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Abstract. The article presents the results of a study aimed at optimizing the biotechnology of micro-

clonal propagation of three varieties of Fragaria × ananassa in order to obtain healthy, virus-free planting ma-
terial. The novelty of the study lies in the development of an integrated biotechnological approach to obtaining 
virus-free strawberry planting material using a new synergistic combination of metabolically active addi-
tives-proline, adenosine triphosphate (ATP) and ascorbic acid. The proposed strategy reduces stress responses 
in explants during early cultivation stages, enhances energy metabolism and stabilizes meristem cells, in-
creasing micropropagation rate and regenerative capacity compared to traditional protocols. This combination 
was first applied to improve the morphogenetic activity of strawberry explants and demonstrated a sustained 
30–45 % increase in reproduction rate depending on genotype. Methodologically, the study included stages of 
sterilization, regeneration, proliferation, and rooting of apical meristems. It was found that a five-minute treat-
ment with a 0.1 % sodium hypochlorite (NaClO) solution provides an optimal balance between sterilizations 
efficiency and tissue survival, reducing the contamination level to 25–35 % with meristem viability of 65–75 
%. The addition of ascorbic acid (10 mg/L) prevented phenolic darkening of the meristems. The inclusion of 
proline and ATP contributed to an increase in the length of micro-rosettes and the reproduction coefficient: 
in Malwina variety – from 1:11 to 1:16, in Black Prince variety – from 1:7 to 1:11, and in the Sabrina variety 
– from 1:3 to 1:4. Molecular biological analysis using RT-PCR confirmed the absence of SVBV, SCV, SMoV, 
SPaV and BPYV viruses, indicating a high degree of recovery of the material obtained. In conclusion, it has 
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been established that the proposed microclonal propagation protocol increases the regenerative capacity of 
meristems, accelerates the production of virus-free plants, and is recommended for industrial production of 
strawberry seedlings.

Keywords: strawberry, regeneration, nutrient medium, microclonal propagation, viruses, tissue cul-
ture, in vitro
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Аннотация. Мақалада Fragaria × ananassa түріне жататын үш сортты микроклоналды көбейту 
биотехнологиясын оңтайландыруға бағытталған зерттеу нәтижелері ұсынылған. Зерттеудің мақсаты 
– вирустардан сау, жоғары сапалы отырғызу материалын алу. Ұсынылып отырған зерттеудің ғылыми 
жаңалығы – бүлдіргеннің вируссыз отырғызу материалын алу үшін пролин, аденозинтрифосфат 
(АТФ) және аскорбин қышқылынан тұратын метаболикалық белсенді қоспаның жаңа синергиялық 
комбинациясына негізделген интеграцияланған биотехнологиялық тәсілді әзірлеуінде. Бұл стратегия 
экспланттардың культивирлеудің бастапқы кезеңдеріндегі стресс реакцияларын төмендетуге, 
энергетикалық алмасуды күшейтуге және меристемалық жасушалардың тұрақтылығын арттыруға 
бағытталған. Нәтижесінде дәстүрлі протоколдармен салыстырғанда микроклоналды көбейту 
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коэффициенті артып, өсімдіктердің регенерациялық қабілеті жақсарды. Аталған комбинация алғаш рет 
бүлдірген экспланттарының морфогенетикалық белсенділігін арттыру үшін қолданылып, генотипке 
байланысты көбейту коэффициентінің 30–45 % аралығында тұрақты өсуін көрсетті. Әдістемелік 
тұрғыдан зерттеу апикальды меристемаларды стерилизациялау, регенерациялау, пролиферациялау 
және тамырландыру кезеңдерін қамтыды. 0,1% натрий гипохлориті (NaClO) ерітіндісімен бес минуттық 
өңдеу стерилизация тиімділігі мен тіндердің тіршілікке қабілеттілігі арасындағы оңтайлы тепе-теңдікті 
қамтамасыз етіп, контаминация деңгейін 25–35 %-ға дейін төмендеткені және меристемалардың 
өміршеңдігі 65–75 % болғаны анықталды. Аскорбин қышқылын (10 мг/л) қосу апекстердің фенолдық 
қарайюын толық болдырмады. Пролин мен АТФ-тың енгізілуі микророзеткалардың ұзындығы мен 
көбейту коэффициентінің артуына ықпал етті: Мальвина сортында – 1:11-ден 1:16-ға дейін, Қара 
ханзада сортында – 1:7-ден 1:11-ге дейін, Сабрина сортында – 1:3-тен 1:4-ке дейін. ОТ-ПЦР әдісімен 
жүргізілген молекулалық-биологиялық талдау нәтижесінде SVBV, SCV, SMoV, SPaV және BPYV 
вирустарының жоқ екені анықталып, алынған материалдың жоғары деңгейде сауықтырылғанын 
дәлелдеді. Қорытындылай келе, ұсынылған микроклоналды көбейту регламенті меристемалардың ре-
генерациялық қабілетінің тұрақты түрде артуын қамтамасыз етеді, вируссыз өсімдіктерді алу мерзімін 
қысқартады және сапалы бүлдірген көшеттерін өнеркәсіптік деңгейде өндіру үшін қолдануға ұсыны-
лады.

