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Abstract
 Morphological and anatomical changes occurring in plant organs are not only dependent on their taxonomic position but are also organically linked to the process of adaptation to environmental factors during evolution In this regard, the comparative study of the chemical analysis of the anatomical structure of plants can be used as important diagnostic criteria in solving some scientific problems in the fields of systematics, ecology and morphology. The anatomical structure of the vegetative organs, including the root, of the artichoke plant (Green Gold variety) grown in moderately saline soils and harsh ecological conditions of the Bukhara region was studied. As a result, the adaptability characteristics of cells and tissues to the living environment, as well as xeromorphic and mesoxeromorphic features, were identified: the size of leaf epidermal cells decreased, the number of stomata increased, the cortical parenchyma of the stem thickened, the diameter and number of conducting vessels increased, and the degree of lignification rose. These changes contribute to the efficient management of water and nutrients under conditions of physiological drought associated with salinization and aridity. Adaptive features were also observed in the root structure of artichoke grown in saline soils: the endodermis and exodermis layers thickened, ensuring selective permeability to salt ions, while the number of xylem elements in the central cylinder increased, improving water conductivity. These characteristics are widespread in halophytes and enable the artichoke to survive and develop in saline environments. These anatomical adaptations ensure the plant's acclimation to ecological conditions, opening up opportunities for successful cultivation in the arid and saline soils of the Bukhara region. The results highlight the potential of artichoke for use in the reclamation of saline lands and in sustainable agriculture.
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Introduction

Potassium chloride stress in artichoke leaves has been associated with reduced leaf dry biomass and significant alterations in mineral composition. Modifications in hormonal networks and phenolic profiles have also been documented under such conditions; however, morphometric changes in vegetative organs were not examined in that context (Lucini et al., 2016). The effects of chloride salts on biomass production and phytochemical composition in artichoke and cardoon have been comparatively assessed, revealing that KCl application enhances phenolic and flavonoid accumulation, whereas NaCl and CaCl₂ treatments improve leaf quality at later developmental stages (Borgognone et al., 2014). Plant physiological responses to heterogeneous salinity conditions have been broadly investigated, yet detailed information regarding soil salinity–induced morphometric modifications in vegetative organs of Cynara L., together with their phytochemical characterization, remains limited (Bazihizina et al., 2012). Soil salinity has been shown to influence the growth of Cynara cardunculus, with measurable variations in shoot and root length observed across different salt concentrations. Concurrently, phytochemical analyses demonstrated increased total phenol content and enhanced antioxidant activity under salinity stress (Pappalardo et al., 2020). Elevated salinity levels in nutrient solutions were reported to reduce leaf dry biomass and leaf number in Cynara cardunculus cultivars, while simultaneously stimulating antioxidant activity and the accumulation of phenolic compounds such as chlorogenic acid, cynarin, and luteolin (Colla et al., 2013). Investigations on salinity tolerance mechanisms within the Asteraceae have largely emphasized species such as Aster tripolium and Aster alpinus, providing insight into adaptive strategies but offering limited evidence regarding soil salinity–driven morphometric responses and phytochemical traits in Cynara species (Wiszniewska et al., 2021). More broadly, salt tolerance has been examined in relation to general physiological mechanisms and the role of beneficial soil microorganisms in improving crop performance, without specific consideration of vegetative organ morphometry and phytochemical dynamics in Cynara under soil salinity conditions (Hanin et al., 2016).

