCATTGTCGAAACCTGCCTAGCAGAACGACCCGAG

AACATGTTTCAACGCTTGGGGGCGGAGGGTCTTGCGGCTCTGCGCCCCCTTATCCTAGGAG
GCAAGTGTCTTGCGCGTTGCATTTCGGTGCTTGCGCTTGACCGACCCTCCCGGGCGTACTGAAC
ACCGGCGTGAATTGCGCCAAGGAACTTGAATGAAAGAGCGTTTCCCCCGCCGTCCCGGAGACG
GTGCTCGTGCGGGTGGTTTCGTCGTCTTCAATATGTCTAAACGACTCTCGGCAACGGATATCTC
GGCTCTCGCATCGATGAAGAACGTAGCGAAATGCGATACTTGGTGTGAATTGCAGAATCCCGT
GAACCATCGAGTCTTTGAACGCAAGTTGCGCCCGAAGCCATTAGGCCGAGGGCACGTCTGCCT
GGGCGTCACACGTCGTTGCCCCCCCCAACCCCCTCGGGAGTTGGATGGGACGGATGATGGCCTC
CCGTGTGCTCAGTCACGCGGTTGGCATAAATACCAAGTCCTCGGCGACCAACGCCACGACAATC
GGTGGTTGTCAAACCTCGGTTTCCTGTCGTGCGCGCGTGTTGATCGAGTGCTTTCTTAAACAATG
CGTGTCGATCCGTCGATGCTTTCAACGCGACCCCAGGTCAGGCGGGGTTACCCGCTGAATTTAA
GCATATCAATAAGCGGAGGAAAAGAAACTTACAAGGATTCCCTTAGTAACGGCGAGCGAACCG
GGAATAGCCCAGCTG — 3.

2) Nucleotide sequence of the matK gene:

5> AATTATGCATCAGATTGTACTAATTACCCTACCCCATTCATCTGG

AAATCTTGTGTTCAAACCCTTCGCTACTGCGTGAAAGATCCCTCTTCTTTGCATTTATTACG
GCTCTTTCTTCACGAGTATTATAATTGGAATACTCTTATTACTCCAAAAAAATCCATTTTTGCAA
AAAGTAATCAAAGATTATTCTTGCTCCTATATAATTCTTATGTATGTGAATACGAATCCATTTTA
CTTTTTCTCCGTAACCAATCTAATCATTTACGATTAACCTCTTCTGGGATTCTTTTTGAGCGAAT
ACGTTTTTATGAAAAAATAAAATATCCTGTTGAAGAAGTCTTTGCTAACGATTTTCCGGCCACC
TTATGGTTCTTCAAGGATCCTTTTATACAGTATGTTAGATATCAAGGAAAATCGATTCTGGCATC
AAAAGATACTCCTCTTCTGATGAATAAAGTGGAAATATTATCTTGTCCATTTTTGGCAATGTCAT
TTTTATGTATGGTCTCAACCAGGAAGATCCATATAACCAATTATCCAAGCATTCCTTGATTTTTG
GGTTATCTTTCAAGCATCGACCGAATATTTCAGTGGTCGGATCAATTGCTAGAAAATTCGTTTTT
ATGGATAATGCTAGAAGAAGCTTGAACATTATTTCCAATTATTCCAATGATAGGATCGTTGGCT
AAAGTGAAATTTTGTAACACATCAGGGCATCCTATTAGTAAGTCCAGCTGGGCGGATTTGTCGG
ATTCTGAAATTATCGACCGAAATTGTGGCGTTATAAGGGCCGAGGGA — 3°.

3) Nucleotide sequence of the rbcL gene:

5> — GCTGGTGTTAAAGATTATAAATTGACTTATTATACTCCGGATTA

TGAAACCAAAGATACTAGATATCTTGGCAGCATTTCGAGTAACTCCTCAACCTGGAGTTCCG
CCTGAGGAAGCAGGGGCAGCGGTAGCTGCGGAATCTTCTACTGGTACATGGACAACTGTATGGA
CTGATGGGCTTACCAGTCTTGATCGTTACAAAGGGCGATGCTACCACATTGAACCTGTTGCTGGA
GAAGAAAGTCAATTTATTGCTTATGTAGCTTACCCTTTAGACCTTTTTGAAGAGGGTTCGGTTACT
AACATGTTTACTTCCATTGTAGGTAATGTGTTTGGGTTCAAGGCCTTGCGCGCTCTACGTCTGGAG
GATTTACGAATCCCTACTGCTTATGTTAAAACTTTCCAAGGCCCGCCTCACGGGATCCAAGTTGA
AAGAGATAAATTGAACAAGTATGGCCGCCCCCTATTGGGATGTACTATTAAACCTAAATTGGGG
TTATCCGCTAAGAATTACGGTAGAGCAGTTTATGAATGTCTACGCGGTGGACTAA — 3.

4) Nucleotide sequence of the trn gene:

5’ TCCGCCCTTGTACTATTTAAATAAAAATTTAAATAAAAATAGAA

ATTACAAATATTTCCACCATTTATCATTACTTGTAAAAGAGAATACAACATAAATGGAAAC
CCTTTTATTTTAATCTTTTAGTAAAAAAAAAGAGTACTAAAATACTAATTTAATTGAAAATACT
AATTTAATTATAGCACTAATTTTAATTAATAATTATAGTAATTAAATTTAA — 3.

Phylogenetic trees constructed based on the analyzed nucleotide sequences are shown in Figure 3.
Figures 4-6 present a comparative analysis of the obtained sequences with nucleotide data available in
GenBank for representatives of the species Rosa majalis.
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DQ778766.1:122-337 Rosa corymbulosa

KJ575470.1:122-334 Rosa majalis

HM490019 1:750-1541 Rosa sikangensis MT931955.1:1-566 Rosa albertii
DQ778810.1:122-337 R bbi
058 weblana FJATI518 1-885-1476 Rosa omeiensis MH713953 1:1-566 Rosa fedtschenkoana
OR972709.1:42-262 Rosa pisiformis
FJ472511.1:685-1476 Rosa zhongdianensis MT931956.1:1-566 Rosa albertii
PQ178904.1:27-247 Rosa laxa
FJ472522 1:685-1476 Rosa mairei MT931957.1:1-566 Rosa laxa
DQ778793.1:122-327 Rosa acicularis
HM490009.1:633-1424 Rosa persetosa GQ436585.1:1-570 Rosa bella
KJ575426.1:122-334 Rosa bella
) FJ472510.1.686-1477 Rosa praelucens MHG58469.1:1-564 Rosa giraldii
MKB62318.1:182-402 Rosa amblyotis
JNSE6116.1:427-1206 Rosa rugosa x Rosa sertata KX678870.1:1-551 Rosa gymnocarpa
MT884005.1:167-372 Rosa rugosa
GU363762.1:5-796 Rosa laevigata -
DQ778755.1:122-337 Rosa bridgesii v MG247510.1:1-551 Rosa pisocarpe
N 1 A K R majal _ 11 i
KJ575493.1:122-327 Rosa rugosa IC 061265.1:52639-04350 Rosa majakts OR738078.1:1-542 Rosa majalis
4
MKB62320 1:182-387 Rosa marretii !
DQ778775.1:122-337 Rosa granulata

0,0020

Figure 3. Phylogenetic trees constructed based on the nucleotide sequences of the genes (from left to right):
trn, matK, rbcL

Analysis of the phylogenetic trees showed that the studied rosehip species clusters together with other
species of the genus Rosa. The closest genetic relative, as demonstrated in Figure 3, is Rosa majalis, based
on the analysis of all three investigated nucleotide gene sequences.
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Figure 4. Comparative analysis of the nucleotide sequence of the ITS
(internal transcribed spacer) gene region (434-504 bp)
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As a result of the comparative analysis of the ITS gene nucleotide sequence of the studied rosehip sam-
ple, 100 % identity was found with the ITS gene sequences of previously identified Rosa majalis samples
registered in the GenBank database under accession numbers MZ230091.1 and MZ230112.1.
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Figure 5. Comparative analysis of the nucleotide sequence of the matK (maturase K) gene region (282-351 bp)

The comparative analysis of the matK gene nucleotide sequence of the studied rosehip sample revealed
100 % identity with the matK gene sequences of previously identified Rosa majalis samples registered in the
GenBank database under accession humbers PQ421683.1 and NC_061265.1.
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Figure 6. Comparative analysis of the nucleotide sequence of the rbcL
(ribulose-1,5-bisphosphate carboxylase large) gene region (30-82 bp)

The comparative analysis of the rbcL gene nucleotide sequence of the studied rosehip sample revealed
100 % identity with the rbcL gene sequence of a previously identified Rosa majalis sample registered in the
GenBank database under accession number OR738078.1.

Similar results were obtained in the comparative phylogenetic analysis of the other investigated genes,
which also showed complete (100 %) identity with representatives of Rosa majalis.

Conclusion

Thus, based on molecular genetic data (analysis of nucleotide sequences of protein-coding genes) as
well as phenotypic analysis, the studied sample was assigned to the order Rosales, family Rosaceae, genus
Rosa, and species Rosa majalis. The results obtained in this study may be applied to the conservation of nat-
ural heritage sites, as well as to the monitoring and preservation of biodiversity.
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MoJiekyJ1aJabIK-0MO0J0TMSJIBIK dAICTEPAl KOJIAAHY AaPKbLIbI
Rosa (MTMYpBbIH) TYBICHIHBIH TYPiH 3epTTEy

3epTTey JKYMBICBIHAAa HTMYPBIH OCIMIITIHIH YITICIHE MOJEKYNaIBIK-TeHeTHKANBIK Tanaay xyprisinin, JHK-
OapkoaTay oHe (HUIIOTCHETHKAIBIK dIiCTep KOMMAHBUIIBL. 3epTreyain Makcatel — ITS, matK, rbcL sxone
trn SAPOJIBIK JKOHE XJIOPOILIACTHIK MapKepIliK MeHAEPiHIH HyKICOTUATIK Ti30SKTepiH CajbICTRIPMAIbl Talaay
apKBUTBl  OCIMIIKTIH TYpJIiK colkecTiriH aspikray. [eHomapik JHK wWTMypbIH >kamblpakTapblHaH
nonudeHonmapra 6ait eciMIik MarepuangapbiHa oerimaenren moaudukanusnanran LITAB-oniciMen GemiHin
anmerHABL. Makcartel JJHK dparmenTTepi mommumepasnsl Ti30SKTiI peakius dJiciMeH apHaWbl mpaiMepiepi
KOJIIaHa OTBIphIN amIutudukanusuianasl. IITP eHiMaepi arapo3ssl respb 35eKTpodopesi apKbUIbl TaJIAHbIII,
KeWiH Ta3apThUIBIN, ABTOMATTAHIBIPHUIFAH TEHETHKANBIK aHAIM3aTOpAa Sanger CEKBEHHpJCY oJiciMEeH
CEKBEHMPJCHI. AJBIHFAH HYKJICOTHATIK Ti30EKTep OHMENiN, KOHCEHCYyc-Ti30ekTepre OipikTipinmi jxoHe
SeqScape men MEGA 6armapnamanapsl apkeuibl Tanmanipl. Typnik unentuduxanus GenBank nepexrep
6azaceiver BLAST anropuTMi KeMeTriMeH CalbICTBIPY JXKoHE (DMIOTCHETHKANBIK aramrap Kypy apKbUIbl
JKy3ere achIpbUIABL 3epTTey HOTHKeJepi OapiblK 3epTTeNreH TI'eHEeTHKaJblK Mapkepiepaiy Rosa majalis
TypiHiH Ti30ekTepiMer 100 % colikecTirin kepcerTi. PHUIOTeHETHKANBIK Talgay 3epTTeNreH YiTiHiH Rosa
TybIChIHA kaTaThlH R0Osa majalis Typimen Oip kimactepie TONMTACATHIHBIH pacTajbl. AJIBIHFAH HOTHXKeEJIep
UTMYPBIH TYPJEPiH MOJEKYIAIbIK JIEHreiiie oM aHbIKTayla KOJJaHBUIFAH MapKepJepAiH JKOFapbl
THIMIUTITH KOPCEeTei.

