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BnMAHUE OBPABOTKM NOYBbI FTEPEULIMAAMU
rPYNMbl 2,4-D HA OTAENBHbIE 3KONOr0O-TPOGUYECKUE
rPyMMbl MUKPOBUOLIEHO3A

Yenkacos K.B.", Eroposa [1.0.2

1 TMepmcKuMin rocyapCTBEHHbIN HAaLMOHAMbHbIN
uccnegoBaTenbCkuil yHuBepeuTeT, MNepmb, Pocecus
2 IHCTMTYT SKOMNOTUM M reHeTUKM MukpoopranuamoB YpO PAH,
Mepmb, Poccus
"E-mail: chepkasovkirill8@gmail.com
AHHOMaAyusn
2,4-npnxnopdeHOKCUYKCYCHAA KUCAOTa U COeAUMHEHMUA,
pa3pa60TaHHble Ha ee OCHOBe, aKTUBHO WMCNOJIb3YyHTCA
B CE/IbCKOM X035ICTBE B KayecTse repbuumnaos. YunToisas

TOKCUYEeCKMe cBOiiCTBa AaHHbIX coeanHeHUN,
aKTya/lbHbIMW  ABAAIOTCA  UCCNEAO0BAHUSA  COCTOSIHUA
MUWKpoObMOLIEHO3a MOYB, MOABEPrHyTbiXx 06paboTke

repbuungamm rpynnel 2,4-D. B HacTosAwem nuccieaosaHum

M3y4YeHO  COCTOSIHME  3KONOro-Tpoduyeckux  rpynn
MUWKpobMoLLeHO3a CeNbCKOX03:IUCTBEHHbIX nonem
KyeamHckoro paioHa [Mepmckoro Kpas  (Poccus).

O6paboTka nonen repbuunaamm rpynnsi 2,4-D npoxoanna
8 nepuog 2006—2023rr. YCTaHOB/NIEHO, YTO YMCAEHHOCTb
canpoTpodHON rpynnbl MUKPOOPraHM3MOB COCTaBAAET
1.5-7.2 x107 KOE/r nousbl, a ee U3MeHeHNA Koppenmnpytot
C nepuofom, npoweawum nocne o6paboTkn nonen
repbnungamm. Konnuyectso onmrotpodpoB Haxoamutca Ha
HU3KOM YPOBHE, 4TO CBUAETENbCTBYET O A0CTAaTOYHOM
[OCTYNHOCTM yraepoja B Mccaesyemblx noysax. [pynna
pectpyktopos  2,4-D  coctaBnser  0.03-0.24% ot
canpotpodoB, aUYUCNEHHOCTb HaxoauTcA B 0bpaTHOM
NIMHEWHOW 3aBUCMMOCTM OT BPEMEHHOro WHTepBasa
Mexay nocnegHelt obpaboTkoi nonei repbuungamm m
otbopom o06pa3yoB nouys. B uccneayembix noyBax He
BblABNEHO Hanuuve 2,4-D, u4tOo cBMAeTenbcTByeT 06
3bdEKTMBHOM  paspywleHMM p[aHHoro repbuumaa B
YCNOBUAX BO34,E/1bIBAEMbIX NONEN.
Knrouesole cnosa:

2,4-pnxnopdpeHOKCUYKCYCHanA KUCNoTa; 2,4-D;
NnoYBeHHbIE MUKPOOPTraHU3Mbl; repbuunapl; 4ECTPYKTOPbI;
canpoTpodsl

Mocmynuna e pedakyuro: 14.04.2026
lpuHamo e neyams: 06.05.2026

IMPACT OF SOIL TREATMENT WITH 2,4-D HERBICIDES
ON INDIVIDUAL ECOLOGICAL-TROPHIC GROUPS
OF MICROBIOCENOSIS

Chepkasov K.V."", Egorova D.0.2

1Perm State University, Perm, Russia
2|nstitute of ecology and genetics of microorganisms
of the Ural Branch of the Russian Academy of Sciences,
Perm, Russia
"E-mail: chepkasovkirill8@gmail.com

Abstract

2,4-Dichlorophenoxyacetic acid and its derived
compounds are widely used as agricultural herbicides.
Given the toxic properties of these compounds, studies on
soil microbiocenosis after treatment with 2,4-D herbicides
are of current interest. This study examined the state of
ecotrophic groups in the microbiocenosis of agricultural
fields in the Kuedinsky District of Perm Krai (Russia). Fields
were treated with 2,4-D herbicides from 2006 to 2023.
Saprotrophic microbial populations ranged from 1.5 to 7.2
x 107 CFU/g of soil, and changes in these populations were
correlated with herbicide treatment duration. The
oligotrophic populations were low, indicating sufficient
carbon availability in the soils under study. The 2,4-D
degrader group accounts for 0.03%—0.24% of saprotrophs,
and its abundance is inversely and linearly related to the
time interval between the last herbicide application and
soil sampling. No 2,4-D was detected in the studied soils,
indicating the effective destruction of this herbicide in
cultivated fields.

Keywords:
2,4-dichlorophenoxyacetic acid; 2,4-D; soil
microorganisms; herbicides; degraders; saprotrophs
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BBEZLEHUE

lpynna 2,4-D — repbuumabl Knacca GeHOKCMKapboKcMNaToB Ha ocHoBe 2,4-anxnopdeHOKCUYKCYCHOM