Түйін сөздер: бүлдірген, регенерация, қоректік орта, микроклоналды көбейту, вирустар, тіндер 
культурасы, in vitro
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Аннотация. В статье представлены результаты исследования, направленного на оптимизацию 
биотехнологии микроклонального размножения трёх сортов Fragaria × ananassa с целью получения 
здорового, безвирусного посадочного материала. Новизна исследования заключается в разработке 
комплексного биотехнологического подхода к получению безвирусного посадочного материала земля-
ники с использованием новой синергетической комбинации метаболически активных добавок — про-
лина, аденозинтрифосфата (АТФ) и аскорбиновой кислоты. Предложенная стратегия снижает стрес-
совые реакции эксплантов на ранних этапах культивирования, усиливает энергетический метаболизм 
и стабилизирует клетки меристем, повышая коэффициент микроклонального размножения и регене-
рационную способность по сравнению с традиционными протоколами. Данная комбинация впервые 
применена для повышения морфогенетической активности эксплантов земляники и продемонстриро-
вала устойчивое увеличение коэффициента размножения на 30–45 % в зависимости от генотипа. Ме-
тодологически исследование включало этапы стерилизации, регенерации, пролиферации и укоренения 
апикальных меристем. Установлено, что пятиминутная обработка 0,1%-ным раствором гипохлорита 
натрия (NaClO) обеспечивает оптимальный баланс между эффективностью стерилизации и сохран-
ностью тканей, снижая уровень контаминации до 25–35% при жизнеспособности меристем 65–75 %. 
Добавление аскорбиновой кислоты (10 мг/л) предотвращало фенольное потемнение меристем. Вклю-
чение пролина и АТФ способствовало увеличению длины микророзеток и коэффициента размноже-
ния: у сорта Malwina — с 1:11 до 1:16, у сорта Black Prince — с 1:7 до 1:11, у сорта Sabrina — с 1:3 до 
1:4. Молекулярно-биологический анализ с использованием ОТ-ПЦР подтвердил отсутствие вирусов 
SVBV, SCV, SMoV, SPaV и BPYV, что свидетельствует о высокой степени оздоровления полученного 
материала. В заключение установлено, что предложенный протокол микроклонального размножения 
повышает регенерационную способность меристем, ускоряет получение безвирусных растений и мо-
жет быть рекомендован для промышленного производства рассады земляники.

Ключевые слова: земляника, регенерация, питательная среда, микроклональное размножение, 
вирусы, культура тканей, in vitro
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Introduction.
Garden strawberries (Fragaria × ananassa Duch.) are one of the most economically significant berry 

crops in countries with a temperate climate [Stegmeir, 2010: 1140]. The high consumer quality of the berries 
and the intensive development of berry growing in recent decades have increased the requirements for the 
quality of planting material. One of the most serious problems in industrial cultivation is viral contamination, 
which leads to a 30–80 % reduction in yield, depending on the type and combination of viruses [Thompson 
et.al., 2003: 385–390]. To date, more than 30 viruses affecting Fragaria spp. have been described [Martin 
et.al., 2006: 384–396], among which SVBV, SMV, SCV, SLRSV, SPaV, and others are of particular economic 
importance. Their combined presence causes plant weakening, reduction in leaf and berry size, decreased 
marketability of products, and rapid degradation of planting material [Xiang et.al., 2015: 553–556].

With the expansion of berry fields and the active use of vegetative propagation, there is an increased 
risk of viruses spreading through mother plants. The production of certified virus-free planting material is a 
key element in the sustainable development of the industry. The use of tissue culture and molecular diagnostic 
methods allows for effective genotypic improvement, control of viral purity, and prevention of pathogen intro-
duction into new plantings. Thus, the optimization of biotechnological recovery methods and the development 
of reliable molecular approaches to the detection of strawberry viruses are a pressing scientific and practical 
task for modern planting material production systems. 

The relevance of this work is due to the high demand for standard and high-quality planting material 
for ecological and industrial berry growing.
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Objective: To optimize the method of clonal micropropagation for obtaining virus-free planting mate-
rial of garden strawberries.

