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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 vegetation of chalk outcrops dates back to the works of 

I.A. Güldenstädt [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. 

mailto:maral.bakytzhanova@mail.ru
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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, quantitative 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. 

 

 

   а)                                   b) 

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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T a b l e  1  

Characteristics of the studied sites of Linaria cretacea 

Point 

number 

Coordinates 

(latitude, 

longitude) 

Elevation above 

sea level, m 
Location 

Slope  

aspect 
Habitat characteristic 

1 
N49

0
20´031´´ 

E 054°30´024´´ 
≈ 215 м Akshatau Chalk Southeast 

A steep slope consisting of chalk 

marl and carbonate clays 

2 
N50

0
32´069´´ 

E 054°54´341´´ 
≈ 235 м Ishkargan Chalk South 

A gravel slope with exposed chalk 

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 ×80 and ×100 magnification was used to record overall seed morphology, 

whereas ×500, ×800, and ×1500 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). 

T a b l e  2  

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

Sculpture 

Level 
Diagnostic Features 

Examples  

of morphotypes 

Characteristic features  

of Linaria cretacea 

Primary Exotesta cell shape, general pattern, type 

of anticlinal walls, border relief, curva-

ture of outer periclinal walls 

Comb-shaped, medul-

la-shaped, tuberculate, 

smooth 

Cerebelliform; convolutions of slightly 

concave isodiametric cells; height 0.1–

0.15 mm; margins recessed 

Secondary Relief of outer periclinal walls, location 

and shape of small elements 

Reticulate, tuberculate, 

smooth, honeycomb 

Low, closely spaced, acutely 

tuberculate cuticle deposits; tendency 

toward a reticulated pattern 

Tertiary Epicuticular secretions (wax: gran-

ules/flakes or absence) 

Granules, scales, 

waxless 

Epicuticular wax absent 

 

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. 

 

 
 

Figure 2. Macrophotography: general view of Linaria cretacea capsules 

Morphometric characteristics of fruits are presented in Table 3. 

T a b l e  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. 13.4 ± 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 3.5 ± 0.3 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. 
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T a b l e  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, ×270; scale bar = 500 µm) 

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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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, ×500, scale bar = 100 µm; SE mode, 15 kV, ×2953, scale bar = 10 µm) 

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. 

T a b l e  5  

Characteristics of seed sculpture of Linaria cretacea 

Sculpture 

Level 
Diagnostic features Morphotype Characteristics of L. cretacea 

Primary Shape and relief of 

exotesta cells 

Cerebelliform Isodiametric cells are slightly concave; margins 

are indented. 

Secondary Microrelief of periclinal 

walls 

Tubercular with reticular 

elements 

Low, sharp tubercles; elements are often close-

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. 

T a b l e  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 1.0–1.5 × 0.7–1.0 2.5–3.2 × 0.9–1.0 0.8–1.2 × 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. 



М.S. Bakytzhanova, К.Kh. Makhmudova et al.  

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

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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Батыс Қазақстанның бор шөгінділерінен алынған  

Linaria cretacea Fisch. ex Spreng. тұқым қабығының 

 морфологиясы және микроморфологиясы 

Тұқым морфологиясы мен тұқым қабығының микроморфологиясын зерттеу сирек кездесетін 

эндемикалық өсімдіктердің, әсіресе кеуіп қалған жерлер сияқты мамандандырылған мекендеу 

орталарында мекендейтін түрлердің таксономиясы, экологиясы және сақталуы үшін өте маңызды. 

Таралу диапазоны тар кальцийлі өсімдіктерде тұқымның ультрақұрылымы түрлерін анықтау, 

таксономиялық байланыстарды нақтылау және ex situ сақтау шараларын әзірлеу үшін пайдалы 

https://doi.org/10.31111/vegrus/2021.40.3
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диагностикалық белгі ретінде қызмет ете алады. Зерттеуде Батыс Қазақстандағы кеуіп қалған 

жерлердегі сирек кездесетін кальцийлі эндемикалық түрі Linaria cretacea Fisch. ex Spreng. тұқымдары 

мен жемістерінің морфологиялық сипаттамалары сканерлеуші электронды микроскопия (SEM) және 

жарық микроскопиясы арқылы зерттелді. Тұқымдардың макро және микроскопиялық суреттері 

алынды, сондай-ақ олардың ұзындығы, ені, қалыңдығы және пішін индексі сияқты негізгі 

морфометриялық параметрлері өлшенді. Тұқым қабығының мүсіні В. Бартлотт пен В. Стерннің 

жіктемелеріне сәйкес бастапқы, екінші және үшінші деңгейлерде сипатталды. Нәтижелер Ақтөбе 

аймағынан алынған L. cretacea өсімдігінің антиклинальды шекаралары айқын анықталған мишық 

тәрізді бастапқы мүсінмен, торлы элементтері бар құрт туберкулезді екінші реттік мүсінмен және 

эпикутикулярлы балауыздың болмауымен сипатталатынын көрсетті. Анықталған тұқым қабығының 

ерекшеліктерін тығыз байланысты L. vulgaris және L. genistifolia түрлерінің жарияланған 

сипаттамаларымен салыстыру бірқатар диагностикалық маңызды микроморфологиялық 

айырмашылықтарды анықтады. Суды ұстау қабілеті төмен, кеуіп қалған жерлердегі тіршілік ету 

орталарындағы тұқым қабығы құрылымының бейімделу рөлі де талқыланды. Алынған деректердің 

жүйелік және практикалық маңызы бар, әсіресе гербарий үлгілерін анықтау және осы сирек кездесетін 

түрді қорғау және ex situ сақтау хаттамаларын әзірлеу үшін. 

Kілт сөздер: Linaria cretacea, Қазақстан, кальцифилді түрлері, эндемикалық түрлері, тұқым морфоло-

гиясы, сканерлік электронды микроскопия, жарық микроскопиясы, ерекшеліктері. 
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Морфология семян и микроморфология семенной оболочки  

Linaria cretacea Fisch. ex Spreng. из меловых отложений  
Западного Казахстана 

Исследование морфологии семян и микроморфологии семенной оболочки имеет важное значение для 

таксономии, экологии и сохранения редких эндемичных растений, особенно видов, обитающих в 

специализированных местообитаниях, таких как меловые обнажения. У кальцифильных растений с 

узким ареалом распространения ультраструктура семян может служить полезным диагностическим 

признаком для идентификации видов, уточнения таксономических связей и разработки мер по 

сохранению ex situ. В данном исследовании с помощью сканирующей электронной микроскопии 

(СЭМ) и световой микроскопии были изучены морфологические характеристики семян и плодов 

Linaria cretacea Fisch. ex Spreng., редкого кальцифильного эндемичного вида меловых обнажений 

Западного Казахстана. Были получены макро- и микроизображения семян, а также измерены их 

основные морфометрические параметры, включая длину, ширину, толщину и индекс формы. 

Скульптура семенной оболочки была описана на первичном, вторичном и третичном уровнях в 

соответствии с классификациями В. Бартлотта и В. Штерна. Результаты показали, что L. cretacea из 

Актюбинской области характеризуется мозжечковидной первичной скульптурой с четко 

выраженными антиклинальными границами, резко бугорчатой вторичной скульптурой с сетчатыми 

элементами и отсутствием эпикутикулярного воска. Сравнение выявленных признаков семенной 

оболочки с опубликованными описаниями близкородственных видов L. vulgaris и L. genistifolia 

позволило выявить ряд диагностически значимых микроморфологических различий. Также 

рассматривается возможная адаптивная роль структуры семенной оболочки в меловых 

местообитаниях с низкой влагоудерживающей способностью. Полученные данные имеют как 

систематическое, так и практическое значение, особенно для идентификации гербарных образцов и 

для разработки протоколов защиты и сохранения ex situ этого редкого вида. 

Ключевые слова: Linaria cretacea, Казахстан, кальцефильный вид, эндемичный вид, морфология 

семян, сканирующая электронная микроскопия, световая микроскопия, признаки. 
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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 Ca²⁺  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, Ca²⁺  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 (ONOO
-
), a potent 

oxidant that damages membranes, proteins, and nucleic acids, triggering PCD (a phenomenon called 

nitrosative burst) [8, 9]. Ionic 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
2+

 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
2+

, 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 (Cl

-
), potassium (K

+
), and sulfate (SO4

2_
) 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 Cl

-
, 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 (RLKs) [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]. 

 

 

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 (MOCA1), which in turn activate Ca
2+

 channels, resulting in a significant influx of Ca
2+

 into 

the cytoplasm. If the PM transporter, like SOS1, 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
2+

 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 (ΔΨm) due to the opening of permeability transition pores (PTPs) [46], as 

illustrated in Figure 2. 

 

Figure 2. Mitochondrial response during salinity stress exposure.  

Created using BioRender.com. Inspired by [43] 

Mitochondrial oxidative phosphorylation (OXPHOS) depends on the electron transport chain (Com-

plexes I-IV) and ATP synthase (Complex V) to generate ATP [47]. Complexes I, III 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 ΔΨm. 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 FADH2 to the ETC, 

weakening OXPHOS and promoting electron leakage, which increases mitochondrial ROS production [6]. 

To restore homeostasis under salt stress, mitochondria activate Ca
2+

 transporters and bypass systems 

such as AOX and UCPs, which reduce redox pressure and help stabilize ΔΨm [49, 51]. AOX maintains 

NADH oxidation by bypassing Complexes III and IV, 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 ΔΨm collapse and releasing 

cytochrome c, 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. 
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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 CO₂ concentration, and a decline in photosynthesis [62]. 

Exposure of plants to salinity stress leads to a decline in CO2 assimilation, causing an over-reduction of 

photosystem II (PSII). This imbalance results in the formation of ROS, particularly singlet oxygen 

(¹O₂) [63]. In photosynthetically active leaves, chloroplasts serve as primary sites of ROS generation [64]. 

The major ROS species formed in chloroplasts include singlet oxygen (¹O₂), superoxide radicals (O₂⁻), hy-

drogen peroxide (H₂O₂) and hydroxyl radicals (•ОН) [65] (Tab. 1). Because radical forms of ROS are diffi-

cult to detect directly, most studies focus on measuring non-radical H₂O₂ accumulation as an indicator of 

oxidative stress under saline conditions [63]. 

T a b l e  1  

The effect of different concentrations of salinity on different plant species 

 

Plant species 

Salt  

concentration 

(NaCl) 

Chloroplast content 
Photosynthetic  

efficiency 
PCD marker References 

1. A Korean wheat 

cultivar  

cv. Keumgang 

(Triticum 

aestivum L.) 

150 mM for  

1, 2, or 3 days 

The levels of Chl a and 

b decreased to 79 % of 

the control at 1 day, 

59 % at 2 days, and 

53 % at 3 days 

Photosynthetic rate 

decreased to 79 % at 

1 day, 59 % at 2 days, 

and 53 % at 3 days 

 

Proline contents 

rose to 102 % of 

the untreated 

control at 1 day, 

104 % at 2 days, 

and 109 % at 3 

days 

[66] 

2. Barley  

(Hordeum 

vulgare) 

100 and  

200 mM 

El Arich, Giza2000, 

Giza127 lose, respec-

tively 33 %, 36 % and 

43 % of their total chlo-

rophyll content 

A significant decrease 

only in Giza127 at 

200mM NaCl 

An increase in 

MDA content in 

almost all barley 

genotypes 

[67] 

3. (Vicia faba L.) 60, 120, 240 

mM 

Chl a content decreased, 

reaching its lowest con-

tent, 0.270 and 0.426 

mg/g fresh weight, at 

240 mM 

Due to the decline in 

photosynthetic pig-

ments, decrease in 

photosynthetic rate as 

well 

Decline in pro-

tein content 

[68] 

4. Barley  

(Hordeum 

vulgare L.) 

200 mM Chl a content from 14 % 

to 41 %, chl b contents 

were reduced from 

12 %, to 46.8 % and 

similarly, total chloro-

phyll contents were de-

creased from 10.3 % to 

50.3 % 

The efficiency of 

electron donation to 

PSI (Fv/Fo) and 

maximum quantum 

yield of PSII (Fv/Fm) 

was significantly re-

duced 

Enhanced dissi-

pation energy 

flux per reaction 

center (DIO/RC) 

in thylakoid 

membrane. 

[69] 

5. Oat  

(Avena sativa) 

48, 72, 96, 120, 

144 mmolL
-1

 

At 96 mmolL
-1

 NaCl, 

the content of chloro-

phyll a decreased to 

0.86 times, while the 

content of chlorophyll b 

decreased to 0.7 times 

compared with the con-

trols 

Decline in photosyn-

thetic rate due to the 

decrease in chloro-

plast content 

The proline con-

tent in shoots 

was increased by 

3.26 times under 

NaCl stress, and 

the proline con-

tent in roots by 

3.41 times 

[70] 
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5. Vacuole During Salinity Stress 

Under saline conditions, plants rapidly experience osmotic, ionic and oxidative stress, while excess Na
+
 

and Cl
-
 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, V-ATPase, V-PPase, Ca

2+
-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
2+

 

further activated stress-signaling pathways that weaken vacuolar integrity. Early stress hormones such as 

salicylic acid (SA), gibberellin (GA) and ethylene trigger Ca
2+

 signaling and play critical roles in plant 

PCD [3; 10]. Disruption of the vacuolar Ca pumps ACA4 and ACA11 increases apoptosis-like cell death 

through an SA-dependent pathway [10], highlighting their role in linking vacuolar Ca
2+

 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 EXECUTER2 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
2+

 reacts with hydrogen peroxide (H₂O₂) to produce hydroxyl radicals (•ОН), 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 Cl

-
 levels 

first disturb PM transport systems, driving Ca
2+

 influx and ROS accumulation that serve as early signals 

transmitted to internal organelles [22, 25, 36]. Mitochondria respond by altering ΔΨm, 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
2+

 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
2+

 fluxes and protease activation collectively determine whether the cell adapts or undergoes PCD. 

 

 

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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Өсімдіктердегі тұздылықтан туындаған бағдарламаланған  

жасуша өлімі кезіндегі органелла динамикасы 

PCD (бағдарламаланған жасуша өлімі) — қоршаған орта стрестерінен (ePCD) немесе даму 

процестерінен (dPCD) туындаған күрделі механизм. ePCD әртүрлі қолайсыз абиотикалық 

жағдайлардан, соның ішінде тұздану стресінен туындауы мүмкін. Тұздың жоғары 

концентрациясының әсері өсімдіктердің морфологиялық ерекшеліктерін төмендетіп қана қоймай, со-

нымен қатар биохимиялық және молекулалық процестерге әсер етеді. Өсімдік әртүрлі органеллаларда 

болатын көптеген қорғаныс механизмдерін белсендіреді. Оған плазмалық мембранадағы, 

митохондриядағы, хлоропласттардағы, вакуольдегі және ядродағы иондық, осмостық және тотығу 

стрестері жатады. Плазмалық мембрананың негізгі бұзылуы тасымалдау жүйесінің төмендеуімен, 

ROS жинақталуымен және Ca2+ ағынымен сипатталады. Митохондриялық дисфункция ROS-тың 

жоғары жинақталуымен, AOX, UCP, GABA және цитохром с-ның бөлінуі сияқты қорғаныс 

жолдарының белсендірілуімен байланысты. Сонымен қатар фотосинтез жылдамдығы хлорофилл 

мөлшерінің төмендеуіне байланысты айтарлықтай төмендейді. Вакуольдер NHX антипортерлері және 

V-ATPase белсенділігі арқылы Na+ секвестрлейді және осмостық, иондық сигналдарды біріктіреді, 

бірақ бұл жүйе ыдырағанда Ca2+ ядрода жинақталады. ROS-тың артық мөлшерде генерациясы 

хлоропласт-ядролық байланыстағы EXECUTER ақуызы үшін сигналдық молекула ретінде әрекет 

етеді. Тұздану хроматиннің ыдырауына әкелетін осмостық, иондық және тотығу стресс сигналдарды 

белсендіреді. Қорытындылай келе, бұл өзара байланысты процестер PCD-ге әкеледі. 

Кілт сөздер: бағдарламаланған жасуша өлімі, тұз стресі, реактивті оттегі түрлері, азот оксиді, 

фитогормондар, ферменттер. 
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Динамика органелл при запрограммированной клеточной  

смерти растений, вызванной засолением 

PCD (запрограммированная гибель клеток) — это сложный механизм, вызываемый экологическим 

стрессом (ePCD) или процессами развития (dPCD). ePCD может быть вызван различными типами не-

благоприятных абиотических условий, включая солевой стресс. Воздействие высоких концентраций 

соли не только ухудшает морфологические особенности растений, но и серьезно влияет на биохими-

ческие и молекулярные процессы. Кроме того, растения активизируют многочисленные защитные ме-

ханизмы, которые реализуются в различных органеллах растительной клетки. Они включают в себя 

ионное, осмотическое и окислительное повреждение плазматической мембраны, митохондрий, хлоро-

пластов, вакуолей и ядер. Основные нарушения в плазматической мембране характеризуются сниже-

нием транспортной системы, накоплением АФК и притоком Са2+. Митохондриальная дисфункция 
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связана с высоким накоплением АФК, активацией защитных путей, таких как AOX, UCP, GABA, и 

высвобождением цитохрома с. Вакуоли интегрируют осмотические и ионные сигналы, изолируя Na+ 

посредством антипортеров NHX и активности V-АТФазы, но когда эта система разрушается, Ca2+ 

концентрируется в ядре. Кроме того, скорость фотосинтеза значительно снижается из-за снижения со-

держания хлорофилла. Более того, избыточное производство АФК действует как сигнальная молекула 

для белков EXECUTER, обеспечивающих взаимодействие хлоропластов с ядрами. Засоление активи-

рует осмотические, ионные и окислительные сигналы, которые приводят к деградации хроматина. В 

совокупности эти взаимосвязанные процессы приводят к образованию PCD. 

Ключевые слова: запрограммированная гибель клеток, солевой стресс, активные формы кислорода, 

оксид азота, фитогормоны, ферменты. 
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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 

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]. 

T a b l e  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 CsCl 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]. 



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

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

Strand asymmetry traces to ancestral displacement replication, paralleling T-odd/ssDNA bacteriophages and 

supporting alpha-proteobacterial 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 γ (POLγ), 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 γ (POLγ) plays a central role as the only pol-

ymerase that synthesises both the H and L strands [28]. POLγ forms a heterotrimer: the catalytic subunit 

POLγA (~140 kDa, family A, related to T7 DNA polymerase) has 3′→5′ exonuclease activity (error <1 per 

10⁶ nt), while the two accessory subunits POLγB (~55 kDa, structurally similar to class IIa 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 POLγ [31–36]. Accessory polymerases (PrimPol, POLβ, POLθ, POLζ) 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 POLγ [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 γ (Pol γ), 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 POLγ-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 γ, 

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 POLγ-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 POLγ 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, III, IV, V; ATP6/8) restrict H-strand-enriched nucleoids to high-

replication niches near cristae, amplifying POLγ infidelity (error rate 1:10⁴ 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” ΔmtDNA4977 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 ~10–100× higher than nuclear DNA, primarily due to elevated replication frequency (~500–10000 

copies/cell/day), Polγ 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-oxoG 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 TL→CL 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). 

 

 

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 IIIα 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), POLγ error rate (1:10⁴ nt), and absence of 8-oxoG derived mutational sig-

nature in mtDNA from post-mitotic tissues. 