Kucnotbl (2,4-D) [Jote 2019]. AmxnopdeHOKCUYKCyCcHan KucaotTa obnagaeT ayKCMHOBOM M UHIMBUTOPHOM
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aKTMBHOCTbIO. Peanunsaumsa ayKCMHOBOM QYHKLMKU HE HaLLa LWWMPOKOTO MPUMEHEHUSA B CEIbCKOM XO3AICTBE,
B TO BPEMSA KaK BblCOKaA MHIMOUTOPHaA aKTUBHOCTb 2,4-D B OTHOLIEHUW ABYAO0/bHbLIX LUMPOKOAUCTHBIX
COPHbIX PacTeHWUI caenana ee ogHUM U3 caMblx BOCTPebOBaHHbIX repbrumaos Ha pbiHKe [Lewis et al. 2016;
Peterson et al. 2016]. Hanpumep, B Kutae ana 60pbbbl ¢ COPHAKAMM NPU BbIPALLMBAHWMN MLLEHWULLBI, COM,
KYKYPY3bl U APYr1X KyNbTyp exerogHo ucnonsayercs 5000-8000 ToHH 6yTunosoro adupa 2,4-D [Islam et al.
2018]. B BuAae KNCNOTbl repbuumna NPUMeEHSETC B CENbCKOM X035IACTBE A0BO/IbHO PEAKO, B OCHOBHOM B TaK
Ha3blBaeMblx 6aKoBbIX cmecAx (B KOMMNIEKce € APYrMMM aKTUBHbIMM BelwiecTtBamu). Ha cerogHs
OMMETUNIAMUHOBAs COMb U 3TUATEeKCUNoBbiM apup 2,4-D coctaBnaoT npumepHo 90-95% oT obuwero
MupoBoro notpebaeHna [Xmenesckasa u dp. 2016].

MN3yyeHune apdeKToB OT NpumeHeHus repbuumaos rpynnbl 2,4-D nokasano, 4YTo NOMUMO NOAABAEHUA
POCTa COPHbIX PACTEHWUI, AaHHbIE COEANHEHUA OKa3blBAlOT HErAaTUBHOE BO3AENCTBME Ha APYrMe PacTeHNA U
HEKOTOPbIX *KMBOTHbIX, BAMAIOT HA CTPYKTYPYy noyseHHoro buoueHosa [Park et al. 2010; Zhang et al. 2010;
Bhat et al. 2015; Marouani et al. 2017; Jote 2019; Oliveira et al. 2026]. OgHaKo AaHHble O BO34ENCTBUM HA
MUKPOBMOLEHO3bI CEIbCKOXO3SUCTBEHHbIX MOYB, 06paboTaHHbIX 2,4-D, HOCAT NPOTUBOPEYUNBLIN XapaKTep U
TpebyloT AasibHelLWero ncciegoBaHus.

EcTecTBEHHan Aerpagauma oCTaTOMHbIX Koanyects 2,4-auxnopheHOKCUYKCYCHOM KUCIOTbl B MOYBE
MOXET NPOMUCXOANTb KaK NyTem camopacnaza XMMUYECKUX COeANHEHUIN MO BNUAHMEM YCNOBUIA BHELLHEMN
cpedbl, TaK M C y4vyacTMEM MOYBEHHbIX MMKPOOPraHM3MoOB, 06134atoWMX COOTBETCTBYHOLMMM
dbepmeHTaTMBHbIMKM cuctemamm [Nguyen et al. 2022]. AKTMBHYIO ponb B pasnoxeHun 2,4-D wurpatot
npeacrasutenn poaos Pseudomonas, Arthrobacter, Corynebacterium, Achromobacter, Cupriavidus,
Flavobacterium, Streptomices [Bukowska 2006; Zabaloy et al. 2010; Papade et al. 2025]. AKTMBHbIE LUTAMMbI-
[ECTPYKTOpbI, OCyWecTBAAIOWME pasnoxeHne 2,4-D n ero npousBOAHbIX MyTeM MOCnefoBaTe/IbHOro
OKWUC/IEHMA MOJIEKY/bl C pacLen/ieHUEM apOMATUYECKOro KoJsbla, BblgeneHbl u3 nous NHawm, AnoHuu,
Bpasunun u paga gpyrmx ctpaH [Peckle et al. 2022; Silva et al. 2022; Muhammad et al. 2024; Sakai 2024;
Papade et al. 2025].

Llenb nccnenoBaHMA — oOueHKa BO34encTBus repbuumaos rpynnbl 2,4-D Ha 3HaYMMble 3KOJIOrO-
Tpodumyeckne rpynnbl MMKPOBMOLLEHO3a CENbCKOXO3ANCTBEHHbIX MNOYB, MoABepraBlwmMxcA 06paboTke

KOMMepPYEeCKMMUM nNpenapaTamu, cogepalinmm coegnHenma rpynnol 2,4-D.

MATEPWAbI W METOAbI

OT60op nOYBEHHbIX 0OPa3LOB NPOBOAMAM HA Noaax B KyeguMHCKOM MyHULMMANbHOM OKpyre
MepmcKoro Kpasa, B6AM3M HacenéHHbIx NyHKToB Bosblume KycTbl, Kawka, BepxHuit Tbimbait n HUXHUI
Tbimbait B ntoHe 2025 1 (puc. 1). laHHaa TeppUTOpPUA ABNAETCA KPYMHbIM CE/IbCKOXO3SMCTBEHHBIM LLEHTPOM
¢ 60nbLION NOLWAAbI0 NAaXOTHbIX 3emesb (97.297 Tbic. ra No AaHHbIM Ha 2024 r. [MUHUCTEPCTBO NPUPOAHbIX
pecypcos 2024]. Toukn oT6opa pacnofoXKeHbl Ha NJIOCKOM NPUBOLAOPA3AENbHOM yYacTKe penbeda. Ans scex
NAOWA0K XapaKTepHa AepHOBO-CPeAHENOA30UCTAA TAKENOCYIIMHUCTAA NoYBa, CNaboKMcnan peakumsa
cpedbl M HU3Koe cogepykaHue rymyca (tabn. 1). TeppuTopum npobooTbopa npeacTaBnsaoT coboit
CeNbX03yroAbs C PeryiapHoOi MHOTOIETHE XMMUYECKo 06paboTKoi. Bce nons HaxoaaTca nog perynsapHoi

BCI'IBLLIKOVI, 3apacCtaHunA 3a nepuog c 2006 r. no HacToALLee BpemA HE OTMeYeEHO.