Kinm ce30ep: ntmypsiH, Rosa majalis, IHK-6apkoaray, [ITP, cekBeHupIiey, GUnoreHeTHKaIbIK Tauay.
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HccaenoBanue Buaa poaa Rosa (IIMMOBHUK) ¢ MPUMeEHEHUEM
MOJIEKYJISIPHO-0M0JIOTHYEeCKUX METO10B

B pabore npencrasineH MoJeKyIIpHO-TeHETHUECKUH aHAIN3 00pasiia NIMIOBHHUKA C UCIIOJIb30BAHHEM METO-
noB JTHK-6apxoansra u (uiaoreHeTHYecKoro aHainu3a. Llenbro nccnenoBanus ABIsIach BUAOBAs HACHTH(H-
KaIlMsl paCTeHHs Ha OCHOBE CPaBHHUTEIBHOTO aHAIHN3a HYKJICOTHIHBIX MOCIEN0BATENILHOCTEN SIEPHBIX U XJI0-
poITacTHBIX MapkepHbiX reroB I TS, matK, rbcl u trn. Tenomuyro JTHK BbIAesIN U3 JTHCTHEB IIMIIOBHHUKA C
npuMeHeHneM MoauduuuposanHoro L{TAB-meTona, onTUMU3NPOBAHHOTO JUI PACTEHHH C BBICOKUM COJEp-
JKaHUEM MOoNMN(eHO0T0B. AMIUTH(UKAIUS [eNeBEIX (ParMEHTOB IPOBOAMIACE METOJIOM HOJINMEpa3HON Iel-
HOH peakIMy ¢ CHONb30BaHNeM crerupudeckux npaimepos. [lomydennsre [ILIP-poxyKTsl aHaIM3npoBan
C MOMOIIBIO arapo3HOTo TeNib-3JIeKTpodopesa, HOoCie Yero OUNINAIN U ITOIBEPTalll CEKBEHHPOBAHUIO METO-
oM Sanger Ha aBTOMaTHYECKOM TeHEeTHYeCKOM aHanm3arope. HykiaeoTHIHBIE mociemnoBaTeIbHOCTH ObLIN
OTpEeNaKTHPOBAHBI, COOpaHbI B KOHCEHCYC-IIOCIIEIOBAaTEIFHOCTH M NTPOAHATIM3UPOBAHEI C IPUMEHEHHEM TIPO-
rpaMMHbIX naketoB SeqScape 1 MEGA. BuIOBYIO NpHUHA/UISKHOCTb YCTaHABIMBAIM Ha OCHOBE CPaBHU-
TEJBHOTO aHamM3a ¢ 6a3oil manHbIXx GenBank ¢ ucnons3oBanuem anroputma BLAST, a Takxke mocpeicTBOM
MOCTpOCHUsI (puoreHeTHUecKux aepeBbeB. Pesympratel mokazamu 100 % MIEHTHYHOCTH BCEX HMCCIEIOBaH-
HBIX TEHETHYECKHX MapKepoB C MOCIeAOBaTelNbHOCTIME BHaa Rosa majalis. dumorenerndeckuit aHamn3
HOATBEPANI KIIaCTEPU3aLHUI0 HCCIeAyeMoro odpasua ¢ MpeACTaBUTENsIMU JJaHHOTO BHAa poxa Rosa. IMoumy-
YEeHHbIE JIaHHBIC CBHUJIETENILCTBYIOT O BBICOKOH MH(OPMATHBHOCTH HCIIOJIH30BAaHHBIX MapKEPHBIX T€HOB IS
MOJICKYJISIPHON MICHTH(HUKAIMN IIUITIOBHUKA U ITONTBEPKIAIOT 3P (HEKTUBHOCTH KOMIUIEKCHOTO TO/IX0/a, CO-
yeraromero [1I[P, cekBeHupoBanue u (GuiIOreHeTHYECKUH aHaian3. Pe3ynpTaThl McclieoBaHUsI MOTYT OBITh
UCIIOB30BaHbl B CHCTEMaTHKE PacTeHHH, ()apMaKOTHO3MH, a TaKKe MPU KOHTPOJIE MOTHHHOCTH JICKapCT-
BEHHOTO PACTUTETHHOTO CHIPBSI.

Kntoueswie cnosa: mmnosHuk, Rosa majalis, THK-6apkoaunr, TP, cekBeHupoBaHue, (GUIOreHETHYECKHI
aHaIN3.
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Detection of small discrete 5'-terminal fragments of 18S rRNA in mouse cells

Protein biosynthesis is a critically important cellular process. With age, structural damage to ribosomes may
accumulate, potentially leading to the synthesis of misfolded polypeptides and reduced regenerative capacity
and cell viability. Therefore, there is a need to develop universal molecular markers of ribosome integrity. A
DNA construct was designed to generate DIG-labeled RNA probes for detecting 5'-terminal fragments of
mammalian 18S rRNA. RNA isolated from the liver, lungs, kidneys, and skeletal muscles of young and aging
mice was analyzed by Northern blotting using these probes. Small, discrete 5'-terminal fragments of 18S
rRNA, similar to the stress-induced 5'18SrRF75 and 5'18SrRF135 molecules identified in plants, were de-
tected in mouse tissues. The levels of these fragments in lung and skeletal muscle tissues were significantly
higher than those in the liver and kidneys. Notable differences were observed in the kidneys, lungs, and skele-
tal muscles of young (3-month-old) versus aging (over 2-year-old) animals. These results suggest that the mo-
lecular mechanisms underlying the discrete fragmentation of 185 rRNA may be conserved across species.
Such mechanisms may play a role in regulating protein biosynthesis under stress. The small fragments
5'18SrRF75 and 5’'18SrRF135 could potentially serve as universal markers of translational apparatus integri-

ty.

Keywords: 18S rRNA, discrete fragmentation, stress markers, mRNA translation, aging, ribosome, small
RNAEs, oxidative stress.

Introduction

Chronic inflammatory diseases that lead to cell destruction significantly harm human health, society,
and economies around the world. In clinical medicine, diagnostic methods commonly involve measuring in-
flammatory mediators—such as cytokines, chemokines, IgE, histamine, and serotonin—as well as specific
groups of leukocytes in patients’ blood [1]. However, these stress markers primarily assess the overall im-
munological and inflammatory status of the body; they cannot evaluate the intracellular processes that cause
cell dysfunction and death. Furthermore, these markers are typically detectable only in the later stages of dis-
ease progression. Additionally, all of the markers mentioned are species-specific, necessitating the develop-
ment of unique panels for each individual mammalian species.

In modern laboratory diagnostics, there is a steady trend toward integrating new classes of molecular
markers—specifically microRNAs, specific mMRNAs, and the pool of small non-coding RNAs—to verify
stress-induced and pathological states. The use of these analytes provides a comprehensive assessment of the
molecular and genetic mechanisms underlying destructive processes at the cellular and tissue levels. Small,
discrete fragments of ribosomal RNA (rRNA) are considered promising candidates for new stress markers in
humans and mammals. The high concentration of ribosomes in cells results in a significant copy number of
rRNA, which constitutes 80-90 % of the total cellular RNA pool [2]. Consequently, diagnostic test systems
targeting rRNA demonstrate analytical sensitivity several orders of magnitude higher than primer kits de-
signed for mMRNA and microRNA [3]. Furthermore, the structural organization of rRNA genes, characterized
by the presence of highly conserved domains alongside variable regions, enables the development of univer-
sal detection systems applicable to a wide range of mammalian biological samples [4].

The mechanism of mMRNA translation inhibition in both prokaryotes and eukaryotes is well understood
and involves the cleavage of the large ribosomal subunit RNA at a region known as the sarcin-ricin loop.
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This process results in the detachment of a small 3'-terminal RNA fragment [5]. This is the exact mode of
action for several plant ribosome-inactivating proteins, including abrin, modeccin, and ricin, as well as toxins
from bacteria, like Shiga toxin, and from fungi, such as a-sarcin [6]. It is hypothesized that a similar mecha-
nism may occur in eukaryotic cells involving the RNA of the small (40S) ribosomal subunits. The 40S subu-
nits play a crucial role in the initiation of translation, which is the rate-limiting step in the entire protein bio-
synthesis process. As organisms age, destructive changes in ribosome structure may accumulate, leading to a
cumulative effect. The loss of integrity in the cell’s translational machinery can significantly impact various
cell types. When cells are unable to produce structural, protective, and regulatory proteins in a timely manner
due to impaired ribosomal integrity, their regenerative potential declines, causing them to struggle under
stress or adverse growth conditions. Moreover, ribosomes with internal defects may result in the synthesis of
misfolded or “defective” polypeptides. The accumulation of abnormally folded prion-like proteins in brain
cells is a primary cause of many neurodegenerative disorders, including Alzheimer’s disease [7].

We hypothesize that small 5'- and 3'-terminal fragments of this molecule can serve as a new class of
universal stress markers. Detecting these RNA markers could enable earlier and more timely identification of
pathological processes that lead to severe chronic diseases. Previous studies have identified universal stress-
induced small 5'-terminal discrete fragments of 18S rRNA in plant cells [8-10]. In the present study, we ana-
lyzed the profiles of discrete 5'-terminal 18S rRNA fragments in various tissues from mice in two age
groups: young and aging animals. To determine whether similar molecules are detectable in mammalian
cells, we investigated the profiles of small 5'-terminal 18S rRNA fragments across four tissue types—Iiver,
lung, kidney, and skeletal muscle—in both young and aging mice.

The results of this study generally confirm the universality of the discrete 18S rRNA fragmentation pro-
cess in eukaryotic organisms, underscoring the need to explore the underlying molecular mechanisms fur-
ther. Additionally, the potential use of small discrete fragments of ribosomal RNA in diagnosing chronic dis-
eases and destructive processes in humans and animals is of significant interest.

Experimental

Experiments with animals

The Local Bioethics Commission of the RSE on LPP “M. Aitkhozhin Institute of Molecular Biology
and Biochemistry”, Ministry of Science and Higher Education of the Republic of Kazakhstan, provided a
positive decision for experiments involving laboratory animals (Protocol No. 1, dated May 17, 2024). All
procedures using laboratory animals were conducted by qualified specialists with extensive experience, en-
suring adherence to the principles of humane treatment and rational use of these animals. The study included
two groups of black linear C57BL/6 mice (three males per group): one group consisted of young mature an-
imals aged three months, while the other group included aging animals over two years old.

Computer analysis

Nucleotide sequences of 18S rRNA were analyzed using computer software, specifically the MEGA-X,
VectorNTI, and RNA-structure v.5.7 programs, with data obtained from the NCBI GenBank database [11].
To assess the degree of discrete fragmentation of the 18S rRNA semi-quantitatively, the blots were evaluated
using densitometry in the ImageJ 1.42q program.

Plasmid construction

Molecular cloning procedures, including phosphorylation/dephosphorylation, restriction, and ligation of
DNA, as well as transformation of bacterial cells, were performed according to standard protocols [12]. Plasmid
DNA was isolated using the High Pure Plasmid Isolation Kit (Roche), following the manufacturer’s instructions.
De novo synthesized oligonucleotides Rat18S_1-35neg_Acc65-F (5’-gtaccgacaagcatatgctactggcaggatcaaccaggta)
and Rat18S 1-35neg-Hind-R (5’-agcttacctggttgatcctgccagtageatatgcettgtcg) were annealed, phosphorylated, and
ligated into the pBluescript KSII vector using Acc651 and Hindlll restriction sites. The inserts were verified
through Sanger DNA sequencing, which was carried out using the BigDye™ Terminator v3.1 Cycle Se-
quencing Kit (Applied Biosystems) with the T7 primer (5’-taatacgactcactataggg) according to the manufac-
turer’s protocol. The reaction mixtures were purified using 70 % ethanol and analyzed on a SegStudio genet-
ic analyzer (Applied Biosystems).

Northern blotting

Total RNA was extracted from 0.1 g of mouse tissues using Trizol (Sigma), following the manufactur-
er’s protocol. RNA electrophoresis was performed on an 8 % polyacrylamide gel containing 8 M urea. Bands
were visualized using the Quantum gel documentation system (Vilber). For the synthesis of DIG-labeled
RNA probes, in vitro transcription was conducted after linearizing the plasmids at the Hindlll restriction site.
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The DIG RNA Labelling Kit (SP6/T7) (Roche) was utilized according to the manufacturer’s instructions. In
the Northern blotting procedure, RNA was transferred to a nylon membrane equilibrated in 0.1x Tris-borate
buffer using a semi-dry blotting device (Sci-Plas) at a current of 250 mA for 30 minutes. After the transfer,
the membrane was dried and subjected to UV light treatment for 2 minutes at 10 mJ/cm? using a
crosslinker (UVP). Hybridization with the DIG-labeled probes and the subsequent detection of bands were
performed using the DIG Luminescent Detection Kit for Nucleic Acids (Roche), following the manufactur-
er’s protocol. The hybridization temperature was set to 55 °C. For detecting the bound DIG-labeled probes,
Anti-Digoxigenin-AP Fab fragment antibodies (Roche) were employed. The detection phase utilized the al-
kaline phosphatase substrate CSPD (Roche).

Statistical methods

All measurements were conducted in at least three replicates, and the arithmetic mean (X) along with
the standard error of the mean (m) were calculated. The significance of differences between samples was
evaluated using the Student’s t-test (ty), with differences considered significant at p < 0.05.

Results and Discussion

Creation of a DNA construct for the generation of DIG-labeled RNA probes

To select probe sequences for detecting small fragments of 18S rRNA from mammals, as well as other
eukaryotic organisms, nucleotide sequences from reference organisms were sourced from the NCBI
GenBank database [11]. These sequences were aligned using the MEGA-X bioinformatics program. The re-
sults are illustrated in Figure 1.