This asymmetric replication strategy appears conserved across vertebrates, paralleling single-stranded 

bacteriophages (M13, φX174) [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-oxoG) 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 I and III [84]. This model predicts an excess of G→T transversions (the hallmark of  

8-oxoG 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.Б. Әліқұл, Д. Манапқызы, M.K. Сапарбаев, С.M. Тайпақова 

Омыртқалылар митохондриясындағы ДНҚ тізбектерінің  

асимметриялық тұқым қуалауының дәлелдері 

1958 жылы Мезельсон мен Сталь жүргізген классикалық эксперимент жасушалық организмдердегі 

ДНҚ репликациясының жартылай консервативті механизмін дәлелдеді. Бұл механизмге сәйкес, жа-

суша бөлінгеннен кейін әрбір еншілес жасуша бір ата-аналық тізбектен (W немесе C) және бір 

жаңадан синтезделген комплементарлы тізбектен (C' немесе W') тұратын хромосоманы иеленеді. 

Әрбір ДНҚ тізбегі жасуша әр бөлінген сайын бірдей үлгіде репликацияланатындықтан, W және C 

тізбектері жартылай консервативті репликация мен жасушалық бөліну нәтижесінде эквивалентті деп 

есептеледі. Алайда, кейбір жасушалық емес организмдер, мысалы, бір тізбекті ДНҚ немесе РНҚ 

вирустары, эквиваленттілік принципін сақтамайды. Сонымен қатар омыртқалылардың 

митохондриялық геномындағы екі тізбектің нуклеотидтік құрамының айқын теңсіздігі ерекше назар 

аударуға тұрарлық. Бұл теңсіздік сілтілі цезий хлориді градиентіндегі ультрацентрифугалау кезінде 

митохондриялық ДНҚ-ның екі тізбегінің — G+T-ге бай ауыр (H) және C+A-ға бай жеңіл (L) 
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тізбектерге бөлінуімен көрініс табады. Адам митохондрияларындағы ДНҚ репликациясы ұзақ жылдар 

бойы зерттеліп келе жатқанына қарамастан, репликация механизмі мен тізбектердің нуклеотидтік 

құрамындағы теңсіздіктің арасындағы ықтимал байланыс әлі де толық анықталмаған және ғылыми 

пікірталас тақырыбы болып отыр. Осыған байланысты бұл мақалада омыртқалылардың 

митохондриялық ДНҚ-сында байқалатын мутациялық паттерннің күшті ығысуын қарапайым 

эвристикалық жолмен түсіндіре алатын ДНҚ тізбектерінің асимметриялық тұқымқуалауы немесе 

олардың эквивалентті еместігі туралы ықтимал үлгіcі ұсынылған. 

Кілт сөздер: митохондриялық ДНҚ, ДНҚ тізбектерінің эквиваленттілігі, мутация заңдылықтары, 

Чаргаффтың екінші ережесі, репликация. 

 

A.Б. Аликул, Д. Манапкызы, M.K. Сапарбаев, С.M. Тайпакова 

Доказательства асимметричного наследования цепей ДНК  

в митохондриях позвоночных 

Классический эксперимент, предложенный в 1958 году Мезельсоном и Сталем, подтвердил полукон-

сервативный механизм репликации ДНК в клеточных организмах, согласно которому после деления 

клеток каждая дочерняя клетка наследует хромосому, состоящую из одной родительской цепи (W или 

C) и одной новосинтезированной комплементарной цепи (C' или W'). Поскольку каждая цепь ДНК ре-

плицируется одинаковое количество раз после каждого деления клетки, можно предположить, что це-

пи W и C эквивалентны как результат сочетания деления клетки и полуконсервативного механизма 

репликации ДНК. Однако некоторые неклеточные организмы, такие как оцДНК- и РНК-вирусы, игно-

рируют принцип эквивалентности цепей. Также стоит отметить интересную особенность митохондри-

ального генома позвоночных с необычным дисбалансом нуклеотидного состава на двух нитях мито-

хондриальной ДНК, что приводит к разделению на тяжелую (H) G+T-богатую и лёгкую (L) C+A-

богатую нити ДНК при ультрацентрифугировании в щелочном градиенте хлористого цезия. Несмотря 

на многолетние исследования репликации ДНК в митохондриях человека, механизм этой репликации 

и возможная связь с дисбалансом нуклеотидного состава остаются предметом дискуссий. В связи с 

этим в данной статье мы предлагаем возможную модель асимметричного наследования нитей ДНК 

или неэквивалентности нитей ДНК, которая предоставляет простое эвристическое объяснение сильно 

смещенного паттерна мутаций в мтДНК позвоночных. 

Ключевые слова: митохондриальная ДНК, эквивалентность цепей ДНК, закономерности мутаций, 

второе правило Чаргаффа, репликация. 
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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) 

T a b l e  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 mm²), 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 × 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. 

 
a) 

 

b) 

 

c) 

 

d) 

 

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 (Igeo, 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 (Igeo) was calculated using a background control 

sample. The geoaccumulation index for each element was calculated using the formula: 

 (1) 

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). 

T a b l e  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. 

T a b l e  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]. 

T a b l e  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, Igeo 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. 

T a b l e  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 2.51 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 2.51 0.47 

8.0 1.95 0.27 2.0 0.31 

9.0 0.83 -0.09 1.66 0.19 

10.0 2.41 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]. 

 

 

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. 

 

 
 

  

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. 

 

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]. 

 

 

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 (Igeo) 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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З.E. Баязитова, А.С. Құрманбаева, Н.М. Сафронова, С.Б. Жапарова 

Көкшетау қаласындағы қатты тұрмыстық қалдықтар  

жабық полигонының топырақ пен өсімдік жамылғысының  

жағдайын экологиялық және биологиялық бағалау 

Көкшетау қаласындағы 1960–2017 жылдары пайдаланылған, инженерлік қорғаныс жүйелерімен 

жабдықталмаған жабық қатты тұрмыстық қалдықтар (ҚТҚ) полигонының экологиялық жағдайы ауыр 

металдармен ластану және оның өсімдік жамылғысына әсері тұрғысынан бағаланды. Топырақ талда-

уы Zn, Cu, Pb және As элементтері бойынша шекті рұқсат етілген және фондық концентрациялардың 

бірнеше есе артқанын көрсетті. Максималды концентрациялар келесідей болды: Zn — 4230 мг/кг, Cu 

— 870 мг/кг, Pb — 299 мг/кг, As — 58 мг/кг және Ni — 145 мг/кг, бұл шекті рұқсат етілген концен-

трациялардан тиісінше 42,3; 15,8; 9,3; 29,0 және 3,6 есе жоғары. Фондық мәндермен салыстырғанда 

элементтердің мөлшері Zn үшін 48,1 есе, Cu үшін 8,5 есе, Pb үшін 19,9 есе, As үшін 4,1 есе және Ni 

үшін 3,2 есе артқан. Ластанудың айқын радиалды-градиенттік сипаты анықталды: ең жоғары концен-

трациялар мен нормативтік көрсеткіштердің артуы полигон денесінің орталық бөлігінде тіркеліп, 

шеткі аймақтарға қарай біртіндеп төмендеген. Алайда шеткі учаскелердің өзінде фондық деңгейден 

жоғары концентрациялар сақталып, полигон жабылғаннан кейін де антропогендік әсердің тұрақты 

екенін көрсетті. Геоаккумуляция индексі (Igeo) бойынша орталық аймақ топырақтары, әсіресе Zn 

және Pb элементтері тұрғысынан, күшті және аса күшті ластанған санатқа жатқызылды. 

Фитоуыттылық индексі (FTI) орталық және ортаңғы аймақтарда айқын фитоуытты фонның 

қалыптасқанын растады. Геоботаникалық зерттеулер өсімдік қауымдастықтарының елеулі 

трансформацияға ұшырағанын көрсетті. Флора негізінен шөптесін және қысқа өмірлі түрлермен си-

патталады, біржылдық өсімдіктердің үлесі 49 %-ды құрайды. Таксономиялық құрылымында 
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Asteraceae, Poaceae, Brassicaceae және Chenopodiaceae тұқымдастары басым, бұл антропогендік 

бұзылған және химиялық стресс жағдайларына тән. Жоғары деңгейде ластанған учаскелерде Bassia 

scoparia түрінің басымдығы оны техногендік бұзылған субстраттардың әлеуетті биоиндикаторы 

ретінде қарастыруға мүмкіндік береді. Жалпы алғанда, жабық ҚТҚ полигоны ауыр металдардың 

жинақталған ластануы экологиялық жағдай мен биологиялық үдерістерді айқындауды жалғастырып 

отырған тұрақты трансформацияланған антропогендік экожүйе. Бұл жағдай кешенді мониторинг пен 

рекультивация стратегияларын әзірлеудің қажеттілігін көрсетеді. 

Кілт сөздер: қатты тұрмыстық қалдықтар полигоны, топырақтың ластануы, фитоуыттылық, 

антропогендік әсер, ауыр металдар, экожүйенің бұзылуы. 

 

З.Е. Баязитова, А.С. Курманбаева, Н.М Сафронова, С.Б. Жапарова 

Эколого - биологическая оценка состояния почв и растительного покрова 

закрытого полигона твёрдых бытовых отходов в г. Кокшетау 

Проведена оценка экологического состояния закрытого полигона твёрдых бытовых отходов (ТБО) в г. 

Кокшетау, эксплуатировавшегося в 1960–2017 гг. и не оснащённого инженерными защитными систе-

мами, с акцентом на загрязнение тяжёлыми металлами и его влияние на растительный покров. Анализ 

почв выявил многократные превышения предельно допустимых и фоновых концентраций Zn, Cu, Pb и 

As. Максимальные концентрации составили: Zn — 4230 мг/кг, Cu — 870 мг/кг, Pb — 299 мг/кг, As — 

58 мг/кг и Ni — 145 мг/кг, что превышает предельно допустимые концентрации соответственно в 

42,3; 15,8; 9,3; 29,0 и 3,6 раза. По сравнению с фоновыми значениями содержание элементов увеличе-

но в 48,1 раза для Zn, в 8,5 раза для Cu, в 19,9 раза для Pb, в 4,1 раза для As и в 3,2 раза для Ni. Уста-

новлен выраженный радиально-градиентный характер загрязнения: максимальные концентрации и 

кратность превышения нормативов зафиксированы в центральной части тела полигона с последую-

щим постепенным снижением к периферии. Однако даже в краевых зонах отмечаются значения выше 

фоновых уровней, что свидетельствует о сохранении устойчивого антропогенного воздействия после 

закрытия объекта. Расчёт индекса геоаккумуляции (Igeo) показал, что почвы центральной части отно-

сятся к категории сильно и экстремально загрязнённых, прежде всего по Zn и Pb. Значения фитоток-

сического индекса (FTI) подтвердили формирование выраженного фитотоксического фона в цен-

тральной и средней зонах полигона. Геоботанические исследования выявили существенную транс-

формацию растительных сообществ. Флора представлена преимущественно травянистыми и корот-

коживущими видами; доля однолетних растений составляет 49 %. Таксономическая структура харак-

теризуется доминированием семейств Asteraceae, Poaceae, Brassicaceae и Chenopodiaceae, типичных 

для нарушенных и химически стрессированных местообитаний. Преобладание Bassia scoparia в наи-

более загрязнённых участках позволяет рассматривать данный вид как потенциальный биоиндикатор 

техногенно нарушенных субстратов. В целом закрытый полигон ТБО представляет собой устойчиво 

трансформированную антропогенную экосистему, в которой накопленное загрязнение тяжёлыми ме-

таллами продолжает определять экологические условия и биологические процессы, что подчёркивает 

необходимость комплексного мониторинга и разработки мер рекультивации. 

Ключевые слова: полигон твёрдых бытовых отходов, загрязнение почв, фитотоксичность, антропоген-

ное воздействие, тяжёлые металлы, нарушение экосистемы. 
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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 m² to 200 m² 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—Raunkiær 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). 

T a b l e  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. 

Salicaceae 

Populus L. 
Populus laurifolia Ledeb., Populus tremula L., 

Populus nigra L.  

Salix L. 

Salix acutifolia Willd., Salix alba L., Salix cinerea L., Salix 

integra Thunb., Salix rorida Laksch., Salix daphnoides Vill., 

Salix pentandra L., Salix viminalis L.  

Betulaceae BetulaL.  Betula pendula Roth, Betula pubescens Ehrh 

Rosaceae 

Malus Mill. Malus baccata (L.) Borkh.  

Prunus L. Prunus padus L.  

Sorbus L. Sorbus sibirica Hedl 

Amelanchier Medik.  Amelanchier alnifolia (Nutt.) Nutt. ex M.Roem 

Spiraea L. Spiraea chamaedryfolia L 
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C o n t i n u a t i o n  o f  T a b l e  1  

Family Genus Species 

Rosaceae 

Rosa L. Rosa acicularis Lindl 

Rubus L. Rubus saxatilis L., Rubus sachalinensis Lévl 

Fragaria L.  Fragaria viridis (Duchesne) Weston 

Geum L.  Geum urbanum L.  

Agrimonia L. Agrimonia pilosa Ledeb. 

Sorbaria(Ser.) A.Braun  Sorbaria sorbifolia (L.) A.Braun 

Pinaceae 
Larix Mill. Larix 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. 

Poaceae 

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

(Trin.) Trin. 

Poa L. Poa pratensis L., Poa attenuata Trin.  

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

Schleich. ex Gaudin  

Phleum L. Phleum pratense L., Phleum phleoides (L.) H.Karst. 

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.) Kük 

Asteraceae 

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. 

Tripleurospermum Sch.Bip. Tripleurospermum perforatum (Mérat) M.Lainz 

Galatella Cass. 
Galatella hauptii (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. 

Fabaceae 

Vicia L. Vicia sepium L., Vicia cracca L., Vicia silvatica L.  

TrifoliumL. 
Trifolium hybridum L., Trifolium lupinaster L., Trifolium 

repens L., Trifolium pratense L.  

Medicago L. Medicago falcata L.  

Melilotus Mill. Melilotus albus Medik.  

Brassicaceae  

Armoracia Gaertn. Armoracia rusticana P.Gaertn., B.Mey. & Scherb. 

BuniasL. Bunias orientalis L. 

Berteroa DC. Berteroa incana (L.) DC. 

Apiaceae 

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

L.  

Heracleum L. Heracleum dissectum Ledeb. 

Carum L. Carum carvi L.  

Bupleurum L. Bupleurum longifolium subsp. аureum (Fisch. ex Hoffm.) Soo 

Lamiaceae 
Origanum L. Origanum vulgare L.  

Stachys L. Stachys silvatica L.  

Polygonaceae Aconogonon Schrank. Aconogonon alpinum (All.) Schur 

Urticaceae Urtica L. Urtica dioica L.  
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C o n t i n u a t i o n  o f  T a b l e  1  

Family Genus Species 

Chenopodiaceae 
Chenopodium L. Chenopodium album L.  

Kochia Scop. Kochia prostrata (L.) Schrad.  

Typhaceae Typha L. Typha angustifolia L.  

Valerianaceae  Valeriana L. Valeriana officinalis L.  

Caryophyllaceae 

Silene L. 

 

Silene repens Patrin ex Pers., Silene vulgaris (Moench) 

Garcke 

Gypsophila L. Gypsophila altissima L. 

Dianthus L. Dianthus superbus L.  

Iridaceae Iris L. Iris ruthenica Ker Gawl. 

Campanulaceae  Campanula L. Campanula rapunculoides L. 

Malvaceae 

Lavatera L. Lavatera thuringiaca L. 

Alcea Mill. Alcea nudiflora (Lindl.) Boiss., Alcea rosea L. 

Malva L. Malva pusilla Sm.  

Boraginaceae  Pulmonaria L. Pulmonaria mollis Wulfen ex Hornem. 

Plantaginaceae  

Plantago L. Plantago major L. 

Linaria L. Linaria vulgaris Mill. 

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 sylvaticum L., Equisetum arvense L., Equisetum 

hyemale 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. 

Rubiaceaе Galium L. 
Galium boreale L. 

Galium verum L. 

Сrassulaceae 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. 

 

 

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). 

 

 

Figure 3. Distribution of species by water regime on RMC plots, methodology — (Raunkiær 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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Т.А. Вдовина, О.А. Ануфриева, А.А. Винокуров, А.Н. Данилова,  

А.А. Сумбембаев, А.А. Чернакова 

Риддер металлургиялық кешенінің антропогендік бұзылған  

аумақтарының флорасы 

Жұмыстың мақсаты — Риддер металлургиялық кешені аумағындағы өнеркәсіптік бұзылған жерлерде 

қалыптасатын өсімдіктердің флоралық құрамын зерттеу арқылы оларды биологиялық рекультивация-

лау мәселесін шешу. Риддер металлургиялық кешенінің өнеркәсіптік бұзылған жерлеріндегі флораны 

зерттеу барысында Өсімдіктер биологиясы және биотехнологиясы институтымен бірлесіп техногендік 

ландшафттардың фитоценоздары мен топырақ құрамын зерттеуге бағытталған кешенді бағдарлама 

жүзеге асырылды. Бұл аумақ антропогендік әсердің жоғары деңгейімен сипатталады. Зерттеу 

нәтижесінде 38 тұқымдасқа, 93 туысқа жататын 126 түрден тұратын флоралық құрам анықталды. 

Таксономиялық тізімде жетекші орын алатын тұқымдастар: Rosaceae — 11 туыс, Cyperaceae және 

Asteraceae — 9 туыстан, Poaceae — 7 туыстан тұрады. Өсімдіктердің кеңістікте таралуы, саны, 

тіршілік формалары мен жағдайы айқындалды. Түрлердің биоэкологиялық сипаттамасы беріліп, 

тіршілік формалары (экоморфалары) анықталды, сондай-ақ өсімдіктердің ылғалға қатынасы бойынша 

экологиялық топтары ажыратылды. Жүргізілген зерттеулер аумақтың бұзылу дәрежесін бағалауға 

және сукцессия бағытын болжауға мүмкіндік берді. Өсімдік жамылғысының негізін антропогендік 

ортаға бейімделген жергілікті, экологиялық тұрғыдан тұрақты түрлер құрайды. Бұл зерттеулер 

техногендік бұзылған жерлерді қалпына келтіруге және оларды биосфералық қорға қайтаруға ықпал 

етеді. 

Kілт сөздер: флора, түр, техногендік бұзылған аумақтар, Риддер металлургиялық кешенінің 

кәсіпорындары, тіршілік формасы, өсімдіктердің жағдайы, экоморфа, экожүйе. 

 

Т.А. Вдовина, О.А. Ануфриева, А.А. Винокуров, А.Н. Данилова,  

А.А. Сумбембаев, А.А. Чернакова 

Флора антропогенно нарушенных территорий Риддерского  

металлургического комплекса 

Цель работы — исследование флористического состава растений, формирующегося на нарушенных 

промышленностью землях в районе Риддерского металлургического комплекса для решения пробле-

мы их биологической рекультивации. При проведении исследований на нарушенных промышленно-

стью землях Риддерского металлургического комплекса совместно с ИББР «Институт биологии и 

биотехнологии растений» была реализована комплексная программа по изучению фитоценозов техно-

генных ландшафтов, почвенного состава. Данная территория характеризуется высокой степенью ан-

тропогенного воздействия. В результате исследований изучен флористический состав, насчитываю-

щий 126 видов из 38 семейств, 93 родов. На лидирующих позициях в таксономическом списке такие 

семейства, как Rosaceae (одиннадцать родов), Cyperaceae и Asteraceaeпо (девять родов), Poaceae 

(семь родов). Определено их пространственное размещение, численность, жизненная форма, состоя-

ние растений. Приведена биоэкологическая характеристика видов, жизненная форма (экоморфа), вы-

делены экологические группы растений по отношению к влаге. Проведенные исследования позволили 

оценить степень нарушенности территории, спрогнозировать направление сукцессии. В растительном 
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покрове основу составляют местные, экологически устойчивые виды, отражающие связь с антропо-

генным местообитанием. Данные исследования способствуют восстановлению техногенно нарушен-

ных земель, возвращению их в биосферный фонд. 