PucyHoK 1. PacnonorkeHue nnow,agok ana otéopa  Figure 1. Location of soil sampling sites in the
nouseHHbIX o6pasuoB B KyepguHckom paitoHe  Kuedinsky District of Perm Krai
Mepmckoro Kpasa
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Tabnuua 1. XapaKkrepucTuKa nouBeHHbIXx ob6pasuos  Table 1. Characteristics of soil samples and the
M nepuoga ux o6paboTku repbuumaom period of their herbicide treatment

Konuuecrso

[arta nocnegHeit | BHeceHHoOro

Ne F'ymyc, Kynbtypa Ha mOomeHT

H 2,4-D 2,4-D
Mpo6bi % P npo6ooTt6opa 06pabotku 2,4-D, -0 B roA
rog, 06paboTKu,
nfra
1 2.3 4.6-5.5 Jlyrosasa pacTuTenbHOCTb 2007 0.7
2 2123 | 4145 Knesep nyrosou 2010 0.8

(Trifolium pratense)
3 2123 | 4.1-45 OBEC 0BbIKHOBEHHbI 2006 0.7
(Avena sativa)

4 2223 | 4.1-5.0 OBEC 0BbIKHOBEHHbI 2023 06
(Avena sativa)
MNawHA. paHee Kykypy3sa

caxapHas (Zea mays)

5 2.2-2.3 4.1-5.0 2007 0.7

OT6 noyBeHHbIX NPo6 NpoBoanAKn B cooTBeTcTBUM ¢ F[OCT 17.4.4.02-2017 «OxpaHa npupoabl. Moussbl.
MeToabl oT60pa M NOArOTOBKM NPob ANA XMMMYecKoro, HaKTepnoaorMyeckoro, reIbMMHTONOMMYECKOrO
aHanmsa» u NOCT 17.4.3.01-83 «OxpaHa npupoabl. Mousbl. ObuiMe TpeboBaHUA K 0OTOOPY Npob» meTogom
KOHBepTa, pasmep NpobHoi naowankm coctasua 10x10 m. Nepes npob60oTOOPOM YYaCTOK Obl/1 OYMLLEH OT
A8pHa, pacTUTENbHOCTU, BETOK W T. A., HEMOCPeACTBEHHO OTOOp nMoyBeHHOro obpasua NPousBOAUAN Ha
rny6uHy 0.2 m. Macca Kaxgoi o6beaMHEHHOM Npobbl cocTaBuaa 1 Kr.

Hannuve B nouBe OCTATOUHbIX KOHUEHTPaUMi 2,4-amxnopdeHOKCUYKCYCHON KMCNOTbl Onpeaensanm
MeTOA0M ra30BOM xpomaTorpadumm c Macc-CneKTPOMETPUYECKUM AeTeKTUpoBaHMeM. MoYBEHHbIV MaTepuan
06bémom 5 r cmewmsanm ¢ 3 r Na,SO4, nNepeHocunn B Konby Ha 50 mn ¢ NpUTEPTONM KpbIWKOM, Kyaa
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pobasnanm 10 mn rekcaHa. lNepemeluMBaHMe NPOU3BOAMAM HA OPOUTANBHOM LUEVKEpe B TEYEHWE ABYX
4acoB, NOCNEe Yero OCyLWecTBAAAM GUABTPOBaHME XUAKON dasbl Yepe3 PpunbTp «CUHAA NneHTa». AHanus
NOIY4EHHOrO 3KCTPaKTa NPOBOAM/M Ha ra30BOM XpomaTtorpade C Macc-CNeKTPOMETPUYECKUM AETEKTOPOM
Agilent GC 7890A MSD 5975C inert XL EI/CI (Agilent Tech-nology, CLLIA) 1 KBapLEeBOM KannanapHOM KONOHKOM
HP-5MS (30 m x 0.25 mm) (Agilent Technol-ogy, CLLA). B KauecTBe rasa-HocuTens MCNoONb30BaNAn reanii,
TemnepaTtypa ucnaputens coctasnana 230°C, a o6bem npobbl — 1.0 MKA. HMXKHKUI npeaen obHapyKeHus 2,4-
D paseH 1.0 Hr/Kr. Ucnonb3ayemas metoamKa onpeaenermsa 2,4-D conoctaBnma C METOANKOMN NPea/ioxKeHHOM
[James et al. 2023]. AHanM3 NOAyYEHHbIX MACC-CMEKTPOB MPOBOAWIN HA OCHOBE CPAaBHEHWSA C Macc-
CMEeKTPaMM KOHTPOJ/IbHbIX 06pasuoB: 4McTOro pactsopa 2,4-D u BbITAXKKM M3 MOYBbI C W3BECTHOWM
KOHUEHTpauuei BHecéHHoro 2,4-D, a Take Ha ocHoBaHMM 6a3bl AaHHbIX NIST.

YUET 3K0N0ro-TPOPUYECKMX FPYNN MUKPOOPraHNM3IMOB NPOBOAMACA MO CTAHAAPTHOM METOAMKE YYETA
KONOHUM Ha arapu3oBaHHoOM cpege [CenuBaHoBckasa, AxmeTsaHosa 2021]. Ana BblgeneHUs 3Koaoro-
TpodMUECKUX FPYNN UCMONb30BANIM CPESbI:

1) MutaTtenbHan cpeaa LB (Luria-Bertani Broth) ana sbigeneHus canpotpodos (r/n): TpuntoH — 1.0,

OpOXKKeBoM aKcTpakT — 0.5, xnopua HaTpua 1.0;
2) MuHepanbHana cpega K1 ana sbigeneHunsa onnrotpodos un aectpyktopos (r/n): KoHPO4x3H,0 —
3.2, NaH,P0O4%x2H,0 — 0.4, (NH4)2S04 — 0.5, MgS04x7H,0 — 0.15, Ca(NOs), — 0.01.

Ona nonydyeHna nNNOTHbIX Cpes BHOCWMAM arap-arap A0 KOHEeYHOM KoHueHTpauun 1.5%.
2,4-D BHOCKMAM B BUAE pacTBopa B MUHepPanbHyto cpeay K1 oo KoHeuHol KoHueHTpaumm 0.2 r/n.