TAC CTGGTTGATCCTGCCAGTAG CATATGCTTGTC

Species/Abbry silalatsls SRl ) g
" 1.Homo_sapiens_Chain_B1_18S_(PDB_SAJ0_B1) [TlAC-CTGGTTGATCCTGCCAGTAG-CATATGCTTGTCE

2. Chain_Homo_sapiens_18S_S2_(8YOP) TAC-CTGGTTGATCCTGCCAGTAG-CATATGCTTGTCHC

3. Mus_musculus_(MNS37869) TAC-CTGGTTGATCCTGCCAGTAG-CATATGCTTGTCC
4_Rat_18S_rRNA_(X01117) TAC-CTGGTTGATCCTGCCAGTAG-CATATGCTTGTCE

5. Canis_lupus_18S_(XR_005386745) TAC-CTGGTTGATCCTGCCAGTAG-CATATGCTTGTClE

6. Bos_taurus_18S_(DQ222453) TAC-CTGGTTGATCCTGCCAGTAG-CATATGCTTGTCHE

7. Bat_Eptesicus_fuscus_18S_(XR_008558675) TAC-CTGGTTGATCCTGCCAGTAG-CATATGCTTGTCC

8. Sorex_fumeus_18S_(XR_008791552) TAC-CTGGTTGATCCTGCCAGTAG-CATATGCTTGTCHC

9. Vombatus_ursinus_18S_(XR_003570394) TAC-CTGGTTGATCCTGCCAGTAG-CATATGCTTGTCHE

Vertebrates < 10 cubaiaena_glacialis_185_(XR_009689334) TAC-CTGGTTGATCCTGCCAGTAG-CATATGCTTGTCC
11. Elephas_maximus_18S_(XR_007519457) TAC-CTGGTTGATCCTGCCAGTAG-CATATGCTTGTCHC

12. Birds_Grus_americana_18S_(XR_008575243) TAC-CTGGTTGATCCTGCCAGTAG-CATATGCTTGTCE

13. Birds_Manacus_candei_18S_(XR_007901662) TAC-CTGGTTGATCCTGCCAGTAG-CATATGCTTGTCHC

14. Repties_Chrysemys_picta_18S_(XR_010595276) TAC-CTGGTTGATCCTGCCAGTAG-CATATGCTTGTCHE

15. Repties_Malaclemys_terrapin_18S__(XR_008442464) TAC-CTGGTTGATCCTGCCAGTAG-CATATGCTTGTCC

16. Amphibia_Pelobates_fuscus_18S_(XR_010086504) TAC-CTGGTTGATCCTGCCAGTAG-CATATGCTTGTCC

17. Fish_Salarias_fasciatus_18S_(XR_003930913) TAC-CTGGTTGATCCTGCCAGTAG-CATATGCTTGTCHE

18. Fish_Stegostoma_tigrinum_18S_(XR_009445190) TAC-CTGGTTGATCCTGCCAGTAG-CATATGCTTGTCC

\. 19. Danio_rerio_18S_(NR_145818) Cc

20. Arthropoda_Penaeus_monodon_18S_(XR_005228700) Cc

21. Anelida_Ophelina_acuminata_18S_(0Q703011) Cc

Invertebrates 22 Molusca_Cycina_sinensis_18S_(EF426289) c
23. Mollusca_Pupa_nitidula_(GQ845185) Cc

24. Caenorhabditis_elegans_18S__(MN519140)

Protozoa | 25 Babesia_odocoiei_18S_(U16369)
| 26. Theileria_taurotragi_18S_(L19082)

Fun gi ] 27. Saccharomyces_cerevisiae_18S_(PDB:_7D63_SA)(AP02684.
] 28. Gyroporus_cyanescens_Fungi_18S_(DQ534680)

31. Hartmannella_vermiformis_18S_(AF426157)

29. Triticum_aestivum_18S_(AY049040)
Plants 30. Solanum_dulcamara_18S_(XR_008765171)
32. Picea_morrisonicola_18S_(AB026939)

18S rRNA 5’-terminal region

Figure 1. Results of alignment of nucleotide sequences of 5'- 3'-terminal fragments of 18S rRNA
of eukaryotic organisms in the MEGA-X program

The 35-nucleotide region at the 5-end of mammalian 18S rRNA was selected for the detection of
5’-terminal small ribosomal RNAs. This region of the 18S rRNA is highly conserved and remains unchanged
across nearly all vertebrates (Fig. 1). Although there may be minor discrepancies in the sequence (one to two
letters), probes that are complementary to this 18S rRNA locus are generally effective for detecting small
5’-terminal 18S rRNA fragments from other eukaryotic organisms, with a few exceptions. Notably, the
5'-terminal fragments of the roundworm Caenorhabditis elegans and the basidiomycete Gyroporus
cyanescens do not follow this pattern.
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To create DNA constructs for synthesizing DIG-labeled probes using the in vitro transcription
method, we designed, synthesized, and purified the primers Ratl8S 1-35neg_Acc65-F and
Rat18S_1-35neg-Hind-R. When these primers were annealed, they formed a 35-nucleotide DNA fragment
that corresponds to the 5'-terminal region of eukaryotic 18S rRNA. This fragment is flanked by the re-
striction sites Hindlll and Acc65I (Fig. 2a).

a
Primers for cloning “Rat-5’18S-35nt” fragment:
Ratl8S 1-35neg Acc65-F Duplex:
(5) acaagcatatgc tactggcaggatcaaccaggtl acaagcatatgctactggcaggatcaaccagg
Rat18S 1-35neg-Hind-R ctgttcgtatacgatgaccgtcctagttggtcca
(&34 )-acctggttgatcctgccagtagcatatgcttgtc.
b c
O T7 pro bp 100bp PKS 1 2 3 4 N
i Acc6s] (654)
Kpnl (658)
// Ndel (667) %88 E
/
5'18S-35nt
100 -
HindIIl (694)

Rat-5'18S-35nt_pBKS

-
\\\ EcoRI (706)
2965 bp NN
\_ PstI (716)

N

‘Smal (720)

BamHI (724)
Xbal (736)
Not1(743)

Sacl (764)
T7 ter

(a) — Formation of oligopDNA duplex for cloning. (b) — Rat-5’18S-35nt_pBKS plasmid map.
(¢) — Results of restriction analysis (Acc651/Hindl11) of DNA clones after ligation.
A 1.5 % agarose gel electrophoregram is shown. 100 bp — GeneRuler 100 bp DNA Ladder (Thermo Fisher Sci.),
PKS — pBluescript KSII vector, 1-4 — DNA clones, N — negative control.

Figure 2. Stages of creating the DNA construct Rat-5'18S-35nt_pBKS for producing
an RNA probe to the 5'-end of mammalian 18S rRNA

After phosphorylation, the duplexes were cloned into the pBluescript KS(Il) vector at identical re-
striction sites. The resulting plasmid, designated Rat-5'18S-35nt-pBKS, is illustrated in Figure 2b. We con-
firmed the presence of inserts of the appropriate size in the DNA clones through restriction analysis using the
endonucleases Hindlll and Acc65I, with the results shown in Figure 2c. To verify the accuracy of the cloned
nucleotide sequences in these constructs, we performed DNA sequencing using the T7 primer. This resulted
in the successful creation of the DNA construct Rat-5'18S-35nt_pBKS, which allows for the synthesis of
DIG-labeled probes that target the 5'-terminal region of eukaryotic 18S rRNA from the T7 promoter.

A study of the role of mouse age in the accumulation of 5'-terminal fragments of 18S rRNA

In a study examining the role of mouse age in the accumulation of 5'-terminal fragments of 18S rRNA,
we aimed to determine whether specific 5'-terminal fragments of 18S rRNA, similar to those found in plant
cells, are present in mammalian cells and whether their abundance varies with age. Total RNA from the liv-
er, lung, spleen, and skeletal muscle of both young and aging mice was analyzed using Northern blotting.
The results are displayed in Figure 3.
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| Liver | Lung | Spleen |Muscle | | Liver | Lung | Spleen |Muscle |
1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2

5.85 rRNA -
(~ 160 nt.)

- §’18SrRF135

5S rRNA -
(~120nt.)

%

ﬁ - 5"18SrRF75
&

¥
5

{RNAs -
(70-80 1L.)

On the left is an 8 % PAA gel, and on the right is a blot of the same gel.
1 — young animals (3 month); 2 — aging animals (over 2 years old).

Figure 3. Northern blot results for detection of 5’-terminal small discrete fragments
of 18S rRNA in different tissues of male mice

To confirm the changes in fragmentation levels associated with aging and the differences between tis-
sues, a semiquantitative densitometric analysis of the blots was performed. Although the same amount of
total RNA was loaded onto the gel based on calculated values, the actual RNA load may have varied slightly.
Additionally, due to potential lane distortions, relying solely on densitometry measurements could result in
biased outcomes. To mitigate this issue, the results were normalized to the density of an internal control pre-
sent in the original electrophoregram. The control used was 5S rRNA, which is consistently expressed across
various cell types. By incorporating this internal control into the calculations, we minimized potential errors
related to uneven RNA loading or band distortions. Each group of animals (young and aging) consisted of
three individuals, allowing for statistical analysis of the results. The findings from the densitometry analysis
are summarized in Figure 4.
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Figure 4. Results of densitometry analysis assessing the effect of aging on the level
of discrete fragmentation from the 5’-terminus in mice

Small ribosomal RNAs similar to the two stress-induced 5'-terminal fragments of plant 18S rRNA (spe-
cifically 5°18SrRF75 and 5°18SrRF135) have been identified in mouse cells. The 5’18SrRF135 fragment
was detected in all tested tissue types, even in young individuals. In lung cells and skeletal muscle, the levels
of this fragment were slightly higher compared to those in liver and kidney cells, although these differences
were statistically significant only in aging animals. The 5’18SrRF75 fragment was found in significant
amounts only in lung and skeletal muscle cells. These findings may be explained by the fact that mammalian
lung and skeletal muscle tissues are subject to elevated oxidative stress. In the lungs, this is due to a high par-
tial pressure of oxygen and constant exposure to external pollutants, which leads to a higher baseline level of
reactive oxygen species (ROS) compared to most visceral tissues [13]. Similarly, the increased baseline ROS
levels in muscles are attributed to intense metabolism and mitochondrial activity, especially during physical
exercise [14].

The data presented in Figure 4 shows that in several tissue types, including the lung, spleen, and skele-
tal muscle, the levels of both target small fragments of 18S rRNA (5'18SrRF75 and 5'18SrRF135) increase
with age. However, this correlation is not observed in the liver, likely due to the low overall levels of these
18S rRNA fragments. Another possible explanation is that liver cells, known as hepatocytes, have an ex-
tremely high capacity for proliferation and regeneration. In contrast, lung and kidney tissues are considered
stable (expanding) tissues, where cell division occurs infrequently under normal conditions but can be stimu-
lated in response to injury. Generally, the cells in these tissues exhibit moderate to low levels of proliferative
activity. Muscle fibers (myofibers), on the other hand, do not divide at all, as they lack centrioles and cannot
undergo mitosis.

The detection of small discrete fragments similar to the 5'18SrRF75 and 5'18SrRF135 fragments in
mammalian cells, which were previously identified in plants under various stress conditions, suggests that
the fragmentation process is universal among eukaryotic organisms. Elevated levels of these fragments have
been recorded in cell types that are vulnerable to oxidative stress. Additionally, studies indicate that the lev-
els of both 18S rRNA fragments generally increase in aging animals. The decline in the integrity of the trans-
lational machinery with age may have serious consequences, leading to a higher risk of damaging processes
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in the body’s cells and tissues. Therefore, the 5'18SrRF75 and 5'18SrRF135 molecules can be regarded as
universal markers of translational apparatus degradation in mammalian cells.

Conclusion

In conclusion, we have identified small discrete fragments of 5’-terminal 18S rRNA in mouse cells that
are similar to the stress-induced small plant rRNAs 5'18SrRF75 and 5'18SrRF135. Quantitatively, these
fragments are more abundant in lung and skeletal muscle tissues compared to liver and kidney cells. We hy-
pothesize that this difference is linked to the relatively high ROS in the former two tissue types. Additional-
ly, we found that levels of 5'18SrRF75 and 5'18SrRF135 are elevated in aging animals compared to younger
individuals. This age-related decline in the integrity of the cellular translational apparatus may be associated
with an increased risk of damaging processes in mammalian cells, potentially leading to chronic diseases.
We propose that the small discrete 18S rRNA fragments, 5'18SrRF75 and 5'18SrRF135, should be consid-
ered universal markers of translational apparatus damage.
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A.A. Mansmmesa, T.C. Kazan6acos, T.C. Jlonmatuenxo, K.I'. Ocuxosa,
b.K. Uckakos, A.B. Xuraiinos

Teimkan xacymanapbinaarsl 18S pPHK-HbIH Kilni guckperTi
5’-ymThl pparMeHTTEPiH AaHBIKTAY

HopysI3 GnocuHTE31 — ©Te MaHBI3Abl OMOCHHTETHKAJIBIK mporecc. YKaHyapiaapIslH Kachl YIFaiiFaH calblH
pubocomanap KYpbUIBIMBIHAA OECTPYKTHBTI ©3repicTep >KUHAKTAIBI, AYPHIC KHHAIMAraH (MUCQOIIUHTKE
YIIBIpaFaH) NOJHUIENTUATEPIIH CUHTE3IeNyiHe, COHaii-aK JKacyIanapIslH eMipIIeH Iiri MeH pereHepaTHBTI
MOTCHINAIBIHBIH TOMEHICYiHe oKelnyl MyMKiH. OchiFaH OaiTaHBICTBI pruOOCOMAaap TYTaCTHIFBIHBIH oaMOetart
MOJIEKYJTANIBIK MapKepIiepin xacay KaxeTTiniri Tysiaaan oteip. Cyrkopekrinepaiy 18S pPHK-HbIH 5'-yIThIK
¢parmenTrepin  aHbikTay MakcateiHga DIG-tan6amanran PHK-3omarapein  amyra apuanran  JTHK-
KOHCTPYKIMSCHI JKacaibl. AJBIHFaH 30HITAapAbl KOJJAHA OTBHIPHIN, HO3EPH-ONOTTHHT 9IICIMEH JKac JKoHE
KapTaifFaH ThIIKAHIAPAbIH O0aybIp, OKIe, Oyipek koHe KaHka OyibikerTepineH Oeninren PHK-ra tammay
xacanapl. ThHINIKAH >KacyllalapblHIa OCIMAIKTEpIeri crpecc ocepiHeH Ty3inerin 5'18SrRF75  xone
5'18SrRF135 monexynanapsina ykcac 18S pPHK-HbIH KimniripiM guckperti 5'-yITeK pparmMeHTTepi TabbLI-
nel. OnmapaplH MeNIIepi OKMe J>XKOHE OWIMBIKeT KacylmlanapelHaa Oayblp MeH OyHpekke KaparaHna
aifrapieIkTaid sxorapsl 6oiasl. JXKac (3 aliibIK) skoHe KapTaliFaH (€Ki )KacTaH acKaH) KaHyaplapAblH Oy#peri,
OKIIeCi JKOHE KaHKa OYJIIIBIKETTepl apachlHaa alTapibIKTail albIpMAIIbUIBIKTAp aHBIKTaNAsl. HoTmkenep pu-
O0ocoma kypambiHAarsl 18S pPHK-HBIH auckperTi (parMeHTanusIChIHA KATBICATHIH —MOJIEKYJIANBIK
MeXaHM3MIEPiH aMOeOanThIFbIH Aanenaeiai. byn MexanusMaep crpecc karaaibIHIa HOPYBI3 OHOCHHTE3IH
perteyre Katbicybl MyMKiH. Kimriripim 5'18SrRF75 xone 5'18SrRF135 dparmentrepi TpaHCISIUSIIBIK ara-
part IecTpyKIHMACBIHBIH aMOeban Mapkepiepi 6oa anasl.