Tasks:
1. Optimize the technological scheme of micropropagation;
2. Develop an improved nutrient medium for the stages of inoculation, regeneration and prolifera-

tion;
3. Control viral infection using the PCR method.
This paper presents a technology for obtaining virus-free planting material, in which traditional steril-

izing agents and growth regulators are replaced by environmentally friendly, energy-active and metabolically 
significant additives. The combined use of ATP, proline and ascorbic acid at key stages — introduction into 
culture, regeneration and proliferation — is aimed at reducing oxidative stress in explants, increasing cell 
division and differentiation activity, and increasing the reproduction rate while maintaining genetic stability.

One of the key areas of development in Kazakhstan’s horticulture sector is the creation of intensive 
berry plantations, including garden strawberries. Such plantations can only be established if high-quality 
planting material is available. Crop losses from viral and fungal infections can exceed 50 %, making plant 
health technologies extremely important [Tashkenbayeva et.al., 2023:159–160].

Modern agricultural technologies, including drip irrigation and the use of high-yielding varieties 
(yields of 15–18 tones’ per hectare in the Turkestan region), confirm the economic importance of this crop 
[Трофимова и др. 2023.]. Molecular genetic studies of varieties also demonstrate the relevance of breeding 
decisions, but they do not solve the problem of quickly obtaining healthy material. Microclonal propagation 
remains the most effective method for obtaining virus-free plants, although existing protocols are limited by 
crop contamination, phenolic darkening of meristems, and variety-specific differences, which requires further 
optimization of media, sterilizations, and in vitro conditions.

The scientific novelty of this study lies in the development of an integrated micropropagation approach 
based on the combined application of metabolically active additives — proline, adenosine triphosphate (ATP), 
and ascorbic acid — at key stages of in vitro culture. Unlike previously described protocols focusing mainly 
on plant growth regulators or thermotherapy, the proposed strategy targets the reduction of oxidative stress, 
stabilization of meristematic tissues, and enhancement of cellular energy metabolism, resulting in a significant 
increase in regeneration efficiency and multiplication rate depending on genotype.

Methods and materials
This work was conducted using biotechnological methods at the Horticultural Biotech Laboratory of 

the Kazakh Scientific Research Institute of Fruit and Vegetable Growing in 2024–2025.
The Malwina variety is a large-fruited strawberry bred in Germany by Peter Stopel in 2010. The bushes 

are moderately spreading, approximately 50 cm high and 60 cm in diameter. The flower stalks are short and 
strong, located beneath dark green, large leaves, which naturally protect the berries from bird pecking and 
sunburn. The flowers are large, hermaphroditic, and do not require cross-pollination. The berries of Malwina 
are large, heart-shaped, and visually appealing. 

The Sabrina variety is an early-fruiting cultivar developed by the Spanish company Planasa. It is 
characterized by vigorous bushes, a strong root system, and high yields. The berries are large, bright red, and 
have dense flesh. Sabrina is well-suited for both individual gardens and farms, allowing early market entry.

The Black Prince variety is a large-fruited strawberry with distinctive traits. It can be propagated from 
seeds, runners, or crowns. Yield increases with the age of the plant, averaging 1 kg per bush. The plant is 
highly productive and frost-resistant, and its berries are large, flavorful, and visually striking. When fully ripe, 
the berries are dark cherry-colored and glossy. The flower stalks are tall, initially rising above the leaves during 
flowerin 7g, and then droop under the weight of the berries. This variety is resistant to common strawberry 
diseases, high-yielding, frost-resistant, and easily transportable.

Microclonal propagation is carried out in laboratory conditions, and the operations themselves for 
isolating apical meristems and microclonal propagation are carried out under sterile conditions (operating 
theatre). 

The microclonal propagation process consists of several stages: 
- Preparation of nutrient media with different mineral, vitamin and physiologically active substance 

content. 
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- Selection and preparation of plant material. When introducing tissue culture, the apical meristem bud 
with two leaf primordia, 0.1-0.2 mm in size, is used as the starting explant for strawberries. It is sterilized and 
introduced into the tissue culture.

Development of explants. The explants are cultivated at a light intensity of about 2000-3000 lx/m2 and 
a 16-hour day at a temperature of 24–25°C. 

- Transplanting. During the cultivation of the apical meristem and the development of meristems, it 
becomes necessary to transplant them in order to renew the nutrient medium, place the developing meristems 
in large culture vessels, cultivate secondary explants to ensure maximum propagation rates, and control the 
regeneration process. 

- Rooting. Strawberry plants up to 20 mm in size with several leaves ensure good plant development 
and are transplanted to a rooting medium. Auxin growth regulators are used to stimulate root formation. 

- Transfer of test-tube plants from in vitro to ex vitro. Test-tube plants of strawberry rosettes with a 
developed root system reaching 1-3 cm in length and a rosette with several leaves are transferred to non-sterile 
conditions. Light, moisture-absorbing, well-aerated materials (peat, sand, perlite) are used as a substrate. 