Comprehensive analyses of crop responses to multiple abiotic stresses have further expanded understanding of plant adaptive strategies; nevertheless, integrated evaluation of soil salinity effects on morphometric characteristics of vegetative organs in Cynara species, combined with detailed phytochemical assessment, remains insufficiently explored (Boscaiu & Fita, 2020). Tamarix species diverged greatly in their anatomical-hydraulic traits, although having extremely similar appearances and ecological preferences. These differences show specific regional adaptations to environmental conditions and are ascribed to climatic causes rather than phylogeny (Akhmedov et al., 2025). Desert environments in Central Asia, such as those in Uzbekistan, are home to tremendous biodiversity and unique plant groups. However, the loss of plant cover and habitat degradation have been made worse by increasing extended droughts caused by climate change and human pressure (Bobokandov et al., 2024). These results suggest that conventional feeds and plant-based feeds can compete. However, external environmental factors, especially light conditions, have a direct impact on the amount and quality of plant biomass. When Chelidonium majus L. was cultivated under several light regimes, the best lighting resulted in a 20–25% increase in biomass production. These findings highlight how crucial it is to maximize agro-technical conditions when growing aquatic and semi-aquatic plants. (Hamrayeva et al., 2025). One of the most pressing issues at the moment is the local availability of raw materials for the manufacture of pharmaceuticals and the cultivation of medicinal plants. (Bobokandov et al., 2024). The technique, formalization, and observed maturity processes of the Imperial Star and Violetto Cynara scolymus L. cultivars were investigated in the slightly salinized soil conditions of Uzbekistan in the medium-saline soils of the Bukhara region. The following traits of adaptability were found. (Isomov et al., 2024) For the first time, the anatomical structure of the vegetative organs of the Artichoke Green Gold variety, which is grown in the medium salinity areas of the Bukhara region, has been investigated. (Isomov et al., 2025). Global warming and drought have led to habitat destruction in Central Asia, resulting in increase in the number of endangered species. Intense human activity and prolonged droughts driven by climate change have resulted in habitat destruction and a corresponding vegetation cover crisis in these regions (Akhmedov et al., 2025). Growth stage and salinity stress have been shown to significantly influence the accumulation of bioactive compounds in cardoon; however, detailed evidence linking soil salinity to morphometric alterations in vegetative organs remains limited, and comprehensive phytochemical evaluation in this context has not been sufficiently elaborated (Petropoulos et al., 2018). Phytochemical and biological characterization of the “Carciofo di Procida” cultivar has revealed pronounced antioxidant and cytotoxic properties, emphasizing its pharmacological potential, yet without consideration of soil salinity–induced morphometric variability in vegetative organs of Cynara species (Tommonaro et al., 2025). Under salinity conditions, potassium silicate application has been investigated in Cichorium intybus L., demonstrating improved stress tolerance and physiological performance; nevertheless, comparable analyses integrating morphometric parameters and phytochemical traits in Cynara (Asteraceae) under soil salinity remain scarce (Mohammadi et al., 2024). Recent phytochemical investigations of Cynara cardunculus leaves have confirmed high antioxidant capacity and the presence of diverse bioactive constituents, further supporting the medicinal value of the genus, although structural responses of vegetative organs to saline soils were not assessed (Cerulli et al., 2024). The artichoke (C. scolymus) is a perennial species native to the southern Mediterranean region of North Africa and is now cultivated worldwide as a vegetable crop. Beyond its nutritional importance, it holds a prominent position in traditional medicine due to its antioxidant and anti-inflammatory properties. The presence of phenolic acids and flavonoids enables effective scavenging of reactive oxygen species, thereby reducing oxidative stress and inflammatory processes. Traditional applications include blood purification and supportive use in anemia management (Keramati et al., 2022). The globe artichoke (C. cardunculus L. var. scolymus (L.)) is widely distributed across the Mediterranean basin, where the edible capitulum (head) represents the main economic organ. Its functional value is associated with high concentrations of polyphenolic compounds and inulin. “Carciofo di Paestum,” a traditional Italian variety recognized as a PGI product from the Campania region, constitutes an important agricultural and economic resource. Chemical investigations of this variety have identified 17 compounds, including caffeoylquinic acid derivatives, phenolics, flavonoids, and terpenoids, primarily from methanolic extracts (Cerulli et al., 2022). Nitrogen assimilation and fertilizer efficiency in Cynara scolymus under varying soil conditions have been extensively examined (Abzalov et al., 2013). Independent of phosphorus supply levels, ammonium sulfate and especially urea have been shown to enhance nitrogen biosynthesis intensity and protein accumulation in plant tissues. Morphologically, artichoke varieties are characterized by large, fleshy, homogamous, spherical capitula with multi-rowed involucral bracts. The lower bracts are narrowed and pinnatifid, often terminating in a spine, although spineless forms with rounded margins also occur. The receptacle is flat and slightly fleshy, covered with long bristles, while the corolla is straight and five-lobed with unequal divisions (Lishchuk et al., 1991). The varieties Green Gold, Imperial Star, and Violetto are perennial herbs reaching 0.5–2 m in height. Stems are thick, erect, and pubescent with a grayish surface. Basal leaves are large and densely pubescent abaxially, with lower stem leaves reaching up to 1 m in length and 50 cm in width. Upper leaves are progressively reduced and modified into involucral bracts. Capitulum diameter ranges from 32–46 cm in Green Gold, 30–38 cm in Imperial Star, and 28–33 cm in Violetto. The involucre is ovoid to nearly spherical, composed of overlapping bracts with fleshy bases; outer bracts may be slightly reflexed, whereas inner bracts remain straight and spineless. Numerous bluish-violet tubular flowers develop within the head. Flowering occurs in May–June, followed by seed formation. Cultivation is typically performed in moist soils of southern regions (Lishchuk et al., 1991). Within the Republic, bioecological and chemical investigations of artichoke under introduction conditions have provided valuable insights. Adaptive anatomical features of vegetative organs under irrigated and non-irrigated regimes were described by Nomozova et al. (2012). The influence of mineral and organic fertilizers on microelement uptake was analyzed by Abzalov et al. (2013). Elemental composition and biologically active substances in leaves were quantified by Mirrahimova et al. (2015), and subsequent work contributed to the standardization of the preparation “Cinaron Bio” derived from globe artichoke (Mirrahimova et al., 2018). Related agronomic and physiological investigations were further expanded by Aramov et al. (2020). 