Kinm co30ep. 18S pPHK, nuckperti dpparmenrarus, ctpecc mapkepiaepi, MPHK tpancisnuscel, kapTato, pu-
0ocoma, kit PHK-nap, Toteiry ctpeci.

A.A. Mansimesa, T.C. Kazaubacos, T.C. Jlonatuenko, K.I'. OcukoBa,
b.K. HUckakos, A.B. XKuraiinos

OOHapy»keHHe MAJBIX JUCKPETHBIX 5’-KOHLEBBIX (PPArMEeHTOB
18S pPHK B kjeTkax Mbliei

BrocunTes Genka sBIAETCS KPUTUUECKN BAYKHBIM OMOCHHTETHIECKUM HporieccoM. C BO3pacToM B CTPYKTYpe
pHOOCOM MOTYT HAaKaIIMBATHCS JECTPYKTHBHBIE N3MEHEHUS, UTO IIPHBOJIUT K CUHTE3y HEMPABUILHO CBEPHY-
THIX (MHC(HOIIUPOBAHHBIX) MOJIHMENTHIOB, A TAKKe K CHIDKEHHIO PEreHEpPaTHBHOTO IOTEHINANA U KHU3HE-
CIIOCOOHOCTH KIIETOK. B CBSI3M ¢ 3THUM CymiecTByeT HEOOXOANMOCTh B pa3pabOTKe YHHBEPCATbHBIX MOJEKY-
JISIPHBIX MapKepOB HEIOCTHOCTH pubocom. s merekiuu 5'-xoHieBbix pparmentoB 18S pPHK mekorm-
Tarouux Obuta ckonctpyuposana JJHK-konctpykums st Hapabotku DIG-meuensix PHK-30H10B. MeTomom
HO3epH-OJOTTHHIa C MCIOJIb30BaHHEM MOJy4YeHHbBIX 30HI0B OblIa npoananmsupoBana PHK, BeineneHnas us
KJIETOK [E€UEHH, JIETKUX, TOYEeK U CKEJIETHBIX MBIIII] MOJIOJBIX U CTApEIOUINX MbIIel. B kneTkax mbleii Obl-
71 0OHApYKEHBI MaJlble TUCKpETHBIE 5'-KoHIeBbIe PpparmenThl 18S pPHK, momo6HbIe HHAYIIMPYEMBIM CTpec-
coM monekyinaM 5'18SrRF75 u 5'18SrRF135 y pactenuit. X conepkanue B KI€TKaX JIETKUX M MBI OBLIO
3HAUUTENIHHO BBIIIE, YeM B KJIETKaX IT€UYEHH U IMoYeK. JOCTOBEpHBIE pa3IMdist MKy MOJOIBIMH (3 Mecsma)
U CTaperomMMHy (CTapiie JBYX JIeT) )KUBOTHBIMH OBUIM MPOJEMOHCTPHUPOBAHEI IS ITOYEK, JIETKUX M CKeleT-
HBIX MBI, Pe3ynbTaTel MOATBEPKIAIOT YHHBEPCATBHOCTh MOJEKYISIPHBIX MEXaHH3MOB, YYacTBYIOIIUX B
nuckperHoil gpparmentaunu 18S pPHK B cocraBe prbocom. DT MeXxaHH3MBbI, BEPOSATHO, 3a/CHCTBOBaHbI B
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perymsinuu 6uocuHTe3a Oenka npu crpecce. Mainsie pparmentst S'18SIRF75 u 5'18SrRF135 moryT ciyxuth
YHHUBEPCAIBHBIMI MapKepaMu IeCTPYKLUHU TPAHCISILIMOHHOTO amapara.

Knioueswie crosa: 18S pPHK, muckperHasi ¢pparmeHranus, Mapkepsl crpecca, Tpancimsinus MPHK, crapenne,
pubocoma, maeie PHK, okucauTensHbIH cTpecc.
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Study of the antioxidant, antiradical, and antimicrobial activities
of the soft extract of Dracocephalum ruyschiana L.

The article presents the results of a study on the antioxidant, antiradical, and antimicrobial activities of a thick
extract of Dracocephalum ruyschiana L. obtained by ultrasonic extraction from the aerial parts of plants
growing in Central Kazakhstan. The aim of the study was to comprehensively evaluate the biological activi-
ties of the ultrasonic extract in vitro and assess its potential for further pharmaceutical applications. The re-
sults demonstrated that the thick extract exhibits pronounced antiradical activity, indicating its ability to ef-
fectively neutralize free radicals and reduce oxidative processes. The antioxidant properties of the extract may
be associated with its high content of extractive substances, including biologically active phenolic com-
pounds. Particular attention was paid to the use of ultrasonic cavitation, which facilitates more efficient ex-
traction of active compounds compared with conventional extraction methods. The relevance of the study is
related to the important role of free-radical processes in the development of various diseases, including ather-
osclerosis, ischemic heart disease, cancer, and inflammatory disorders. Substances with antioxidant and anti-
radical properties are widely investigated for their potential use in the prevention and complex treatment of
these conditions. The findings indicate the pharmacological potential of Dracocephalum ruyschiana as a
promising source of natural biologically active compounds. To the best of our knowledge, this is the first
study to provide a comprehensive assessment of the antioxidant, antiradical, and antimicrobial activities of a
thick extract of Dracocephalum ruyschiana obtained from plant material using ultrasonic cavitation.
Keywords: antioxidant activity, antiradical activity, aerial part, 2,2-diphenyl-1-picrylhydrazyl (DPPH),
butylated hydroxyanisole (BHA), optical density, Dracocephalum ruyschiana, ultrasonic cavitation, antimi-
crobial activity.

Introduction

A systematic assessment of the biological potential of dragonhead species (genus Dracocephalum L.)
has demonstrated promising prospects for their utilization in various domains, particularly in biomedicine. At
present, considerable attention from research groups worldwide is directed toward the study of pharmacolog-
ical applications of extracts derived from Dracocephalum plants, as well as the isolation and characterization
of their secondary metabolites [1-3]. Accumulating experimental evidence confirms that representatives of
this genus exhibit a broad spectrum of biological activities, including anticancer, anti-inflammatory, antioxi-
dant, and antibacterial effects, which have been comprehensively summarized in recent review articles [4-7].

The genus Dracocephalum belonging to the family Lamiaceae Lindl. In the flora of Eastern Kazakh-
stan, the genus Dracocephalum occupies a leading position among the genera of the family Lamiaceae, com-
prising 9 species, which accounts for 12 % of the total number of species within this family. Species of
Dracocephalum are distributed throughout Central Kazakhstan under various ecological conditions, occur-
ring at altitudes of up to 2500 meters above sea level. They form part of diverse phytocenoses. The genus
Dracocephalum is widely represented in the flora of Eastern Kazakhstan and is used in traditional medicine
(Labiatae), commonly referred to as the mint family, is regarded as a potential source of pharmacologically
relevant natural products. According to The Plant List (August 2020), the genus comprises 74 accepted spe-
cies, 20 of which are reported in Kazakhstan [8].

Medicinal plants represent an important reservoir of bioactive secondary metabolites, and increasing re-
search efforts are directed toward approaches that may improve their biosynthetic productivity. Within the
Lamiaceae, species of Dracocephalum, including D. ruyschiana, are characterized by particularly high levels
of polyphenolic constituents [9].
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A considerable amount of information on the properties of D. ruyschiana is available in the litera-
ture [10, 11]. According to Iranian, Chinese, and Indian practitioners of traditional medicine, consumption of
a cup of D. ruyschiana tea exerts a preventive effect against a number of health conditions. D. ruyschiana
has also been used as a plant-based remedy with antidepressant properties [12-15].

Numerous studies report on the properties of the aerial parts of D. ruyschiana, including its phytochem-
ical composition and various types of biological activity, which is associated with the widespread use of this
plant in medicine.

Thus, D. ruyschiana is an important medicinal plant that, due to its high value, rich chemical composi-
tion, and diverse pharmacological effects, attracts considerable attention from researchers worldwide. In ad-
dition, D. ruyschiana represents a valuable source of phenolic compounds, flavonoids, and rosmarinic acid,
and may serve as a widely available and renewable source of raw material for phytopharmacology. Given the
broad spectrum of its therapeutic properties, this article presents a comprehensive overview of the composi-
tion, pharmacological activity, and methods for obtaining extracts from D. ruyschiana [16].

The focus of this study was D.ruyschiana, a species broadly distributed across the territory of Kazakh-
stan and considered a valuable source of raw medicinal material. Histochemical investigation of the aerial
organs of D. ruyschiana aimed at determining the localization of biologically active compounds represents
an important step for the authentication of plant material and for advancing further pharmaceutical and medi-
cal research [17].

Dracocephalum ruyschiana is an essential oil-producing plant traditionally employed in folk medicine.
Its pharmacological potential is associated with the presence of diverse bioactive constituents in the aerial
parts, including cardenolides, alkaloids, tannins, coumarins, and flavonoids. These metabolites underlie its
therapeutic applications in the management of respiratory disorders, fever reduction, asthenic conditions, and
reproductive health. Moreover, nectar of D. ruyschiana has been reported to exhibit antimicrobial properties
against both Gram-positive and Gram-negative bacteria [18-20].

Dracocephalum ruyschiana has long been employed in traditional medicine for the treatment of respira-
tory disorders, as an antipyretic remedy, in cases of asthenia, and as an agent enhancing reproductive func-
tion [18]. In addition, the nectar of this species demonstrates antimicrobial efficacy against both Gram-
positive and Gram-negative microorganisms [21].

Literature data confirms that Kazakhstani species of Dracocephalum have significant pharmacological
potential [22-24], which justifies further preclinical and clinical research to develop safe and effective
phytopharmaceutical products based on them.

The aim of the study is to study the antioxidant and radical scavenging activities of the dense extract of
Dracocephalum ruyschiana (L.) obtained through ultrasonic cavitation, in vitro.

Experimental

The research objects are the above-ground parts of Dracocephalum ruyschiana L., collected during the
flowering phase from the Karkaraly Mountains (Karaganda Region, N 49°43'23", E 75°48'38"), in May
2023 (Fig. 1).

Figure 1. Dracocephalum ruyschiana in the flowering phase
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For the first time, ultrasonic extraction was used to obtain the total extractives from the herb
Dracocephalum ruyschiana. 20.0 g of air-dried herb were placed in an extraction vessel and covered with
400 ml of extractant—either water or a mixture of ethanol and water (1:20, v/v).

Ultrasonic extraction of the raw material was performed without pre-soaking using the ultrasonic clean-
er Sonic-3 at a frequency of 40 kHz and room temperature (20-22 °C) for 30 minutes. Subsequently, the 1ig-
uid extract was decanted, and extraction was repeated under the same conditions. The extract was prepared
using 70 % ethanol and designated as EZR-70 %. The resulting combined liquid extracts of Dracocephalum
ruyschiana were filtered through a paper filter. The liquid filtrate was poured into a rotary evaporator and the
extractant was evaporated at a temperature of 50 °C, resulting in a thick extract of Dracocephalum
ruyschiana. Residual solvent was removed from the thick extract in a water bath at 60 °C. The thick extract
is an amorphous powder of a greenish-brown color, with a specific odor, and is very hygroscopic. The yield
of the extract is 6 % [25].

Determination of Ferric Reducing Antioxidant Power (FRAP assay)

The mechanism of this method can be represented as follows:

[Fe(CN)g]*” + ArOH — [Fe(CN)g]*™ + ArO" + H'

[Fe(CN)g]* + Fe*' + K" — KFe[Fe(CN)g] (X = 700nm)

To 1 mL of the tested extracts at concentrations ranging from 0 to 1 mg/mL, 2.5 mL of phosphate buffer
(0.2 M, pH 6.6) and 2.5 mL of 1 % potassium hexacyanoferrate(lll) solution were added. The reaction mix-
ture was incubated for 25 minutes at 50 °C. The reaction was stopped by adding 2.5 mL of 10 %
trichloroacetic acid. The mixture was then centrifuged for 3 minutes (1,500 rpm). A 2.5 mL aliquot of the
upper layer was mixed with 2.5 mL of distilled water and 0.5 mL of 0.1 % FeCl; solution. The absorbance
was measured at 700 nm.