Ключевые слова: флора, вид, техногенно нарушенные территории, предприятия Риддерского метал-

лургического комплекса, жизненная форма, состояние растений, экоморфа, экосистема. 
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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 

(Zea mays 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 Iltis 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 Iltis & 

Doebley, and Zea mays subsp. huehuetenangensis (Iltis & 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), Türkiye (3), 
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France (2), Russia (2), and Greece (1). The hybrids were developed using a population, single-, two- (F₁), 
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). 

 

 

Figure 1. Distribution of maize accessions used in this study by country of origin 

T a b l e  1  

Characteristics of maize accessions used for SSR genotyping 

№ 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 Türkiye (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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C o n t i n u a t i o n  o f  T a b l e  1  

№ 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 М11G99 Türkiye (Europe) Two-line (F1) hybrid 

41 ZM-057 М-16С45 Türkiye (Europe) Two-line (F1) hybrid 

42 ZM-062 SI Bambus Switzerland (Europe) Two-line (F1) hybrid 

43 ZM-063 SI Gladius Switzerland (Europe) Two-line (F1) hybrid 

44 ZM-065 SI Kursor Switzerland (Europe) Two-line (F1) hybrid 

45 ZM-066 SI Maileston Switzerland (Europe) Two-line (F1) hybrid 

46 ZM-067 SI 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/μl. 

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 μL, comprising 100 ng of genomic DNA, 1 U of Taq DNA polymerase, 0.2 mM of each dNTP, 

10 pM of each primer, 1.5 mM MgCl₂, and 1× 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. 

T a b l e  2  

Characteristics of SSR markers used for analysis 

№ Primer Primer Sequence (5'-3') Motif 
Chr. 

No. 

Ta 

(℃) 

Associated genes  

and traits [34] 

1 bnlg1520 
F: TCCTCTTGCTCTCCATGTCC 

(AG)22 2 58 - 
R: ACAGCTGCGTAGCTTCTTCC 

2 phi002 

F: CATGCAATCAATAACGATGGCGAGT 

AACG 1 58 

agal2, 100 kernel 

weight, leaf below flag 

leaf 
R: TTAGCGTAACCCTTCTCCAGTCAGC 

3 phi021 

F: 

TTCCATTCTCGTGTTCTTGGAGTGGTCCA AG 4 58 adh2 

R: CTTGATCACCTTTCCTGCTGTCGCCA 

4 phi027 

F: GCGTACGTACGACGAAGACAC 

(GCGCT)n 9 58 

wx1, amino acids, leaf 

below flag leaf, me-

tabolites 
R: CACAGCACGTTGCGGATTTCTCT 
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№ Primer Primer Sequence (5'-3') Motif 
Chr. 

No. 

Ta 

(℃) 

Associated genes  

and traits [34] 

5 phi042 

F: ATGTGGCCATCATTCAATGCTGTAGAC 

CATA 9 60 

sus1, photoperiod 

growing-degree days 

to silk, node number 
R: ACACATGCAGGTGCAGCCAGA 

6 phi047 
F: GGAGATGCTCGCACTGTTCTC 

ATC 3 62 mybr17 
R: CTCCACCCTCTTTGACATGGTATG 

7 phi058 

F: AGGTGCTGGACACAGACTTCAAC 

CCG 5 58 

col12, tassel branch 

number, ear height, 

plant height 
R: ACTGAGATCCAGGCTCCTCTTC 

8 phi061 

F: GACGTAAGCCTAGCTCTGCCAT 
TTCT-

GTAT 
9 58 

wx1, amino acids, leaf 

below flag leaf, me-

tabolites 
R: AAACAAGAACGGCGGTGCTGATTC 

9 phi070 
F: GCTGAGCGATCAGTTCATCCAG 

AGCTG 6 58 mlg3 
R: CCATGGCAGGGTCTCTCAAG 

10 phi076 
F: TTCTTCCGCGGCTTCAATTTGACC 

AGCGGG 4 58 - 
R: GCATCAGGACCCGCAGAGTC 

11 phi079 
F: TGGTGCTCGTTGCCAAATCTACGA 

AGATG 4 58 gpc1 
R: GCAGTGGTGGTTTCGAACAGACAA 

12 phi116 
F: TCCCTGCCGGGACTCCTG 

ACTG/ACG 7 58 phi116 
R: GCATACGGCCATGGATGGGA 

13 phi127 
F: ATATGCATTGCCTGGAACTGGAAGGA 

AGAC 2 58 - 
R: AATTCAAACACGCCTCCCGAGTGT 

14 umc1060 
F: ACAGGATTTGAGCTTCTGGACATT 

(CGG)5 5 58 umc1060 
R: GGCCTCTCCTTCATCCTATTCAA 

15 umc1265 

F: GCCTAGTCGCCTACCCTACCAAT 

(TCAC)4 2 58 

ereb197, tassel spike 

length; leaf angle, tas-

sel branch number 
R: TGTGTTCTTGATTGGGTGAGACAT 

16 umc1327 
F: AGGGTTTTGCTCTTGGAATCTCTC 

(GCC)4 8 58 umc1327, anthesis date 
R: GAGGAAGGAGGAGGTCGTATCGT 

17 umc1403 
F: GTACAACGGAGGCATTCTCAAGTT 

(GCA)4 1 58 
xyl5, 100 kernel 

weight R: TGTACATGGTGGTCTTGTTGAGGT 

18 umc1446 
F: GCGCTGCTGCTTCTTAAATTATCT 

(TAA)7 1 58 kcs15 
R: GATGAGACCACCTACAAGTTCGCT 

19 umc1545 
F: GAAAACTGCATCAACAACAAGCTG 

(AAGA)4 7 58 hsp3 
R: ATTGGTTGGTTCTTGCTTCCATTA 

20 umc1941 
F: ACGACGAGACTCTGTTCTGGTTCT 

(CTG)10 5 58 
umc1941, kernel row 

number R: AGGAGGATTACGTCAATCTGTTCG 

21 umc2189 
F: CGTAAGTACAGTACACCAATGGGC 

(CAG)4 1 58 epf10 
R: ACACCGACTACAAGCCTCTCAACT 

 

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 ΔK 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. 

T a b l e  3  

Genetic diversity by 51 maize accessions 

№ Accession Na Ne I 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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№ Accession Na Ne I 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 1.1 1.1 0.077 0.062 0.055 9.52 % 

39 ZM-051 1.0 1.0 0.024 0.019 0.017 4.76 % 

40 ZM-056 1.1 1.0 0.048 0.038 0.034 9.52 % 

41 ZM-057 1.6 1.4 0.353 0.295 0.262 57.14 % 

42 ZM-062 1.1 1.0 0.048 0.038 0.034 9.52 % 

43 ZM-063 1.1 1.1 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 1.1 1.1 0.056 0.048 0.042 9.52 % 

46 ZM-067 1.1 1.0 0.048 0.038 0.034 9.52 % 

47 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 1.5 1.4 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 1.1 1.1 0.080 0.067 0.059 14.29 % 

Mean 1.517 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; I — 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. 

T a b l e  4  

Genetic diversity among the three groups of origin 

№ Origin N Na Ne I 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; I — 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 (I), 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 (I), 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). 

T a b l e  5  

Genetic diversity by markers 

№ Locus No Na Ne I 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 phi116 6 1.6 1.4 0.298 0.237 0.701 0.737 0.089 0.722 

13 phi127 5 1.6 1.4 0.305 0.237 0.692 0.751 0.083 0.761 

14 umc1060 6 1.6 1.5 0.330 0.253 0.759 0.747 0.085 0.800 

15 umc1265 6 1.6 1.4 0.323 0.247 0.724 0.741 0.087 0.764 
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№ Locus No Na Ne I uh uHe Fst Nm PIC 

16 umc1327 4 1.3 1.2 0.145 0.116 0.455 0.792 0.066 0.446 

17 umc1403 7 1.5 1.4 0.276 0.216 0.640 0.747 0.085 0.683 

18 umc1446 4 1.4 1.3 0.208 0.161 0.635 0.814 0.057 0.692 

19 umc1545 8 1.5 1.4 0.280 0.225 0.705 0.771 0.074 0.787 

20 umc1941 7 1.3 1.2 0.188 0.157 0.516 0.766 0.076 0.536 

21 umc2189 8 1.5 1.4 0.273 0.218 0.766 0.784 0.069 0.808 

Mean 6.3 1.517 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;  

I — 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 umc1941. 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 (I), which spanned 

from 0.145 (umc1327) to 0.374 (phi058). Nei’s diversity index (uh) ranged between 0.116 (umc1327) 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 mybri17 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, Türkiye, 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. 

T a b l e  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). 

 

 

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 I) and Kazakhstani (Cluster II) accessions from Chinese (Cluster III) 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 Türkiye (ZM-057). Also, 

this cluster consists of one Chinese (ZM-011) and a few Kazakhstani accessions (ZM-040, ZM-024,  

ZM-041). Cluster II represents a larger, more complex meta-cluster, subdivided into multiple subclades. The 

upper portion of Cluster II 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 II. 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 III, 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 Türkiye (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). 

 

 

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), Türkiye (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 ΔK value was observed at K = 2 

(ΔK = 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. 

 

 

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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А.М. Ибраимов, М.М. Ермағамбетова, С.П. Махмаджанов,  

А.К. Ортаев, Е.К. Туруспеков 

Микросателлиттік маркерлерге негізделген әртүрлі  

географиялық аймақтардан алынған Zea mays L.  

үлгілерінің генетикалық алуантүрлілігін бағалау 

Зерттеу жұмысының мақсаты — микросателлиттік (SSR) маркерлерді пайдалана отырып, 

Қазақстаннан, Қытайдан және Еуропадан алынған жүгерінің 51 сорттары мен гибридтерінің 

(Zea mays L.) генетикалық алуантүрлілігі мен құрылымын қарастыру. Барлығы 255 үлгіні генотиптеу 

үшін 21 жоғары полиморфты SSR маркері қолданылды, бұл аллельдік алуантүрлілік пен генетикалық 

қатынастарды кешенді бағалауға мүмкіндік берді. Локустағы аллельдердің саны 1,517 орташа мәнімен 

1,0-ден 2,7-ге дейін өзгерді, ал күтілетін гетерозиготалық (uHe) орташа есеппен 0,192 құрады, бұл 

үлгілер арасындағы генетикалық алуантүрліліктің орташа деңгейін көрсетеді. Географиялық шығу 

тегі бойынша генетикалық алуантүрлілікті талдау еуропалық үлгілердің ең үлкен аллельдік 

байлығымен (Na = 5,9) және генетикалық алуантүрлілігімен, одан кейін қытайлық және қазақстандық 

топтармен сипатталатынын көрсетті. Осы айырмашылықтарға қарамастан, барлық топтар 100 % 

полиморфизмді көрсетті, бұл таңдалған SSR маркерлерінің жоғары ақпараттылығын растайды. Поли-

морфты ақпараттық мазмұнының (PIC) мәндері 0,446-дан 0,884-ке дейін, орташа мәні 0,712-ге дейін 

өзгерді, бұл phi047, bnlg1520 және umc2189 маркерлерінің жоғары ақпараттылығын көрсетті. 

Молекулалық дисперсияны (AMOVA) талдау жалпы генетикалық вариацияның 70 % үлгілер 

арасындағы айырмашылықтарға байланысты екенін көрсетті, бұл жоғары генетикалық дифференциа-

цияны (Fst = 0,702) және шектеулі ген ағынын (Nm = 0,212) түсіндіреді. Кластерлік талдау, негізгі ко-

ординаттарды талдау (PCoA) және STRUCTURE нәтижелері қытайлық үлгілердің нақты генетикалық 

бөлінуін дәйекті түрде анықтады, ал еуропалық және қазақстандық үлгілер жақынырақ генетикалық 

байланыстар мен ішінара араласуды көрсетті. Жалпы алғанда, нәтижелер жүгері үлгілері арасында 

айтарлықтай генетикалық алуантүрлілікті және айқын популяция құрылымын көрсетеді, бұл 

генетикалық ресурстарды сақтау және селекциялық бағдарламаларда генетикалық әртүрлі ата-аналық 

линияларды таңдау үшін құнды дерек көзі болады. 

Кілт сөздер: Zea mays, Қазақстан, молекулалык маркерлер, SSR, генетикалық алуантүрлілік, поли-

морфизм, генетикалық құрылым, генотиптеу. 
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А.К. Ортаев, Е.К. Туруспеков 

Оценка генетического разнообразия образцов Zea mays L. из разных  

географических регионов на основе микросателлитных маркеров 

Целью данного исследования было изучение генетического разнообразия и структуры 51 сорта и гиб-

рида кукурузы (Zea mays L.), происходящих из Казахстана, Китая и Европы, с использованием марке-

ров простых повторяющихся последовательностей (SSR). Для генотипирования 255 образцов был 

применен 21 высокополиморфный SSR-маркер, что позволило провести всестороннюю оценку ал-

лельной изменчивости и генетических взаимосвязей. Количество аллелей на локус варьировалось от 

1,0 до 2,7, в среднем составляя 1,517, а ожидаемая гетерозиготность (uHe) в среднем составляла 0,192, 

что указывает на умеренное генетическое разнообразие среди образцов. Анализ генетического разно-

образия по географическому происхождению показал, что европейские образцы демонстрируют наи-

большее аллельное богатство (Na = 5,9) и генетическое разнообразие, за ними следуют китайские и 

казахстанские группы. Несмотря на эти различия, все группы показали 100 % полиморфизм, подтвер-

ждая высокую информативность выбранных SSR-маркеров. Значения PIC варьировались от 0,446 до 

0,884 со средним значением 0,712, что указывает на высокую информативность таких маркеров, как 

phi047, bnlg1520 и umc2189. Анализ AMOVA показал, что 70 % общей генетической изменчивости 

обусловлено различиями между образцами, что указывает на сильную генетическую дифференциа-

цию (Fst = 0,702) и ограниченный генный поток (Nm = 0,212). Кластерный анализ, анализ PСoA  
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https://doi.org/10.1186/s12864-025-12024-8
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и результаты STRUCTURE выявили четкое разделение китайских образцов, в то время как европей-

ские и казахстанские образцы показали более тесные генетические связи и частичное смешение. В це-

лом, полученные результаты подчеркивают генетическое разнообразие и различную популяционную 

структуру среди образцов кукурузы, предоставляя ценную информацию для сохранения генофонда и 

отбора генетически разнообразных родительских линий в селекционных программах. 

Ключевые слова: Zea mays, Казахстан, молекулярные маркеры, SSR, генетическое разнообразие, по-

лиморфизм, генетическая структура, генотипирование. 

 

Information about the authors 

Ibraimov Alan Madiyarovich — Laboratory assistant of the Laboratory of Molecular Genetics,  

Institute of Plant Biology and Biotechnology, Almaty, Kazakhstan; e-mail: alan.ibraimov08@gmail.com; 

ORCID: https://orcid.org/0009-0007-1244-5209  

Yermagambetova Moldir Makatkyzy — PhD, Senior Researcher of the Laboratory  

of Molecular Genetics, Institute of Plant Biology and Biotechnology, Almaty, Kazakhstan;  

e-mail: ermaganbetova.moldir@bk.ru; ORCID: https://orcid.org/0000-0002-4737-2384  

Makhmadzhanov Sabir Partovich — Candidate of Agricultural Sciences, Head of laboratory  

at Agricultural Experimental Station for Cotton and Melon Growing, Atakent village, Kazakhstan;  

e-mail: max_s1969@mail.ru; ORCID: https://orcid.org/0009-0007-6664-5759  

Ortaev Anarbai Kainarovich — Candidate of Agricultural Sciences, Director at Krasnovodopad  

Agricultural Experimental Station, Sarkyrama village, Kazakhstan; e-mail: anarbai_68@mail.ru; ORCID: 

https://orcid.org/0000-0001-5571-6055  

Turuspekov Yerlan Kenesbekovich — Dr., Professor, Head of the Laboratory of Molecular  

Genetics, Institute of Plant Biology and Biotechnology, Almaty, Kazakhstan; e-mail: yerlant@yahoo.com; 

ORCID: https://orcid.org/0000-0001-8590-1745  

 

 

mailto:alan.ibraimov08@gmail.com
https://orcid.org/0009-0007-1244-5209
mailto:ermaganbetova.moldir@bk.ru
https://orcid.org/0000-0002-4737-2384
mailto:max_s1969@mail.ru
https://orcid.org/0009-0007-6664-5759
mailto:anarbai_68@mail.ru
https://orcid.org/0000-0001-5571-6055
mailto:yerlant@yahoo.com
https://orcid.org/0000-0001-8590-1745


How to Cite: Berliguzhin, M.Т, Akhmedenov, K.M. & Yakupova, J.B.. (2026). Paleoecological reconstruction of the Late Pleisto-

cene in the lower reaches of the Ural (Zhaiyk) River based on the materials of the Daryinsk Museum Collection. Fundamental and 

Experimental Biology, 31, 3 (123), 83-93. https://doi.org/10.31489/2026FEB3/83-93 

© 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/) 83 

Research Article 

https://doi.org/10.31489/2026FEB3/83-93 

UDC 903(574.1) Received: 9.02.2026 ǀ Accepted: 8.06.2026 ǀ Published online: 30.09.2026 

M.T. Berliguzhin
*
, K.M. Akhmedenov, J.B. Yakupova 

Makhambet Utemisov West Kazakhstan University, Uralsk, Kazakhstan 
*Corresponding author: 88_max_88.88@inbox.ru 

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—gravel 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 I.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.I. 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 



Paleoecological reconstruction of the Late… 

ISSN 3080-6836 (Print) ISSN 3080-6844 (Online) 85 

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—lake 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). 

T a b l e  1  

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

Layer 
Depth 

(m) 
Lithology Age interpretation Faunal content 

Taphonomic 

interpretation 

1 

 

0-1 

 

Modern floodplain 

grayish–brown loams 

with humus interlayers 

Holocene 

 

No Pleistocene fauna 

 

Modern floodplain 

deposition 

2 

 

1–4 

 

Light yellow–grey 

sandy loams with silty 

interbeds 

 

Late Holocene — 

Early 

Neopleistocene 

 

Aquatic microfauna 

(Planorbis, Lymnaea, 

Pisidium, Candona, 

Ilyocypris, Cyprideis) 

Calm floodplain — 

oxbow deposition, 

minimal reworking 

3 

 

4–10 

 

Medium–coarse chan-

nel sands with gravel–

pebble lenses 

Late 

Neopleistocene 

(MIS 3-2) 

Sporadic reworked 

Pleistocene remains 

High–energy channel 

transport 

4 

 

10–16 

 

Cross–bedded sand — 

gravel deposits (main 

paleontological hori-

zon) 

 

Late Pleistocene 

(correlated with 

Khvalynian–

Khazarian alluvial 

phases) 

Concentration of 

megafauna (skulls, 
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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—laminated 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, Ilyocypris, 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—lacustrine 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 Ilyocypris 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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T a b l e  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 1,5 % 0,7 % 

No. 34 140 90 210 8 80 7 0,8 1 2,3 % 0,60 % 

No. 36 182 80 120 13 70 8 0,7 3 1,5 % 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. 

 

 
a b c d 

cm
 

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; c; 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 Memorial 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. 
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М.Т. Берлигужин, К.М. Ахмеденов, Д.Б. Якупова 

Дарьинск ауылы музей коллекциясының материалдары  

бойынша Орал (Жайық) өзенінің төменгі ағысы кеш плейстоценін 

палеоэкологиялық реконстукциялау 

Мақалада М.А. Шолохов мемориалдық музейінің (Дарьинск ауылы, Бәйтерек ауданы, Батыс 

Қазақстан облысы) қорынан плейстоцендік сүтқоректілердің палеонтологиялық коллекциясын 

кешенді зерттеу нәтижелері ұсынылған. Материал кеш плейстоцен жасындағы аллювиалды 

шөгінділерден Жайық өзенінің төменгі ағысынан жиналған және ұзақ уақыт бойы анықталмаған. 