Considering the taxonomic, ecological, and agronomic importance of anatomical traits in plant species, comparative anatomical studies provide valuable information for the characterization and differentiation of cultivars. In this context, the present study was designed to investigate in detail and compare the anatomical characteristics of the Green Gold, Imperial Star, and Violetto artichoke varieties belonging to the family Asteraceae Dumort., thereby contributing to a better understanding of varietal differences within this economically and biologically important species.

Materials and Methods
To study the anatomical structure of the root in promising varieties of artichoke (Green Gold, Imperial Star, and Violetto), root samples were fixed in 70% ethyl alcohol. The investigation was conducted on transverse sections of the roots. Anatomical preparations were prepared from the main parts of the root and examined accordingly. The Italian Carciofo di Paestum (C. scolymus) PGI, an artichoke variety from the Campania region, was investigated for its potential to reuse by-products for food supplements. EtOH:H2O 50:50 and 75:25 extracts of its leaves were analyzed for phenolic and flavonoid content and antioxidant activity (TEAC: 1.90 and 1.81 mM of Trolox; DPPH IC50: 106.31 µg/mL and 128.21 µg/mL; FRAP: 1.68 and 1.58 mM FeSO/g extract. (Cerulli et al., 2024), (Nechchadi, et al.,2024), and for the epidermis – (Zayed, A et al.,2020). Microphotographs were taken using a computer-attached micromount, a Canon digital camera model A123, and a Motic microscope model B1-220A-3.

The morphological structure of vegetative and generative organs was studied using the methods of (Bahreininejad et al.,2020).  The experiment followed a Completely Randomized Design (CRD) with four treatments and three replications for each treatment. Brackish water was applied at concentrations of 25% (T1), 50% (T2) and 75% (T3) with a control group (T0) receiving no brackish water. (Abbasi et al.,2024). 

The chemical composition of the artichoke varieties was studied at the Laboratory of “Chemistry of Proteins and Peptides” of the Institute of Bioorganic Chemistry, Academy of Sciences of the Republic of Uzbekistan, under the supervision of. One of the methods for determining the total protein content is the Kjeldahl method. This involves calculating the total protein amount based on the determination of nitrogen content. The essence of the method consists in the hydrolysis of organic substances in the sample with concentrated sulfuric acid, resulting in the formation of ammonium sulfate salts from the amino groups in the protein composition.

Nitrogen-containing organic substances + H₂SO₄ → (NH₄)₂SO₄ + CO₂ + H₂O

After completion of the hydrolysis, the resulting ammonium sulfate was treated with sodium hydroxide to convert it into ammonia. The reaction proceeds as follows:

(NH₄)₂SO₄ + 2NaOH → Na₂SO₄ + 2NH₃↑ + 2H₂O

The ammonia liberated as a result of alkalization, or the ammonium hydroxide formed, is absorbed in a sulfuric acid solution.

The excess acid remaining after absorption is then titrated with an alkaline solution. The amount of nitrogen is calculated from the quantity of ammonia determined through this titration.

For analysis, an accurately weighed homogeneous ground sample of the material under investigation is taken in a test tube, with the weighing error not exceeding 0.1%. The sample is quantitatively transferred to a Kjeldahl flask. Subsequently, the experiment is carried out in accordance with the described procedure.

The mass fraction of nitrogen (X) in the analyzed sample is calculated as a percentage using the following formula, based on the volume of diluted sulfuric acid remaining after passing through the ammonia, determined by titration, relative to the mass of the sample:
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V0 – the volume (in ml) of 0.1 mol/L sodium hydroxide solution consumed for the titration of the excess 0.1 mol/L sulfuric acid solution remaining in the blank (control) experiment.

Steroids and flavonoids in the sample were determined using high-performance liquid chromatography (HPLC). A 5–10 g portion of the sample was accurately weighed on an analytical balance and placed into a 300 ml flat-bottomed flask. Subsequently, 50 ml of 70% ethanol solution was added. The mixture was equipped with a magnetic stirrer and a reverse condenser, intensively stirred, and refluxed at 70–80 °C for 1 hour, followed by further stirring at room temperature for 2 hours. The mixture was allowed to settle and then filtered. The residue was subjected to repeated extraction twice with 25 ml portions of 70% ethanol. The filtrates were combined, transferred to a 100 ml volumetric flask, and made up to the mark with 70% ethanol. The resulting solution was centrifuged at 6000–8000 rpm for 20–30 minutes. The supernatant was taken for analysis (Rabotnov at al 1960)
In the literature, phosphate and acetate buffer systems along with acetonitrile have been employed as eluents for the determination of steroids and flavonoids by high-performance liquid chromatography (HPLC). In the present study, a phosphate buffer system and acetonitrile were utilized.

