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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 x 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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AnHoTanusi. Makanana Fragaria x ananassa TYpiHe )aTaTbIH YIII COPTTHI MUKPOKJIOHAIIIBI KOOCHTY
OMOTEXHOJIOTHSCHIH OHTaIIaHABIpyFa OaFbITTAIFaH 3ePTTEY HOTIDKENEP] YChIHBUIFAH. 3ePTTEYIiH MaKCaThI
— BUpPYyCTapJiaH cay, JKOFapbl canalibl OTBIPFBI3Y MAaTEPUANBIH aTy. ¥ CBIHBUIBIN OTHIPFaH 3ePTTEY IiH FHUIBIMUA
KaHAIBIFBI — OYJIIPreHHIH BUPYCCHI3 OTBHIPFBIZY MaTepUalblH ally VIIH MPOJUH, aaeHO3UHTpubochat
(AT®) >xoHE acKOPOMH KBIMIKBUIBIHAH TYPAThIH META0OJUKANIBIK OCJICeH Il KOCTIAaHBIH KaHa CHHEPTHSIIBIK
KOMOMHAIMSIChIHA HET13/eNITeH MHTeTpalusiiaHFaH OMOTEXHOJIOTUSIIBIK TOCUII 93ipaeyinne. byn ctparerus
AKCIUIAHTTAPJBIH KYJIbTHBHPJICYIIH OacTanmKel KE3EHJEPIHJETI CTPEeCC pEaKIUsIapblH TOMEHICTYTE,
SHEPIeTUKAIBIK aJIMacyJIbl KYNICUTYre >KOHE MEPUCTEMAJIbIK JKacylIajJapiblH TYPAKTBUIBIFBIH apTThIpYFa
OarpITTaNFaH. HoTmkeciHae AocTypIti MPOTOKOJIIAPMEH CabICThIPFaH Ia MUKPOKJIOHAJIBI KOOCHTY
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KO3 (D PUIIMEHTI apTHII, OCIMIIKTEPIIH pEreHEPAMUITBIK KaO11eT1 )KaKcapAbl. ATaaFraH KOMOWHAITUS aJiFalll peT
OYJIIIpreH SKCIUIAHTTAPBIHBIH MOP(GOTEHETHKAIBIK OCJIICEHIUTIITIH apTThIPYy YIIIH KOJAAHBUIBIN, T€HOTUITKE
OaiimanbicThl kebOeity ko3dduuuentinin 30—45 % apanblFblHIa TYPaKThl ©CYlH KOPCETTi. OAiCTeMENIK
TYPFBIIAH 3€pTTey amuKajibAbl MepHcTeMaapbl CTepHIM3alMsiiay, pereHepaunusiay, npoaudepanusiay
KOHE TaMbIpIaHIbIpy KezeHaepiH KaMThlbl. 0,1% Hatpuii runoxmnopuri (NaClO) epitinaiciMmeH 0ec MUHYTTBIK
OHJICY CTEPHIIM3AITMS TUIMIUIITI MEH TIHJEPAiH TIPIITIKKE KaOUIeTTIIIT apachlHaFbl OHTANIIBI TeTe-TeHIIKTI
KamMTaMachl3 €Til, KOHTaMUHanusa JeHreiin 25-35 %-ra nelliH TOMEHIETKEHI XOHE MepHucTeMasap.IbiH
eMipiieHIiri 65—75 % OosiraHbl aHBIKTANbl. ACKOPOUH KbIIKbUIBIH (10 MI/) Kocy anekcTepiH (peHOIAbIK
KapaltoblH TOJBIK OosibipManbl. [Iponna meH AT®O-ThIH €HTi311yl MUKPOPO3ETKATApIbIH Y3bIHABIFBI MEH
KeOelTy K03 GUIMEHTIHIH apTyblHa bIKMald eTTi: ManbBuHa copThiHga — l:11-nen 1:16-ra neiiin, Kapa
xaH3ana copteiaaa — 1:7-men 1:11-re neiiin, Cabpuna copteina — 1:3-ten 1:4-ke geitin. OT-IILIP onicimen
KYPTi3UITeH MOJIEKYJIaIbIK-OMOIOTHANBIK Tanaay Hotwkecinae SVBV, SCV, SMoV, SPaV xone BPYV
BUPYCTApbIHBIH KOK €KEH1 aHBIKTAJBIN, AJIbIHFAaH MaTEPHANIbIH KOFaphl JCHIeHe CaybIKTHIPbUIFaHbIH
nanennaenl. Kopvimuvinovinaii kene, yChIHBUTFAaH MUKPOKJIOHAJIIbI KOOCHUTY periiaMeHTI MeprucTeManap/blH pe-
TeHepAIMUIBIK KaOUTEeTIHIH TYPAKThI TYPJE apTYbIH KAaMTaMachl3 €Teli, BAPYCChI3 OCIMIIKTEPII ATy MEP3iMiH
KBICKapTa/ibl )KOHE carajbl OyJIIpreH KeIeTTepiH OHEPKICINTIK IeHrel1e oH Py YIIIH KOJAaHyFa YChIHbI-
Jajbl.