10 r noyBeHHOro obpasua nomewanu B Konby dpneHmenepa, BHocuam 100 mn 0.8%-Horo pacTBopa
Xnopuaa HaTpus M Bblaep>KMBanu 2 yaca B Tepmolueitkepe (Environmental Shaker-Incubator ES 20/60,
BioSan, flateua) npu +28°C, uactote BpauieHna 100 o6/MuH. MONYYEHHYIO CYCMEH3UIO BbICEBAIN Ha
COOTBETCTBYIOLLYIO Cpefy C MCMONb30BaHMEM MeTOoAa LEeCATUKPATHbIX pa3sefeHuit. KynbTuBMpoBaHue
ocyuiectsnanmM B TepmoctaTe TC-1/80 CMNY (Cankrt-Metepbypr, Poccusa) npu +28°C. YueT KOMOHWMA
npoussoauan Ha 7 n 14 cyr.

NHAaeKkc onnroTtpodHOCTM paccuuTbiBann no Gopmysie: OTHOLIEHME KOMYECTBA OJAUTOTPOPHbLIX
GaKTepUN K KONMYECTBY CanpoTpodHbIX BaKTepuUiM U YMHOMKeHHOe Ha KoadobuumeHT 100 [PorokuHa,
3axapuxuHa 2022].

CTaTUCTMYECKNIA aHANN3 NONYYEHHbIX Pe3y/bTaToB NPOBOAMAN C UCMNO/b30BaHMEM HEMapHOro t-
KpuTepusa CTbtogeHTa. [laHHble NpeACcTaBAsAN B BUAE CPEAHErO 3HAYEHUA U CTAaHAAPTHOM OWKM6bKK (M + SE).
JocToBepHOCTb NONYYEHHOro pe3syabTata oueHuMBann npu 3HadeHma p<0.05. lposoamnun pacyér
KoaddULMeHTa Koppenaunm MUPCoHa, a TakKe 0AHOPAKTOPHbIN ANCNEePCUOHHDBIN aHann3 (ANOVA).

PE3Y/IbTATbl U OBCYARKAEHWNE

[ns oueHKkn BanaHuAa repbuumaa 2,4-D Ha MMKpobHble coobuiecTBa NoyBbl Oblsl BbIOPaH y4acToK B
KyeamMHckom palioHe [1epMCKOro Kpas, XapaKTepusylLWMIACA TOMOFeHHbIMU MNOKasaTenAmMu BEpPXHEro
ropusoHTa MOYBEHHOrO MNOKPOBA, 4YTO oObecrneyMBaeT BO3MOMKHOCTb CPaBHEHWs MOJYYEHHbIX B XoAe
NUCcCnefoBaHUA AaHHbIX Mexay cobon. Ha BbibpaHHbIX TeppuTopuax BedeT cBoto aeAtesnbHocTb CIK
«BepHbIN NyTb», COrNacHO aPXMBHbLIX AAHHbLIX KOTOPOro 6bli0 YCTAaHOBAEHO, YTO A/s 06paboTKM nonel
repbvumaammn Ha ocHose 2,4-D 6blM MCNOIb30BaHbl NpenapaTtbl «3naHT Mpemuym», «Bcnosox» n pag,
Apyrmux nponsBoacTea «Dow AgroScienes», «Doktor Farmer», 000 «Arpycxum», 000 «CnbArpoxum», 000
«Jlnctepa». Konnuectso BHeCEHHbIX MpPenapatoB OT/AMYanocb HesHauutenbHo (0.6—0.8 na/ra) (Tabn. 1),
nepuog ot nocnegHen o06paboTkmn coctasua ot 2 fo 19 ner.

MpoBeaeHHbIN rasoxpomatorpadpuyeckmii aHaaM3 NoYBeHHbIX 06pasLLOB He BblABUA NPUCYTCTBUE
2,4-D v ppyrux coegMHeHUn, BXOAALWMX B COCTaB repbuumpos Ha ocHose 2,4-D. OTCyTCTBME 3HAUYMMbIX
KOHUeHTpauuii 2,4-D Ha uccneayemol TeppUTOpUM COTFAcyeTcsa C AaHHbIMM O Mepuope nosypacnaga
coeguHeHu rpynnol 2,4-D B npupogHbIx cpeaax. B pabote [Jote 2019] yKkasaHo, 4To nepunog nosypacnaga
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2,4-D B nouBe AelcTBylowen nawHM coctaBnser 59.5 cyT. YuuTbiBas BbICOKYH YYBCTBUTENbHOCTb
MCMNO/Ib30BAaHHOIO A5 aHa/nM3a MeToAa, MOMKHO 3aK/UYUTb, YTO B HacTosiliee BpemMa MUKPOOHble
coobLiectsa ncciesyemMblix NOYB HE HAXOAATCA NOA, AABAEHUEM SAHHOMW rPYMnnbl COeAUHEHNN.

B pesynbTaTe NpoBeAeHHOr0O MWKPOOMONOTMYECKOro MCCNefoBaHMA YCTAHOBNEHA YMCNEHHOCTb
pAAa 3K0A0ro-TpoPUYECKUX rpynn asapobHbIX HaKTepUn, NPUCYTCTBYIOLLUX B MUKPOOMOLEHO3E Ucc/ielyeMblX
nous (puc. 2).

PucyHoK 2. YucneHHocTb 3Konoro-tpopuueckux  Figure 2. Abundance of ecotrophic groups of
rpynn aspobHbiXx KynbTUBMpyembix 6aktepuit B aerobic cultivable bacteria in the studied soils
nccnefoBaHHbIX NOYBaX
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1 2 3 4 5