The obtained data are presented in Table 1 and Figure 2, showing the concentration-dependent absorb-
ance values for the studied plant extracts and the standard compound, ascorbic acid (AA).

The antiradical activity of the presented samples was studied using the 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH¥*) [Brand-Williams W., Cuvelier M.E., Berset C. (1995) Lebensm Wiss Technol 28:25-30].

To evaluate the antiradical activity of the tested samples in the DPPH assay, a 100 uM ethanolic DPPH
solution was used.

For the selection of samples with pronounced antiradical activity, 2 mL of a 100 pM ethanolic DPPH
solution was mixed with 20 pL of the test sample dissolved in ethanol at a concentration of 10 mg/mL. Thus,
the final concentration of the test sample in the reaction mixture was 100 pg/mlL.

Ten minutes after adding the test sample solution to the DPPH radical solution, the decrease in optical
density was measured at 515 nm.

For the tested samples, interaction with the DPPH radical was studied at final concentrations of the ex-
tracts ranging from 5 to 100 pg/mL. After that, the concentration of the test extract required to reduce the
optical density of the 100 uM DPPH solution by 50 % was determined (ICso, DPPH).

The percentage of DPPH radical inhibition was calculated using the following formula:

_ Ao— AX

Ao
where A, is the control optical density of the solution containing all reagents except the test sample; Ay is the
optical density of the sample [16].

The antimicrobial activity was studied using the disc diffusion method

Antimicrobial activity was evaluated against standard reference strains: Staphylococcus aureus ATCC
6538, Bacillus subtilis ATCC 6633, Pseudomonas aeruginosa ATCC 27853, Escherichia coli ATCC 25922,
and Candida albicans ATCC 10231. These strains represent the most common causative agents of purulent-
inflammatory diseases and were obtained from the microbial culture collection of the Department of Micro-
biology of the Non-Commercial Joint-Stock Company “Karaganda Medical University”.

The antimicrobial activity was evaluated using the disc diffusion method against Gram-positive bacteria
(Staphylococcus aureus ATCC 6538, Bacillus subtilis ATCC 6633), Gram-negative bacteria (Escherichia coli
ATCC 25922, Pseudomonas aeruginosa ATCC 27853), and the yeast Candida albicans 4A7CC 10231.
Benzylpenicillin and eucalyptus oil were used as reference drugs for bacteria, while nystatin was used for
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Candida albicans. Comparative drugs are benzylpenicillin sodium salt, gentamicin for bacteria and nystatin
for the yeast fungus Candida albicans.

For the assay, a microbial suspension containing a standard number of viable cells was prepared and
uniformly inoculated onto the surface of nutrient agar in Petri dishes. Sterile filter paper discs were impreg-
nated with 0.01 mL of the test samples and placed on the inoculated agar surface (four discs per plate) at a
distance of 2.5 cm from each other. The plates were incubated for 24 h at 36 °C.

Statistical processing was carried out using parametric statistics methods with calculation of the arith-
metic mean and standard error.

After incubation, zones of complete or partial inhibition of microbial growth were observed around the
discs. Antimicrobial activity was assessed by measuring the diameters of the inhibition zones. Each sample
was tested in triplicate [26].

Results and Discussion

For the first time, we carried out ultrasonic extraction of Dracocephalum ruyschiana. Given that the au-
thors [27] used solvents with higher polarity for ultrasonic extraction to more effectively extract
polyphenolic acids, we chose 70 % ethyl alcohol for ultrasonic cavitation. The result of the evaluation of the
anti-radical activity of the obtained extract is presented in Table 1 and Figure 2, which shows the concentra-
tion dependence of the optical density for the studied plant extract and the standard, ascorbic acid (AC).

Table 1

Optical density values of Dracocephalum ruyschiana extract samples

) Optical density values for the samples under study, mg/ml
Concentration range, mg/mL
EZR 70 AA
0.25 1.19+0.11 1.92+0.01
0.5 1.52+0.18 2.28+0.01
0.75 1.60+0.01 2.25+0.01
1 2.01+0.12 2.31+0.01
EZR 70- Dracocephalum ruyschiana extract, AA-ascorbic acid

2,5
E 2
[o=]
(=]
r“-‘\
> 1,5
@ EZR
= 1 AA
™
k=
=
& 05
0 C,mg/ml
0 0,2 0,4 0,6 0,8 1 1,2

Figure 2. Dependence of the optical density on the concentration of Dracocephalum ruyschiana extract

The presented data shows that the ultrasonic extract (EZR) has a relatively high antioxidant activity, as
evidenced by a significant increase in the optical density of the solution as its concentration increases.
Table 2 presents the results of screening the given extracts for antiradical activity.
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Table 2
Optical density values of a 100 uM DPPH radical solution after 10 min of incubation
with Dracocephalum ruyschiana extract at a final concentration of 100 pg/mL
Ne Test extract Absorbance, OD
1 extract Dracocephalum ruyschiana L. 0,062
2 Control (DPPH solution without the test sample) 0,995

Table 2 shows that the plant extract Dracocephalum ruyschiana L. is promising for further research, as
it reduces the optical density of the DPPH radical solution by more than 50 %. In the second series of exper-
iments, the ability of the Dracocephalum ruyschiana L. extract at various concentrations (from 5 to
100 mg/mL) to interact with the DPPH radical was studied.

Using the constructed calibration curves, the 1Cso (DPPH) value for the tested extract of
Dracocephalum ruyschiana was determined (Fig. 3). The ICs, (DPPH) values for the extract of
Dracocephalum nutans are presented in Table 3.

Absorbance, OD

Concentration, pg/ml
o 10 20 30 40 S0 60 70 80
Figure 3. Dose-response curve of DPPH radical scavenging activity of the extract of Dracocephalum ruyschiana

Table 3

IC5¢ (DPPH) values for the tested extract of Dracocephalum ruyschiana

Ne Test extract ICso (DPPH), mg/mL

1 extract Dracocephalum ruyschiana 9,8

The most pronounced antiradical activity under the conditions of this test system was exhibited by the
extract of Dracocephalum ruyschiana L., for which the concentration capable of reducing the optical density
of a 100 uM DPPH radical solution by 50 % was determined. For the Dracocephalum ruyschiana L. extract,
the IC5, (DPPH) value was found to be 9.8 mg/mL.

In the next series of experiments, the antimicrobial activity of the Dracocephalum ruyschiana extract
was investigated (Tab. 4). Currently, a large number of microorganisms, particularly nosocomial strains,
pose a serious threat to human life and health due to the widespread emergence of multidrug resistance and
the resulting difficulties in selecting effective chemotherapy. One of the key factors contributing to resistance
development is the extensive use of antimicrobial agents, which in some cases leads to adverse effects such
as dysbiosis, anaphylactic shock, and the formation of cross-resistance. Therefore, there is an ongoing search
for new antimicrobial agents that, on the one hand, exhibit antimicrobial activity via mechanisms distinct
from those of conventional antibiotics and, on the other hand, lack significant side effects [28].

ISSN 3080-6836 (Print) ISSN 3080-6844 (Online) 215



A. Sabiyeva, G. Atazhanova et al.

Table 4

Antimicrobial activity of the Dracocephalum ruyschiana soft extract (inhibition zone diameter, mm)

mm Staphylococcus Bacillus Escherichia Pseudomonas Candida

aureus subtilis coli aeruginosa albicans

ATCC 6538 ATCC 6633 | ATCC 25922 ATCC 27853 ATCC 10231
Sample code
EZR (70 %) 22+ 0.5 25+1 10+£0.5 9+1 22+ 0.6
;ﬁ?zy'pe”'c'"'””d'”m 16+0.1 14+0.1 15+0.1 121 -
Ethyl alcohol (70 %) 10+0.1 10+ 0.1 10+0.1 10+0.1 10+0.1
Nystatin - - - - 21+0.2
Note.n=3,P <0.05
Conclusion

A comprehensive study of the antiradical, antioxidant, and antimicrobial activities of the ultrasonic ex-
tract of Dracocephalum ruyschiana was conducted for the first time. It was established that the thick extract
obtained using ultrasonic cavitation exhibits pronounced antiradical and antioxidant activity. The results of
antimicrobial assays demonstrated that the Dracocephalum ruyschiana extract shows high activity against
Gram-positive bacteria (Staphylococcus aureus and Bacillus subtilis), moderate activity against Gram-
negative bacteria (Escherichia coli and Pseudomonas aeruginosa), and pronounced activity against the yeast
Candida albicans. These findings indicate the significant pharmacological potential of the extract and high-
light its prospects for use in the development of pharmaceutical products.
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Dracocephalum ruyschiana L. K010 CbIFBIHABICBIHBIH AHTHOKCHIAHTTHI,
pPaaIMKaJIFa Kapchl 3KoHe MUKPOOKa Kapchl 0eJIcCeHalTirin in vitro seprrey

Maxkanana Opransik Kaszakcral arqaiblHIa ©CETIH OCIMIIKTIH JKepycTi OeiriHeH yabTpaablOBICTBIK dKC-
Tpakuus ofici apkeutel ansiarad Dracocephalum ruyschiana L. kom0 3KCTpakTHIHBIH aHTHOKCHAAHTTHIK,
AQHTUPAIUKAJIIBIK JKOHE AHTHUMUKPOOTHIK OEJICEHALNIriH 3epTTey HOTIDKENepl YCHIHBUIFAH. 3epTTeyAiH
MaKCaThl — YIBTPaIbIOBICTHIK SKCTPAKTTAPIBIH iN Vitro »armaibiHaa GHOIOTHSIBIK OCICEHIITINH KemeH I
TYpAE 3epTTey JKoHE onapiblH Ooamak (apMareBTHKalbIK KOJIIAaHYy MYMKIHAIKTepiH Oaramay. 3eprrey
HoTwkecinae Dracocephalum ruyschiana kot 3KCTpakThl alKbIH aHTHPAJIHMKAIIbIK OCICCHMILUTIKKE He
eKeHJIT1 aHBIKTaIIbl, Oy OHBIH 0OC paguMKanmapAbl THIMII OeldTapanTaHABIpy KOHE TOTHIFY HPOLECTEePiHIH
KapKBIHIBUIBIFBIH TOMEHJIETy KaOlTeTiH KepceTeli. DKCTPaKTHIH aHTHOKCHUIAHTTHIK KacHeTTepli (heHOIIBIK
TaOWFaTTarbl OWOJNOTHSIBIK OeNICeHII KOCBUIBICTapAbl KAMTHUTHIH OKCTPAKTHBTI 3aTTapiblH >KOFaphbl
MeIIepiMeH TYCiHAipineni. 3epTreyne yIbTpaibIOBICTHIK KaBHTALMSHBI KOJIAHyFa epeKie Hazap
aynapburFaH, ce6ebi OJ JSCTYpii SKCTpaKIUs SIiCTEpIMEH CalbICThIpFaHga OelICeHIOl KOMIIOHEHTTEPIiH
TUIMIIpeK OeINHIN aJbIHYyBIH KaMTaMachl3 eTeli. 3epTTeYAiH ©3eKTLlri 00c paauKalgblK HpOLECTEepIiH
KOITEreH aypyJapliblH, COHBIH ILIIHJE aTePOCKIEPO3, KYPEKTIH HIIEMUSIIBIK aypybl, OHKOJOTHSJIBIK )KOHE
KaObIHYy aypyJapblHBIH TATOTEHE3iHIeri MAaHbBI3AbI PpONiMEeH OaiaHBICTHl. AHTHOKCHIAHTTHIK JKOHE
AHTUPAJUKAIIBIK OCJICCHALUTIT 0ap 3aTTap OChl MATOJOTHSIAPIbIH AJJIBIH ATy MEH KCUICH 1 TepamusChIHIA
KeHIHEH KOJIaHbUIaabl. AJbIHFaH HOTHkeaep Dracocephalum ruyschiana ecimairiniy (hapMakoIOTHSIIBIK
QJIEyeTiHIH KOFaphl eKeHIH KOPCETill, OHBI TAOUFU OUOJOTHSIIBIK OeJICEHI KOCBIIBICTAP IBIH ITePCIEKTHBAIBI
KO3l peTiH/e opi Kapail 3epTTeyaiH MaHbI3IbUIBIFBIH TONICIACH .

Kinm ce30ep: aHTHOKCHIAHTTHIK OENCEHAUTIK, pauKaiFa Kapchl OeNCeHATIK, skepycTi Oeriri, 2,2-audeHn-
1-mukpuiruapasmi,  OYTHITHIPOKCHAHW30J, ONTHKANBIK  THFBI3IBIK, Dracocephalum  ruyschiana,
YIABTPaIbIOBICTHIK KaBUTAIIUS.