A biotechnology for in vitro microclonal propagation of Fragaria × ananassa was developed to obtain 
planting material free from viral and mycoplasma infections. The protocol comprises the sequential stages of 
explant selection, sterilizations, introduction into in vitro culture, regeneration, proliferation, and rhizogenesis.

At the first stage of in vitro microclonal propagation of Fragaria × ananassa (Fig. 1A), pure, highly 
productive, and visually healthy mother plants were selected, primarily during the period of active growth 
(March–May). Apical meristems measuring 0.1–0.2 mm were excised from asymptomatic plants.

The explants were sterilized through a multi-stage process, including washing with a triclosan solution, 
treatment with 10% sodium hypochlorite (NaClO), and triple rinsing with sterile water. Additionally, antibac-
terial and antifungal agents, along with an ascorbic acid solution, were applied to prevent chemical damage 
to the tissues.

The meristems were introduced into the nutrient medium (Fig. 1B) on a modified Murashige–Skoog 
medium [Murashige et.al., 1962.]  containing an increased amount of iron chelate, sucrose (30 g/L), a vitamin 
complex, as well as ascorbic acid (10 mg/L) and ATP (1 mg/L), which reduced the intensity of phenolic oxi-
dation. At the regeneration stage (Fig. 1C), the meristems formed primary shoots. The formed micro-rosettes 
were transferred to a medium conducive to further development (Fig. 1D), where the formation of compact 
micro-rosettes was observed. Cultivation in Fig. 1B–D was carried out at a temperature of 22–25 °C, illumi-
nation of 2000–3000 lx/m², a photoperiod of 16 hours, and relative humidity of 60–70%.

During the proliferation stage (Fig. 1E), micro-rosettes were transferred to a medium supplemented 
with the growth regulators 6-benzylaminopurine (6-BAP) and kinetin. Sub culturing was carried out every 2–4 
weeks, with a maximum of five passages to prevent soma clonal variation.

For rooting (Fig. 1F), micro-rosettes were transferred to a modified medium supplemented with indole 
butyric acid (IBA), containing half the concentration of macroelements and a reduced sucrose level (20 g/L). 
Micro-rosettes reaching 1.5–2.0 cm in length were placed on the root-induction medium. Root formation var-
ied among varieties: the Black Prince variety developed roots within 25–30 days, while Sabrina and Malwina 
required 35–40 days. Once the root system had formed, the plants were transferred to ex vitro conditions and 
gradually acclimatized for 10–14 days (Fig. 1).

The developed protocols allowed the standardization of the micropropagation process and ensured the 
high regenerative capacity of explants. Proliferation was variety-dependent, with the highest values observed 
in Black Prince, moderate in Malwina, and the lowest in Sabrina. Control data are presented in Table 1.

The observed differences in the multiplication coefficient among strawberry cultivars may be explained 
by genotype-specific physiological and metabolic characteristics. Variations in endogenous antioxidant capac-
ity, osmole accumulation, and mitochondrial activity influence the response of meristematic tissues to in vitro 
stress. Cultivars with lower baseline antioxidant protection or reduced energy metabolism may respond more 
strongly to treatment with exogenous proline and ATP, resulting in enhanced cell division and shoot prolifer-
ation. Conversely, genotypes with naturally higher stress tolerance and metabolic activity may exhibit a more 
moderate response to additional metabolic stimulation.
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Fig. 1. Stages of microclonal propagation of Fragaria × ananassa in vitro.
A — selection of healthy mother plants; B — introduction of the apex into culture (scale: 1 mm); C — shoot regeneration (scale: 2 mm); D — 

formation of micro-rosettes (scale: 3 mm);  
           E — proliferation (scale: 5 mm); F — rooting (scale: 8 mm).

Table 1. Effect of proline and ATP on growth and reproduction rate of Fragaria × ananassa varieties in 
vitro

Garden strawberry 
varieties

Length of rosette after 2 months of 
cultivation, cm

Multiplication coefficient at the 6th passage, units 
per explant

 Murashige–
Skoog, control

Murashige-Skoog 
+ proline, ATP

Multiplication coeffi-
cient (control)  

Multiplication coefficient 
(proline + ATP)

Sabrina 0,1-0,4±0,2 0,2-0,5±0,2 1:3±1,0 1:4±1,0
Malwina 0,7-1,4±0,2 1,0-2,0±0,2 1:11±2,0 1:16±3,0
Black Prince 0,5-0,8±0,2 0,8-1,2±0,1 1:7±2,0 1:11±2,0

The data are presented as ranges of values ± standard deviation. Modification of the Murashige and 
Skoog (MS) medium by adding proline and ATP increased micro-rosette length and the reproduction coef-
ficient in all studied varieties. Treatment with these bio-stimulants had a pronounced stimulating effect on 
growth and proliferation. By the sixth passage, increases in rosette length were accompanied by proportional 
increases in the reproduction coefficient, confirming a direct relationship between explant morphogenetic ac-
tivity and nutrient medium composition.