Ne nnpoGel

YuncneHHocTb canpoTpodHoi rpynnbl Bapbmposana ot 1.5 x 107 KOE/r nousbl go 7.2 x107 KOE/r
nousbl. CpeaHAs YNCEHHOCTb AaHHOM rpynnbl a3pobHbIX 6aKTEPUIA B UCCNEA0BAHHbIX MOYBEHHbIX 06pa3Lax
cocrasuna 2.9 x 10”7 KOE/r nousbl. [laHHblil NOKa3aTeNb HECKO/bKO BbllE, YEM YMCAEHHOCTb OTAE/bHbIX
3KOJ1I0rO-TPOPUYECKMX TPy MUKPOOPraHM3MOB OKYNbTYPEHHbIX AEPHOBO-NOA30AMUCTbIX NOYB, ONUCAHHbIX
B pabote [boratbipeBa u Op. 2024]. ConocTaBneHMe C AaHHbIMU ANs €Nabo OKY/NbTYPEHHbIX U XOpOoLo
OKY/IbTYPEHHbIX AEPHOBO-NOA30/IMCTbIX MOYB MOKa3asio, YTO BbIABAEHHAs YMCAEHHOCTb HAxXoAUTCA B
npegenax HUXHeN rpaHuUbl YUCAEHHOCTM MUKPOOPraHM3MOB XOPOLUO OKY/IbTYPEHHbIX AepPHOBO-
noa3oancTbix noys [MuHeHko 2009]. OTHOCUTENIbHO HEBbLICOKAA YMCEHHOCTb CanpoTpPodHbIX baKkTepwuii
MOXKeT ObiTb obycnoBneHa pasnMyHbIMKM GaKTopamuM, OLHMM M3 KOTOPbIX BbICTYNaeT MNpPUMEHEHMUE
repbuumaos rpynnel 2,4-D. Tak, B pabote [Bankole et al. 2020] nokasaHo, 4to BHeceHue 2,4-D npuBoguT K
CHUXeHMIo obuelt uncneHHocT bakTepuii B noyse Ha ABa nopaaka (¢ 9.5 x 107 KOE/r nousbl Ao 4.3 x 10°
KOE/r nousbl). HanpoTns, B MoAe/IbHbIX 3KCNepMMeHTax c BHeceHuem 2,4-D B nousbl (pH 6.6, obwwii
yrnepog, 20.1 r/kr), oTobpaHHble Ha TeppuTopuax paHee obpabaTtbiBaslumxca repbuumaamm rpynnbl 2,4-D
(nocnepHana obpaboTka 33 ABa roga A0 OTOOpa MoYB), He BbIABAEHO W3MEHEHWUA B KOJNMYECTBEHHOM
cofepaHuu canpotpodHoOM rpynnbl aspobHbix 6GaKktepuit [Zabaloy et al. 2010]. B Hactoswem
nccnenoBaHUKM, NPOBEAEHHbI  KOPPENsAUMOHHBIN  aHanu3 BbIABUA CU/bHYIO OOpPaTHYK JIMHENHYo
Koppenaumto (r = -0.947) mexay BPEMEHHbIM MHTEPBA/SOM, NPOLEAWMM OT nocnegHein ob6paboTKm
TeppuTOopUN repbuumaom rpynnbl 2,4-D, n YMCNEHHOCTbIO canpoTpodoB B MUKpobuoLeHo3se. Konmyectso
canpoTpo¢doB AOCTOBEPHO Bbile B 06pasuax ¢ MEHbLWMM BPeEMEHHbIM WHTEPBANOM, NpoLLelMM nocae
06paboTkun Tepputopun repbuumnaom mccnegyemon rpynnsl (ANOVA, F10=10.2, p=0.009). ConoctaBneHue
NoNyYeHHbIX AaHHbIX O YUCIEHHOCTU CanPOTPODHOM FPyNNbl MMKPOOPFraHN3MOB C aHAIOMMYHbIMU AAHHbBIMU
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A1A NoYB 3aN0BeAHMKOB BbeTHAaMa, XapaKTepPU3YOLWMXCA CXOAHBbIMU GUSNKO-XMMUYECKMMW NOKa3aTenamm
(pH 4.0-5.1, rymyc 2.2-2.8%) no3BOAMIO YCTaHOBUTb, YTO B HACTOALEM MCCNAELOBaHMM YUCNEHHOCTb
canpoTpo¢oB Bbilwe Ha nopAaokK [KHasesa u dp. 2023].

OnurotpodHan skonoro-Tpoduyeckas rpynna H6akTepuin ABAsSETCA HEOTbEM/IEMbIM KOMMOHEHTOM
NOYBEHHbIX MWKPOOBMOLEHO30B. YCTAHOBNEHO, 4YTO B WCCAEAYEMbIX CE/bCKOXO3AMCTBEHHbIX MOYBax
yncneHHocTb onnrotpodos Bapbuposana B npegenax 1.4-6.0 x 102 KOE/r nousbl (puc. 2). KoadbpuumeHt
ONUFOTPODHOCTU XapPaKTEPU30BAACA HU3KMMM 3HaYeHUAMM u cocTaBun 0.004-0.04. Takoe 3HauveHue
CBUAETENbCTBYET 06 aKTUBHOM PA3BUTUM CAaNPOTPOPHOM 3KONOTO-TPODUYECKON rPyNnbl MUKPOOPFraHWM3MOB,
4YTO BEPOATHO 0BYCI0BIEHO BbICOKMM COAEPKAHMEM AOCTYNHOTO yraepoaa B noysax. MHTepecHoO OTMETUTD,
4YTO MHAEKC ONNTOTPOPHOCTM B MOYBaxX geHApapua r. Coumn, XapaKTepm3yOLWMXCA CXO4HbIMW NOKasaTenamm
pH (BepxHsas 30Ha pH 5,2, cpeaHssa 3o0Ha pH 5.1, HMXKHAA 30Ha pH 5.9) 1 rymyca (BepxHaAs 30Ha 4.7%, cpeaHaAn
30Ha 2.8%, HUXKHAA 30Ha 4.1%) ¢ uccnegyembiMU CETIbCKOXO3AMCTBEHHbIMW NOYBaMMU, Bblle Ha 4 nopaaKa
[PoroskuHa, 3axapuxmHa 2022]. TaK e OTMeYeHO, YTO YeM Bbllle MHAEKC OJNTOTPODHOCTU, TEM HUNKE
CTeneHb OKYyNbTYPEHHOCTM NoyB [PoroxunHa, 3axapuxmHa 2022]. B pabote WU.B. PycakoBoit [Pycakosa 2018]
OTMEYEHO, 4YTO WMHAEKC OAUroTPoOHOCTU AEPHOBO-NOA30AUCTBIX MOYB MPU ANUTENIBHOM NPUMEHEHUU
COJIOMbl U MUHeEpPanbHbIX yaobpeHuit coctasnan 0.98-1.23, npu 3TOM MHAEKC MNOBbIWAETCA MpwU
HeA0CTaTOMHOM MOCTYMJ/IEHUWN CBEXEro OPraHWMYecKoro Bew,ecTBa. A BEPMUKOMNOCTOB KoapduuMeHT
onurotpodpHocTn coctasun 1.1-6.19, npun sTom nosbiweHne KoadpdbmuneHTa NPOUCXOLMI0 NPU HapPYLEHUN
cooTHoweHna C:N [CeHkeBuy u Op. 2019]. ObpaboTka noneit repbuumaamm rpynnol 2,4-D morkeT
pPaccMaTpPUBaTBLCA KaK MNOCTYN/IeHMEe AO0MNOAHUTENbHONO OpraHMYeckoro cybctpata A8 onnMroTpodHoi
rpynnbl  MMKpoopraHuamos. OfHaKo, B HacCTOAWEM MWCCNEA0BaHMM He BbIABNEHO O0OCTOBEPHbIX
KOPPENALMOHHbIX 3aBUCMMOCTEN MEXAY YMCAEHHOCTbIO TPYnMbl  OAUTOTPODHBIX  KYJAbTUBMPYEMbIX
MMKPOOPraHM3MOB M AaBHOCTbIO 06paboTKM noneit repbuumaamu. Mo sceit BUAMMOCTM BHeceHue 2,4-D He
OKa3blBaJI0 BIMAHMA HA YNCAEHHOCTb rPYNMbl 0/IMFOTPOPHbIX MUKPOOPraHU3MOB.