A. Cabuesa, I'. AtaxxanoBa, b. Aimmp6ekoBa, JI. Biacosa, C. CaGeipoBa

HccnenoBanne aHTHOKCHAAHTHOM, AHTHPAIMKAJIbHOH M aHTUMUKPOOHOM
AKTHBHOCTH rycToro 3kcrpakra Dracocephalum Ruyschiana L. in vitro

B crarse mpejcTaBieHbl pe3yNbTaThl HCCIACAOBAHHS aHTHOKCHIAHTHOM, aHTHPAIUKAIBHON W aHTHUMUKPOO-
HOU akTUBHOCTH rycToro skcrpakta Dracocephalum ruyschiana L., momyueHHOro METOIOM YaBTPa3ByKOBOW
SKCTpaKIMM U3 HA/J36MHOM 4acTU pacTeHus, mpouspacraiomiero B ycnoBusx Llentpansnoro Kazaxcrana. Le-
JBI0 HUCCIIEOBAHMS SBISUIOCH KOMILUIEKCHOE M3y4eHHE OMOJIOTMYEeCKOH aKTHBHOCTH YJIBTPa3BYKOBBIX JKC-
TPaKTOB iN VItro 1 oleHKa UX HNEePCIEeKTUBHOCTH IS JaNbHeiIero hapManeBTHIeCKOro IPUMEHeHHs. Y cTa-
HOBJIEHO, 4TO TycToil skcTpakt Dracocephalum ruyschiana o6mamaer BeIpakeHHOW aHTHpPAJUKATBHON aK-
THBHOCTbIO, YTO CBHJICTEILCTBYET O €ro CrocoOHOCTH 3)PEKTUBHO HEHTPAT30BaTh CBOOOHbIC PAANUKAIBI H
CHHKATh HHTEHCHBHOCTh OKUCIIUTENBHBIX MPOLIECCOB. AHTHOKCHIAHTHBIC CBOMCTBA SKCTPAKTA 00YCIIOBICHBI
BBICOKHM COJICP)KaHUEM IKCTPAKTHBHBIX BEIIECTB, BKJIIOUas GHOJOTHYESCKH aKTHBHBIC COCAMHEHUS (DEHOIb-
Ho#t npuposl. Ocob0e BHUMAHKE Y/ISJICHO IPUMEHEHHIO YIbTPa3ByKOBOW KaBUTAIIMH, KOTOpas 0becreyrBa-
er Oonee 3(PEeKTUBHOE M3BICUCHHE aKTUBHBIX KOMIIOHEHTOB 10 CPAaBHEHHUIO C TPAJUIMOHHBIMU METOJAMU
AKCTPAKIMH. AKTYalbHOCTh HCCIIEI0BaHUs 00YCIIOBICHA BAKHON POJIBIO CBOOOJHOPAANKAIBHBIX MIPOLIECCOB
B MAaTOre€He3¢ MHOTMX 3a00JIeBaHM, BKIIOYAsl aTePOCKIEPO3, HIIEMHYECKYIO OO0JIe3Hb cep/ilia, OHKOIOrnye-
CKHMe M BOCIHAJUTENbHBIC 3a00/ieBaHus. BelecTBa ¢ aHTHOKCHIAHTHON M aHTUPAJMKAIbHOH aKTHBHOCTBIO
IIUPOKO MPUMEHSIOTCS B MPOPUIAKTHKE U KOMIIEKCHOM Tepanuy AaHHBIX HaTonoruid. [loayueHHbIe pe3yiib-
TaThl TOJATBEPKIAIOT 3HAUMTEIBHBIN (apMakonornueckuii norenuan Dracocephalum ruyschiana u o6oc-
HOBBIBAIOT MEPCIIEKTUBHOCTD €10 }laJ'l])HeI\/'lH_[el"O N3Y4YCHUSA KaK UCTOYHHKA IPUPOIHBIX 6I/IOHOFI/I'~ICCKI/I AKTHUB-
HBIX COCIMHCHUM.

Kniouesvie cnoea: aHTHOKCHIAHTHAs aKTHBHOCTH, aHTHpaJVKalbHas aKTHBHOCTh, HaJ3eMHas dacTb, 2,2-
qubenmt-1-nukpunruapasmi, OyTUITHIPOKCHAHH30, ONTHYecKas ioTHocTs, Dracocephalum ruyschiana,
YIBTPa3ByKOBasl KABUTALIHS.
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Status of populations and resource reserves of Bupleurum multinerve DC.
in various conditions of the Kazakh Altai

The results of population and resource studies of Bupleurum multinerve in the Kazakh Altai are presented for
the Southern and Southwestern Altai, including the Sarymsakty Ridge, Southern Altai Tarbagatai, Narym,
and Ivanovsky areas. The aim of the study was to conduct population and resource investigations of
Bupleurum multinerve under natural growing conditions in the Kazakh Altai. The floristic composition, mor-
phometric parameters, age structure, and resource reserves of the populations were studied. The upper altitu-
dinal limit of the species was established at 1300-2015 m above sea level, where it occurs in mountain-
steppe, foothill-shrub, mountain-forest, and subalpine plant communities. Under mountain-steppe conditions
in the Southern Altai, the species is a dominant component of the vegetation, with a density of up to 70.0%.
The vegetation cover of the studied communities reaches 100%, with herbaceous species forming its basis.
The studied populations of B. multinerve in the Southern and Southwestern Altai are normal and incomplete,
with an age spectrum showing a tendency toward left-sided asymmetry. The species is characterized by rela-
tively stable generative shoot height (coefficient of variation, 13.35-18.65%), high variability in the number
of generative individuals per unit area (25.0-36.9%), and the capacity for seed-based regeneration, as indicat-
ed by variation in the number of generative shoots (15.1-37.2%). The highest population densities were rec-
orded in mountain-steppe habitats on the Sarymsakty Ridge (75 individuals/m?) and in the Narym area (50.0
individuals/m?). The commercial reserves of aboveground B. multinerve biomass in air-dry condition were es-
timated at 72.02 tons on the Sarymsakty Ridge and 61.46 tons in the Narym area, with potential harvest vol-
umes of 43.21 and 36.87 tons, respectively.

Keywords: Bupleurum multinerve, Southern Altai, Southwest Altai, association, population, species diversity,
abundance, age structure, resources.

Introduction

The problem of studying, using, and conserving biological resources under the modern conditions of a
changing world is not only a regional but also a geopolitical issue. At present, the relevance of comprehen-
sive research is increasing, based on the integration of various methods and approaches aimed at developing
a strategy for the sustainable use of plant resources. Such strategies should take into account not only the
demand for already harvested medicinal plant species, but also for new plant species, the harvesting volumes
of which are increasing or may increase in the coming years [1].

Among the promising wild medicinal plants in the flora of the Kazakh Altai from the Apiaceae family
is Bupleurum multinerve (many-nerved hare’s ear), a Pleistocene rock and steppe relict of East Siberian
origin [2]. The distribution range of this species is quite wide; A.V. Kuminova [3] assigns it to the Asian
(North Asian) group of ranges, while G.A. Peshkova [4] classifies it as a Eurasian type. The species occurs
in the mountains of Central Asia, Kazakhstan, Mongolia, and China [5].

B. multinerve is a perennial polycarpic taproot caudex herbaceous plant reproducing by seed. It com-
bines features of mesophytes and xerophytes and, due to its dual ecological nature, has broad ecological
adaptability to various growth conditions. It is known that species with such dual ecological characteristics
are distinguished by a wide range of variability and high productivity; therefore, B. multinerve is abundant in
many plant associations [6].

In the Kazakh Altai, the coenocomplex of B. multinerve is included in groups of meadow-steppe vege-
tation associations, less frequently in shrub and forest phytocoenoses. The species often extends above the
upper forest boundary, where it occurs on rocky slopes among subalpine steppe-like meadows and on fine-
stony screes more or less stabilized by vegetation [7].
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Interest in studying B. multinerve is associated with the possibility of using its raw material in the
parapharmaceutical industry due to the accumulation of biologically active substances (BAS) in the vegeta-
tive mass, as well as with assessing the prospects for harvesting medicinal raw materials in natural communi-
ties, taking into account sustainability and the population’s capacity for self-renewal.

B. multinerve is a source of flavonols. The presence of a multi-enzyme system responsible for the
breakdown of native flavonols into simple phenolic compounds and the subsequent degradation of aromatic
rings were demonstrated by V.G. Minaeva and M.N. Zaprometov [8]. It has been established that the flavo-
noid-degrading complex includes glycosidases, peroxidases, O-methyltransferases, hydroxylases, and other
enzymes [9].

Due to the content of various biologically active compounds—flavonoids, carbohydrates, aliphatic
alcohols, vitamins, triterpene saponins, essential oils, and tannins—it is used in official, traditional, and ex-
perimental medicine as a capillary-strengthening, anti-inflammatory, anthelmintic, wound-healing, and
choleretic agent [10, 11].

Based on the total flavonoids of B. multinerve, the preparation “Buplerin” has been developed,
containing a flavonol complex composed of quercetin, isorhamnetin, rutin, isoquercetin, and
isoquercetin-3-rutinoside. The preparation is recommended for use in hemorrhagic diathesis, bleeding gums
and nosebleeds, and edema of vascular origin in hypertension accompanied by increased vascular permeabil-
ity. The essential oil of B. multinerve exhibits antimicrobial and antioxidant activity [12, 13].

Considering the significant role of B. multinerve as a medicinal plant, population and resource studies
of the species in the flora of the Kazakh Altai have been conducted.

The aim of this work was to carry out population and resource studies of B. multinerve under natural
growth conditions in the territory of the Southern and Southwestern Altai of the Kazakh Altai.

To achieve this goal, the floristic composition of the communities was studied, the abundance of species
forming the phytocoenoses was determined, morphometric and demographic parameters were assessed to
identify population responses to growth conditions, and the resource potential of the species in the surveyed
communities was established.

Experimental

The research was focused on B. multinerve in the phytobiota of the Kazakh Altai (Fig. 1).

Figure 1. Bupleurum multinerve in the flora of the Kazakh Altai

The geographical context of the study included four populations in the Southern Altai and two in the
Southwestern Altai (Fig. 2).
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Figure 2. Schematic map of the locations of Bupleurum multinerve in the phytobiota of the Kazakh Altai

The mountain system of the Southern Altai, located at the junction of the borders with Russia, Mongo-
lia, and China, has an altitudinal range from 600-700 m above sea level in the western and southwestern
foothills to 1500-3400 m in the south and 2000-2500 m in the northeast. The climate is sharply continental,
with features determined by altitudinal zonation and the influence of moist northwestern Atlantic air masses,
resulting in annual precipitation ranging from 400 mm in the foothills to 800-1000 mm in the mountain for-
est belt. The Southern Altai is the coldest region within the Kazakh Altai [14].

The Southwestern Altai is characterized by a system of high ridges (1500-2800 m above sea level) and
lower mountain and foothill areas (500—700 m above sea level). The climate is sharply continental, with long
cold winters, hot summers, significant diurnal and seasonal variations, and pronounced annual fluctuations in
air temperature. Annual precipitation ranges from 400-550 mm in the west to 1500 mm in the eastern and
northeastern parts of the region [15, 16].

As a result of field studies conducted in the Southern and Southwestern Altai, the floristic composition
of plant communities involving B. multinerve was examined, including an assessment of species abundance
in the Southern Altai. Morphometric and demographic parameters were analyzed, and the resource potential
of the species under different growth conditions was determined for six populations, selected based on dif-
ferences in floristic composition and spatial distribution of the occupied territories.

The coordinates of all populations identified during field research were recorded using a Garmin eTrex 22x
GPS navigator. These data were subsequently formatted into an electronic metadata database and uploaded to the
Global Biodiversity Information Facility platform (https://gbif.buketov.edu.kz/resourcer=herbarium_abg).

Due to the extensive and topographically complex nature of the study areas, fieldwork was carried out
using a route-reconnaissance method [17]. Topographic maps and forest inventory materials were used in
planning field routes. A geobotanical method was applied to describe plant communities involving B.
multinerve [18]. The nomenclature of genera and species of vascular plants in the communities was verified
using the Plants of the World Online database [19]. The condition of coenopopulations was assessed using
organismal and population-level traits [20]. The resource potential of B. multinerve was determined accord-
ing to the “Methodology for Assessing Reserves of Medicinal Plants” [21]. To estimate raw material re-
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serves in specific stands, sample plots of 1 m? were established, with their number varying from 5 to 10 de-
pending on the area of the stand and the uniformity of species distribution within the community [22].

For morphometric measurements, a sample of 15-20 flowering plants of B. multinerve was selected in
each population, recording the height of generative shoots, the number of generative shoots, and the number
of individuals per 1 m?. The age states of individuals were determined according to the classification of
0.V. Smirnova et al. [23], developed based on the generally accepted scheme of T.A. Rabotnov [24]. Statis-
tical processing was carried out using Microsoft Excel 2010.

Results and Discussion

Our research revealed that the habitats of B. multinerve in the Southern Altai are primarily associated
with northwestern (Sarymsakty Ridge), southeastern (South Altai Tarbagatai Ridge), and northeastern
(Narym Ridge) exposures, with a vertical distribution range from 1300 to 2015 m above sea level. In the
Southwestern Altai, both populations were recorded on the southeastern slope of the Ivanovsky Ridge
(Prokhodnoy Belok) with a vertical distribution range of 1450-1990 m above sea level.

In the Southern Altai, the species was found in subalpine, mountain-forest, and mountain-steppe associ-
ations; in the Southwestern Altai, it occurs in subalpine low-herb and foothill-shrub associations. Surveys
showed that B. multinerve is widely distributed in mountain-steppe associations, contributing to the for-
mation of meadow-steppe type vegetation, and to a lesser extent, shrub and forest phytocoenoses (Tab. 1).