Жүргізілген морфометриялық зерттеулер коллекцияны алғаш рет ғылыми айналымға енгізуге және ірі 

сүтқоректілердің қалдықтарының таксономиялық байланысын нақтылауға мүмкіндік берді. 

Коллекцияға Bos primigenius және Bison priscus бас сүйектері, көптеген посткраниальды элементтер 

және Mammuthus primigenius, Mammuthus trogontherii chosaricus тістері, ортан жілік (Coelodonta 

antiquitatis (Blumenbach, 1799)) және мүйіз қалдықтары (Megaloceros giganteus, Cervus elaphus) кіреді. 

Салыстырмалы әдістерді қолдану (von den Driesch, Гарутт, Дуброво, Форонова) және Орал-Еділ-

Каспий маңы аймақтарының жарияланған ғылыми мақалаларымен салыстыру Батыс Қазақстанның 

плейстоцендік мегафаунасының сипаттамалық келбетін растауға және суық далалық тундрадан 

жайылмалы-шалғынды биотоптарға дейінгі экожүйелердің кең спектрін анықтауға мүмкіндік берді. 

Алынған нәтижелер кеш плейстоцендегі Орал-Каспий ойпатының палеоэкологиялық жағдайларын 

қайта құру және климаттық ауытқуларға байланысты табиғи жағдайлардың динамикасын бағалау 

үшін маңызды. Материал плейстоцен кешенінің типтік құрылымын және дала, ылғалды орманды дала 

элементтерінің болуын көрсетеді. Бұл жинақты ғылыми айналымға енгізу аймақтың төрттік фаунасы 

туралы мәліметтер базасын кеңейтеді және одан әрі салыстырмалы, палеобиогеографиялық және 

палеоэкологиялық зерттеулерге, сондай-ақ қазіргі экожүйелердің ықтимал өзгеру тенденцияларын 

модельдеуге негіз жасайды. 

Кілт сөздер: кеш плейстоцен, Батыс Қазақстан, Орал (Жайық) өзені, мегафауна, палеоэкологиялық 

реконструкциялау, музей коллекциясы, ірі сүтқоректілер, төрттік кезең. 

 

М.Т. Берлигужин, К.М. Ахмеденов, Д.Б. Якупова 

Палеоэкологическая реконструкция позднего плейстоцена нижнего течения 

реки Урал (Жайык) по материалам музейной коллекции п. Дарьинск 

В работе представлены результаты комплексного изучения палеонтологической коллекции плейсто-

ценовых млекопитающих из фондов Мемориального музея М.А. Шолохова (п. Дарьинск, район Бай-

терек, Западно-Казахстанская область). Материал был собран в нижнем течении реки Урал (Жайык) 

из аллювиальных отложений позднеплейстоценового возраста и на протяжении длительного времени 

оставался неопределённым. Проведённые нами морфометрические исследования позволили впервые 

ввести коллекцию в научный оборот и уточнить таксономическую принадлежность остатков крупных 

млекопитающих. Коллекция включает черепа Bos primigenius и Bison priscus, многочисленные по-

сткраниальные элементы и зубы Mammuthus primigenius, зуб переходной формы Mammuthus 

trogontherii chosaricus, бедренную кость (Coelodonta antiquitatis (Blumenbach, 1799)), а также рога 

Megaloceros giganteus и Cervus elaphus. Использование сравнительных методик (von den Driesch, Га-

рутт, Дуброво, Форонова) и сопоставление с опубликованными сериями из регионов Урал — Волга — 

Прикаспий позволили подтвердить характерный облик плейстоценовой мегафауны Западного Казах-
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стана и выявить широкий спектр экосистем — от холодных тундростепей до пойменно-луговых био-

топов. Полученные результаты важны для реконструкции палеоэкологических условий Урало-

Каспийской низменности в позднем плейстоцене и для оценки динамики окружающей среды, связан-

ной с климатическими колебаниями. 

Ключевые слова. Поздний плейстоцен, Западный Казахстан, река Урал (Жайык), мегафауна, палеоэко-

логическая реконструкция, музейная коллекция, крупные млекопитающие, четвертичный период. 
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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. 

Keywords: garlic, Allium sativum L., in vitro, microbial contamination, explants, Fusarium, Penicillium. 

 

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 
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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 µmol m⁻² s⁻¹. 
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). 

T a b l e  1  

Contamination Levels of Explants of Different Garlic Cultivars 

№ 
Garlic  

Cultivar 

Total Number 

of Explants 

Number of 

Infected  

Explants 

Fusarium,  

% 

Penicillium, 

% 

Aspergillus, 

% 

Pseudomo-

nas, % 

Total In-

fected, % 

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. 

T a b l e  2  

Average Percentage of Bacterial and Fungal Contamination of Garlic Explants 

№ Garlic Cultivar 

Bacterial Contamination  

(Pseudomonas),  

% ± SD 

Fungal Contamination  

(Fusarium + Penicillium + Aspergillus), 

% ± 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. 

 

     

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 ×600. Scale bar = 10 µm. 
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Figure 3. Macroconidia of Fusarium isolated from infected garlic (Allium sativum L.) tissues.  

Magnification ×600. Scale bar = 10 µm 

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. 
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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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Ж.М. Матай, С.К. Джантасов, Г.М. Ибрагимова 

Сарымсақты (Allium sativum L.) in vitro дақылына енгізу кезіндегі 

бактериялық және саңырауқұлақтық контаминация 

Зерттеу жұмысында сарымсақты (Allium sativum L.) in vitro дақылына енгізу барысында туындайтын 

бактериялық және саңырауқұлақтық контаминация зерттелді. Зерттеудің мақсаты — экспланттардағы 

контаминация деңгейін бағалау және стандартты беткі стерилизациялау протоколдарының тиімділігін 

анықтау. Зерттеудің ғылыми жаңалығы — Қазақстанда алғаш рет сарымсақты in vitro дақылына енгізу 

кезінде кездесетін бактериялық және саңырауқұлақтық контаминацияға кешенді бағалау жүргізілді. 

Тәжірибелер нәтижесінде этанолмен және дезинфекциялаушы ерітінділермен өңдеуді қамтитын 

дәстүрлі стерилизация әдістері өсімдік материалын толық залалсыздандыруды қамтамасыз етпейтіні 

анықталды. Соның салдарынан өсірудің бастапқы кезеңдерінде микробтық инфекция дамып, 

экспланттардың жартылай немесе толық некрозына және микроклональды көбейту тиімділігінің 

төмендеуіне әкелді. Контаминация деңгейінің сарымсақ сорттарына байланысты өзгеретіні 

анықталды, бұл донор өсімдіктердің генотипі мен физиологиялық күйінің әсерін көрсетеді. 

Микроскопиялық талдау нәтижесінде Fusarium, Penicillium, Aspergillus туыстарына жататын 

саңырауқұлақтардың басым екені, сондай-ақ әртүрлі бактериялық микрофлораның бар екені 

анықталды. Дегенмен контаминанттарды нақты анықтау үшін қосымша молекулалық-генетикалық 

зерттеулер жүргізу қажет. Алынған нәтижелер контаминацияның сарымсақты in vitro дақылына сәтті 

енгізудегі негізгі шектеуші факторлардың бірі болып қала беретінін көрсетті. Осыған байланысты 

өсімдік материалын алдын ала өңдеу әдістерін жетілдіру, сондай-ақ стерилизациялау протоколдары 

мен өсіру жағдайларын оңтайландыру қажет. Зерттеудің практикалық маңыздылығы — контамина-

цияны азайтудың тиімді тәсілдерін әзірлеу арқылы микроклональды көбейту тиімділігін арттыру және 

сау in vitro коллекциялар құру мүмкіндігімен сипатталады. 

Кілт сөздер: сарымсақ, Allium sativum L., in vitro, микробтық контаминация, экспланттар, Fusarium, 

Penicillium. 

 

Ж.М. Матай, С.К. Джантасов, Г.М. Ибрагимова 

Бактериальная и грибковая контаминация при введении чеснока  

(Allium sativum L.) в культуру in vitro 

В настоящем исследовании изучалась бактериальная и грибная контаминация, возникающая при вве-

дении чеснока (Allium sativum L.) в культуру in vitro. Целью работы являлась оценка уровня контами-

нации эксплантов, а также определение эффективности стандартных протоколов поверхностной сте-

рилизации. Научная новизна исследования заключается в том, что впервые в Казахстане проведена 
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комплексная оценка бактериальной и грибной контаминации при введении чеснока в культуру in vitro. 

В ходе экспериментов установлено, что традиционные методы стерилизации, включая обработку эта-

нолом и дезинфицирующими растворами, не обеспечивают полной деконтаминации растительного 

материала. В результате на ранних этапах культивирования наблюдалось развитие микробной инфек-

ции, приводящее к частичному или полному некрозу эксплантов и снижению эффективности микро-

клонального размножения. Установлено, что степень контаминации варьирует в зависимости от сорта 

чеснока, что свидетельствует о влиянии генотипа и физиологического состояния донорных растений. 

Микроскопический анализ выявил преобладание грибов родов Fusarium, Penicillium и Aspergillus, а 

также наличие разнообразной бактериальной микрофлоры. Однако точная идентификация контами-

нантов требует проведения дополнительных молекулярно-генетических исследований. Полученные 

результаты показывают, что контаминация остаётся одним из основных ограничивающих факторов 

успешного введения чеснока в культуру in vitro. В связи с этим необходима оптимизация предпосев-

ной обработки растительного материала, а также совершенствование протоколов стерилизации и ус-

ловий культивирования. Практическая значимость исследования заключается в разработке более эф-

фективных подходов к снижению контаминации, что позволит повысить эффективность микрокло-

нального размножения и создать здоровые in vitro коллекции. 

Ключевые слова: чеснок, Allium sativum L., in vitro, микробная контаминация, экспланты, 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-oxoG), 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-oxoG) [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  

β-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-oxo-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: OGG1 excises 8-oxoG opposite cytosine, whereas MTH1 sanitizes the nucleotide pool 

by hydrolyzing oxidized dNTPs. Together, these enzymes form a coordinated, multi-layered defense against 

8-oxoG-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 β and ligation mediated by XRCC1 and DNA ligase III. In contrast, glycosylases lacking lyase activi-

ty rely on APE1-mediated incision, followed by strand displacement synthesis involving PCNA, DNA poly-

merases δ/ε, 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). 

 

 

Figure 1. Short-patch base excision repair (BER) pathway for 8-oxoG lesions [8] 
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Oxidative damage to guanine resulting in 8-oxoG formation is particularly mutagenic. If unrepaired,  

8-oxoG 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-oxoG [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]. 

 

 

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-oxoG: 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]. 
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T a b l e  1  

Functional roles of MUTYH in genome maintenance and disease prevention 

Role  

of MUTYH 

Molecular  

mechanism 

Biological signifi-

cance 

Clinical  

implications 

Key refer-

ences 

Removal of mispaired 

adenine opposite 8-

oxoG 

Hydrolysis of N-glycosidic 

bond; recognition of A:8-

oxoG via HhH-GPD domain 

Prevents G: C→T: A 

transversions; main-

tains replication fideli-

ty 

Loss of function → MAP 

phenotype; accumulation 

of APC mutations 
[8, 10] 

Cooperation with 

OGG1 and MTH1 (8-

oxoG defense axis) 

Acts downstream of OGG1 

and in coordination with 

MTH1 to counteract oxida-

tive lesions during and after 

replication 

Provides multi-layered 

protection against oxi-

dative mutagenesis  

Disruption of this axis 

increases oxidative muta-

tional burden; the strong-

est clinical evidence for 

CRC is associated with 

biallelic MUTYH defi-

ciency  

[8, 9] 

Crosstalk with mis-

match repair (MSH6) 

Physical and functional inter-

action with MSH6 enhances 

mismatch recognition and 

repair complex assembly  

Improves post-

replicative repair effi-

ciency 

May contribute to Lynch-

like molecular features in 

a subset of MUTYH-

deficient tumors 

[23, 24] 

Coordination with the 

DNA replication ma-

chinery 

Interaction with PCNA local-

izes MUTYH to replication 

forks 

Enables rapid correc-

tion of mismatches 

arising during DNA 

synthesis 

Impaired interaction in-

creases mutational load 

and cancer susceptibility 
[15, 19] 

Function of the [4Fe-

4S] cluster 

Stabilizes DNA-binding con-

formation and supports allo-

steric control  

Ensures accurate lesion 

recognition and struc-

tural integrity of the 

enzyme 

Variants destabilizing the 

Fe-S cluster are associated 

with severe loss-of-

function phenotypes 

[15] 

Regulation by post-

translational modifica-

tions 

Phosphorylation and 

ubiquitination modulate sta-

bility, localization, and activi-

ty 

Fine-tunes BER ac-

cording to cell cycle 

and stress conditions 

Dysregulation may con-

tribute to cancer suscepti-

bility 
[23] 

Tumor suppression 

beyond the colon 

Prevention of oxidative mu-

tagenesis in multiple tissues 

Extends protective role 

beyond colorectal epi-

thelium 

Supports the concept of a 

broader “MUTYH-

associated tumor spec-

trum” 

[4] 

 

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-

quency 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 MSH6, 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 (lncRNAs) 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 numerous 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 MTH1 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 геніндегі мутацияның колоректальды  

қатерлі ісіктің дамуындағы рөлі 

MUTYH геніндегі мутациялар ДНҚ-гликозилазаны кодтай отырып, колоректальды қатерлі ісіктің 

(КРҚІ) дамуында, әсіресе MUTYH-пен байланысты полипоз (MAP) жағдайларында маңызды рөл 

атқарады. Бұл фермент ДНҚ-ның негіздерін эксцизиялық репарациялау (BER) үдерісінің негізгі 

компоненті және ДНҚ-ның тотығу зақымдануының өнімі болып саналатын 8-оксогуанинмен (8-oxoG) 

қате жұптасқан адениндерді жоюға жауап береді. MUTYH функциясының патогенді мутациялар 

салдарынан бұзылуы G: C→T: A типті трансверсиялардың жинақталуына әкеліп, геномдық 

тұрақсыздықтың күшеюіне және тоқ ішек эпителий жасушаларының қатерлі трансформациясына 

себеп болады. Бұл шолуда MUTYH дисфункциясының колоректальды қатерлі ісіктің дамуымен 

байланысын дәлелдейтін молекулалық, функционалдық және клиникаға дейінгі деректер 

жинақталған. MAP синдромының патогенетикалық механизмдері мен фенотиптік ерекшеліктері 

талқыланып, MUTYH-тың әртүрлі нұсқаларында ферментативтік белсенділіктің төмендейтінін 

көрсететін құрылымдық талдаулардың нәтижелері ұсынылады. Қазіргі уақытта MUTYH функциясын 

қалпына келтіруге бағытталған терапиялық стратегиялар, соның ішінде гендік терапия, 

фармакологиялық модуляция және синтетикалық өлім қағидаттарына негізделген тәсілдер зерттелуде. 

Отбасылық анамнезінде колоректальды қатерлі ісігі бар адамдарда MUTYH генінің биаллельді 

мутацияларын ерте молекулалық скринингтен өткізуге ерекше назар аударылады, өйткені бұл 

деректер алдын алу мен емдеудің дербестендірілген тәсілдерін қалыптастыру үшін маңызды негіз 

бола алады. MUTYH-тың геном тұтастығын сақтаудағы рөлін терең түсіну колоректальды қатерлі 

ісікті диагностикалау, қауіп-қатерді бағалау және таргеттік терапияны дамыту үшін жаңа 

мүмкіндіктер ашады. 

Кілт сөздер: негіздерді эксцизиялық репарациялау, аденин-ДНҚ-гликозилаза, ДНҚ репарациясы, 

MUTYH, колоректальды қатерлі ісік. 
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Роль мутации в гене MUTYHв развития колоректального рака 

Мутации в гене MUTYH, который кодирует ДНК-гликозилазу, играют ключевую роль в развитии ко-

лоректального рака (КРР), особенно в случаях наследственного полипоза, ассоциированного с 

MUTYH (MAP). Этот фермент является важной частью процесса репарации оснований (BER), ответ-

ственного за удаление аденинов, неправильно связанных с 8-оксогуанином (8-oxoG), побочным про-

дуктом окислительного повреждения ДНК. Потеря функции MUTYH из-за вредных мутаций приво-

дит к накоплению трансверсий G:C→T:A, что приводит к нестабильности генома и злокачественной 

трансформации эпителиальных клеток толстой кишки. В этом обзоре обобщены молекулярные, функ-

циональные и доклинические данные, подтверждающие связь дисфункции MUTYH с развитием КРР. 

В нем обсуждаются патогенетические механизмы и фенотипические особенности MAP, представлены 

результаты структурного анализа, показывающие снижение ферментативной активности в различных 

вариантах MUTYH. В настоящее время изучаются терапевтические стратегии, направленные на вос-

становление функции MUTYH, включая генную терапию, фармакологическую модуляцию и исполь-

зование синтетической летальности. Особое внимание уделяется раннему молекулярному скринингу 

на наличие биаллельных мутаций MUTYH у лиц с семейным анамнезом КРР, поскольку он может 

служить основой для персонализированных подходов к профилактике и лечению. Понимание роли 

MUTYH в поддержании целостности генома открывает новые возможности для диагностики, оценки 

риска и таргетной терапии колоректального рака. 

Ключевые слова: удаление основания, аденин-ДНК гликозилаза, репарация ДНК, MUTYH, колорек-

тальный рак. 
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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 β-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 Ile 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 × 10 m (100 m²) sampling plot. The total number of transects was 

nine (3 cenopopulations × 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 



Floristic diversity, geobotanical… 

ISSN 3080-6836 (Print) ISSN 3080-6844 (Online) 115 

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–IX) 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 m² 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 m² 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 Ile 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 I (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-

quency 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 phytocoenotic 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 I, 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 I 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 I represents a stable, uniform, and ecologically balanced system. Accord-
ing to both Hult–Drude and Braun–Blanquet 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 I. 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 I was as follows: Cop3-Cop2 (dominants and subdominants) — 14 species (28 %); Cop1 
(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 
Cop1 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 Cop1 species, confirms that 
the phytocoenosis is dense, well-developed, and structurally stable. This pattern is directly associated with 
the hydromesophytic character of Cenopopulation I and the favorable moisture regime. Overall, the data ob-
tained according to the Hult–Drude scale indicate that Cenopopulation I 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 I, 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; Cop1 — 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–Blanquet scale: Classes III-IV (moderate to high cover) — 36 %;  
Class II — 40 %; Class I + — 24 %.Thus, the predominance of classes III-II confirms the high overall vege-
tation density (80–90 %). Cop2-Cop3 categories largely correspond to Braun–Blanquet classes III-IV,  
indicating that dominant and subdominant species are widely distributed and possess high projective cover. 
Cop1 species mainly correspond to Braun–Blanquet class II, meaning these species are stable structural 
components but not absolutely dominant. Sp and Sol categories correspond to Braun–Blanquet classes I 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). 