The observed increase in the reproduction coefficient and high level of adaptation confirm the effec-
tiveness of the optimized micropropagation protocol. Statistically significant differences (p < 0.001) among 
varieties indicate a genotype-specific response to the exogenous bio-stimulants and cultivation conditions.

Varietal differences in response to exogenous proline were attributed to differences in the capacity of 
plants to accumulate endogenous osmoles and maintain antioxidant status. Proline functions as an osmopro-
tectant, stabilizing membranes and proteins, and as an effective scavenger of reactive oxygen species (ROS), 
reducing cellular damage during the early stages of in vitro culture. Varieties with low baseline antioxidant 
levels or weak enzyme activity (catalase, peroxidase) gained substantial physiological benefits from exoge-
nous proline. In these genotypes, additional osmotic and antioxidant protection was critical for meristem sur-
vival. Conversely, varieties with inherently stronger stress tolerance exhibited a moderate or limited response 
to proline, as their endogenous resources were sufficient for regeneration processes.

Differences between varieties were also evident in response to exogenous ATP. Beyond its classical 
role as an energy molecule, extracellular ATP acts as a signaling agent, activating Ca²⁺-dependent and 
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ROS-mediated pathways that stimulate cell division and regeneration. The effectiveness of ATP supplemen-
tation depended on the basal energy status of each variety. Genotypes with low mitochondrial activity or 
reduced respiration rates during early cultivation stages showed pronounced positive responses to exogenous 
ATP. In contrast, varieties with high intrinsic metabolic rates displayed minimal responses, as their energy 
requirements were already met.

The combined application of proline and ATP demonstrated a pronounced synergistic effect, particu-
larly in genotypes with high phenolic content and elevated polyphenol oxidase (PPO) activity. These varieties 
experience oxidative stress during explant introduction due to phenolic polymerization and the formation of 
toxic oxidation products [ Baimukhametova et.al., 2020: 26–42]. Exogenous proline provided antioxidant and 
osmoprotective effects, while ATP supplied energy and signaling stimuli, together suppressing ROS, stabiliz-
ing cellular structures, and accelerating meristem regeneration. The addition of ascorbic acid further enhanced 
this effect by inhibiting PPO activity and reducing phenolic tissue damage. The magnitude of this synergy 
remained variety-dependent, highlighting the role of genotype in regulating phenolic metabolism and stress 
sensitivity.

Varietal differences were also influenced by the genetic architecture of regenerative potential. Meri-
stem regeneration, organogenesis initiation, and proliferation rates are governed by the expression of genes 
regulating cell division (cyclins, CDKs), meristem-specific transcription factors (WUS, WOX), and sensitivi-
ty to auxins and cytokine’s. Genotypes with lower expression of these genes or weakened signaling pathways 
required additional metabolic stimulation, explaining their heightened responsiveness to proline and ATP. 
Conversely, varieties with active regenerative programs were less dependent on exogenous stimulants and 
exhibited smaller differences between treatment groups.

Overall, varietal variability in response to proline and ATP reflects a complex interplay of factors, in-
cluding osmotic regulation, antioxidant capacity, mitochondrial metabolic activity, phenolic oxidative stress, 
and genetically determined regenerative potential. The data confirm the scientific novelty of combining ATP, 
proline, and ascorbic acid as energy-metabolic regulators. This combination provided a strong antioxidant 
effect, enhanced regenerative responses of meristematic tissues, increased reproduction rates, and maintained 
genetic stability. Varieties prone to ROS accumulation, phenolic oxidation, or energy deficiency showed the 
most pronounced benefits from proline and ATP treatment, whereas physiologically stable genotypes respond-
ed weakly. During organogenesis initiation in vitro, oxidation of secondary metabolites (phenols, terpenes) 
by polyphenol oxidases caused darkening of explant tissues, which could inhibit cell division and reduce 
axillary bud regeneration [ ElKichaoui, 2014: 619–627]. Ex vitro acclimatization required careful hardening 
and preparation to improve survival under non-sterile conditions [Mukherjee et.al., 2024: 113618]. Trans-
planted micropropagated plants faced changes in temperature, light intensity, and water availability. During 
acclimatization, stomatal regulation normalized, allowing the formation of leaves with normal anatomical and 
physiological characteristics suitable for survival in natural conditions [Sharma et.al., 2023: 1–6].