Table 1
Characteristics of the habitats of the studied Bupleurum multinerve populations
in the phytobiota of the Kazakh Altai
Coordinates of the main points
- The area
Popula- Location height occupied b Name of
b width longitude | above sea b y the association
tion the view, ha
level.
Southern Altai
Sarimsakty Range, northwestern L
Pop 1 slope, near the Burkhat Pass 49.1333 86.0103 2015 12,0 Subalpine iris-borage
. Mountain-steppe
pop2 |oarimsakty Range, northwestern | g 1506 | g6 0239 | 1300 200,0  |mixed-grass-
slope, near the Burkhat Pass
volodushkovaya
South Altai Tarbagatai Range, Mountainous forest
Pop 3 |southeastern slope, foothill ter- 49.0953 86.2006 1890 15 | land
race grassy-cereal-grasslan
Mountain-steppe
pop 4 |NNarym Range, northeastern 485864 | 835764 | 1380 172 |mixed-grass-
slope
volodushkovaya
Southwest Altai
Pop 5 Ivanovsky R_ange, s_outheastern 50.2661 83,5456 1990 25 S_ubalplne low-grass
slope, (Passing Squirrel) violet-blue
Pop 6 Ivanovsky Range, s_outheastern 50.3211 83.8807 1450 12 Foothill-shrub-grass-
slope, (Passing Squirrel) and-forb-grass

In the Southern Altai, under subalpine conditions in the iris—Bupleurum association (Pop. 1), the area
occupied by the species is 12 ha on eroded rocky slopes of the Sarymsakty Ridge, with a total projective
cover of 100 %, of which B. multinerve contributes 25.8 % to the community. In the mountain-steppe habi-
tats on the Sarymsakty Ridge (Pop. 2) and Narym Ridge (Pop. 4), B. multinerve acts as a landscape-forming
species, forming independent stands over areas of 200 ha and 172 ha, respectively, with a total projective
cover of 100 %, where the occurrence of B. multinerve reaches up to 70.0 %. In the mountain-forest associa-
tion, B. multinerve (Pop. 3) on the South Altai Tarbagatai Ridge occupies a small area of 15 ha at the upper
limit of cedar park forests; total projective cover is 100 %, and the species’ participation in the phytobiota is
19.8 %.

In the Southwestern Altai, on the lvanovsky Ridge (Pop. 5) under subalpine conditions, a Bupleurum
association is established within a sparse larch—cedar forest over an area of 25 ha, where the shrub layer is
absent. The herbaceous layer is well-developed, with a projective cover of 100 %, and B. multinerve contrib-
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utes 13.9 % to the phytocoenosis. The foothill-shrub Bupleurum-mixed-herb—grass association (Pop. 6) oc-
curs among a sparse shrub layer with canopy closure of 0.2-0.3, occupying an area of 12 ha. Total projective
cover is 100 %, with B. multinerve accounting for 15.8 %.
When studying species diversity in communities with B. multinerve in the Southern Altai, it was found
that the floristic complex consists of 78 species of flowering plants. The floristic composition is mainly rep-
resented by mountain-steppe mesoxerophytic herbaceous species. Differences in species richness among the
described communities are minor. By species abundance, the mountain-forest mixed-herb—grass—Bupleurum
association on the South Altai Tarbagatai Ridge at 1890 m a.s.l. (Pop. 3) stands out with 46 species. The
lowest contribution to species number comes from the iris—Bupleurum population (Pop. 1) under subalpine
conditions on the Sarymsakty Ridge at 2015 m a.s.l., with 35 species (Tab. 2).

Table 2

Summary of the floristic composition of plant communities involving Bupleurum multinerve,
indicating species abundance in the Southern Altai

Name of association

Subalpine Mountain-steppe| Mountain-forest | Mountain-steppe
Ne Names of plant species iris—Bupleurum mixed-herb- mixed-herb- mixed-herb-
I Bupleurum grass—Bupleurum Bupleurum
association, S L L
2015 m as.| association, association, association,
o 1300 m a.s.l. 1890 m a.s.l. 1380 ma.s.l.
Abundance on the Drude scale
1 2 3 4 5
1 |Spiraea media Schmidt sp - sp sp
2 |Cotoneaster uniflorus Bunge - - un -
3 |Cotoneaster melanocarpus G. Lodd. sol sp
4 |Sibiraea laevigata (L.) Maxim un - sol -
5 Pentaphylloides fruticosa un i un i
(L.)O.Schwarz
6 |Rosa acicularis Lindl. un - un -
7 |Rosa spinossisima L. - un - un
Lonicera
8 |caerulea subsp. altaica (Pall.) - un - -
Gladkova
9 L. microphylla Willd. ex Roem. & s ) ) )
Schult. P
10|Berberis sibirica Pall. - sol sol -
11|Caragana pumila Pojark - - - un
12|Bupleurum multinerve DC. copy soc cop; soc
13 Helictotrichon desertorum i i s s
(Less.)Pilg. P P
Helictotrichon pubescens (Huds.)
14 Schult. i sp cop: sp
15 Helictotrichon schellianum s i co i
(Hack.)Kitag P P2
16|Elymus uralensis (Nevski) Tzvelev cop; - copz -
17|E. mutabilis (Drobov) Tzvelev un un - -
18 Artemisia sericea (Besser) Weber ex s s s s
Stechm. P P p p
19|A. kotuchovii Kupr. - un - -
20|A. viridis Willd. ex DC. - - sp sp
21 |Phleum phleoides (L.) H. Karst - - sol -
22|Poa attenuata Trin. - - sol -
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Continuation of Table 2

Name of association

Mountain-steppe

Mountain-forest

Mountain-steppe

Ne Names of plant species iriss_uBbuaplf:Sfum mixed-herb— mixed-herb— mixed-herb—
association, Buplgur_um grass—ngI_eurum Buplgur_um
2015 m as.l. association, association, association,
1300 ma.s.l. 1890 ma.s.l. 1380 ma.s.l.
Abundance on the Drude scale
1 2 3 4 5
23 Festu_ca valesiaca Schleich. ex i i sp i
Gaudin
24 |Pedicularis cystopteridifolia Rydb. - - un -
25 Pedicularis eriantha (Boiss. & i sp i i
Buhse) T.N. Popova
26 |Pedicularis proboscidea Steven - - sp -
27|Gentiana decumbens L..f. S - sp -
28|Gentiana macrophylla Pall. sp - un -
29|Oxytropis ambigua (Pall.) DC. un sp - un
30|Oxytropis sulphurea Bunge - - sp -
o e I T & » " n
32|Campanula glomerata L. un S sp un
33|Gypsophila altissima L. un sp un sp
34 |Allium altaicum Pall. un - - -
35|Allium lineare L. un un un un
36 |Allium nutans L. - un - S
37|Allium flavidum Ledeb. sp sol - -
38|Allium rubens Spreng. - sol un -
39|Thalictrum flavum L. - S un sp
40|Aconitum anthoroideum DC. sp un sp -
41|Achillea millefolium L. - sp sp un
42|Saussurea parviflora (Poir.) DC. sp un un -
43|Galium cicaezans Michx. sp - - -
44|Galium verum L. un sp sol sol
45 Ge_ranium collinum Stephan ex i sp i sp
Willd.
46|G. pseudosibiricum J. Mayer sp sol - -
T e o | ol - » -
48|Phlomoides tuberosa (L.) Moench - - - sp
49 gél.atella hauptii (Ledeb.) Lindl. ex un sp i i
50 Gal_ate!la - - sol sp Sp-cops
sedifolia subsp. sedifolia (L.) Greuter
51|Iris ruthenica Ker Gavl. cop; cop, cop; COop,-Cop3
52 |Carex macroura Meinsh. cop, cop,, cop, sp
53|Gentianella amarella (L.) Bérner sp sp sp sol
54 |Gentianopsis barbata (Froel.) Ma sol sol sp Sp-cop;
55|Dracocephalum ruyschiana L. sp - sp -
56 |Dracocephalum discolor Bunge - - sol sp
57 |Aster alpinus L. sol sp sp -
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Continuation of Table 2

Name of association

Subalpine Mou_ntain—steppe Mogntain—forest Mou_ntain—steppe
No Names of plant species iris—Bupleurum mixed-herb— mixed-herb— mixed-herb—
association, Buplgur_um grass—ngI_eurum Buplgur_um
2015 m as.l. association, association, association,
1300 ma.s.l. 1890 ma.s.l. 1380 ma.s.l.
Abundance on the Drude scale
1 2 3 4 5
58 |Primula macrocalyx Bunge un sol sol un
59 |Euphrasia altaica Serg. sol un - -
60 Krascheninnikovia ceratoides (L.) sol i i sp
Gueldenst.
61 g(s;ﬁlrjsci;oseg:ﬁirklgvgmehnu (Trin. ex i sol i un
62 |Senecio nemorensis L. - sol - -
63|Poa attenuata Trin - sol un sol
64 |P. angustifolia L. - - - sp
o s Jeknt - . - -
66 |Klasea cardunculus (Pall.) Holub - un - -
67 |Scutellaria altaica Ledeb. ex Sweet - sol - -
68|Orostachys spinosa (L.) Sweet - sol un -
69| Thymus serpyllum L. - cop; - sp
70 Phedimus stoloniferus (S.G. Gmel.) 't i sp i i
Hart
71 |Dianthus chinensis L. - un un un
72|Sanguisorba officinalis L. - - sol -
73|Scabiosa ochroleuca L. - - - sol
74|Stipa krylovii Roshev. - - - sp
75|Medicago falcata L. - - - sol
76 |Fragaria viridis Weston - - - Sp-copy,
77|Crepis lyrata (L.) Froel. - - - un
78 Seseli buchtormense (Fisch.) i i i un
W.D.J. Koch
TOTAL 35 43 46 39

226

Analysis using the Drude scale showed that shrubs do not play a significant role in the composition of
the vegetation cover. In all studied populations, B. multinerve acts as the edificator, with an abundance of soc
under mountain-steppe conditions in the Sarymsakty and Narym Ranges (Fig. 3-4), and with an abundance
of copl under.
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Figure 3. Thickets of Bupleurum multinerve

in the Narym Range

Figure 4. Thickets of Bupleurum multinerve
in the Sarymsakty Range

The dominants in the herbaceous layer of the communities are Carex periformis var. macroura — cop2,
Elymus uralensis — copl, Fragaria viridis — sp-cop2, Galatella sedifolia subsp. sedifolia — sp-cop3,
Gentianopsis barbata — sp-copl, Helictotrichon pubescens — cop2, H. schellianum — cop2, Iris ruthenica
— cop2, Koenigia alpina — soc, Thymus serpyllum — cop2; other species are considered accompanying.

Considering the potential significance of Bupleurum multinerve as a source of plant raw material for the
production of parapharmaceutical products, a resource assessment of the above-ground biomass was con-
ducted in the studied populations in the Southern and Southwestern Altai (Tab. 3).

Table 3

Resource assessment of the potential above-ground biomass productivity of Bupleurum multinerve
in the studied populations of the Kazakh Altai

Operating stock
The area Operating o?;;crjirgllsratw
p . Location of occupied by Yield, kg/ha stock of '
opulation - ) . . . Volume of possible
the population the view, (air-dry weight) | air-dry raw -
ha materials, t preparation
of air-dry raw
materials, t
Southern Altai
Sarimsakty Range, north-
Popl ‘é"ﬁ‘:'tk‘;r:tﬂggsezngfg o 12,0 178,85 2,15 1,29
a.s.l.
Sarimsakty Range, north-
western slope, near
Pop 2 Burkhat Pass, 1300 m 200,0 360,10 72,02 43,21
a.s.l.
South Altai Tarbagatai
Range, southeastern slope,
Pop3 footﬁill terrace, 1890 mp 150 211,90 3,18 191
a.s.l.
Pop 4 gﬁrz{gp'zf‘qggb“;?;ft' 172,0 357,32 61,46 36,87
Southwest Altai
Ivanovsky Range, south-
Pop 5 eastern slope, (Passing 25,0 199,8 4,99 2,99
Squirrel), 1990 m a.s.l.
Ivanovsky Range, south-
Pop 6 eastern slope, (Passing 22,0 2213 4,87 2,92
Squirrel), 1450m a.s.l.
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In the territory of the Southern Altai, the industrial exploitable reserves of air-dried above-ground bio-
mass of Bupleurum multinerve were determined under mountain-steppe conditions in the Sarymsakty (Pop 2)
and Narym (Pop 4) Ranges, amounting to 72.02 t and 61.46 t, respectively, with a possible harvest volume of
43.21 t and 36.87 t. This is due to the extensive areas occupied by the species combined with a high density
of individuals per unit area. The obtained data allow these populations to be recommended for industrial har-
vesting of above-ground biomass.

Simultaneously with the assessment of resource potential, certain morphometric parameters of genera-
tive individuals were evaluated, with statistically significant differences at P < 0.05 (Fig. 5). The study re-
vealed that the phenotypes of Bupleurum multinerve differ in height depending on their habitat.

B Popl
40.0 Pop2
Pop3
30.0 Pop4
EPops
20,0 P
EPop6
10.0
0.0 . - [ e

Height of generative shoots Number of generative ~ Number of generative shoots
individuals

Figure 5. Selected morphometric parameters of above-ground organs of Bupleurum multinerve
in the studied populations of the Southern and Southwestern Altai

Based on morphometric measurements, the tallest generative individuals were recorded under moun-
tain-steppe conditions in the Southern Altai, in populations Pop2 (Sarymsakty Range) and Pop4 (Narym
Range), measuring 66.5 £ 1.93 cm and 55.3 &+ 6.23 cm, respectively. The minimum height was observed in
the population under subalpine conditions in Popl (Sarymsakty Range) at 35.2 + 1.13 ¢m. The maximum
number of generative individuals per 1 m? was recorded under mountain-steppe conditions in Pop2
(Sarymsakty Range) and Pop4 (Narym Range), with values of 13.37 & 2.06 and 11.23 £ 3.23 individuals/m?,
respectively. In natural conditions of the Southern and Southwestern Altai, generative individuals were
characterized by a low number of generative shoots, ranging from 1.48 + 0.26 to 3.39 + 0.86 shoots per
individual.