Chromatographic conditions:
· Chromatograph: Agilent-1200 (equipped with an autosampler)

· Column: Eclipse XDB C18 (reversed-phase), 5 μm, 4.6 × 250 mm

· Detector: Diode array detector (DAD); identification performed at 247 nm, 254 nm, and 276 nm

· Flow rate: 1 ml/min

· Eluent (phosphate buffer : acetonitrile): 0–5 min 95:5 6–12 min 70:30 12–13 min 50:50 13–15 min 95:5

· Column thermostat temperature: 30 °C

· Injection volume: 10 μl

Initially, working standard solutions were injected into the chromatograph, followed by the prepared working sample solutions.

Macro- and microelements were determined by inductively coupled plasma mass spectrometry (ICP-MS). This method was applied to quantify calcium, phosphorus, magnesium, iron, and iodine in food products. For this purpose, 0.0500–0.500 g of the test substance was accurately weighed on an analytical balance and placed into a Teflon vessel of an autoclave, after which an appropriate volume of purified concentrated mineral acids (nitric acid and hydrogen peroxide) was added. The autoclave was sealed and installed in a programmed Berghof microwave digestion system (MWS-3+). The appropriate program was selected depending on the type of material being analyzed. After digestion, the contents were transferred to 50 or 100 ml volumetric flasks and diluted to the mark with 0.5% nitric acid.

The determination of elements was performed using ICP-MS or a similar inductively coupled argon plasma emission spectrometer.

The following equipment was employed for the above analyses: ICP-MS NexION-2000 or equivalent mass spectrometer; microwave digestion systems (Germany) or equivalent Teflon autoclaves; volumetric flasks of various sizes.

Reagents used: Multielement standard No. 3 (29 elements for MS); mercury, nitric acid, hydrogen peroxide, bidistilled water, and argon (gas purity 99.995%) (Boscaiu et al., 2020)
Quantitative data obtained during the scientific investigations were statistically processed using the method of (Zaitsev et al 1991).

Results and Discussion
The anatomical structure of the root in the Green Gold variety, observed in transverse section, exhibits a circular shape and belongs to the non-fascicular type, remaining non-lignified. In all the varieties studied, the root anatomy can be divided into three main zones: the periderm (cork), the bark parenchyma, and the central cylinder (stele) (Figs. 1–2).

The periderm consists of three layers: phellem, phellogen, and phelloderm. The periderm, which surrounds the root externally, is composed of these three layers. The phellogen cells are rectangular in shape, elongated radially, and produce outward the dead cells of the phellem, which contain suberin. Inwardly, the phellogen gives rise to living cells of the phelloderm; these cells are larger, rectangular, and distinctly differentiated from the inner bark parenchyma cells.

The bark parenchyma is composed of thin-walled cells that are rounded, oval, or isodiametric in shape. In the Green Gold variety, the bark parenchyma cells have a smaller diameter (33.33 ± 0.41 μm) compared to the Imperial variety, and the bark parenchyma occupies approximately 30% of the root diameter, with the cells being densely packed.

The cambial cells produce secondary phloem (bast fibers) toward the bark parenchyma and secondary xylem (wood fibers) toward the central cylinder.

In all the varieties examined, schizogenous secretion channels are present in both the bark parenchyma and the central cylinder. The secretion channels in the bark parenchyma are larger and more numerous, whereas those in the central cylinder are relatively smaller and fewer in number. The schizogenous secretion channels are rounded-oval in shape, lined by 7–8 epithelial cells, and in the Green Gold variety, they exhibit a smaller diameter (74.18 ± 0.83 μm) compared to the Imperial and Violetto varieties (Fig. 1, Table 1).

The presence of biologically active substances in these secretion channels was confirmed on the basis of anatomical studies (Fig. 1, Table 1).

The main portion of the root is occupied by the central cylinder, namely the woody parenchyma (libriform), which constitutes 70% of the root diameter. The woody parenchyma of the root is of the diffuse type, with the secondary xylem vessels (tracheids) arranged in a circular manner and distributed irregularly in chains within the central cylinder. The secondary conducting bundles, specifically the tracheids, were found to be larger in the Green Gold and Violetto varieties (64.35 ± 0.71 μm and 59.38 ± 0.71 μm, respectively), while smaller in the Imperial variety (42.59 ± 0.48 μm). In all the varieties studied, the primary conducting bundles in the root are located in the primordial zone of the central cylinder and persist until the end of the plant's vegetation period (Fig. 1, Table 3).
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Fig.1. Anatomical structure of the root of the Green Gold variety:

a – General appearance of the root; b – periderm and bark parenchyma; 

v – detail; g – parenchyma and secondary conducting ligament; d – schizogenous excretory duct. 

Legend: AK – separating channel, K – cambium,  Ks – xylem, LT – lub fibers, PP – bark parenchyma, Pr – periderm, Px – parenchyma cells, FG – phellogen, FD – phelloderma, FL – fall, O‘B – conductive ligament.
The anatomical structure of the root in the Imperial variety, as observed in transverse section, exhibits a circular shape and belongs to the non-fascicular type, remaining non-lignified. The root is externally surrounded by the periderm, which consists of three layers: phellem, phellogen, and phelloderm. The phellogen cells are rectangular in shape, elongated radially, and produce outward the dead cells of the phellem; the presence of suberin in these cells was confirmed. Inwardly, the phellogen gives rise to living cells of the phelloderm, which are larger and rectangular in shape, distinctly differing from the inner bark parenchyma cells.