Control of Viral Infection by PCR and Detection of Genetic Variation by RAPD
RAPD Analysis for Genetic Stability
Genomic DNA was amplified using the RAPD-PCR method with 15 random primers (markers 1–15) 

to assess genetic stability. Reactions were performed according to standard protocols. The obtained RAPD 
profiles were highly reproducible and showed no additional bands, indicating the absence of soma clonal 
variation in the studied clones.

Virus Detection by RT-PCR
Virus detection was performed by reverse transcription followed by polymerase chain reaction (RT-

PCR). cDNA synthesized from viral RNA was used as a template in a reaction mixture with a final volume 
of 25 µL. The mixture contained 10× buffer without Mg²⁺ (Invitrogen, USA), 2 mM dNTP mix (Invitrogen, 
USA), and 20 pM of forward and reverse primers specific for each virus:

SVBV: FORWARD 5′ TCGGGAAYTTGCAGGWAAAACATAG 3′, REVERSE 5′ TACTCGTGAT-
TCTCAGGTAGATTGG 3′

SCV: FORWARD 5′ ATATCCGGAYTTGARAACA 3′, REVERSE 5′ YTTMACATTGGTGGCAGAC 
3′

SMoV: FORWARD 5′ CGACAGTTCTCTATGTAGGACACC 3′, REVERSE 5′ CATCTATCTA-
AAGTTAAGTCTACA 3′
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SPaV: FORWARD 5′ AGGGATGACGTCGCAAATGATAGT 3′, REVERSE 5′ GCTCGTCGCTC-
CCCAGAAT 3′

BPYV: FORWARD 5′ GTGTCCAGTTATGCTAGTC 3′, REVERSE 5′ TAGCTGACTCAT-
CAATAGTG 3′

The reaction mixture also contained MgCl₂ (Invitrogen, USA) and 5 U/µL Taq polymerase (Invitrogen, 
USA) and was adjusted to the final volume with nuclease-free water.

PCR Conditions 
     Amplification was performed using a ProFlex thermal cycler (Applied Biosystems, USA) under the fol-
lowing conditions:

Initial denaturation: 94°C, 5 min
35 cycles of:
Denaturation: 94°C, 30 s
Annealing: 45–60°C, 30 s (optimized individually for each virus)
Elongation: 72°C, 45 s
Final elongation: 72°C, 7 min
Hold: 4°C
Electrophoresis and Visualization 

       PCR products were separated by electrophoresis in 1.5–2 % agarose gels prepared in TBE buffer and 
visualized under ultraviolet light.

Controls
A commercial RT-PCR diagnostic kit was used, which included a positive control consisting of stan-

dardized virus-specific RNA/DNA to verify enzyme activity and amplification specificity. The positive con-
trol was applied during preliminary validation of the method. A negative control (reaction mixture without 
template RNA) and an internal amplification control were included in each PCR run to exclude contamination 
and PCR inhibition. 

Changes in ex vitro cultivation conditions trigger adaptive mechanisms – leaf tissues begin to expand 
and differentiate, while the number and area of stomata decrease [Krakhmaleva et.al., 2024: 1335].  The accu-
mulation of polyphenols can be controlled by adding antioxidants to the nutrient medium. In our experiments, 
to reduce the toxic effect of polyphenols at the stage of introduction into the in vitro culture, strawberry meri-
stems were isolated in a solution of ascorbic acid. Transferring a fully formed plant obtained by tissue culture 
to non-sterile conditions is a critical step in its propagation. This occurs when the plant has a developed stem, 
leaves 30–35 mm long, and a well-formed root system (3–4 roots 4–7 cm long with lateral branches). Primary 
hardening involves removing in vitro rooted shoots from the nutrient medium and then thoroughly rinsing 
them with tap water to remove any remaining medium. To stimulate root branching, the roots are shortened to 
4.0–4.5 cm and treated with a solution of potassium permanganate to reduce the risk of infection in a non-ster-
ile environment. Equal parts of bottom peat, soil and river sand are used as a substrate. To maintain optimal 
humidity, the pots are covered with cellophane or glass jars and placed under fluorescent lamps with an inten-
sity of 2000–3000 lx/m2. After 7–10 days, the cover is removed, and the plants are watered regularly. By this 
time, active growth is observed: new leaves appear at the tops of the shoots and the stems lengthen. When op-
timal ex vitro adaptation conditions are met, the efficiency is 95–100 % [Tashkenbayeva et al., 2023: 59–66].