T a b l e  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 II Mesophyte 

2 Phragmites australis 30 3 III Hygrophyte 

3 Typha angustifolia 15 2 II Hygrophyte 

4 Poa pratensis 40 3 III Mesophyte 

5 Festuca pratensis 35 3 III Mesophyte 

6 Dactylis glomerata 45 3 III Mesophyte 

7 Bromopsis inermis 45 3 III Xeromesophyte 

8 Agrostis stolonifera 30 3 III Hygromesophyte 

9 Phleum pratense 30 3 III Mesophyte 

10 Stipa capillata 40 3 III Xerophyte 

11 Allium decipiens 15 2 II Xerophyte 

12 Carex colchica 25 2 II Hygromesophyte 

13 Juncus compressus 20 2 II Hygrophyte 

14 Trifolium pratense 35 3 III Mesophyte 

15 Trifolium repens 30 3 III Mesophyte 

16 Medicago falcata 40 3 III Mesophyte 

17 Melilotus officinalis 30 3 III Xeromesophyte 

18 Vicia cracca 25 2 II Mesophyte 

19 Achillea millefolium 45 3 III Mesophyte 
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C o n t i n u a t i o n  o f  T a b l e  1  

No Species Frequency, % Hult–Drude Braun–Blanquet Ecological group 

20 Taraxacum officinale 30 3 III Mesophyte 

21 Tanacetum vulgare 25 2 II Xeromesophyte 

22 Artemisia austriaca 20 2 II Xerophyte 

23 Artemisia vulgaris 50 4 IV Xeromesophyte 

24 Xanthium spinosum 20 2 II Mesophyte 

25 Onopordon acanthium 15 2 II Xerophyte 

26 Conyza canadensis 20 2 II Mesophyte 

27 Dodartia orientalis 20 2 II Xerophyte 

28 Verbascum songoricum 15 2 II Xeromesophyte 

29 Galium verum 25 2 II Xeromesophyte 

30 Plantago major 25 2 II Mesophyte 

31 Plantago lanceolata 30 3 III Xeromesophyte 

32 Convolvulus arvensis 20 2 II Mesophyte 

33 Thlaspi arvense 20 2 II Mesophyte 

34 Descurainia sophia 20 2 II Mesophyte 

35 Berteroa incana 15 2 II Xeromesophyte 

36 Rosa iliensis 10 1 I Xeromesophyte 

37 Polygonum aviculare 30 3 III Mesophyte 

38 Salix alba 20 2 II Hygromesophyte 

39 Salvia stepposa 35 3 III Xeromesophyte 

40 Papaver rhoeas 40 3 III Xeromesophyte 

41 Urtica dioica 20 2 II Hygrophyte 

42 Euphorbia palustris 35 3 III Hygrophyte 

43 Elymus repens 40 3 III Mesophyte 

44 Capsella bursa-pastoris 20 2 II Mesophyte 

45 Rumex acetosa 25 2 II Mesophyte 

46 Rumex crispus 20 2 II Mesophyte 

47 Chenopodium album 15 2 II Xeromesophyte 

48 Atriplex patula 15 2 II Xeromesophyte 

49 Thymus marschallianus 20 2 II Xerophyte 

50 Campanula patula 15 2 II Mesophyte 

51 Stellaria graminea 20 2 II Mesophyte 

 

Cenopopulation II (500–570 m above sea level). Cenopopulation II 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 (II 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 II 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 II 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 II 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 II. 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 II was 

structured as follows: Cop2 (dominants) — 8 species (18 %), Cop1 (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 II, 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, III class — 15 species, II class — 17 species, and I plus (+) — 8 species. The predom-

inance of III–II 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 II 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 II 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). 

T a b l e  2  

Floristic diversity and ecological structure of Cenopopulation II (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 III Mesophyte 

2 Festuca pratensis 70 Cop2 III Mesophyte 

3 Dactylis glomerata 65 Cop2 III Mesophyte 

4 Stipa capillata 60 Cop2 IV Xerophyte 

5 Bromopsis inermis 55 Cop1 III Xeromesophyte 

6 Elymus repens 50 Cop1 II–III Mesophyte 

7 Anisantha tectorum 50 Cop1 III Xerophyte 

8 Aegilops cylindrica 65 Cop2 IV Xerophyte 

9 Eremopyrum orientale 30 Cop1 II Xerophyte 

10 Taeniatherum crinitum 25 Cop1 II Xerophyte 

11 Artemisia austriaca 60 Cop2 IV Xerophyte 

12 Artemisia frigida 55 Cop1 III Xerophyte 

13 Artemisia vulgaris 70 Cop2 IV Xeromesophyte 

14 Tanacetum vulgare 55 Cop1 II–III Xeromesophyte 

15 Achillea millefolium 60 Cop2 III Mesophyte 

16 Taraxacum officinale 40 Cop1 II Mesophyte 

17 Salvia stepposa 50 Cop1 III Xeromesophyte 

18 Thymus marschallianus 45 Cop1 II Xerophyte 

19 Convolvulus arvensis 40 Cop1 II Mesoxerophyte 

20 Plantago lanceolata 45 Cop1 II Mesoxerophyte 

21 Plantago major 30 Sp I Mesophyte 

22 Galium verum 50 Cop1 III Xeromesophyte 

23 Medicago falcata 55 Cop1 III Mesoxerophyte 

24 Melilotus officinalis 45 Cop1 II Xeromesophyte 

25 Trifolium pratense 50 Cop1 III Mesophyte 

26 Trifolium repens 35 Sp II Mesophyte 

27 Vicia cracca 30 Sp II Mesophyte 

28 Thlaspi arvense 25 Sp II Mesophyte 

29 Descurainia sophia 25 Sp II Mesophyte 

30 Berteroa incana 30 Sp II Xeromesophyte 

31 Polygonum aviculare 35 Sp II Mesophyte 

32 Papaver rhoeas 45 Cop1 III Xeromesophyte 

33 Rosa iliensis 20 Sol I Xeromesophyte 

34 Elaeagnus oxycarpa 15 Sol I Xeromesophyte 

35 Salix alba 15 Sol I Hygromesophyte 

36 Tamarix ramosissima 20 Sol I Haloxerophyte 

37 Dodartia orientalis 30 Sp II Xerophyte 

38 Verbascum songoricum 25 Sp II Xeromesophyte 
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C o n t i n u a t i o n  o f  T a b l e  2  

No Species Frequency, % Hult–Drude Braun–Blanquet Ecological group 

39 Onopordon acanthium 20 Sol I Xerophyte 

40 Xanthium spinosum 30 Sp II Mesophyte 

41 Chenopodium album 25 Sp II Xeromesophyte 

42 Atriplex patula 25 Sp II Xeromesophyte 

43 Rumex acetosa 30 Sp II Mesophyte 

44 Rumex crispus 25 Sp II Mesophyte 

45 Urtica dioica 20 Sol I 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 III–IV 

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 II (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 IV species. This confirms structural reorganization of the community and re-

flects its transition to a more dynamic ecological state. While Cenopopulation I possesses a clearly expressed 

and stable dominant core, Cenopopulation II 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 II 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 I corre-

sponds to a stable meadow-type community, whereas Cenopopulation II 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 III–IV, 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 II–III 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 I and 45 species in Cenopopulation II), 

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 II, 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 quantitative evidence of altitude-related structural differentiation of 

T. vulgare communities in the foothill ecosystems of Southeastern Kazakhstan. Cenopopulation I corre-

sponds to a meadow-type phytocoenosis with higher vegetation density and more concentrated dominance, 

whereas Cenopopulation II represents a transitional meadow-steppe community characterized by reduced 

cover and increased representation of xeromesophytic species. 
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Қ.А. Смаелова, Ж.А. Абдукадирова, Г.Д. Анарбекова, А.С. Қожамжарова,  

К.С. Избастина, М.О. Айтжанова 

Оңтүстік-Шығыс Қазақстанның тау етегіндегі экожүйелеріндегі  

Tanacetum vulgare L. өсімдіктер қауымдастығының флористикалық әртүрлілігі, 

геоботаникалық құрылымы және экологиялық маңызы 

Мақалада Оңтүстік-Шығыс Қазақстанның тау бөктері экожүйелерінде өсетін Tanacetum vulgare L. 

өсімдіктер бірлестіктерінің флоралық әртүрлілігі, геоботаникалық құрылымы және экологиялық 

маңызына жүргізілген кешенді зерттеу нәтижелері ұсынылған. Зерттеудің өзектілігі кәдімгі 

пижманың көпфункционалды маңыздылығымен айқындалады, себебі ол адамзат тарапынан тағамдық, 

мал азықтық, техникалық және сәндік мақсаттарда, сондай-ақ халықтық және ғылыми медицинада 

кеңінен қолданылатын әмбебап өсімдік. Антропогендік жүктеменің күшеюі және табиғи 

экожүйелердің трансформациялануы жағдайында аталған түрдің экологиялық және ценотикалық 

рөлін зерттеу ерекше ғылыми әрі практикалық мәнге ие. Зерттеу нәтижесінде Tanacetum vulgare L. 

қатысатын өсімдік қауымдастықтары жоғары флоралық әртүрлілікпен және мезофитті әрі 

мезоксерофитті түрлердің басым болуымен сипатталатыны анықталды. Зерттелген түр шөптесін саты-

сы тұрақты немесе субдоминант компоненті ретінде көрініс беріп, өзгермелі орта жағдайларына 

жоғары экологиялық икемділік пен төзімділік танытады. Алынған нәтижелер тау бөктері 

фитоценоздарының құрылымы мен қызмет ету ерекшеліктері туралы түсінікті кеңейтіп, 

биоалуантүрлілікті мониторингілеуде, экожүйелердің жай-күйін бағалауда және Оңтүстік-Шығыс 

Қазақстандағы өсімдік ресурстарын ұтымды пайдалануда қолданылуы мүмкін. 

Кілт сөздер: Tanacetum vulgare L., флоралық әртүрлілік, геоботаникалық құрылым, фитоценоз, 

экологиялық маңызы, тау бөктері экожүйелері, фитопрепарат, Оңтүстік-Шығыс Қазақстан. 
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Флористическое разнообразие, геоботаническая структура  

и экологическое значение растительных сообществ Tanacetum vulgare L.  

в предгорных экосистемах Юго-Восточного Казахстана 

В статье представлены результаты комплексного исследования флористического разнообразия, геобо-

танической структуры и экологической значимости растительных сообществ с участием Tanacetum 

vulgare L., произрастающих в предгорных экосистемах Юго-Восточного Казахстана. Актуальность 

исследования определяется многофункциональной значимостью пижмы обыкновенной, являющейся 

универсальным растением, используемым человеком в пищевых, кормовых, технических и декора-

тивных целях, а также в народной и научной медицине. В условиях усиления антропогенной нагрузки 

и трансформации природных экосистем изучение экологической и ценотической роли данного вида 

приобретает особую научную и практическую значимость. Установлено, что растительные сообщест-

ва с участием Tanacetum vulgare L. характеризуются высоким флористическим разнообразием и пре-

обладанием мезофитных и мезоксерофитных видов. Исследуемый вид выступает постоянным или 

субдоминантным компонентом травяного яруса, демонстрируя высокую экологическую пластичность 

и устойчивость к изменяющимся условиям среды. Полученные результаты расширяют представления 

о структуре и функционировании предгорных фитоценозов и могут быть использованы при монито-

ринге биоразнообразия, оценке состояния экосистем и рациональном использовании растительных 

ресурсов Юго-Восточного Казахстана. 

Ключевые слова: Tanacetum vulgare L., флористическое разнообразие, геоботаническая структура, фи-

тоценоз, экологическая значимость, предгорные экосистемы, фитопрепарат, Юго-Восточный Казах-

стан. 
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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, HeLa, 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 HeLa 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 HeLa cells following cytotoxic and 

pharmacological stimulation. For example, FTIR and Raman imaging of HeLa 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 I and II 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 HeLa 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 I and amide II 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 HeLa 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/II 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 HeLa 

cells, demonstrating that vibrational signatures can provide detailed molecular information (including lipids 

and proteins) when HeLa 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 MCF-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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T a b l e  1  

Application of cell lines and optical methods in cytotoxicity studies 

Cell line 
Type of organic  

compounds 
Method 

Main detected  

changes 
References 

HepG2 
Organic solvents, aromatic 

compounds 
Raman, FTIR 

Changes in lipid and 

protein components 
[67] 

HeLa 
Pharmacologically active 

compounds 
Raman, FTIR 

Shifts in amide bands 

and lipid regions 
[68] 

A549 
Toxic organic compounds 

FTIR 
Apoptosis-associated 

spectral changes 
[62] 

MCF-7 
Organic antitumor  

compounds 
Raman, FTIR 

Protein-lipid balance 

disorders 
[69] 

 

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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Жасуша өсіндісі оптикалық диагностика  

және токсикологиялық талдау платформасы ретінде:  

қатерлі ісік предикторлары және органикалық  

қосылыстардың цитотоксикалық әсері 

Шолу мақалада жасуша өсіндісін оптикалық диагностика және органикалық қосылыстардың 

цитотоксикалық әсерін бағалау үшін эксперименттік платформа ретінде пайдалану қарастырылған. 

Қатерлі трансформациямен және уытты әсерлермен байланысты биохимиялық өзгерістерді зерттеу 

үшін бастапқы өсіндісі, сондай-ақ өлмейтін және ісік жасуша желілерін қоса алғанда, in vitro 

модельдері қолданылды. Молекулалық өзгерістерді анықтау және органикалық қосылыстарға дозаға 

тәуелді жасушалық реакцияларды бағалау үшін таңбасыз әдістер ретінде Раман және инфрақызыл 

спектроскопияға ерекше назар аударылды. Қарастырылған зерттеулер липидтер мен ақуыз 

құрамының құжатталған өзгерістеріне, құрылымдық ауытқуларға және метаболикалық 

бейімделулерге назар аудара отырып, MCF-7, HeLa, A549, HepG2, HL-60 және U-937 сияқты адам 
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жасуша желілерін қамтиды. Жасуша модельдерін оптикалық әдістермен біріктіру биохимиялық 

өзгерістердің қайталанатын және сандық тұрғыдан маңызды көрсеткіштерін алуға мүмкіндік жасайды, 

бұл жаңа диагностикалық тәсілдерді әзірлеу және қосылыстың уыттылығын бағалау үшін 

мүмкіндіктер береді. Қорытындыда жасуша өсіндісінің онкология мен токсикологиядағы іргелі және 

қолданбалы зерттеулер үшін жан-жақты платформа ретіндегі ғылыми құндылығы атап өтілген. 

Кілт сөздер: жасуша өсіндісі, цитотоксикалық әсер, органикалық қосылыстар, Раман 

спектроскопиясы, инфрақызыл спектроскопия, оптикалық диагностика, in vitro. 
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К.Т. Шакеев, Ұ.К. Сағынғали, Д.В. Шестаков 

Культуры клеток как платформа для оптической диагностики  

и токсикологического анализа: предикторы рака  

и цитотоксичность органических соединений 

В данной обзорной статье мы рассматриваем использование клеточных культур в качестве экспери-

ментальной платформы для оптической диагностики и оценки цитотоксического действия органиче-

ских соединений. Для исследования биохимических изменений, связанных со злокачественной транс-

формацией и токсическим действием, используются модели in vitro, включая первичные культуры, а 

также иммортализованные и опухолевые клеточные линии. Особое внимание уделяется рамановской 

и инфракрасной спектроскопии как безметочным методам обнаружения молекулярных изменений и 

оценки дозозависимых клеточных ответов на органические соединения. Рассмотренные исследования 

включают клеточные линии человека, такие как MCF-7, HeLa, A549, HepG2, HL-60 и U-937, с акцен-

том на документированные изменения в липидном и белковом составе, структурные аномалии и ме-

таболические адаптации. Интеграция клеточных моделей с оптическими методами позволяет полу-

чать воспроизводимые и количественно значимые показатели биохимических изменений, предостав-

ляя возможности для разработки новых диагностических подходов и оценки токсичности соединений. 

В выводах подчеркивается научная ценность клеточных культур как универсальной платформы для 

фундаментальных и прикладных исследований в онкологии и токсикологии. 

Ключевые слова: клеточные культуры, цитотоксичность, органические соединения, рамановская 

спектроскопия, инфракрасная спектроскопия, оптическая диагностика, 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 

mailto:k.ma96@mail.ru
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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.) 

Á. Löve, 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 (Umeå, 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 µm. 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. 

 

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 500–780 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 



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

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

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. 

 

 

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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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 60–77 %. 

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 
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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). 

T a b l e  1  

Reflectance сharacteristics of wheat and weeds 

№ Sample 
Reflectance (%) 

Mean 
Standard 

deviation 
CV 

Rate of 

change 
∆Reflectance 

min max 

1 
Triticum 

aestivum 

Young plant 10 53 31.50 5.46 17.34 27.56 43,00 

Ear-bearing 

wheat plant 
7.5 37.5 22.50 3.81 16.93 19.23 30,00 

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). 

T a b l e  2  

Spectral contrast features across the visible-to-near-infrared spectral region 

№ Samples 
Wavelength (nm) Spectral 

bandwidth 

Contrast 

ratio 

Relative 

bandwidth 

Normalised 

contrast λmin λmax 

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). 

 

 

Figure 5. Confusion Matrix (A — Test, B — Train) 
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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. 

T a b l e  3  

Algorithm statistics 

Algorithm name 
Macro 

Accuracy 
Log Loss 

Log Loss 

Reduction 

Micro 

Accuracy 

Macro 

Accuracy Test 

CV Macro 

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. 

T a b l e  4  

Quality assessment metrics for machine learning sample sets 

Metrics 
Triticum 

aestivum 

Euphorbia 

virgata 

Descurainia 

sophia 
Vicia hirsuta 

Fallopia 

convolvulus 

Echinochloa  

crus-galli 

Random Forest (Train) 

Binary Accuracy 96.92 75.00 95.00 83.33 68.57 68.42 

Balanced  

Accuracy 
98.45 87.47 97.46 91.63 84.30 84.19 

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 

Balanced 

Accuracy 
99.45 61.07 92.25 76.60 50.00 58.29 

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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Машиналық оқыту алгоритмдерін пайдалану арқылы  

гиперспектралды деректер негізінде бидай егістіктеріндегі  

дақыл және арамшөп өсімдіктерін түрлік анықтау 

Алғаш рет Қазақстанның солтүстік-шығысындағы агроценоздар жағдайында дақыл өсімдіктер мен 

арамшөптерді көпкласты жіктеу кезінде машиналық оқыту алгоритмдерінің (Random Forest мысалын-

да) шектеулеріне өсімдік тіндерінің морфологиялық-анатомиялық қасиеттері мен тану тиімділігі 

арасындағы өзара байланысты негізге ала отырып кешенді бағалау жүргізілді. Жұмыста гиперспек-

тралды белгілер кеңістігінде кластардың оптикалық қабаттасуына әкелетін биологиялық табиғаттағы 

негізгі факторлар негізделді. Деректер VIS-NIR диапазонында гиперспектралды сенсор көмегімен 

жиналды. Спектрлік профильдерді талдау бас компоненттер әдісі арқылы дисперсия құрылымын 

бағалау және шағылысу спектрлерін құру негізінде жүзеге асырылды. Алынған деректерді жіктеу 

Random Forest алгоритмі арқылы орындалды. Зерттеу нысандары ретінде әртүрлі фенофазалардағы 

жаздық бидай (Triticum aestivum) егістіктері және арамшөптердің бес басым түрі (Euphorbia virgata, 

Descurainia sophia, Vicia hirsuta, Fallopia convolvulus, Echinochloa crus-galli) таңдалды. Алгоритм 

«дақыл-арамшөп» деңгейінде объектілерді тиімді ажыратып, тест деректерінде 72,94 % жалпы жіктеу 

дәлдігін көрсетті. Бидайды анықтау дәлдігі жоғары деңгейде (MCC=0.994) болып, бұл оның спектрлік 

тұрақтылығы мен red edge (680-730 нм) аймағындағы айқын белгілермен түсіндіріледі. Арамшөптерді 

түрлік деңгейде ажырату дәлдігінің төмендеуі олардың анатомиялық ерекшеліктерімен байланысты 

екені анықталды: Euphorbia virgata-ның қалың кутикулярлық қабаттары жоғары шағылысу мәндерін 

тудырады; Vicia hirsuta-ның күрделі морфологиялық құрылымы спектрлік ауытқуды күшейтеді; ал 

Echinochloa crus-galli мезофилінің дәнді дақылдарға ұқсас құрылымы кейбір спектрлік белгілердің 

оптикалық қабаттасуына әкеледі. Осылайша, әзірленген модель мәдени өсімдіктер мен арамшөптерді 

сенімді ажыратып, дәлме-дәл егіншілік технологиялары мен агрохимикаттарды мақсатты қолдану 

жүйелерін енгізуге негіз қалайды. 