The bark parenchyma is composed of thin-walled cells that are rounded, oval, or isodiametric in shape; these cells were found to have a larger diameter (60.93 ± 0.68 μm) compared to the Green Gold and Violetto varieties. The cambial cells are brick-shaped and arranged in several layers, producing secondary phloem (bast fibers) toward the bark parenchyma and wood fibers toward the central cylinder (Fig. 2, Table 1).

Schizogenous secretion channels are present in both the bark parenchyma and the central cylinder of the root. The secretion channels in the bark parenchyma are larger and more numerous, whereas those in the central cylinder are relatively smaller and fewer. The schizogenous secretion channels are rounded-oval in shape, lined by 7–8 epithelial cells, and exhibit a larger diameter (149.95 ± 1.51 μm) compared to the Green Gold and Violetto varieties. The main portion of the root is occupied by the central cylinder, namely the woody parenchyma (libriform), which constitutes 71% of the root diameter. The woody parenchyma is of the diffuse type, with the secondary xylem vessels (tracheids) arranged in a circular manner and distributed irregularly in chains within the central cylinder; the secondary xylem was found to be smaller (42.59 ± 0.48 μm) compared to the Green Gold and Violetto varieties. Additionally, the primary conducting bundles in the root are located in the center of the central cylinder and persist until the end of the plant's vegetation period (Fig. 2, Table 1).

Table 1 

Quantitative indicators of anatomical features of the roots in promising varieties of artichoke plant (n=30)

	Indicator
	Green Gold
	Imperial
	Violetto

	Root diameter, mm
	12
	15.63
	13.88

	Thickness of bark parenchyma, μm
	1840.64 ± 20.13
	1950.55 ± 22.56
	1450.77 ± 15.53

	Proportion of bark parenchyma in root diameter, %
	30
	29
	28.6

	Diameter of bark parenchyma cells, μm
	33.33 ± 0.41
	60.93 ± 0.68
	39.46 ± 0.45

	Diameter of schizogenous secretion channels, μm
	74.18 ± 0.83
	149.95 ± 1.51
	92.1 ± 0.94

	Thickness of woody parenchyma (libriform), μm
	4293.33 ± 41.55
	4775.48 ± 50.52
	3621.85 ± 37.23

	Proportion of woody parenchyma (libriform) in root diameter, %
	70
	71
	71.4

	Diameter of parenchyma cells, μm
	78.56 ± 0.89
	47.51 ± 0.51
	62.53 ± 0.66

	Diameter of xylem vessels in conducting bundles, μm
	64.35 ± 0.71
	42.59 ± 0.48
	59.38 ± 0.71
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Fig.2. Anatomical structure of the Imperial variety root:

a – General appearance of the root; b – detail; v – periderm and bark parenchyma; g – schizogenous excretory duct; d – parenchyma and secondary conducting ligament. 

Legend: AK – separating channel, K – cambium,  Ks – xylem, PP – bark parenchyma, Pr – periderm, Px parenchyma cells,  F – phloem, FG – phellogen, FD – phelloderma, FL – fall, O‘B – conductor bundle.

The anatomical structure of the root in the Violetto variety, as observed in transverse section, exhibits a circular shape and belongs to the non-fascicular type, remaining non-lignified. The root is externally covered by the periderm. The phellogen cells of the periderm produce outward the dead cells of the phellem, which are filled with suberin. Inwardly, the phellogen gives rise to living cells of the phelloderm, which are large and rectangular in shape, distinctly differing from the inner bark parenchyma cells (Fig. 3, Table 1).

The bark parenchyma consists of relatively thick-walled cells that are rounded, oval, or isodiametric in shape; these cells are smaller (39.46 ± 0.45 μm) compared to the Imperial variety, with the thickness of the bark parenchyma measuring 1450.77 ± 15.53 μm and occupying 28.6% of the root diameter.

The cambial cells are brick-shaped and arranged in several layers, producing secondary phloem (bast fibers) toward the bark parenchyma and wood fibers toward the central cylinder.

Schizogenous secretion channels are present in both the bark parenchyma and the central cylinder of the root. The secretion channels in the bark parenchyma are larger and more numerous, whereas those in the central cylinder are relatively smaller and fewer (Fig. 1, Table 1). The schizogenous secretion channels are rounded-oval in shape; the larger ones are lined by 9–10 epithelial cells, while the smaller ones are lined by 5–6 epithelial cells. They exhibit a smaller diameter (92.1 ± 0.94 μm) compared to the Imperial variety; these secretion channels are arranged in rows within the bark parenchyma and store biologically active substances.