Table 2. Results of statistical analysis of microclonal propagation data for the cultivars
Parameter Malwina Sabrina Black prince
Number of microclones 325 88 470
Mean multiplication coefficient 5.30 4.23 6.10
SD (standard deviation) 0.26 0.25 0.36
Adaptation rate (%) 69% 74% 69%

A total of 883 microclones were obtained from three cultivars. The largest contribution was from the 
Black Prince cultivar (470 plants; 53.2%), followed by Malwina (325 plants; 36.8 %) and Sabrina (88 plants; 
10.0 %). The mean multiplication coefficient differed significantly among cultivars (ANOVA, F(2,6) = 35.7; p 
< 0.001). The highest multiplication coefficient was recorded for Black Prince (6.10 ± 0.36), followed by Mal-
wina (5.30 ± 0.26) and Sabrina (4.23 ± 0.25). The average adaptation rate of plants transferred to non-sterile 
conditions was approximately 70 % across cultivars.
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Results and discussion.
For each plant, the optimal sterilization regime was experimentally determined at the stage of aseptic 

introduction in vitro to prevent the development of viral and fungal infections and to ensure a high yield of 
sterile, viable, and actively regenerating explants.

In the present study, meristems were sterilized using triclosan-containing soap, followed by treatment 
with a 0.1% sodium hypochlorite (NaClO) solution for 5 min and potassium permanganate (KMnO₄), which 
ensured high viability (65–75 %) and reduced contamination by 85–90 %.

During in vitro culture, controlled light and temperature conditions are required, and explants are culti-
vated in closed culture vessels under constant humidity. For most plant species, optimal conditions for normal 
explant development include a temperature of 22–25°C and a 16-hour photoperiod.

All experiments were carried out in three biological replicates for each experimental group. Each 
replicate included an equal number of explants cultivated under identical in vitro conditions. Quantitative 
data were subjected to statistical analysis using one-way analysis of variance (One-Way ANOVA) to evaluate 
differences between cultivars and treatment variants. Differences were considered statistically significant at 
p<0.001.

Table 3. Biological variability of the multiplication coefficient in strawberry cultivars (replicates × 
cultivars)

№ Cultivar Replication 1 Replication 2 Replication 3 Mean SD 

1 Malwina 5.1 5.6 5.2 5.30 0.26
2 Sabrina 4.0 4.5 4.2 4.23 0.25
3 Black Prince 5.7 6.4 6.2 6.10 0.36

Statistical analysis of the experimental data was performed to assess the reproducibility of the results 
and identify variability among biological replicates. For each strawberry cultivar, the multiplication coef-
ficient was determined in three independent replicates, each including the same number of explants grown 
under identical culture conditions. Based on the obtained values, the arithmetic mean (M) and standard de-
viation (SD) were calculated to reflect the degree of data dispersion within each group of samples. Low SD 
values (0.25–0.36) indicated high sample homogeneity and confirmed the stability of cultivar responses to the 
selected cultivation conditions. In addition, cultivar variability was evaluated through a comparative analysis 
of the mean values among the cultivars. Data processing was carried out using standard methods of variation 
statistics, allowing for a reliable interpretation of the effect of genotype on the multiplication coefficient.

After rooting of the micro-rosettes under in vitro conditions, the plants were transferred to ex vitro 
conditions for acclimatization under ambient light. Prior to planting, the plants were removed from the culture 
vessels using forceps, and the root system was thoroughly washed with tap water to remove residual culture 
medium, followed by brief immersion in a weak potassium permanganate (KMnO₄) solution. The plants were 
then planted in a pre-moistened soil substrate treated with KMnO₄. Acclimatization was conducted using a 
soil mixture consisting of soil, peat, and sand in a 1:1:1 ratio. One plant with a well-developed root and shoot 
system was planted in each pot (Figure 2). 

Fig. 2. Adaptation of strawberry micro-rosettes in ex vitro
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To maintain substrate moisture, the pot was covered with a glass. The plants were then grown in the 
laboratory’s adaptation greenhouse for 30 days at a temperature of 22–24°C with an illuminance of 2000–3000 
lx/m2, relative humidity of 60–70 %, and a 16-hour light day. As the plants grew and new leaves appeared, a 
small ventilation hole was made in the cling film. After transferring the test tube plants to the substrate, it was 
treated with a weak solution of KMnO4 for a week. After a month, the strengthened plants were completely 
uncovered and left for some time in the adaptation greenhouse.

The proposed micropropagation technique is fundamentally novel in that it involves the sequential, 
targeted combination of biostimulants at key stages of plant development, from the initiation of the apical 
meristem to in vitro adaptation. Unlike traditional approaches based on the use of synthetic cytokinins and 
auxins [Sarshayeva et.al., 2024: 56] or exclusively thermotherapy, the developed system integrates the use of 
ATP as a temporary energy donor and regulator of metabolic transitions [ Naing et al., 2019: 36], proline as an 
osmoprotectant, ROS modulator, and regulator of endogenous osmolytes [Kabylbekova et.al., 2019: 48–57], 
and vitamin C to inhibit polyphenol oxidase activity at the explant introduction stage. The practical value of 
this approach is confirmed by a significant increase in the reproduction rate and the absence of somaclonal 
variations, which has been verified using RAPD molecular analysis and PCR diagnostics to check for the 
absence of five key viruses [Kryukov  et al., 2022: 308].