Кілт сөздер: гиперспектралды зондтау, жаздық бидай, арамшөптер, машиналық оқыту, түрлік 

анықтау, түрлерді ажырату, спектрлік қолтаңбалар, дәлме-дәл егіншілік. 
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Видовая идентификация культурной и сорной растительности  

в посевах пшеницы по гиперспектральным данным  

с использованием алгоритмов машинного обучения 

Впервые проведена комплексная оценка ограничений ML-алгоритмов (на примере Random Forest) при 

мультиклассовой идентификации культурных растений и сорняков в агроценозах северо-востока Ка-

захстана на основе установления взаимосвязи между морфолого-анатомическими свойствами расти-

тельных тканей и эффективностью распознавания алгоритмом машинного обучения. В работе обосно-

ваны основные причины биологической природы, проявляющиеся в оптическом перекрытии классов 

в пространстве гиперспектральных признаков. Сбор данных проведен гиперспектральным сенсором в 

диапазоне VIS-NIR. Анализ спектральных профилей проведен на основе оценки распределения дис-

персии методом главных компонент и построения кривых отражения. Классификация извлеченных 

данных выполнена на основе алгоритма Random Forest. В качестве объектов исследования выбраны 
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посевы яровой пшеницы (Triticum aestivum) на разных фенофазах и пять доминирующих видов сорной 

растительности (Euphorbia virgata, Descurainia sophia, Vicia hirsuta, Fallopia convolvulus, Echinochloa 

crus-galli). Алгоритм показал эффективность сегрегации по типу «культура-сорняк» с общей точно-

стью классификации на тестовых данных 72,94 %. Выявлена высокая точность идентификации пше-

ницы (MCC=0,994) за счет спектральной стабильности и выраженных признаков red edge (680–730 

нм). Установлено, что снижение точности при попытке внутриклассового разделения сорняков связа-

но с анатомическими особенностями отдельных представителей (плотные кутикулярные слои Euphor-

bia virgata приводят к проявлению высоких показателей отражения по сравнению с остальными вида-

ми; сложная архитектура Vicia hirsuta вызывает критический спектральный разброс; сходство строе-

ния мезофилла Echinochloa crus-galli с культурой, учитывая его принадлежность к злаковым, приво-

дит к частичному оптическому слиянию с некоторыми признаками). Таким образом, разработанная 

модель позволяет решить главную задачу — обеспечение надежной дифференциации культурной рас-

тительности от сорного фона, что является важным условием для формирования технологического ба-

зиса точного земледелия и внедрения систем таргетного применения агрохимикатов. 

Ключевые слова: гиперспектральное зондирование, яровая пшеница, сорная растительность, машин-

ное обучение, видовая идентификация, видовая дифференциация, спектральные сигнатуры, точное 

земледелие. 
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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 (O2
−
·), the hydroxyl radical (·OH), and hydrogen peroxide (H2O2). 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—lipids, 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 

O2
−
. 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.  

Note. Compiled by the authors. 

 

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]. 

 

Figure 2. Enzymatic and non-enzymatic components of the antioxidant system 
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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 (AO), 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 O2
−
· and ·OH, and also acts as an electron donor for ascorbate peroxidase (APX) dur-

ing the reduction of H2O2 [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. 

T a b l e  1  

The importance of non-enzymatic antioxidants in antiviral response 

Antioxidant Localization 
Role in Antiviral Response 

(RNA Viruses) 
Sources 

Ascorbate 

(Vitamin C) 

Cytosol, 

chloroplasts, 

mitochondria; 

apoplast 

Maintains redox homeostasis, participates in 

ROS detoxification, and enhances resistance to 

Turnip mosaic virus (TuMV) and Cucumber 

mosaic virus (CMV). 

[26] 

Glutathione (GSH) 

Cytosol, nucleus, 

mitochondria, chlo-

roplasts; 

apoplast/cell wall 

Supports the ascorbate-glutathione cycle and 

influences HR and resistance to Potato virus Y 

(PVY) and TuMV. 

[27] 

Carotenoids 

Chloroplast 

thylakoid 

membranes; 

plastoglobules 

During virus-induced chloroplast dysfunction 

and chlorosis, carotenoids are expected to play a 

crucial role in controlling 
1
O2. 

[28] 

 

2.2 Enzymatic antioxidants 

SOD acts as a key enzyme in the first line of antioxidant defence; however, its reaction product, H2O2, 

is itself a toxic compound capable of converting into highly reactive OH in the presence of Fe
2+

 via the Fen-

ton reaction. The detoxification of H2O2 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 O2
−
· to form 

H2O2 and O2 (Fig. 1) [30]. 

Depending on the metal cofactor, SOD exists in several isoforms: Cu/Zn-SOD, Mn-SOD and Fe-SOD. 

The Cu/Zn-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
2+

 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 

PrNbCSD2 transit peptide, which impedes its normal function. The consequence is an excessive accumula-

tion of H2O2 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 H2O2 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, H2O2 oxidises the iron (Fe
2+

) ion in the active site of CAT to form iron 

peroxide. It is known that at low concentrations of H2O2, the enzyme can remain in this intermediate state 

(compound I). However, at higher concentrations of H2O2, it acts as a reducing agent for compound I, there-

by regenerating the enzyme and releasing water and oxygen [36]. 

CAT-Fe-OH + H2O2 → CAT-Fe-OOH + H2O (Stage 1) (1) 

CAT-Fe-OOH + H2O2 → CAT-Fe-OH + H2O + O2 (Stage 2) (2) 

The sources of H2O2 in plant cells are chloroplasts, mitochondria and peroxisomes. In all these com-

partments, H2O2 is synthesised following the dismutation of O2
−
· by SOD. Furthermore, H2O2 is generated 

by glycolate oxidase in peroxisomes [37] (Fig. 1). 

Three distinct classes I, II and III have been identified based on Nicotiana tabacum genes. Class I CATs 

play a role in photosynthetic tissues and are involved in neutralising H2O2, which is produced during photo-

synthesis. Class II predominates in vascular tissues and lignification in response to ABA and during ageing, 

whereas class III 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 



Antioxidant defense in plants… 

ISSN 3080-6836 (Print) ISSN 3080-6844 (Online) 157 

CAT3 isoenzyme, inhibiting its activity and causing the development of necrosis [41]. A similar effect is 

observed during infection with maize chlorotic mottle virus (MCMV) in Zea mays, where the P31 protein 

binds to ZmCAT1, suppressing its activity, which is accompanied by the accumulation of H2O2, 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 PVX viral protein 

HC-Pro triggers a more intensive generation of H2O2 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 H2O2 predominantly in peroxisomes however, in mito-

chondria, where CAT is virtually absent, the detoxification of H2O2 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 γ-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 SlGR3 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 AO. 

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 O2 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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T a b l e  2  

Major isoforms of AO and their biochemical properties 

Isoform Structure Localization Biochemical function Source 

ААО1 
Homodimer (denoted 

as AOα) 

Seeds, roots, 

seedlings 

IAAld → IAA. Participates in the alternative 

auxin biosynthesis pathway and oxidizes 

benzaldehyde 

[52] 

ААО2 

Forms homo- and 

heterodimers, often in 

combination with 

AAO1 (AOβ) 

Seedlings, roots, 

and senescing 

leaves 

Participates in the alternative auxin biosynthe-

sis pathway and oxidizes benzaldehyde 

ААО3 Homodimer 

Leaves (vascular 

tissues), seeds, 

roots 

ABAld → ABA. Key enzyme of the final 

stage of abscisic acid biosynthesis 

ААО4 Homodimer 
Developing fruits 

(siliques), pollen 

Benzaldehyde → Benzoic acid. Participates in 

the metabolism of secondary compounds in 

seeds 

 

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 O2 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). 
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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. 

 

 

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 H2O2, the immediate detoxification of which is provided by 

CAT. 

 

 
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 replications). 

The length of the branches is proportional to the number of amino acid substitutions per site 

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 database 

(v12.0, https://string-db.org) with a confidence threshold of ≥ 0.800. The resulting interactomes 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. 

T a b l e  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 

CAT2 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), GLO5 (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–MSD2), 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. 

T a b l e  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 - 

CAT2 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 H2O2-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 (O2
−
· to H2O2 by SOD isoforms), followed by H2O2 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-AAO3) 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 H2O2 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 H2O2 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 PrNbCSD2 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 α-tocopherol biosynthesis through interaction with the FBN1.1-VTE1 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 H2O2 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. Identification of tomato 

SlGR3 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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Т.Ғ. Ертаева, С.Д. Белгібай, Д.Е. Артыкбаева, Ж.М. Байқараев, Н.Н. Иқсат 

Өсімдіктердің РНҚ вирустарымен инфекциялануы  

кезіндегі антиоксиданттық қорғанысы:  

негізгі ферменттердің рөлі 

Соңғы онжылдықтарда ауылшаруашылық дақылдарының биотикалық стрессорларға төзімділігі 

мәселесі жаһандық азық-түлік қауіпсіздігін қамтамасыз ету тұрғысынан ерекше өзектілікке ие болды. 

Биотикалық факторлардың ішінде өнімділіктің айтарлықтай төмендеуіне және өсімдіктердің 

физиологиялық процестерінің бұзылуына әкелетін вирустық инфекциялар ерекше орын алады. РНК 

вирустары жоғары бейімделгіштікпен және иесінің жасушалық метаболизмін тиімді түрде өзгерту 

қабілетімен сипатталады, бұл процесс редокс-гомеостаздың бұзылуымен қатар жүреді. Белсенді оттегі 

түрлерінің (БОТ) түзілуі бұл процестің негізгі кезеңдерінің бірі және функционалдық екіұдайлықпен 

сипатталады: БОТ қорғаныс реакцияларын қоздыратын сигналдық молекулалар ретінде әрекет етеді, 
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ал олардың шамадан тыс жиналуы жасушалық компоненттердің зақымдалуына әкеледі. Редокс-

гомеостаздағы өзгерістер ферментативті және ферментативті емес қорғаныс механизмдерін қамтитын 

өсімдіктердің антиоксиданттық жүйесінің белсендірілуімен жалғасады. Редокс-процестерді 

зерттеудегі айтарлықтай жетістіктерге қарамастан, вирустық инфекция жағдайында редокс-реттелу 

механизмдерінің интеграциясы және антиоксиданттық жүйенің жұмыс істеуі бүгінгі күнге дейін 

жеткілікті түрде сипатталмаған және әрі қарай талдауды қажет етеді. Осыған байланысты, бұл 

шолудың мақсаты — РНК вирустарымен инфекцияланған өсімдіктердегі иммундық жауапты 

реттеудегі белсенді оттегі түрлері мен антиоксиданттық жүйенің негізгі ферменттерінің рөлі туралы 

қазіргі түсініктерді жүйелеу және талдау. 

Кілт сөздер: оксидативтік стресс, өсімдіктің антиоксиданттық құрылымы, вирустық инфекция, 

өсімдік иммунитеті. 

 

Т.Г. Ертаева, С.Д. Белгибай, Д.Е. Артыкбаева, Ж.М. Байкараев, Н.Н. Иксат 

Антиоксидантная защита растений при инфицировании РНК-вирусами:  

роль ключевых ферментов 

В последние десятилетия проблема устойчивости сельскохозяйственных культур к биотическим 

стрессорам приобрела особую актуальность в контексте обеспечения глобальной продовольственной 

безопасности. Среди биотических факторов особое место занимают вирусные инфекции, вызывающие 

значительные потери урожая и нарушающие физиологические процессы растений. РНК-вирусы ха-

рактеризуются высокой адаптивностью и способностью эффективно модифицировать клеточный ме-

таболизм хозяина, что сопровождается нарушением редокс-гомеостаза. Генерация активных форм ки-

слорода (АФК) является одним из ключевых этапов этого процесса и характеризуется функциональ-

ной двойственностью: АФК выступают в роли сигнальных молекул, инициирующих защитные реак-

ции, в то время как их избыточное накопление приводит к повреждению клеточных компонентов. Из-

менения редокс-гомеостаза сопровождаются активацией антиоксидантной системы растений, вклю-

чающей как ферментативные, так и неферментативные механизмы защиты. Несмотря на значитель-

ные успехи в изучении редокс-процессов, интеграция механизмов редокс-регуляции и функциониро-

вание антиоксидантной системы в условиях вирусной инфекции к настоящему времени остаются не-

достаточно описанными и требуют дальнейшего анализа. В связи с этим целью настоящего обзора яв-

ляется систематизация и анализ современных представлений о роли активных форм кислорода и клю-

чевых ферментов антиоксидантной системы в регуляции иммунного ответа у растений, инфицирован-

ных РНК-вирусами. 

Ключевые слова: окислительный стресс, антиоксидантная система растений, вирусная инфекция, 

иммунитет растений. 
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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. 

 

 

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], “Illustrated 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-



Ye.M. Turarova, B.B. Osmonali, A.T. Mamurova  

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

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: 

T a b l e  1  

Taxonomic composition of species of genus Astragalus L.  

(compiled from Flora of Kazakhstan) 

№ Section Subsection Species 

1 Xiphidium Bge. 
Xiphidium 

Astragalus arbuscula 

A. polyceras 

A. scleroxylon 

A. virgatus 

Macrotropida R. Kam A. compressus 

2 Ammodendron 

 

A. brachypus 

A. karatjubeki 

3 Corethrum Bge A. Kronenburgii 

4 Ammodytes (Stev.) Bge A. ammodytes 

5 Erioceras Bge. A. arcuatus 

6 Tamias Bge A. Turczaninovii 

7 Paracystium Gontsch. 
A. Sumneviczii 

A. lasiophyllus 

8 Scabriseta R. Kam. A. scabrisetus 

9 Pseudohelmia R. Kam. A. Krascheninikovii 

10 Bucharica B. Fedtsh. A. macropetalus 

11 Bulimioides Bge. A. unijugus 

 

Аbstract 

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]. 
 
А. 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]. 
 
А. arcuatus Kar. еt 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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А. Turczaninowii Kar. еt 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]. 
 
А. 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]. 
 
А. 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 Bongе. 
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]. 
 
А. 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]. 
 
А. polyceras Kar. еt 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]. 
 
А. 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]. 
 
А. 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]. 

 
А. 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]. 
 
А. 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]. 
 
А. 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]. 
 
А. 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]. 
 
А. 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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T a b l e  2  

Comparative data on the presence of species of the genus Cercidotrix Bunge in herbarium collections 

(AA, MW, LE, TASH, GBIF and iNaturalist) 

№ Name of the species by FK AA 
MW, GBIF, 

iNaturalist 
LE 

1 Astragalus arbuscula Pall. 3 4 3 

2 A. polyceras Kar. & Kir. 4 2 - 

3 A. scleroxylon Bunge 1 1 3 

4 A. virgatus Pall. - - - 

5 A. compressus Ledeb. - - - 

6 A. brachypus Schrenk ex Fisch. & C.A. Mey. - - - 

7 A. karatjubeki Golosk. 1 - - 

8 A. Kronenburgii B.Fedtsch. ex Kneuck. 2 - - 

9 A. ammodytes Pall. 4 - - 

10 A. arcuatus Kar. & Kir. 5 - - 

11 A. Turczaninovii Kar. еt Kir. 6 - 5 

12 A. Sumneviczii Pavlov - 2 1 

13 A. lasiophyllus Ledeb. 8 - 1 

14 A. scabrisetus Bong. 2 1 2 

15 Astragalus kokaschikii Gamajun 1 - - 

16 A. macropetalus Schrenk 3 1 18 

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; III — on the Herbarium of Saint Petersburg State University 

 

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 3. Map of the distribution of species of the subgenus Cercidotrix Bunge in the floristic regions of Kazakhstan 
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Figure 4. Herbarium specimens of species of the subgenus Cercidotrix Bunge. in the Betpak-Dala 



Ecological and geographical characteristics… 

ISSN 3080-6836 (Print) ISSN 3080-6844 (Online) 177 

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]. 

 

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 I.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]. 

T a b l e  3  

Life forms according to I.G. Serebryakov 

№ 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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C o n t i n u a t i o n  o f  T a b l e  3  

№ 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]. 

 

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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Е.М. Турарова, Б.Б. Осмонали, А.Т. Мамурова 

Бетпақдала аумағындағы Cercidotrix Bunge туыстармағы  

өкілдерінің экологиялық-географиялық ерекшеліктері 

Мақалада алғаш рет Бетпақдала аумағындағы Cercidotrix Bunge тармағының түр құрамы мен 

географиялық таралуы туралы деректер жүйелендіріліп, нақтыланды. Бұл зерттеу гербарий коллекция 

қорларының (AA, MW, LE, TASH) талдауы мен қазіргі өрістік бақылауларға негізделген. Зерттеудің 

ғылыми жаңалығы әдеби деректер мен гербарий материалдарын интеграциялау арқылы Бетпақдала 

шөл экожүйесіндегі Cercidotrix Bunge өкілдерінің экологиялық-географиялық ерекшеліктерін 

нақтылау, бұл олардың биоалуантүрлілігін және экологиялық сипаттарын тереңірек бағалауға 

мүмкіндік береді. Жүргізілген экологиялық-географиялық талдау көрсеткендей, Astragalus L. туысына 

қатысты деректерді жинау және жүйелеу алғаш рет Бетпақдалада және жалпы Қазақстан аумағында 

жүзеге асырылды. 

Кілт сөздер: Astragalus, Cercidotrix, Бетпақдала, экология, география, гербарий, тіршілік формасы, 

экологиялық топ. 

 

Е.М. Турарова, Б.Б. Осмонали, А.Т. Мамурова 

Эколого-географические особенности представителей рода Cercidotrix Bunge, 

встречающихся на территории Бетпакдалы 

В настоящей работе впервые систематизированы и уточнены данные о видовом составе и географиче-

ском распространении представителей подрода Cercidotrix Bunge на территории Бетпакдалы на осно-

ве анализа гербарных коллекций (AA, MW, LE, TASH) и современных полевых наблюдений. Научная 

новизна исследования заключается в интеграции литературных источников и гербарных данных для 

уточнения эколого-географических характеристик представителей Cercidotrix Bunge в пустынной эко-

системе Бетпакдалы, что позволяет глубже оценить их биоразнообразие и экологические особенности. 

Проведенный анализ эколого-географических данных рода Astragalus L. показывает, что сбор и сис-

тематизация информации выполнены впервые как для Бетпакдалы, так и для территории Казахстана в 

целом. 

Ключевые слова: Astragalus, Cercidotrix, Бетпакдала, экология, география, гербарий, жизненная форма, 

экологическая группа. 
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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 g/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: Ⅰ — (2,4-D 2.5 mg/L + BAP 0.5 mg/L); Ⅱ — (2,4-D 3.0 mg/L + BAP 0.5 mg/L);  

Ⅲ — (2,4-D 3.5 mg/L + BAP 0.5 mg/L); Ⅳ — (2,4-D 2.5 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 25±2 °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) × 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 

  
c — leaf explant under a microscope 

(×15) 

d — stem explant under a microscope 

(×15) 

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 I (2,4-D 2.5 mg/L + BAP 0.5 mg/L). The 

highest fresh weight was recorded in treatment II (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-III, 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. 