The main portion of the root is occupied by the central cylinder, with the thickness of the woody parenchyma (libriform) measuring 3621.85 ± 37.23 μm and constituting 71.4% of the root diameter. The woody parenchyma in the central cylinder is of the diffuse type, with vessels arranged irregularly in chains; the secondary xylem diameter was found to be larger (59.38 ± 0.71 μm) compared to the Green Gold and Imperial varieties (Fig. 2, Table 1).

Based on the comparative analysis of biometric indicators derived from the study of the anatomical structure of the roots in the promising artichoke varieties Green Gold, Imperial, and Violetto, the following predominant anatomical features were identified. In all the varieties examined, the root in transverse section exhibits a circular shape and belongs to the non-fascicular type. The root diameter was largest in the Imperial variety (15.63 mm) and relatively smallest in the Green Gold variety (12 mm) (Figs. 1–3). In the periderm of the studied varieties, the phellogen cells produce outward the dead cells of the phellem, which are filled with suberin.
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Fig. 3. Anatomical structure of the root of the Violettio variety:

a–General appearance of the root; b–detail; v–periderm and bark parenchyma; g–schizogenous excretory duct; d–parenchyma and secondary conducting ligament.
Legend: AK–separating channel, K–cambium, Ks–xylem, PP–bark parenchyma, Pr–periderm, Px parenchyma cells, F – phloem, FG – phellogen, FD – phelloderma, FL – fall, O‘B – conductor bundle.
Inwardly, the phellogen gives rise to living cells of the phelloderm, which are large and rectangular in shape, distinctly differing from the inner bark parenchyma cells. The largest diameter of bark parenchyma cells was observed in the Imperial variety (60.93 ± 0.68 μm), occupying 29% of the root diameter; the smallest was in the Green Gold variety (33.33 ± 0.41 μm), occupying 30%; and intermediate in the Violetto variety (39.46 ± 0.45 μm), occupying 28.6%. Schizogenous secretion channels were found exclusively in the roots among the vegetative organs of all the studied varieties, present in both the bark parenchyma and the central cylinder. The secretion channels in the bark parenchyma are larger and more numerous, whereas those in the central cylinder are relatively smaller and fewer. The largest diameter of schizogenous secretion channels was recorded in the Imperial variety (149.95 ± 1.51 μm), intermediate in the Violetto variety (92.1 ± 0.94 μm), and smallest in the Green Gold variety (74.18 ± 0.83 μm). The largest diameter of parenchyma cells in the central cylinder was observed in the Green Gold variety (78.56 ± 0.89 μm) and Violetto variety (62.53 ± 0.66 μm), while the smallest was in the Imperial variety (47.51 ± 0.51 μm).

Phytochemical Analysis of the Root
In the search for and introduction of medicinal plants, it is first necessary to provide a detailed assessment of their nutritional properties. To this end, the chemical composition of the root—namely, the nutritional value of organic substances, the content of total proteins, as well as micro- and macroelements—is taken into consideration.

According to literature data on artichoke studies in this direction, the aboveground parts contain 3% protein, 7–15% carbohydrates, 0.4 mg% carotene, 3–11 mg% vitamin C, fats, nucleic acids, vitamins B, B, P, K, E (totaling 1.27%), dietary fiber, tannins, and mineral elements. Inulin is present among the carbohydrates (Mirrakhimova T.A.,et al 2014)
During the present study, the nitrogen and total protein contents in the roots of artichoke varieties grown in the experimental field were analyzed. The results indicate that the Imperial Star variety exhibits the highest nitrogen content (1.31%) and total protein content (8.02%) in the root. In contrast, the Green Gold and Violetto varieties accumulate lower amounts of nitrogen (1.22–1.29%) and total proteins (7.65–7.89%) in the root (Table 2).

Table -2

Phytochemical composition of the roots in artichoke varieties (%)
	Indicator
	Green Gold
	     Imperial Star
	   Violetto

	Nitrogen content (%)
	1.22
	1.31
	1.29

	Total protein content (%)
	7.65
	8.02
	7.89


In terms of their origin in plants, flavonoids belong to the class of polyphenolic compounds. They can be classified as secondary products of plant metabolism. However, among secondary metabolites, this group of substances holds significant importance due to their participation in many key processes of plant growth and development. Flavonoids play a crucial role in protecting plants from bacterial, viral, and fungal infections, as well as from the penetration of parasites and insect bites. One of the most important functions of flavonoids is their protection of plants from oxidative stress owing to their antioxidant activity (Mukumov et al 2019) At the same time, the flavonoid content (rutin, quercetin, dihydroquercetin, gallic acid) in the roots of the artichoke varieties was also analyzed. According to the flavonoid analysis, the Green Gold variety exhibited the highest rutin content in the root (0.75 mg/g), while lower levels were observed in the Imperial Star and Violetto varieties (0.32–0.31 mg/g). The quercetin content was highest in the root of the Imperial Star variety (0.83 mg/g), with lower amounts in the Green Gold and Violetto varieties (0.36–0.76 mg/g). Dihydroquercetin was present at 1.2 mg/g in the Green Gold variety but was not detected in the roots of the Imperial Star and Violetto varieties (Askarov et al., 2019).
Gallic acid was present at 0.50–0.51 mg/g in the roots of the Imperial Star and Violetto varieties but was not detected in the root of the Green Gold variety (Table 4).