Tyiiin ce3aep: Oynaiprex, pereHepanus, KOpeKTiK opTa, MUKPOKJIOHAN bl KOOEHUTY, BUpycTap, TIHAEP
KYJIBTYpPAacskl, in vitro

Hoiiekces ymin: A.K.Tamken6baesa, M.)XK. Capmaesa, Koporenkuit M.C, Kaspibaesa C.K (2026).
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MUKPOKOOEHTY 9/1ICIH OHTaumauAbIpy// [3nenictep, Hotmxkenep — MccnenoBanus, pesynsrarsl. T. 28. Is. 1. Ne
109. Pp. 93—105 [Arbua Tia.]. https://doi.org/10.37884/1-2026/10

Myajesiep KaKTBIFBICHI: aBTOPJIAP OChI MaKajiaga MYIeep KaKThIFBICHI )KOK JIEM MOTIMICHII.

A.K. Tawmrxenoaesa?, M.JK. Capuaeesa', Kopomeuxuu H.C°, Kazvibaesa C.JK"?
l«Kazaxckuit HaydHO-HCCIIeI0BATEIbCKHI HHCTUTYT TUIO00BOINEBOICTBAY, AnmmaThl, Ka3axcraH;
2«MesxyHapOIHbIH HHKCHEPHO-TEXHOIOTHYECKUI YHUBEPCUTET», AnMaThl, KazaxcraH;
«HayuHblii IeHTp NPOTHBOMH(EKIIMOHHBIX MTpenapaToBy, Aamatsl, KasaxcraH.
E-mail:etashkenbayeva@mail.ru

ONITUMM3ALMA METOJA KJIOHAJIBHOT'O MUKPOPAZSMHOXEHMUS ¢C LHEJBIO
MOJIYYEHUS BE3BUPYCHOT' O ITOCATOYHOI'O MATEPHAJIA 3EMJISSHUKH CAJIOBOM
(FRAGARIA x ANANASSA).

Tamken6aeBa Axkepke Kaabi6aeBna, PhD nokropant kadenps Onoxumuueckoi nuxxkenepuu, TOO «Mex-
JTYHapOIHBIA MHKEHEPHO-TEXHOJIOTMUYECKUI YHUBEPCUTETY; CTAPIINN HAYYHBIH COTPYIHUK OTJENa OMOTeX-
HOJIOTUH caloBbIX KyabTyp, TOO «Kazaxckuil HayqHO-UCCII€0BATENbCKII MHCTUTYT TUI0I00BOIIEBOACTBAY,
Kazaxcran, 050060, Anmarsl, npocnexT ['arapuna, 238/5

E-mail: etashkenbayeva@mail.ru; https://orcid.org/0000-0001-6575-2914;

Capmiaesa Mouaup Kymabexkkbi3bl, PhD nokropanT kadenpsl arpoHOMUH, CEIEKIUU U OMOTEXHOIOTHH,
«Kazaxckuil HallMOHAJIBHBIN arpapHbIil YHUBEPCUTET», HAYUHBIH COTPYIHHUK OTJea OMOTEXHOJOIHH CaJlo-
BbIX KynbTyp, TOO «Ka3zaxckuii HaydHO-HMCClIeA0BaTeIbCKU MHCTUTYT IJI000BOILEBO/ICTBAY, Ka3axcraH,
050060, Anmartsl, npocniekt ["arapuna, 238/5