T a b l e  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 

Treatment 
2,4-D 

(mg/L) 

BAP 

(mg/L) 

Callus  

diameter 

(mm) 

Fresh  

callus weight 

(g) 

Dry  

callus weight 

(g) 

Dry matter 

(%) 

Callus colour  

and texture 

Ⅰ 2,5 0,5 13,20±3,76 0,301±0,133 0,045±0,019 16,03±5,92 

Yellowish with 

white flecks, heter-

ogeneous 

Ⅱ 3,0 0,5 12,80±3,57 0,342±0,204 0,039±0,017 12,56±2,83 

Creamy yellow  

with pink and  

burgundy flecks, 

heterogeneous 

Ⅲ 3,5 0,5 10,80±4,11 0,194±0,109 0,023±0,015 12,09±4,05 

Creamy yellow with 

pink and burgundy 

flecks, crumbly 

Ⅳ 2,5 1,0 6,93±1,87 0,070±0,039 0,022±0,008 33,10±6,44 

White and yellow 

with brown patches, 

mottled 

Ⅴ 3,0 1,0 6,07±0,96 0,061±0,059 0,017±0,016 34,75±18,10 

Greenish-yellow 

with purple flecks, 

dense 

Ⅵ 3,5 1,0 5,93±2,55 0,048±0,033 0,014±0,007 31,97±5,37 

Green and  

greenish-white, 

compact 

Significance 
  

*** *** *** ***  

***: 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, c). 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 II) 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 III 

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 III (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-III (BAP 0.5 mg/L) had a heterogeneous and 

loose structure, with treatment III 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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a — 2.5 mg/L  

2,4-D + 0.5 mg/L BAP 

b — 3.0 mg/L 2,4-D + 0.5 mg/L  

BAP 

c — 3.5 mg/L  

2,4-D + 0.5 mg/L BAP 

   
d — 2.5 mg/L  

2,4-D + 1.0 mg/L BAP 

e — 3.0 mg/L 2,4-D + 1.0 mg/L  

BAP 

f — 3.5 mg/L  

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 III (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 II  

(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 II 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 III 

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 III (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 III 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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А.С. Нұртаза, А.А. Какимжанова 

Malus niedzwetzkyana каллус индукциясына эксплант түрі  

және өсімдік гормондарының әсері 

Недзвецкий алмасы (Malus niedzwetzkyana) — антоцианиннің жоғары мөлшерімен сипатталатын сирек 

кездесетін және бағалы жабайы түр. Бұл түр биоактивті қосылыстардың перспективалы көзі ретінде 

елеулі қызығушылық тудырады. Осы зерттеуде эксплант түрінің каллус индукциясына және оның 

морфологиялық сипаттамаларына әсері зерттелген. 40 күн in vitro жағдайында Мурасиге-Скуг (МС) 

қоректік ортасында өсірілген өсімдіктердің сабағы мен жапырақтары эксплант ретінде алынды. 

Нәтижелер көрсеткендей, сабақ экспланттары жапырақ экспланттарына қарағанда каллус түзу 

қабілетін жоғарырақ көрсетті, тиісінше 100 % және 86,7 %. 2,4-дихлорофеноксиацетикалық 

қышқылдың (2,4-D) әртүрлі концентрациялары бар МС ортасы (2,5; 3,0; 3,5 мг/л) және 6-

бензиламинопурин (БАП) (0,5; 1,0 мг/л) концентрациялары диаметрге, жаңа және құрғақ салмаққа, 

сондай-ақ құрғақ зат мөлшеріне (p < 0,001) елеулі әсер етті. МС ортасы мен 3,5 мг/л 

концентрациядағы 2,4-D және 0,5 мг/л БАП үйлесімі оңтайлы, бұл қызғылт-қою қызыл түсті біртекті 

әрі борпылдақ каллустың түзілуін қамтамасыз етті. Осылайша, алынған нәтижелер Недзвецкий 

алмасының суспензиялық өсірінділерін алу және биологиялық белсенді заттарды биотехнологиялық 

жолмен өндіру үшін негіз бола алады. 

Кілт сөздер: каллус, Malus niedzwetzkyana, өсу реттегіштері, Мурасиге-Скуг ортасы, in vitro, ауксин, 

цитокинин. 

 

А.К. Есимсеитова, А.В. Маллер, Д.А. Дюсембекова, С.С. Исламова,  

А.С. Нұртаза, А.А. Какимжанова 

Влияние типа экспланта и гормонов растений  

на индукцию каллуса яблони Недзвецкого (Malus niedzwetzkyana) 

Яблоня Недзвецкого (Malus niedzwetzkyana) — редкий и ценный дикорастущий вид, который характе-

ризуется высоким содержанием антоцианов. Этот вид представляет значительный интерес как пер-

спективный источник биологически активных веществ. В настоящем исследовании мы изучали влия-

ние типа экспланта на индукцию каллуса и его морфологические характеристики. В качестве эксплан-

тов использовали стебли и листья 40-дневных растений, выращенных в условиях in vitro, которые 

культивировали на среде Мурасиге-Скуга (МС). Результаты показали, что экспланты стебля демонст-

рировали более высокую способность к образованию каллуса по сравнению с эксплантами листьев — 

100 % и 86,7 % соответственно. Среда МС с различными концентрациями 2,4-

дихлорфеноксиуксусной кислоты (2,4-D) (2,5; 3,0; 3,5 мг/л) и 6-бензиламинопурина (БАП) (0,5; 1,0 

мг/л) оказала значительное влияние на диаметр, свежую и сухую массу, а также содержание сухого 

вещества (p < 0,001). Сочетание среды MС с 2,4-D в концентрации 3,5 мг/л и БАП 0,5 мг/л являлось 

оптимальным, что обеспечивало образование однородного и рыхлого каллуса розово-бордового цвета. 

Таким образом, полученные нами результаты служат основой для получения суспензионных культур 

и биотехнологического получения биологически активных веществ яблони Недзвецкого. 

Ключевые слова: каллус, Malus niedzwetzkyana, регуляторы роста, среда Мурасиге-Скуга, in vitro, аук-

син, цитокинин. 
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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-HCl (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-HCl, 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-HCl, 3 M NaCl, 3 % CTAB, 20 mM EDTA, 1 % PVP-40, 

1 % β-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 β-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/µL. Primers used for PCR 

amplification are presented in Table 1. 

T a b l e  1  

Primer pairs used 

GEN Primer_name Primer_seq 
Size 

(bp) 

Primer 

annealing 

temperature 

MatK 
MatK_390-F CGATCTATTCATTCAATATTTC 

801 53
о
С 

MatK_1326-R TCTAGCACACGAAAGTCGAAGT 

TRN 
trnHF_05-F CGCGCATGGTGGATTCACAATCC 

220 58
о
С 

psbA3f-R GTTATGCATGAACGTAATGCTC 

ITS 
ITS-Bel3-F GACGCTTCTCCAGACTACAAT 

757 60
о
C 

ITS-p5-R CCTTATCACTTAGAGGAAGGAG 

RbcL 
rbcLa-F ATGTCACCACAAACAGAGACTAAAGC 

551 62
о
C 

rbcLr590 AGTCCACCGCGTAGACATTCAT 

 

The PCR reaction mixture consisted of the following components: forward primer — 1 µL, reverse 

primer — 1 µL(20 pmol/µL), 2× BioMaster UDG HS-qPCR reaction mix — 12.5 µL, nuclease-free water — 

7.5 µL, and DNA template — 3 µL(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 1× 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, 1× TE buffer (10 mM Tris-HCl, pH 8) or deionized water was used. For purifi-

cation, 15 µL of PCR product (1 ng/µL) was mixed with 15 µL of a 0.1 % suspension of magnetic particles 

(1–3 µm) in the binding buffer (20 % PEG, 2.5 M NaCl). The particles were pre-washed with 3 % HCl. 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 µL 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 (3730xl 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, 3730xl 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 

 

 

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 

SeqMan software (DNASTAR). During processing, terminal regions—including primer sequences and low-

quality fragments—were removed. Identification 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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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. 

 

 

Figure 4. Comparative analysis of the nucleotide sequence of the ITS  

(internal transcribed spacer) gene region (434–504 bp) 

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. 

 

 

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 numbers 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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Молекулалық-биологиялық әдістерді қолдану арқылы  

Rosa (итмұрын) туысының түрін зерттеу 

Зерттеу жұмысында итмұрын өсімдігінің үлгісіне молекулалық-генетикалық талдау жүргізіліп, ДНҚ-

баркодтау және филогенетикалық әдістер қолданылды. Зерттеудің мақсаты — ITS, matK, rbcL және 

trn ядролық және хлоропластық маркерлік гендерінің нуклеотидтік тізбектерін салыстырмалы талдау 

арқылы өсімдіктің түрлік сәйкестігін анықтау. Геномдық ДНҚ итмұрын жапырақтарынан 

полифенолдарға бай өсімдік материалдарына бейімделген модификацияланған ЦТАБ-әдісімен бөлініп 

алынды. Мақсатты ДНҚ фрагменттері полимеразды тізбекті реакция әдісімен арнайы праймерлерді 

қолдана отырып амплификацияланды. ПТР өнімдері агарозды гель электрофорезі арқылы талданып, 

кейін тазартылып, автоматтандырылған генетикалық анализаторда Sanger секвенирлеу әдісімен 

секвенирленді. Алынған нуклеотидтік тізбектер өңделіп, консенсус-тізбектерге біріктірілді және 

SeqScape пен MEGA бағдарламалары арқылы талданды. Түрлік идентификация GenBank деректер 

базасымен BLAST алгоритмі көмегімен салыстыру және филогенетикалық ағаштар құру арқылы 

жүзеге асырылды. Зерттеу нәтижелері барлық зерттелген генетикалық маркерлердің Rosa majalis 

түрінің тізбектерімен 100 % сәйкестігін көрсетті. Филогенетикалық талдау зерттелген үлгінің Rosa 

туысына жататын Rosa majalis түрімен бір кластерде топтасатынын растады. Алынған нәтижелер 

итмұрын түрлерін молекулалық деңгейде дәл анықтауда қолданылған маркерлердің жоғары 

тиімділігін көрсетеді. 

Кілт сөздер: итмұрын, Rosa majalis, ДНҚ-баркодтау, ПТР, секвенирлеу, филогенетикалық талдау. 
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Исследование вида рода Rosa (шиповник) с применением  

молекулярно-биологических методов 

В работе представлен молекулярно-генетический анализ образца шиповника с использованием мето-

дов ДНК-баркодинга и филогенетического анализа. Целью исследования являлась видовая идентифи-

кация растения на основе сравнительного анализа нуклеотидных последовательностей ядерных и хло-

ропластных маркерных генов ITS, matK, rbcL и trn. Геномную ДНК выделяли из листьев шиповника с 

применением модифицированного ЦТАБ-метода, оптимизированного для растений с высоким содер-

жанием полифенолов. Амплификация целевых фрагментов проводилась методом полимеразной цеп-

ной реакции с использованием специфических праймеров. Полученные ПЦР-продукты анализировали 

с помощью агарозного гель-электрофореза, после чего очищали и подвергали секвенированию мето-

дом Sanger на автоматическом генетическом анализаторе. Нуклеотидные последовательности были 

отредактированы, собраны в консенсус-последовательности и проанализированы с применением про-

граммных пакетов SeqScape и MEGA. Видовую принадлежность устанавливали на основе сравни-

тельного анализа с базой данных GenBank с использованием алгоритма BLAST, а также посредством 

построения филогенетических деревьев. Результаты показали 100 % идентичность всех исследован-

ных генетических маркеров с последовательностями вида Rosa majalis. Филогенетический анализ 

подтвердил кластеризацию исследуемого образца с представителями данного вида рода Rosa. Полу-

ченные данные свидетельствуют о высокой информативности использованных маркерных генов для 

молекулярной идентификации шиповника и подтверждают эффективность комплексного подхода, со-

четающего ПЦР, секвенирование и филогенетический анализ. Результаты исследования могут быть 

использованы в систематике растений, фармакогнозии, а также при контроле подлинности лекарст-

венного растительного сырья. 

Ключевые слова: шиповник, Rosa majalis, ДНК-баркодинг, ПЦР, секвенирование, филогенетический 

анализ. 
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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 18S 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 

RNAs, 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 mRNAs, 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 mRNA 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 mRNA 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 α-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—liver, 

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’-agcttacctggttgatcctgccagtagcatatgcttgtcg) were annealed, phosphorylated, and 

ligated into the pBluescript KSII vector using Acc65I and HindIII 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 SeqStudio 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 HindIII 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/cm² 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 (tst), 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. 

 

 

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 Rat18S_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 HindIII and Acc65I (Fig. 2a). 

 

 

(а) — Formation of oligoDNA duplex for cloning. (b) — Rat-5’18S-35nt_pBKS plasmid map.  

(c) — Results of restriction analysis (Acc65I/HindIII) 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(II) 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 HindIII 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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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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(a) – 5'18SrRF135; (b) — 5'18SrRF75 

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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Тышқан жасушаларындағы 18S рРНҚ-ның кіші дискретті 

 5ʼ-ұшты фрагменттерін анықтау 

Нәруыз биосинтезі — өте маңызды биосинтетикалық процесс. Жануарлардың жасы ұлғайған сайын 

рибосомалар құрылымында деструктивті өзгерістер жинақталып, дұрыс жиналмаған (мисфолдингке 

ұшыраған) полипептидтердің синтезделуіне, сондай-ақ жасушалардың өміршеңдігі мен регенеративті 

потенциалының төмендеуіне әкелуі мүмкін. Осыған байланысты рибосомалар тұтастығының әмбебап 

молекулалық маркерлерін жасау қажеттілігі туындап отыр. Сүтқоректілердің 18S рРНҚ-ның 5'-ұштық 

фрагменттерін анықтау мақсатында DIG-таңбаланған РНК-зондтарын алуға арналған ДНҚ-

конструкциясы жасалды. Алынған зондтарды қолдана отырып, нозерн-блоттинг әдісімен жас және 

қартайған тышқандардың бауыр, өкпе, бүйрек және қаңқа бұлшықеттерінен бөлінген РНҚ-ға талдау 

жасалды. Тышқан жасушаларында өсімдіктердегі стресс әсерінен түзілетін 5'18SrRF75 және 

5'18SrRF135 молекулаларына ұқсас 18S рРНҚ-ның кішігірім дискретті 5'-ұштық фрагменттері табыл-

ды. Олардың мөлшері өкпе және бұлшықет жасушаларында бауыр мен бүйрекке қарағанда 

айтарлықтай жоғары болды. Жас (3 айлық) және қартайған (екі жастан асқан) жануарлардың бүйрегі, 

өкпесі және қаңқа бұлшықеттері арасында айтарлықтай айырмашылықтар анықталды. Нәтижелер ри-

босома құрамындағы 18S рРНҚ-ның дискретті фрагментациясына қатысатын молекулалық 

механизмдердің әмбебаптығын дәлелдейді. Бұл механизмдер стресс жағдайында нәруыз биосинтезін 

реттеуге қатысуы мүмкін. Кішігірім 5'18SrRF75 және 5'18SrRF135 фрагменттері трансляциялық аппа-

рат деструкциясының әмбебап маркерлері бола алады. 

Кілт сөздер: 18S рРНҚ, дискретті фрагментация, стресс маркерлері, мРНҚ трансляциясы, қартаю, ри-

босома, кіші РНҚ-лар, тотығу стресі. 
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Обнаружение малых дискретных 5ʼ-концевых фрагментов  

18S рРНК в клетках мышей 

Биосинтез белка является критически важным биосинтетическим процессом. С возрастом в структуре 

рибосом могут накапливаться деструктивные изменения, что приводит к синтезу неправильно сверну-

тых (мисфолдированных) полипептидов, а также к снижению регенеративного потенциала и жизне-

способности клеток. В связи с этим существует необходимость в разработке универсальных молеку-

лярных маркеров целостности рибосом. Для детекции 5'-концевых фрагментов 18S рРНК млекопи-

тающих была сконструирована ДНК-конструкция для наработки DIG-меченых РНК-зондов. Методом 

нозерн-блоттинга с использованием полученных зондов была проанализирована РНК, выделенная из 

клеток печени, легких, почек и скелетных мышц молодых и стареющих мышей. В клетках мышей бы-

ли обнаружены малые дискретные 5'-концевые фрагменты 18S рРНК, подобные индуцируемым стрес-

сом молекулам 5'18SrRF75 и 5'18SrRF135 у растений. Их содержание в клетках легких и мышц было 

значительно выше, чем в клетках печени и почек. Достоверные различия между молодыми (3 месяца) 

и стареющими (старше двух лет) животными были продемонстрированы для почек, легких и скелет-

ных мышц. Результаты подтверждают универсальность молекулярных механизмов, участвующих в 

дискретной фрагментации 18S рРНК в составе рибосом. Эти механизмы, вероятно, задействованы в 
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регуляции биосинтеза белка при стрессе. Малые фрагменты 5'18SrRF75 и 5'18SrRF135 могут служить 

универсальными маркерами деструкции трансляционного аппарата. 

Ключевые слова: 18S рРНК, дискретная фрагментация, маркеры стресса, трансляция мРНК, старение, 

рибосома, малые РНК, окислительный стресс. 
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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]. 

mailto:aseka9520@mail.ru
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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 49⁰43'23", E 75⁰48'38"), 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 liq-

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: 

 
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(III) 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 % FeCl₃ 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 µM ethanolic DPPH 

solution was used. 

For the selection of samples with pronounced antiradical activity, 2 mL of a 100 µM ethanolic DPPH 

solution was mixed with 20 µL 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 µg/mL. 

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 µg/mL. After that, the concentration of the test extract required to reduce the 

optical density of the 100 µM DPPH solution by 50 % was determined (IC₅₀, DPPH). 

The percentage of DPPH radical inhibition was calculated using the following formula: 

100
Ao Ax

I
Ao


   

where A₀ is the control optical density of the solution containing all reagents except the test sample; Aₓ 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 АТСС 6538, Bacillus subtilis АТСС 6633), Gram-negative bacteria (Escherichia coli 

АТСС 25922, Pseudomonas aeruginosa АТСС 27853), and the yeast Candida albicans АТСС 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). 

T a b l e  1  

Optical density values of Dracocephalum ruyschiana extract samples 

Concentration range, mg/mL 
Optical density values for the samples under study, mg/ml 

EZR 70 АА 

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, АА-ascorbic acid 

 

 

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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T a b l e  2  

Optical density values of a 100 µM DPPH radical solution after 10 min of incubation  

with Dracocephalum ruyschiana extract at a final concentration of 100 µg/mL 

№ 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 IC₅₀ (DPPH) value for the tested extract of 

Dracocephalum ruyschiana was determined (Fig. 3). The IC₅₀ (DPPH) values for the extract of 

Dracocephalum nutans are presented in Table 3. 