Ba*KHbIM KOMMOHEHTOM MWKPOBMOLEHO30B CE/IbCKOXO3AMCTBEHHbIX MOYB ABAAIOTCA OaKTepuu-
OECTPYKTOpPbI, CMOCOOHbIE HEWTPANM30BaTb MOCTYNalOWMe B MOYBY XMMWUYECKM CUHTE3UPOBAHHbIE
repbvumapl M nectuumapl. YCTaHOBAEHO, YTO BO BCEX WCCNEAOBAHHbIX 06pa3Lax NPUCYTCTBYIOT
KY/IbTUBMpPYEMbBIE LUTAMMbI, CNOCOBHbIe pa3naratb 2,4-D. Vx yncneHHocTb BapbupoBana B npeaenax 0.04—
1.7 x 10° KOE/r nousbl (puc. 2), uto coctasuno 0.03-0.24% ot obuiero 4ncaa canpoTpodHbiXx GakTepuit
MUKpobBUMoueHo3a. KoppenaumoHHbIM aHaAM3 NOKasas, YTO YNCIEHHOCTb FPYNMbl A4ECTPYKTOPOB HAaXoaUTCA B
CUNbHOM 0bpaTHOM NMHelHOoN 3aBUcMMOCTU (KoadduumeHT Koppenaumm coctasun 0.966) oT gaBHOCTU
nepuoga obpaboTkM nosen repbmumaammn. Konmyectso AeCTPYKTOPOB AOCTOBEPHO Bbile B 0bpasue No4,
roe nocnegHas obpaboTka nposogunace B 2023 r, yem B obpasuax noys cC noseu, rae obpaboTka
repbuumgammn rpynnel 2,4-D nposoaunacb B 2006—2010 rr (ANOVA, Fs3=20.8, p=0.002). Take cTOUT
OTMETUTb, YTO AONA AECTPYKTOPOB TaKXke 6Oblia AOCTOBEPHO Bbille B MMKpPobMoueHo3e obpasua Nod
(ANOVA, Fs3=17.3, p=0.003), a KoadpduumeHT Koppenauum coctasmn -0.798. BbiaBNeHHOE KOAUYECTBO
[ECTPYKTOPOB Bbille, YeM NoKasaHo B pabote [Zabaloy et al. 2010] Ha 4 cyTKM nocne BHeceHus 2,4-D, HO
HU¥XKe, Yem Ha 33 cyTKu. Mo Bcel BUANMMOCTM, NPOBELEHHbIE paHee 06paboTKM NOYBbLI repbuLMaamm rpynmbl
2,4-D, cnocobcTBOBaNM Pa3BUTUIO rPYNMbl ceLnduyHbix BakTepuin-4ecTpyKTOpPoB B MUKPOOMOLLEHO3E NOYB,
a fanbHeWnwee NoaaepKaHne Ux YACIEHHOCTM NPOUCXOAMUT 3a CHET NPUCYTCTBMA B MOYBAX COEAUHEHUI, NO
XMMUYECKOMN CTPYKType CXOXMX ¢ 2,4-D. Takum obpasom, cteneHb TpaHchopMaumm MUKpobroLeHosa nog,
aenctemem repobuupnaos rpynnbl 2,4-D MOXXHO paccMaTpuBaTb KaK HU3KY0, a 3GDEKT OT A0ATOCPOYHOro
NPUMEHEHNA [JaHHbIX repbuunaos — aonyctumbiM. Kpome Toro, AerpagauMoOHHOro noTeHuMana
cbopmmMpoBaBLLEroCcA My/sa MUKPOOPraHM3MOB-AECTPYKTOPOB OKa3anoChb AOCTAaTOYHO AN eCTeCTBEHHOM
OYMCTKM NOYBbI OT BHOCMMbIX KOHLLEHTpaLWMi repbuumaa.