Based on morphometric data, the populations under mountain-steppe conditions in the Sarymsakty and
Narym Ranges can be considered promising for seed collection for introduction and inclusion in a seed gene
bank.

According to statistical guidelines, when the coefficient of variation is less than 12 %, the trait variabil-
ity is considered low; from 13 % to 20 % — medium; from 21 % to 40 % — high; and above 40 % — very
high [25]. In our study, the height of generative plants in all populations varied at a medium level of variabil-
ity, ranging from 13.35 % to 18.65 %, indicating the stability of this trait in individuals of the species in the
surveyed ranges of the Kazakh Altai. Traits with high variability in B. multinerve included the number of
individuals per unit area, varying from 25.0 % to 36.9 %, while the variability of generative shoot number
ranged from medium to high, from 15.1 % to 37.2 %, demonstrating high plasticity and the species’ ability to
self-renew under natural conditions in the Southern and Southwestern Altai.

Bupleurum multinerve is a rhizome-taproot perennial with a monocyclic, oligocarpic, or polycarpic
biomorph type [26]. According to E.L. Nukhimovskij [27], individuals of different biomorphs of B.
multinerve may occur within the same cenotic population, undergoing a complete ontogenetic cycle, the du-
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ration of which is directly dependent on growth conditions. Considering the ontogenetic development char-
acteristics of B. multinerve [28], a single individual was used as the counting unit in the study of the age
structure of populations. Counts were conducted across four age groups: juvenile (j), immature (im), virginal
(v), and generative (g) individuals, as senescent and dying plants were not observed (Fig. 6).

40
35 33,6

30
25

20 17,6

13,37
15 s

11,0 L7 0o 11,23
8,9 '
10 8.4 7.2

52 STM470 46 5.3 4745 50548

41
5 I 35 3234
; i 0 [

quantity j quantity im quantity v quantity g

Popl ®Popl ®Pop3 “Pop4 ®EPop5 EPopb6

Figure 6. Quantitative composition of age groups in the studied populations of Bupleurum multinerve
in the Southern and Southwestern Altai

The studied populations of Bupleurum multinerve in the Southern and Southwestern Altai, despite in-
habiting different geographic locations, are normal and complete, exhibiting an age spectrum with a tenden-
cy toward left-skewed asymmetry. In all populations, the young fraction dominates over the adult fraction
according to the index (j + im)/(v + g), which confirms that the species maintains its population density pri-
marily through seed reproduction within the associations. At the current stage, minor differences in the ratio
of virginal (v) to generative (g) individuals across all populations indicate that the environmental conditions
for B. multinerve in the studied populations are optimal.

When assessing the economic traits of B. multinerve, the density of individuals per unit area is consid-
ered a key economic indicator. The results of the study show that, except for populations Pop2 and Pop4, the
density of individuals per 1 m? varies slightly despite heterogeneous natural conditions (Fig. 7). Under
Southern Altai conditions, this indicator was 24.6 individuals/m? in Ror1 and 21.7 individuals/m? in Pop3; in
the Southwestern Altai, it was 20.0 individuals/m? in Pop5 and 18.7 individuals/m? in Pop6. The highest den-
sity of individuals was observed in Pop2 (75.0 individuals/m?) and Pop4 (50.0 individuals/m?) under moun-
tain-steppe conditions in the Sarymsakty and Narym Ranges. Based on these data, it can be inferred that the
surveyed populations are currently in a stable state and that the habitat conditions correspond to the species’
ecological optimum.
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=Popl "Popl ®Pop3 -Pop4 =Pop5 =Popb6

Figure 7. Density of Bupleurum multinerve individuals in populations of the Southern
and Southwestern Altai, individuals/m?

Thus, the integration of ecological-phytocoenotic and morphometric indicators, along with the assess-
ment of age structure and productivity of Bupleurum multinerve, demonstrates the potential for the species’
use at the present stage as an unconventional wild medicinal plant in the Kazakh Altai. Future studies, in-
cluding assessments of genetic diversity, reproductive biology, and modeling of climate resilience, will sig-
nificantly enhance the prospects for sustainable utilization of the species in the region.

Conclusion

Population and resource studies in the phytobiota of the Kazakh Altai have shown that the Southern and
Southwestern Altai regions hold significant potential for the economic use of natural populations of the un-
conventional wild medicinal plant B. multinerve. Habitat analysis demonstrated specific preferences with
respect to plant communities; populations were recorded in mountain-steppe, foothill-shrub, mountain-forest,
and subalpine associations, with the species in the mountain-steppe conditions of the Southern Altai acting as
a landscape-forming element with dominance levels soc and sorl.

The vertical distribution of the species ranges from 1,300 to 2,015 m a.s.l. The rich species diversity of
floristic composition in these associations, combined with a significant level of variation in morphometric
parameters—such as the height of generative shoots, the number of generative shoots per individual, and the
number of generative individuals per unit area—confirms the stability of populations and the ecological plas-
ticity of B. multinerve in the phytobiota of the Kazakh Altai.

The dominance of juvenile and immature individuals over virginal and generative individuals in the age
structure indicates the effectiveness of seed reproduction and the species’ capacity for self-maintenance
through seeds. The left-skewed age spectrum reflects population youth and serves as a current indicator of
high vitality and the ability to maintain occupied territories.

Resource assessment demonstrated the industrial significance of the species in the Southern Altai under
mountain-steppe conditions, where B. multinerve formed the most extensive and highly productive industrial
stands (ranging from 357.32 kg/ha to 360.10 kg/ha of air-dry weight). The most resource-rich populations
should be prioritized when planning the harvest volumes of plant raw materials as a valuable medicinal plant
of the Kazakh Altai flora, while also ensuring the conservation of populations in their natural habitats.
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A.H. Jlanunosa, FO.A. Kotyxos, A.A. Cym6embaeB, O.A. Anyppuena, O.M. AXMeTKaHOB

Kazakcran AJTaiibIHBIH 9PTYPJIi skaFaaiaapeinaars: Bupleurum multinerve DC.
PecypPCTBIK KOPbI KoHe NONyJasiuMsiap Kyii

Kasakcran Anraiibiaa Bupleurum multinerve GoiibiHima 3epTTeysepais HOTHKENIEepi YChIHBUIFaH. 3epTTeyIiH
Makcathl — Kasakcran AnraiislHgarsl TaburM ecy skarmainapeiHza Bupleurum multinerve typinin
HOMYJISIIMSUIBIK JKOHE PECYpPCTHIK KepceTKiluTepiH 3eprrey. [lomymsmusuapabiH (IIOPUCTHUKAIBIK KYPaMBbl,
MOP(OMETPHSUTBIK ITapaMeTpiepi, )Kac KYPBUIBIMBI )KOHE PECYPCTHIK KOPBI aHBIKTAIABL TYpHiH TiK Tapaimy
nreri TeHi3 neHrerinen 13002015 M apajibIFblHAa CKCHI aHBIKTAJIBIN, OJ Tay-JalalblK, Tay OOKTepiHIeri
OyTasbl, Tay OPMaHJbI JKOHE CYOAIBIIIIK KaybIMIACTBIKTAD KYpaMbIHJA Ke3jaeceTiHi Oenrinenai. OHTYCTIK
AJTaiipIH Tay-Jananslk JKaraaideiHAa Oyl Typ nmasmmadT Ty3ymn, oHbIH yieci 70,0 %-ra nmeifin xerei.
Kaysimpacteikrapasie eciMaik xaMpUFeICH! 100 % KanbInTackaH, HETi3iH IIONTECiH eCiMmiKTep Kypanibl.
Onrycrik xoHe Onrycrik-Barsic Anraiimarsl 3eprrenren B. multinerve kambinTel, TOMBIK KypamIsl eMmec,
JKaCTBIK CIEKTPi COJ JKaKThl acuMMeTpusira Oeitim. Typ reHepaTtuBTi epkeHHIH OmikTiri OoitprHma 13,35 %-
nman 18,65 %-ra meitiH TYpaKTHUIBIKIICH CUMIATTANIAbI, al OipJiK ayJaHFa IaKKaHIaFbl TCHEPATUBTI JapakTap
canbl OoipiHma 25,0-36,9 % apanbiFbiHAa JKOFapbl e3reprimTik kepcereni. COHBIMEH Katap TeHepaTHBTI
epkeHnepain 15,1-37,2 % neHreiinae aybITKybl eceOiHEH TYKbIM apKbLIbl ©3/IMHEH kKaHapy KaOiIeTiHe ue.
Hapakrapnsly  eH korapbl ThIFBABIFEL  CapbiMcaktel (75 naHa/m?) xenHe Hapemm (50,0 nana/m?)
JKOTAJAPBIHBIH Tay-[AalanblK JKarqainapeiama TipkenreH. B. multinerve typiniy >kepycTi MaccachIHBIH
OHEPKACINTIK KOPHI aya-Kyprak Kyime CapeiMcakThl xoHe HapbiM skoTamapeiHia coiikecinme 72,02 T xoHe
61,46 T GOMBIT AaHBIKTAJIBI, a7l MYMKiH OONIaThIH AaiibiHAay Kememi — 43,21 T xoHe 36,87 T.

Kinm ce30ep: Bupleurum multinerve, Ourycrik Auraii, Onrycrik-bartsic Anraif, accorparus, MOIYJISIIHSL,
TYPJTIK SPTYPIILIIK, MOJIIBLIBIK, )KAac KYPbUIBIMBL, pecypcrap.

A.H. Nanunoga, F0.A. Koryxos, A.A. Cymbembaes, O.A. Anyppuesa, A.M. AXMeTKaHOB

CocTosinne nmony.Jasiuii u pecypcHble 3anacsl Bupleurum multinerve DC.
B pa3jn4HbIX yciaoBusx Kazaxcranckoro AJsras

TIpexacraBienst pe3ysapratsl ucchaeqoBanuii Bupleurum multinerve 8 Kazaxcranckom Asrrae. Lens uccemo-
BaHHs — IIOMYJISILIMOHHBIE U pecypcHble HccienoBanust Bupleurum multinerve B ecrecTBeHHBIX YCIOBHSX
npounspactanus B Kasaxcranckom Anrae. M3ydens! guopuctudeckunii coctaB, MOp(HOMETpHIECKHE TTapaMeT-
PBI, BO3pACcTHOI COCTaB, pecypCHBIE 3aackl MOMYISIUN. Y CTaHOBJICH IIOPOT BEPTHKAIBLHOTO PACIPOCTpaHe-
Hus Buia — 1300-2015 M H. y. M. B coCTaBe rOPHO-CTENHBIX, MPEATOPHO-KYCTaPHUKOBBIX, TOPHO-JIECHBIX
cybOanprnuiickux accormauuii. B ropHo-crenHbix ycioBusix FOxxkHoro Anrast BuI sBisietcs JanamadToodpa-
3yroUMM ¢ wioTHocThio A0 70,0 %. PacTuTenbHblil nokpoB accouuaruii copmuposa Ha 100 %, ocHOBY co-
CTaBJISIOT TPaBSIHUCTBIC BHIbI pacteHuit. [lomyasiuu B. multinerve na ¥Oxuom u IOro-3amagsom Anrae
HOPMaJIbHBIC, HETIOJHOWICHHBIE, BO3PACTHOH CHEKTp ¢ TEHJCHIHEH K JIeBOCTOPOHHEH acuMMmeTpun. Bux xa-
pakTepu3yeTcs cTabMIBHOCTHIO IO BEICOTE TeHepaTuBHOTO mobdera ot 13,35 % mo 18,65 %, BeIcoKoi BapHha-
OETBHOCTBIO 110 KOJMYECTBY TeHEPATHBHBIX 0co0e Ha eauHUIe Tuomany ot 25,0 10 36,9 %, crmocoOHOCThIO
K CaMOBO300HOBJICHHIO CEMEHHBIM ITyTEM 3a CUeT BapbUPOBAaHMs F'€HEPATHBHBIX I100EroB Ha ypoBHe oT 15,1
1o 37,2 %. Haubonvwas niomuocms ocobeil ommedena 68 20pHO-CIMenHulX YCl08UAX NPOUSPACMAHUA HA XP.
Capvimcaxmor (75 wm./v?) u Hapoivckom (50,0 wm./m®). [IpombinieHHBIE 3amackl HaJ3eMHOI Macchl B.
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Status of populations and resource...

multinerve B BO3AyIIHO-CyXOM COCTOSIHUH YCTAHOBJICHBI 6 20PHO-CIMENHbIX YCa0susx Ha xp. Capblmcakmol u
Hapoimckom coomsememeenno — 712,02 u 61,46 m, a o6vem gozmoncnoil 3acomosxku — 43,21 n 36,87 1.

Knroueswie cnosa: Bupleurum multinerve, FOsxubiit Anraii, FOro-3anagusiii Anraii, accounarys, OMyJIsys,
BUJIOBOC pa3HO00Opasue, YHCICHHOCTh, BO3PACTHAS CTPYKTYPa, PECYPCHI.
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