E-mail: moka-1993@mail.ru; https://orcid.org/0000-0002-2283-1089;

Koporeukuii Uiabs CepreeBud, kanauaat ouonorndeckux Hayk (PhD), acconmmpoBannslit mpodeccop, 3a-
Benytonuit maboparopueit AO «Hayunbiil ieHTp mpoTHBOMHGEKITMOHHBIX TTpenapaToBy, Kazaxcran, AnMarsl,
mip. Anb-®apabdu, 75b

E-mail: laedal@mail.ru, https://orcid.org/0000-0002-0397-7840;

Kasbi6aeBa Coyiie KamoObLIKbI3bI, AkasieMuk HanronanbHON akajemMun arpapHbix Hayk PecryOnuku Ka-
3axcTaH, 3amecturenb npencenarens npasieHus TOO «Kazaxckuili HaydyHO-HCCIIEOBATEIbCKUN MHCTHTYT
TIJI0JI0OOBOIIEBOICTBAaY, KazaxcraH, Anmarsl, mpocnekT ['arapuna, 238/5



E-mail: saule 5 67@mail.ru; https://orcid.org/0000-0002-6833-0466.

AnHoTaunus. B cTarbe npeacTaBieHbl pe3yabTaThl HCCIEI0BAHUS, HAPABICHHOTO HA ONTHUMU3AIIHIO
OMOTEXHOJIOTUY MHUKPOKJIOHAILHOTO Pa3MHOXKEHHUS TPEX COpTOB Fragaria X ananassa ¢ UEIbIO MOTYYSHUS
3I0pPOBOTO, OE3BUPYCHOTO MOCaTOYHOrO MaTepuaia. HoBH3Ha HcclenoBaHUs 3akiioyaeTcsl B pa3paboTke
KOMITJIEKCHOTO OMOTEXHOJIOTHYECKOTO MOIX0/1a K MOIYYSHHUIO O€3BUPYCHOTO MTOCAI0YHOTO MaTepuaia 3eMJisi-
HUKHU C UCTIOJIH30BAHHEM HOBOM CHHEPreTHUECKON KOMOMHAIINY METa00IMYeCKH aKTUBHBIX T00ABOK — MPO-
nuHa, ageHosunTpudocara (ATD) u ackopOuHOBOM KUCIOTHL. [IpeanoskeHHas cTparerusi CHUXKaeT cTpec-
COBBIE PEaKIMU HKCIUIAHTOB Ha PAHHUX JTarax KyJIbTHUBUPOBAHMS, YCUIIMBAET SHEPreTHUECKUI MeTaboIn3M
U CTaOWIM3UPYET KIETKH MEPUCTEM, MOBBIMIAS KOA(D(GUIIMEHT MUKPOKIOHATBFHOTO Pa3MHOKEHHUS U pereHe-
PAIMOHHYIO CIIOCOOHOCTH MO CPABHEHHUIO C TPAIUIIMOHHBIMU MTpOTOKoNamMu. /laHHas KOMOWHAIUS BIIEPBHIE
MPUMEHEHa ISl OBBIIIEHUsI MOP(OreHeTHYeCKOW aKTUBHOCTH IKCINIAHTOB 3€MIISTHUKH M TIPOJIEMOHCTPUPO-
Baja ycToiunBoe yBenudeHue kodpduurenta pasmHoxenus Ha 30—45 % B 3aBUCUMOCTH OT TeHoTHna. Me-
TOJIOJIOTUYECKH UCCIIEIOBAHUE BKITIOUAIIO ATAIbI CTEPUITU3AIINH, PETeHEpaLliu, MPOIH(epaluy U YKOPEHEHHUS
anyKalbHBIX MEPUCTEM. YCTAHOBJIEHO, YTO MATUMUHYTHas 00paboTka 0,1%-HbIM pacTBOPOM THIOXJIOPUTA
Hatpus (NaClO) obecnieurBaeT onTUMAaNIbHBIN 0anaHc MEXTy 2PPEKTUBHOCTHIO CTEPUIH3AIUN U COXpaH-
HOCTBIO TKaHEH, CHIDKas YPOBEHb KOHTaMHUHAIMK 10 25—-35% mpu skxu3HeCcrocoOHOCTH MepucTeM 65—75 %.
JloGaBnenne ackopouHoBOW KUCIOTHI (10 Mr/iT) mpempoTBpaiano GpeHoapHOe TOTEMHEHHE MEpUCTeM. BKitro-
yeHue npoirHa U AT® crnocoOCTBOBAIO YBEIMUEHHUIO UIMHBI MUKPOPO3ETOK U KOd(hUIIMEeHTa pa3MHOXKe-
Hust: y copta Malwina — ¢ 1:11 no 1:16, y copra Black Prince — ¢ 1:7 no 1:11, y copta Sabrina — ¢ 1:3 no
1:4. MonekynspHo-O0nonoruueckuii ananus ¢ ucnoib3zoBanuem OT-IILIP moaTBepams OTCyTCTBUE BUPYCOB
SVBYV, SCV, SMoV, SPaV u BPY'V, uto cBUAETENbCTBYET O BHICOKOW CTETIEHH O30POBIICHUS TIOTYYEHHOTO
MaTepuaia. B 3akitoueHre yCTaHOBIIEHO, UTO MPEII0KEHHBIN MPOTOKOJ MUKPOKIOHAIBHOTO Pa3MHOKECHHUS
MOBBIIIAET PErCHEPAIIMOHHYIO CITIOCOOHOCTh MEPUCTEM, YCKOPSET MOydeHrne Oe3BUPYCHBIX PACTEHHUN U MO-
KeT OBITh PEKOMEHI0BaH JIJIsl MPOMBIIINIEHHOTO MTPOU3BO/ICTBA PAccalbl 3eMIITHUKH.