Chepkasov K.V., Egorova D.O. © 153



Okobuotex. 2026. Tom 9. Ne 2. C. 148-158  «BrnmsiHue 06paboTkv nousbl repbuLmaamut rpynnbi 2,4-D Ha 0TAeNbHbIE SKONOro-TpodU4eCckve rpynnbl MUKPOOUOLIEHO3a»

3AK/TIOYEHUE

B xone uccnepgoBaHuA Hblia NpoBeAeHa KOMMIEKCHaA OUEHKA BO34ENCTBMA repbuumaos rpynnbl
2,4-pnxnopdeHoKCUyKcycHo  Kucnotbl (2,4-D) Ha MMKPOBMOLEHO3 Ce/IbCKOXO3SIUCTBEHHbIX MNOYB
KyeaMHCKOro MyHWUMNanbHOro okpyra [lepmcKkoro Kpas. AHanM3 NoYBEHHbIX 06pa3LoB MokKasan,
YTO B HACTOALLMIN MOMEHT KOHUeHTpauma 2,4-D HaxoauTcs HuXKe npeaena obHapy:keHusA. B pesynbrate
aHa/M3a 3Ko/10ro-TpodUYECKUX rpynn MUKPOOBMOLLEHO30B YCTaHOB/IEHO, YTO canpoTpodbl NpeacTaBieHbl B
3HAYUTE/IbHOM KOJIMYECTBE, MPU 3TOM UX YUCNEHHOCTb HaxoAuTca B 0OpaTHOM IMHEMHOM 3aBUCMMOCTM OT
nepuoga, npolwejlwero ¢ Aatbl nocnegHen obpaboTkM nousbl repbuumaamm rpynnbl 2,4-D. UHaeKc
ONINrOTPOPHOCTM CBUAETENLCTBYET O AOCTAaTOMHOM KOJIMYECTBE AOCTYMHOrO yrnepoaa B UCC/edyemblX
noysax. [pynna MWKPOOpPraHM3mMOB-AecTpyKkToposB 2,4-D npepactaBneHa BO BCeX MUCCAeAOBaHHbIX
MUKpobMoueHo3ax, Npu 3TOM ee YUCNEHHOCTb 3aBMCUMT OT BPEMEHHOIo MHTEpBasaa, Npolleslero nocne
nocneaHen o6bpaboTkm nonen repbuumpgamm rpynnel 2,4-D. He cmoTpsa Ha AAUTENbHbIM nepuos
6e3 BHeceHna 2,4-D nyn [AecTPYKTOPOB MNOAAEPXHKMBAETCA Ha OTHOCUTE/NIbHO CTabuibHOM YpOBHE,
yTo 0becneuymBaeT yCTOMYMBOCTb MUKPOOMOLLEHO3a B C/ly4ae BHeceHua repbuunaos rpynnbi 2,4-D.
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KAYECTBO MbiNbLibl LIBETKOBbIX PACTEHUN.
WHTEPNPETALIMA TEPMUHOB, METOA0B
U PE3YNIbTATOB UCCIIELOBAHUI

Byxapos A.®.
Bcepoccuitckuit HayyHo-UCCneaoBaTenbCKN MHCTUTYT OBOLLEBOACTBA —
thunnan PefepanbHOro Hay4HOro LieHTPa OBOLLEBOACTBA, 4. Bepes,
Mockosckas obnactb, Poccus

E-mail: atb56@mail.ru
AxHomauyus
lpegmeToM HacTosawer paboTbl aensetca 0606LieHne cu-
CTeMbl METO[O0B, B3INI40B, TEPMUHOB, CYLLECTBYIOWMNX B paM-
Kax MOHSATUS «KAyecTBO MblblLbl» Kak €AMHOr0 KOoMMiekca
3HaHWI, MHTepnpeTaums U NpoeuMpoBaHWE UX HA peLieHue
NPaKTUYECKMX 3334  CenekLuun, CEeMEHOBOACTBA U CEMEHOBE-
neHus. NpencTaBneHne 0 KavyecTBe Mbliblbl — KOMIMIEKCHOM
nokasatene, KOTOPbIA B 3HAYMTENbHOM CTeMeHW ornpepenser
penpoayKTUBHYI CNOCOBHOCTb, AAeT CoYeTaHMe ABYX OCHOBO-
nosiaratoLLMX CBOMCTB: OMI0A0TBOPSAIOLLAS CNOCOBHOCTb U XU3-
HecnocobHocTb.  Kputuueckuid  aHanus  3PPeKTUBHOCTH
MeTOL0B, OMNpefeNneHus KayecTBa Mbliblbl M MHTEPMpPETaLmm
napaMeTpoB, eé XapakTepusyowWwmX, SBNSETCS Le/blo HacTos-
wern pabotbl. PaccMOTpeHbl MPUYMHBI BO3HUKHOBEHUS MOHMU-
YKEHHOM XXM3HEeCcnocobHOCTU 1 CTEPUIIBHOCTM MblbLibl, @ TAKXKeE
npueMbl NPeofoNeHUs STUX HEraTUBHbIX SIBNIEHUI B npouecce
WHTPOAYKLMK, CENEKLMU U ceMeHoBOACTBa. OnucaHbl n3MeHe-
HWS, MPOUCXOAALLME B MblIbLE NOJ, BAUSHUEM 3KCTPEMASbHbIX
BHELHMX (HAKTOPOB U NMPUMEHEHWS IKCNEPUMEHTANbHBIX NPU-
€MOB CefieKUMM (LMTOoNIa3MaTUyecKas MyXcKas CTepUnbHOCTb,
MexBuaoBas rubpuaunsaums, nonunaouaus, myrtareHes). Pac-
CMOTpEHbl TEePMUHbI: aHOManwus, AedopMaums, AereHepauus,
nedekTbl, TepaTbl, NaToNOrMK. MoKazaHbl OCHOBHbIE MPUHLMIbI
MCCNeLOoBaHUS KQYecTBa MblibLbl: U3yvyeHne MOpdoaornyeckmx
NPU3HAKOB, UCCNeaoBaHue GU3MONOTUKM NPOHUKHOBEHUS Kpa-
cuTeneii B LMTOMNNA3My MblbLEBOro 3epHa, ornpeaeneHue cno-
COBHOCTM NblNbLbI MPOPACTaTh HA UCKYCCTBEHHbIX NMUTATEbHbIX
cpefax M Ha pblible Nectuka, buoxmmMmuyeckme TecTbl, akTUB-
HOCTb (DepMEeHTOB, JIOMUHECLEHTHbIM aHanu3. Haubonbliwmii
WHTepec NpeACTaBNAT NoKa3aTesn, KOTopble KOIMYEeCTBEHHO
XapaKTepU3YHT CBOMCTBA MblibLpbl, B TOM YMC/IE MPOTOYHAS Ln-
ToMeTpus, undposas Mukpockonus. lNoguépkueaeTcs, Uto cne-
[yeT MaKCMManbHO TOYHO oOnpeaensaTs Habniogaemble npu
MbIbLEBOM aHanu3e siBNeHUs M npoueccol. MHTepnpeTaumu u
0606LeHNs AaHHbIX O XM3HECnocobHOCTH, PepTUNBHOCTU U
0onnoAoTBOpSoLLEN CNOCOOHOCTM NbibLbl MO KOCBEHHbIM MO-
Ka3saTensaM HeobxoauMo LeNnaTb OYEHb KOPPEKTHO, MOCKOSbKY
OJHM U Te Xe MoKasaTenu MoryT OJHOBPEMEHHO CBUAETENb-
CTBOBATb O Pa3HbIX CBOMCTBAX MblIbLibl.
Knrouessie cnosa:
nblbLa, ONIOAOTBOPAKOWAN CMOCOBHOCTb, (EepTUNLHOCTD,
XM3HEeCnocobHOCTb, Mopdodusmonorus, rMCTOXMUMMUS,
uuTOMeTpUS
locmynuna 8 pedakyur: 15.04.2026
lpuHsmo 8 neyams: 13.05.2026