 

 

Figure 3. Dose–response curve of DPPH radical scavenging activity of the extract of Dracocephalum ruyschiana 

T a b l e  3  

IC₅₀ (DPPH) values for the tested extract of Dracocephalum ruyschiana 

№ Test extract IC50 (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 µM DPPH radical solution by 50 % was determined. For the Dracocephalum ruyschiana L. extract, 

the IC₅₀ (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]. 
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T a b l e  4  

Antimicrobial activity of the Dracocephalum ruyschiana soft extract (inhibition zone diameter, mm) 

 

mm 

 

 

Sample code 

Staphylococcus 

aureus 

АТСС 6538 

Bacillus 

subtilis 

АТСС 6633 

Escheriсhia 

coli 

АТСС 25922 

Pseudomonas 

aeruginosa 

АТСС 27853 

Сandida 

albicans 

АТСС 10231 

EZR (70 %) 22± 0.5 25±1 10±0.5 9±1 22± 0.6 

Benzylpenicillin sodium 

salt 
16 ± 0.1 14 ± 0.1 15 ± 0.1 12±1 - 

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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А. Сабиева, Г. Атажанова, Б. Аширбекова, Л. Власова, С. Сабырова 

Dracocephalum ruyschiana L. қою сығындысының антиоксидантты,  

радикалға қарсы және микробқа қарсы белсенділігін in vitro зерттеу 

Мақалада Орталық Қазақстан жағдайында өсетін өсімдіктің жерүсті бөлігінен ультрадыбыстық экс-

тракция әдісі арқылы алынған Dracocephalum ruyschiana L. қою экстрактының антиоксиданттық, 

антирадикалдық және антимикробтық белсенділігін зерттеу нәтижелері ұсынылған. Зерттеудің 

мақсаты — ультрадыбыстық экстракттардың in vitro жағдайында биологиялық белсенділігін кешенді 

түрде зерттеу және олардың болашақ фармацевтикалық қолдану мүмкіндіктерін бағалау. Зерттеу 

нәтижесінде Dracocephalum ruyschiana қою экстракты айқын антирадикалдық белсенділікке ие 

екендігі анықталды, бұл оның бос радикалдарды тиімді бейтараптандыру және тотығу процестерінің 

қарқындылығын төмендету қабілетін көрсетеді. Экстрактың антиоксиданттық қасиеттері фенолдық 

табиғаттағы биологиялық белсенді қосылыстарды қамтитын экстрактивті заттардың жоғары 

мөлшерімен түсіндіріледі. Зерттеуде ультрадыбыстық кавитацияны қолдануға ерекше назар 

аударылған, себебі ол дәстүрлі экстракция әдістерімен салыстырғанда белсенді компоненттердің 

тиімдірек бөлініп алынуын қамтамасыз етеді. Зерттеудің өзектілігі бос радикалдық процестердің 

көптеген аурулардың, соның ішінде атеросклероз, жүректің ишемиялық ауруы, онкологиялық және 

қабыну ауруларының патогенезіндегі маңызды рөлімен байланысты. Антиоксиданттық және 

антирадикалдық белсенділігі бар заттар осы патологиялардың алдын алу мен кешенді терапиясында 

кеңінен қолданылады. Алынған нәтижелер Dracocephalum ruyschiana өсімдігінің фармакологиялық 

әлеуетінің жоғары екенін көрсетіп, оны табиғи биологиялық белсенді қосылыстардың перспективалы 

көзі ретінде әрі қарай зерттеудің маңыздылығын дәлелдейді. 

Кілт сөздер: антиоксиданттық белсенділік, радикалға қарсы белсенділік, жерүсті бөлігі, 2,2-дифенил-

1-пикрилгидразил, бутилгидроксианизол, оптикалық тығыздық, Dracocephalum ruyschiana, 

ультрадыбыстық кавитация. 
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Исследование антиоксидантной, антирадикальной и антимикробной  

активности густого экстракта Dracocephalum Ruyschiana L. in vitro 

В статье представлены результаты исследования антиоксидантной, антирадикальной и антимикроб-

ной активности густого экстракта Dracocephalum ruyschiana L., полученного методом ультразвуковой 

экстракции из надземной части растения, произрастающего в условиях Центрального Казахстана. Це-

лью исследования являлось комплексное изучение биологической активности ультразвуковых экс-

трактов in vitro и оценка их перспективности для дальнейшего фармацевтического применения. Уста-

новлено, что густой экстракт Dracocephalum ruyschiana обладает выраженной антирадикальной ак-

тивностью, что свидетельствует о его способности эффективно нейтрализовать свободные радикалы и 

снижать интенсивность окислительных процессов. Антиоксидантные свойства экстракта обусловлены 

высоким содержанием экстрактивных веществ, включая биологически активные соединения феноль-

ной природы. Особое внимание уделено применению ультразвуковой кавитации, которая обеспечива-

ет более эффективное извлечение активных компонентов по сравнению с традиционными методами 

экстракции. Актуальность исследования обусловлена важной ролью свободнорадикальных процессов 

в патогенезе многих заболеваний, включая атеросклероз, ишемическую болезнь сердца, онкологиче-

ские и воспалительные заболевания. Вещества с антиоксидантной и антирадикальной активностью 

широко применяются в профилактике и комплексной терапии данных патологий. Полученные резуль-

таты подтверждают значительный фармакологический потенциал Dracocephalum ruyschiana и обос-

новывают перспективность его дальнейшего изучения как источника природных биологически актив-

ных соединений. 

Ключевые слова: антиоксидантная активность, антирадикальная активность, надземная часть, 2,2-

дифенил-1-пикрилгидразил, бутилгидроксианизол, оптическая плотность, Dracocephalum ruyschiana, 

ультразвуковая кавитация. 
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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/m²) and in the Narym area (50.0 

individuals/m²). 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]. 

mailto:aydars@list.ru
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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-

https://gbif.buketov.edu.kz/resourcer=herbarium_abg


Status of populations and resource… 

ISSN 3080-6836 (Print) ISSN 3080-6844 (Online) 223 

serves in specific stands, sample plots of 1 m² 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 m². The age states of individuals were determined according to the classification of 

O.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). 

T a b l e  1  

Characteristics of the habitats of the studied Bupleurum multinerve populations  

in the phytobiota of the Kazakh Altai 

Popula-

tion 

Location 

Coordinates of the main points 
The area 

occupied by 

the view, ha 

Name of  

the association width longitude 

height 

above sea 

level. 

Southern Altai 

Рор 1 
Sarimsakty Range, northwestern 

slope, near the Burkhat Pass 
49.1333 86.0103 2015 12,0 Subalpine iris-borage 

Рор 2 
Sarimsakty Range, northwestern 

slope, near the Burkhat Pass 
49.1586 86.0239 1300 200,0 

Mountain-steppe 

mixed-grass-

volodushkovaya 

Рор 3 

South Altai Tarbagatai Range, 

southeastern slope, foothill ter-

race 

49.0953 86.2006 1890 15 
Mountainous forest 

grassy-cereal-grassland 

Рор 4 
Narym Range, northeastern 

slope 
48.5864 83.5764 1380 172 

Mountain-steppe 

mixed-grass-

volodushkovaya 

 Southwest Altai 

Рор 5 
Ivanovsky Range, southeastern 

slope, (Passing Squirrel) 
50.2661 83.5456 1990 25 

Subalpine low-grass 

violet-blue 

Рор 6 
Ivanovsky Range, southeastern 

slope, (Passing Squirrel) 
50.3211 83.8807 1450 12 

Foothill-shrub-grass-

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 Ivanovsky 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). 

T a b l e  2  

Summary of the floristic composition of plant communities involving Bupleurum multinerve,  

indicating species abundance in the Southern Altai 

№ Names of plant species 

Name of association 

Subalpine  

iris–Bupleurum 

association, 

2015 m a.s.l. 

Mountain-steppe 

mixed-herb–

Bupleurum  

association,  

1300 m a.s.l. 

Mountain-forest 

mixed-herb–

grass–Bupleurum 

association,  

1890 m a.s.l. 

Mountain-steppe 

mixed-herb–

Bupleurum  

association,  

1380 m a.s.l. 

 Abundance on the Drude scale 

 1 2 3 4 5 

1 Spiraea media Schmidt sp - sp sp 

2 Сotoneaster uniflorus Bunge - - un - 

3 Сotoneaster melanocarpus G. Lodd.   sol sp 

4 Sibiraea laevigata (L.) Maxim un - sol - 

5 
Pentaphylloides fruticosa 

(L.)O.Schwarz 
un - un - 

6 Rosa acicularis Lindl. un - un - 

7 Rosa spinossisima L. - un - un 

8 

Lonicera 

caerulea subsp. altaica (Pall.) 

Gladkova 

- un - - 

9 
L. microphylla Willd. ex Roem. & 

Schult. 
sp - - - 

10 Berberis sibirica Pall. - sol sol - 

11 Caragana pumila Pojark - - - un 

12 Bupleurum multinerve DC. cop1 soc cop1 soc 

13 
Helictotrichon desertorum 

(Less.)Pilg. 
- - sp sp 

14 
Helictotrichon pubescens (Huds.) 

Schult. 
- sp cop2 sp 

15 
Helictotrichon schellianum 

(Hack.)Kitag 
sp - cop2 - 

16 Elymus uralensis (Nevski) Tzvelev cop1 - cop3 - 

17 E. mutabilis (Drobov) Tzvelev un un - - 

18 
Artemisia sericea (Besser) Weber ex 

Stechm. 
sp sp sp sp 

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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C o n t i n u a t i o n  o f  T a b l e  2  

№ Names of plant species 

Name of association 

Subalpine  

iris–Bupleurum 

association, 

2015 m a.s.l. 

Mountain-steppe 

mixed-herb–

Bupleurum  

association,  

1300 m a.s.l. 

Mountain-forest 

mixed-herb–

grass–Bupleurum 

association,  

1890 m a.s.l. 

Mountain-steppe 

mixed-herb–

Bupleurum  

association,  

1380 m a.s.l. 

 Abundance on the Drude scale 

 1 2 3 4 5 

23 
Festuca valesiaca Schleich. ex 

Gaudin 
- - sp - 

24 Pedicularis cystopteridifolia Rydb. - - un - 

25 
Pedicularis eriantha (Boiss. & 

Buhse) T.N. Popova 
- sp - - 

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 - 

31 
Koenigia alpina (All.) T.M. & 

Schult. Reveal 
sp un soc un 

32 Сampanula 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 
Geranium collinum Stephan ex 

Willd. 
- sp - sp 

46 G. pseudosibiricum J. Mayer sp sol - - 

47 
Phlomoides alpina (Pall.) Adylov, 

Kamelin & Makhm. 
sol - sp - 

48 Phlomoides tuberosa (L.) Moench - - - sp 

49 
Galatella hauptii (Ledeb.) Lindl. ex 

DC. 
un sp - - 

50 
Galatella 

sedifolia subsp. sedifolia (L.) Greuter 
- sol sp sp-cop3 

51 Iris ruthenica Ker Gavl. cop2 cop2 cop1 cop2-cop3 

52 Carex macroura Meinsh. cop2 cop2, cop2 sp 

53 Gentianella amarella (L.) Börner sp sp sp sol 

54 Gentianopsis barbata (Froel.) Ma sol sol sp sp-cop1 

55 Dracocephalum ruyschiana L. sp - sp - 

56 Dracocephalum discolor Bunge - - sol sp 

57 Aster alpinus L. sol sp sp - 
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C o n t i n u a t i o n  o f  T a b l e  2  

№ Names of plant species 

Name of association 

Subalpine  

iris–Bupleurum 

association, 

2015 m a.s.l. 

Mountain-steppe 

mixed-herb–

Bupleurum  

association,  

1300 m a.s.l. 

Mountain-forest 

mixed-herb–

grass–Bupleurum 

association,  

1890 m a.s.l. 

Mountain-steppe 

mixed-herb–

Bupleurum  

association,  

1380 m a.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.) 

Gueldenst. 
sol - - sp 

61 
Pseudoroegneria gmelinii (Trin. ex 

Schrad.) Sennikov 
- sol - un 

62 Senecio nemorensis L. - sol - - 

63 Poa attenuata Trin - sol un sol 

64 P. angustifolia L. - - - sp 

65 
Viola disjuncta 

W. Becker 
- sp - - 

66 Klasea cardunculus (Pall.) Holub - un - - 

67 Scutellaria altaica Ledeb. ex Sweet - sol - - 

68 Orostachys spinosa (L.) Sweet - sol un - 

69 Thymus serpyllum L. - cop2 - sp 

70 
Phedimus stoloniferus (S.G. Gmel.) 't 

Hart 
- sp - - 

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-cop2, 

77 Crepis lyrata (L.) Froel. - - - un 

78 
Seseli buchtormense (Fisch.) 

W.D.J. Koch 
- - - un 

 TOTAL 35 43 46 39 

 

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 cop1 under. 

 



Status of populations and resource… 

ISSN 3080-6836 (Print) ISSN 3080-6844 (Online) 227 

  

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 — cop1, Fragaria viridis — sp-cop2, Galatella sedifolia subsp. sedifolia — sp-cop3, 

Gentianopsis barbata — sp-cop1, 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). 

T a b l e  3  

Resource assessment of the potential above-ground biomass productivity of Bupleurum multinerve  

in the studied populations of the Kazakh Altai 

Population 
Location of  

the population 

The area  

occupied by  

the view,  

ha 

Yield, kg/ha  

(air-dry weight) 

Operating  

stock of  

air-dry raw  

materials, t 

Operating stock  

of air-dry raw  

materials, t 

Volume of possible 

preparation  

of air-dry raw  

materials, t 

Southern Altai 

Рор1 

Sarimsakty Range, north-

western slope, near 

Burkhat Pass, 2015 m 

a.s.l. 

12,0 178,85 2,15 1,29 

Рор 2 

Sarimsakty Range, north-

western slope, near 

Burkhat Pass, 1300 m 

a.s.l. 

200,0 360,10 72,02 43,21 

Рор3 

South Altai Tarbagatai 

Range, southeastern slope, 

foothill terrace, 1890 m 

a.s.l. 

15,0 211,90 3,18 1,91 

Рор 4 
Narym Range, northeast-

ern slope, 1380 m a.s.l. 
172,0 357,32 61,46 36,87 

Southwest Altai 

Рор 5 

Ivanovsky Range, south-

eastern slope, (Passing 

Squirrel), 1990 m a.s.l. 

25,0 199,8 4,99 2,99 

Рор 6 

Ivanovsky Range, south-

eastern slope, (Passing 

Squirrel), 1450m a.s.l. 

22,0 221,3 4,87 2,92 
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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. 

 

 

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 Pop1 (Sarymsakty Range) at 35.2 ± 1.13 cm. The maximum 

number of generative individuals per 1 m² 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/m², 

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). 

 

 

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 m² varies slightly despite heterogeneous natural conditions (Fig. 7). Under 

Southern Altai conditions, this indicator was 24.6 individuals/m² in Ror1 and 21.7 individuals/m² in Pop3; in 

the Southwestern Altai, it was 20.0 individuals/m² in Pop5 and 18.7 individuals/m² in Pop6. The highest den-

sity of individuals was observed in Pop2 (75.0 individuals/m²) and Pop4 (50.0 individuals/m²) 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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Figure 7. Density of Bupleurum multinerve individuals in populations of the Southern  

and Southwestern Altai, individuals/m² 

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 sor1. 

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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А.Н. Данилова, Ю.А. Котухов, А.А. Сумбембаев, О.А. Ануфриева, Ә.М. Ахметжанов 

Қазақстан Алтайының әртүрлі жағдайларындағы Bupleurum multinerve DC.  

ресурстық қоры және популяциялар күйі 

Қазақстан Алтайында Bupleurum multinerve бойынша зерттеулердің нәтижелері ұсынылған. Зерттеудің 

мақсаты — Қазақстан Алтайындағы табиғи өсу жағдайларында Bupleurum multinerve түрінің 

популяциялық және ресурстық көрсеткіштерін зерттеу. Популяциялардың флористикалық құрамы, 

морфометриялық параметрлері, жас құрылымы және ресурстық қоры анықталды. Түрдің тік таралу 

шегі теңіз деңгейінен 1300–2015 м аралығында екені анықталып, ол тау-далалық, тау бөктеріндегі 

бұталы, тау орманды және субальпілік қауымдастықтар құрамында кездесетіні белгіленді. Оңтүстік 

Алтайдың тау-далалық жағдайында бұл түр ландшафт түзуші, оның үлесі 70,0 %-ға дейін жетеді. 

Қауымдастықтардың өсімдік жамылғысы 100 % қалыптасқан, негізін шөптесін өсімдіктер құрайды. 

Оңтүстік және Оңтүстік-Батыс Алтайдағы зерттелген B. multinerve қалыпты, толық құрамды емес, 

жастық спектрі сол жақты асимметрияға бейім. Түр генеративті өркеннің биіктігі бойынша 13,35 %-

дан 18,65 %-ға дейін тұрақтылықпен сипатталады, ал бірлік ауданға шаққандағы генеративті дарақтар 

саны бойынша 25,0–36,9 % аралығында жоғары өзгергіштік көрсетеді. Сонымен қатар генеративті 

өркендердің 15,1–37,2 % деңгейінде ауытқуы есебінен тұқым арқылы өздігінен жаңару қабілетіне ие. 

Дарақтардың ең жоғары тығыздығы Сарымсақты (75 дана/м²) және Нарым (50,0 дана/м²) 

жоталарының тау-далалық жағдайларында тіркелген. B. multinerve түрінің жерүсті массасының 

өнеркәсіптік қоры ауа-құрғақ күйде Сарымсақты және Нарым жоталарында сәйкесінше 72,02 т және 

61,46 т болып анықталды, ал мүмкін болатын дайындау көлемі — 43,21 т және 36,87 т. 

Кілт сөздер: Bupleurum multinerve, Оңтүстік Алтай, Оңтүстік-Батыс Алтай, ассоциация, популяция, 

түрлік әртүрлілік, молшылық, жас құрылымы, ресурстар. 

 

А.Н. Данилова, Ю.А. Котухов, А.А. Сумбембаев, О.А. Ануфриева, А.М. Ахметжанов 

Состояние популяций и ресурсные запасы Bupleurum multinerve DC.  

в различных условиях Казахстанского Алтая 

Представлены результаты исследований Bupleurum multinerve в Казахстанском Алтае. Цель исследо-

вания — популяционные и ресурсные исследования Bupleurum multinerve в естественных условиях 

произрастания в Казахстанском Алтае. Изучены флористический состав, морфометрические парамет-

ры, возрастной состав, ресурсные запасы популяций. Установлен порог вертикального распростране-

ния вида — 1300–2015 м н. у. м. в составе горно-степных, предгорно-кустарниковых, горно-лесных и 

субальпийских ассоциаций. В горно-степных условиях Южного Алтая вид является ландшафтообра-

зующим с плотностью до 70,0 %. Растительный покров ассоциаций сформирован на 100 %, основу со-

ставляют травянистые виды растений. Популяции B. multinerve на Южном и Юго-Западном Алтае 

нормальные, неполночленные, возрастной спектр с тенденцией к левосторонней асимметрии. Вид ха-

рактеризуется стабильностью по высоте генеративного побега от 13,35 % до 18,65 %, высокой вариа-

бельностью по количеству генеративных особей на единице площади от 25,0 до 36,9 %, способностью 

к самовозобновлению семенным путем за счет варьирования генеративных побегов на уровне от 15,1 

до 37,2 %. Наибольшая плотность особей отмечена в горно-степных условиях произрастания на хр. 

Сарымсакты (75 шт./м2) и Нарымском (50,0 шт./м2). Промышленные запасы надземной массы B. 

https://knigogid.ru/books/1923293-metodika-biometricheskih-raschetov-matematicheskaya-statistika-v-eksperimentalnoy-botanike
http://nskhuman.ru/shipunov/bibljourn.php?nbook=52
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multinerve в воздушно-сухом состоянии установлены в горно-степных условиях на хр. Сарымсакты и 

Нарымском соответственно — 72,02 и 61,46 т, а объем возможной заготовки — 43,21 и 36,87 т. 

Ключевые слова: Bupleurum multinerve, Южный Алтай, Юго-Западный Алтай, ассоциация, популяция, 

видовое разнообразие, численность, возрастная структура, ресурсы. 
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