KuroueBble ci1oBa: 3eMIIsIHUKA, pereHepalys, muTaTelbHas cpeiia, MUKPOKIOHAIbHOE pa3MHOXKEHHE,
BHUPYCBI, KyJITYypa TKaHEH, in Vitro

Juast umrupoBanus: A K. Tamken6aeBa, M.JK.Capmraea, Koporenxuii 1.C, Kazsibaera C.2K. (2026).
OnTuMH3aIus MeTo/a KIIOHAILHOTO MUKPOPa3MHOKEHHE 11eJIbI0 TTOTy4YeHHs] 0€3BUPYCHOTO OCAI04YHOTO Ma-
Tepuala 3eMIITHUKH caioBOi (fragaria % ananassa). // 13aenicrep, HoTmxkenep — MccnenoBanusi, pe3yabTaThl.
T. 28. Is. 1. Ne 109. Pp. 93—-105 [Ha anrn.]. https://doi.org/10.37884/1-2026/10

KondaukT uHTEpecoB: aBTOPHI 3asBISAIOT 00 OTCYTCTBUH KOH(DINKTAa HHTEPECOB.

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
[Tpodumona u np. 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 1x/m? 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 x 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 x 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 Ix/m?, 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 x 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 X ananassa varieties in

vitro

Garden strawberry Length of rosette after 2 months of Multiplication coefficient at the 6th passage, units

varieties cultivation, cm per explant
Murashige— Murashige-Skoog | Multiplication coeffi- | Multiplication coefficient
Skoog, control + proline, ATP cient (control) (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 1:1643,0

Black Prince 0,5-0,8+0,2 0,8-1,2+0,1 1:742,0 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 Ca**-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, CDKSs), 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 pL. The mixture contained 10x buffer without Mg** (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' ATATCCGGAYTTGARAACA3',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 MgCl: (Invitrogen, USA) and 5 U/pL 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 1x/m?. 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 (KMnOQO4), 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 X
cultivars)

Ne | Cultivar Replication 1 Replication 2 | Replication 3 Mean SD

1 Malwina 5.1 5.6 52 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 vifro 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 (KMnOQOs) solution. The plants were
then planted in a pre-moistened soil substrate treated with KMnQOa.. 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
Ix/m?, 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 KMnO, 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- Black
na Prince
Strawberry Vein Border Virus | Negative | Nega- Negative
(SVBV) tive
Strawberry crinkle virus Negative | Nega- Negative
(SCV) tive
Strawberry mottle virus Negative | Nega- Negative
(SMV) tive
Strawberry pallidosis virus Negative | Nega- Negative
(SPaV) tive
Beet false yellow virus Negative | Nega- Negative
(BPYV). tive

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 aresult 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 x ananassa.
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