Analysis of the data presented in the table showed that the varieties differed in their sensitivity to the 
application of proline and ATP. Thus, the Malwina variety showed the most pronounced increase in rosette 
length and reproduction coefficient, which may be associated with higher metabolic activity and effective 
regulation of osmolytes in response to stimulants. Meanwhile, the effect was less pronounced in the Sabrina 
variety, indicating variety-specific differences in energy metabolism and stress adaptation mechanisms 
affecting cell division rate and explant growth. The Black Prince variety showed an intermediate response, 
reflecting individual physiological characteristics and varying sensitivity to the combination of biostimulants.

These observations confirm the need for differentiated selection of stimulants for each variety in order 
to optimize micropropagation and maximize the yield of virus-free planting material.          

Results of strawberry virus diagnostics.   
RT-PCR analysis revealed no virus-specific amplification products corresponding to strawberry vein 

banding virus (SVBV), strawberry crinkle virus (SCV), strawberry mottle virus (SMV), strawberry pallidosis-
associated virus (SPaV), or beet false yellowing virus (BPYV) in any of the analyzed samples (Figure 3). 

Fig.3. Agarose gel electrophoresis of RT-PCR products for detection of strawberry viruses.
M — DNA molecular weight marker; NC — negative control; IC — internal amplification control; S1–S3 — strawberry samples. No virus-spe-

cific amplicons corresponding to SVBV, SCV, SMV, SPaV, or BPYV were detected in any of the analyzed samples; only internal amplification 
control bands were observed.

        
Only internal amplification control bands were detected, while no amplification was observed in 

negative controls, confirming the reliability of the assay. Three strawberry varieties (Sabrina, Malwina, and 
Black Prince) were examined for the presence of economically significant strawberry viruses. The results of 
virus detection are summarized in Table 4.
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Table 4. Identification of viral diseases in strawberry varieties
Virus name Strawberry varieties

Sabrina    Malwi-
na

 Black 
Prince 

Strawberry Vein Border Virus 
(SVBV) 

Negative Nega-
tive

Negative 

Strawberry crinkle virus 
(SCV)

Negative Nega-
tive

Negative 

Strawberry mottle virus 
(SMV)

Negative Nega-
tive

Negative 

Strawberry pallidosis virus 
(SPaV)

Negative Nega-
tive

Negative 

Beet false yellow virus 
(BPYV).

Negative Nega-
tive

Negative 

        
Thus, based on RT-PCR diagnostics, all tested strawberry varieties were confirmed to be free from the 

analyzed viruses, demonstrating their suitability for further use as virus-free planting material.
Conclusions.
As a result of the study, the method of clonal micropropagation of three varieties of garden strawberries 

(Malwina, Sabrina, Black Prince) was optimized, ensuring the production of virus-free planting material. It 
was found that sterilization of apical meristems with a 0.1 % solution of sodium hypochlorite (NaClO) for 
5 minutes ensures 65–75 % survival of explants and reduces the level of contamination to 25–35 %, which 
confirms the effectiveness of the selected sterilization regime. The inclusion of ascorbic acid (10 mg/L) at the 
stage of introduction into the culture completely prevents phenolic darkening of tissues, and the use of proline 
and ATP in the nutrient medium increases the regeneration and proliferation rate by 10–20 % compared to the 
control.

The highest micropropagation coefficient was observed in the variety Black Prince (6.10 ± 0.36), fol-
lowed by Malwina (5.30 ± 0.26) and Sabrina (4.23 ± 0.25), which was statistically significant (ANOVA, p < 
0.001).

The RT-PCRanalysis showed the complete absence of SVBV, SCV, SMV, SPaV and BPYV viruses in 
all the samples examined, demonstrating the effectiveness of the integrated approach to health and control of 
viral purity in vitro.

The adaptation of plants in ex vitro conditions on a soil: peat: sand (1:1:1) substrate ensured 95–100 % 
survival of micro-rosettes, confirming the stability of the obtained planting material. The scientific novelty of 
the work lies in the application of a synergistic combination of ATP + proline + ascorbic acid, which reduces 
oxidative stress, increases regenerative activity and stabilises the growth of micro-rosettes. This comprehensive 
approach had not previously been used in strawberry health technologies.

The developed biotechnological protocol can be recommended for industrial production of virus-free 
strawberry planting material and implementation in greenhouse farming practices. Thus, the proposed pro-
tocol represents a novel biotechnological solution for strawberry micropropagation, based on a synergistic 
combination of ATP, proline, and ascorbic acid, which has not previously been applied for improving morpho-
genetic activity and virus elimination efficiency in Fragaria × ananassa.
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