Table 3

 Flavonoid content in the vegetative organs of artichoke varieties (mg/g dry weight)

	Samples


	Concentration (mg/g dry weight)



	
	Rutin
	Quercetin
	Dihydro
quercetin
	Gallic acid

	Green Gold

	Root


	0,75
	0,36
	1,2
	0

	Imperial Star

	Root


	0,32
	0,83
	0
	0,50

	Violetto

	Root


	0,31
	0,76
	0
	0,51


During the study, the contents of macro- and microelements in the tissues of artichoke varieties grown in the experimental field were determined and analyzed using the mass spectrometric method. According to the analysis results, the amounts of microelements in the plant organs are presented in Table 4.

Table 4 

Content of microelements in the vegetative organs of artichoke varieties (mg/kg dry weight)

	Samples (vegetative organs)


	Cu
	Fe
	Mn
	Zn

	Green Gold

	Root


	3,96
	186,2
	1,63
	4,62

	Imperial Star

	Root


	3,40
	202,5
	1,79
	19,9

	Violetto

	Root


	4,98
	1080,5
	4,07
	20,5


As evident from the data presented in the table, the analysis of the microelement content in the roots of artichoke varieties revealed that the Violetto variety accumulates higher amounts of copper (4.98 mg/kg), manganese (4.07 mg/kg), and zinc (20.5 mg/kg), while accumulating a lower amount of iron (1080.5 mg/kg). In the Green Gold variety, the contents of copper (3.96 mg/kg), iron (186.2 mg/kg), manganese (1.63 mg/kg), and zinc (4.62 mg/kg) were found to be lower compared to the Imperial Star and Violetto varieties. The Imperial Star variety exhibited a higher iron content (202.5 mg/kg) compared to the Green Gold and Violetto varieties (Table 4).

During the study, in addition to the microelement composition of the artichoke varieties, the macroelement composition was also analyzed. The results of the macroelement analysis are presented in Table 5.

Table 5. 

Content of macroelements in the vegetative organs of artichoke varieties (mg/kg dry weight)

	Samples


	Ca
	P
	S
	Mg
	K
	Na

	Green Gold

	Root


	4711,6
	462,1
	240,2
	293,4
	2372,3
	445,7

	Imperial Star

	Root


	4441,1
	528,5
	222,8
	259,5
	2791,6
	679,3

	Violetto

	Root


	5812,1
	709,1
	273,0
	405,4
	2485,4
	495,4


According to the data presented in the table, the root of the Violetto variety accumulates higher amounts of calcium (5812.1 mg/kg), phosphorus (709.1 mg/kg), sulfur (273.0 mg/kg), and magnesium (405.4 mg/kg), while lower amounts of potassium (2485.4 mg/kg) and sodium (495.4 mg/kg). Conversely, the Imperial Star variety exhibits lower levels of calcium (4441.1 mg/kg), phosphorus (528.5 mg/kg), sulfur (222.8 mg/kg), and magnesium (259.5 mg/kg), but higher levels of potassium (2791.6 mg/kg) and sodium (679.3 mg/kg). The macroelement content (Ca, P, S, Mg, K, Na) in the root of the Green Gold variety was found to be lower compared to the Imperial Star and Violetto varieties (Table 5).

Discussion

Previous investigations on halophytes and salt-tolerant plant species have provided substantial insights into physiological, biochemical, and nutritional responses under salinity stress (Atzori et al., 2025; Alexopoulos et al., 2023; Li et al., 2020; Agudelo et al., 2021; Corrado et al., 2021). Studies encompassing Mediterranean halophytes (Atriplex halimus, Salicornia fruticosa, Cakile maritima), seawater vegetables, baby lettuce varieties, and species such as Hedypnois cretica and Urospermum picroides have primarily focused on salt-tolerance mechanisms and potential nutritional or functional implications. Non-stomatal limitations of photosynthesis under salinity and the growth performance of milk thistle have also been addressed in separate works (Pan et al., 2021; Zahra et al., 2021). Despite this wealth of information, systematic analyses linking soil salinity to morphometric changes in vegetative organs and corresponding phytochemical responses in Cynara species remain limited.

Anatomical evaluation of the roots in the promising artichoke varieties Green Gold, Imperial Star, and Violetto revealed that roots are circular in transverse section, non-fascicular, and non-lignified. Root structure is organized into three primary zones: the periderm, bark parenchyma, and central cylinder. The periderm comprises three layers—phellem, phellogen, and phelloderm. Phellogen cells are radially elongated rectangles that produce outwardly the dead phellem cells containing suberin, while inwardly generating the larger, living phelloderm cells that are distinct from the inner bark parenchyma. Bark parenchyma consists of thin-walled, rounded, oval, or isodiametric cells. Notably, bark parenchyma cells in the Green Gold and Violetto varieties exhibit smaller diameters (33.33 ± 0.41 μm) compared to those in Imperial Star (60.93 ± 0.68 μm). The bark parenchyma occupies approximately 30% of the root diameter and exhibits dense cellular packing.

These findings provide a detailed understanding of root structural organization in key artichoke varieties. Such anatomical insights may serve as a basis for future investigations examining the impact of soil salinity on vegetative organ morphometry and related phytochemical attributes, thereby facilitating a more comprehensive evaluation of Cynara species under abiotic stress conditions.

Conclusion
Soil salinity remains one of the most critical environmental challenges in the arid and semi-arid regions of Uzbekistan, particularly in Bukhara province, where intensive irrigation practices have led to widespread secondary salinization of agricultural lands. The present study has comprehensively demonstrated that varying levels of soil salinity significantly influence both the morphometric characteristics of vegetative organs and the phytochemical composition of Cynara . species, specifically Cynara cardunculus var. scolymus (globe artichoke), cultivated under local field conditions.

The morphometric analysis revealed a clear dose-dependent negative impact of salinity on plant growth. At low salinity levels (6 dS/m), reductions in plant height, leaf number, leaf area, stem diameter, and root biomass were moderate (10–20%), indicating that Cynara exhibits a certain degree of tolerance typical of moderately salt-tolerant crops. However, as salinity increased to moderate (9 dS/m) and high (12 dS/m) levels, the inhibitory effects became pronounced: plant height decreased by 25–45%, leaf area by 30–60%, and total vegetative biomass by up to 55–70%. These reductions are primarily attributed to osmotic stress, ion toxicity (especially Na⁺ accumulation), and impaired nutrient uptake, which collectively limit cell expansion, photosynthesis, and overall vegetative development. Despite these reductions, Cynara plants did not exhibit complete mortality even at the highest salinity level tested, confirming its classification as a moderately salt-tolerant species with a salinity threshold approximately between 6–8 dS/m. This tolerance is further supported by morphological adaptations such as increased leaf succulence and thicker root systems, which help maintain water balance under stressful conditions.

On the phytochemical side, the study uncovered a highly beneficial stress-induced response. Moderate to high salinity significantly enhanced the biosynthesis and accumulation of secondary metabolites, particularly phenolic compounds. Total phenolic content rose by 40–80%, with key bioactive molecules such as chlorogenic acid, cynarin (1,3-dicaffeoylquinic acid), and other caffeoylquinic acid derivatives increasing by 50–120%. Flavonoid glycosides (apigenin and luteolin derivatives) showed similar elevations, often doubling or tripling in concentration compared to control plants. These increases were directly correlated with elevated antioxidant activity, as evidenced by 60–130% higher DPPH radical scavenging capacity and FRAP values in saline-stressed plants. Such upregulation of phenolic and flavonoid compounds serves as an effective defense mechanism against salinity-induced oxidative stress, neutralizing reactive oxygen species (ROS) and protecting cellular structures from damage.

These findings carry substantial implications for both agricultural and industrial applications in saline-prone regions of Uzbekistan. First, Cynara cardunculus var. scolymus can be recommended as a viable crop for cultivation on moderately saline soils (EC up to 9–10 dS/m), where many conventional food crops fail. By growing artichoke on marginal lands, farmers can diversify income sources, rehabilitate degraded soils through its deep-rooting system, and contribute to phytoremediation efforts by extracting excess salts from the soil profile over time.

Second, the observed enrichment of bioactive compounds under salinity stress opens new opportunities for the pharmaceutical and nutraceutical industries. Leaves and stems harvested from saline-grown Cynara plants contain significantly higher levels of cynarin, chlorogenic acid, and flavonoids—compounds well-known for their hepatoprotective, antioxidant, anti-inflammatory, and cholesterol-lowering properties. This means that artichoke produced in Bukhara’s saline environments could yield higher-quality raw material for herbal medicines, dietary supplements, and functional foods compared to plants grown under optimal conditions. Such a “stress-enhanced” production model could position Uzbekistan as a competitive supplier of high-value Cynara-derived products in both domestic and international markets.

Furthermore, the results highlight the importance of genotype-specific responses. Local cultivars or accessions adapted to Central Asian conditions may possess superior salinity tolerance compared to Mediterranean origins, suggesting that breeding programs should prioritize selection for both growth performance and phytochemical quality under saline stress. Integrating Cynara cultivation with modern agronomic practices—such as application of organic amendments, mycorrhizal inoculation, or drip irrigation with controlled salinity—could further mitigate yield losses while preserving or even enhancing the desired phytochemical profile.

These findings support the broader goal of developing climate-resilient agriculture in arid regions, promoting economic diversification, and contributing to food and pharmaceutical security in Central Asia. Future research should focus on long-term field trials, economic feasibility studies, and optimization of post-harvest processing to fully realize the potential of salinity-stressed Cynara as a valuable resource for sustainable development.
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