POLLEN QUALITY IN FLOWERING PLANTS.
INTERPRETATION OF THE TERMS, METHODS,
AND RESEARCH RESULTS
Bukharov A.F.

All-Russian Scientific Research Institute of Vegetable Growing — branch
of the Federal Scientific Center for Vegetable Growing, Vereya village,
Moscow region, Russia
E-mail: afb56@mail.ru

Abstract

The subject of this work is the generalization of the system
of methods, views, and terms that exist within the concept of
pollen quality as a single complex of knowledge, as well as
the interpretation and projection of these concepts into
solving practical problems in breeding, seed production, and
seed science. The concept of pollen quality, a complex
indicator that significantly determines reproductive capacity,
is based on the combination of two fundamental properties:
fertilizing capacity and viability. This study aims to examine
the effectiveness of pollen quality-determination methods
and interpret its parameters. The article discusses the causes
of reduced pollen viability and sterility, as well as methods for
overcoming these negative phenomena in the process of
introduction, breeding, and seed production processes. It also
describes the changes that occur in pollen under the influence
of extreme external factors and the use of experimental
breeding techniques (CMC, interspecific hybridization,
polyploidy, and mutagenesis). The following terms were
considered: anomaly, deformation, degeneration, destruction,
defects, terata, and pathologies. The main principles of pollen
quality research are as follows: morphological features,
studying the physiology of dye penetration into the cytoplasm
of the pollen grain, determining the ability of pollen to
germinate on artificial nutrient media and on the stigma of the
pistil, biochemical tests, enzyme activity, and luminescent
analysis. The most interesting indicators are those that
quantitatively characterize the properties of pollen, including
flow cytometry, digital microscopy, and holographic
microscopy. An accurate description of the observed
phenomena and processes during pollen analysis is required.
Interpretations and generalizations about viability, fertility,
and fertilization capacity based on indirect indicators should
be carefully made. The same research methods and indicators
can simultaneously provide evidence of different pollen
properties.

Keywords:
pollen, fertilizing capacity, fertility,
morphophysiology, histochemistry, cytometry

viability,

Received: 15.04.2026
Accepted: 13.05.2026

[uruposars | Cite as
DOI: http://doi.org/10.31163/2618-964X/2026-13 EDN: https://www.elibrary.ru/ghofxn

byxapos A.®. ©

159


https://creativecommons.org/licenses/by/4.0/
http://ecobiotech-journal.ru/
http://ecobiotech-journal.ru/
mailto:afb56@mail.ru
mailto:afb56@mail.ru
http://doi.org/10.31163/2618-964X/2026-13
https://www.elibrary.ru/ghofxn
https://ecobiotech-journal.ru/arxiv-nomerov/2026/vyipusk-2/

Ecobiotech. 2026. V. 9. Iss. 1. pp. 159-173 «Quality of pollen from flower plants. Interpretation of terms, methods, and research results»

BBEOEHME

MbinbLa, UK NbiNbLEBOE 3€PHO — 3TO CM/IbHO pPeayLMpPOBaHHbIA MYXXCKOW rameTtodut. OCHOBHOE
Ha3HayeHue MbiNblbl — OMJIOLOTBOPEHUE SMLEKNETKM U LLEHTPasbHOM KNETKM 3apOoAbllleBOro Mewka
¢ nocnegywowmum bopMUpoBaHMEM 3apofpllia M 3Hpocnepma cemenun [lopaybHas-ApHonban 1964;
baHHukoBa, XeembiHmny 1982]. OTtcioga BbiTeKaeT OCHOBHOE CBOWCTBO, HeobxoAuMoe nMbifble,
CNoCcOBHOCTb OMIOAOTBOPATb, MM ONNIOAOTBOPSAOLWAA CNOCOOGHOCTb. ONNOAOTBOPEHUIO NpeaLecTByeT
npopacTaHue Mbiblbl HA pbifble MecTuka, PocT MblibLeBon Tpybku B CTONOMKE M MPOHUKHOBEHUWE
B CEMAMOYKY. B 3TOM 3ak/oyaeTcs BTOpoe BaXKHOe CBOMCTBO MblIbLEBLIX 3epeH — OblTb CMOCOBHbLIMM
OCYLLECTBNATL POCTOBble NMPOLLECChl, TO eCTb 001afaTh KUM3HECNOCO6HOCTbI. CoyeTaHWe 3TUX ABYX
OCHOBOMOAraloLWMX CBOMCTB AAeT NpeacTaBNeHMe O KavyecTBe MblUibLbl — KOMMIEKCHOM fokasarene,
KOTOPbIV B 3HAYMUTENbHOM CTENEHM ONpeaenseT penpoayKTMBHYH CNOCOBHOCTD.

B npouecce GopMMpOBaHMS MblUIbLEBbIE 3€PHA MCMbITLIBAIOT HEraTUBHOE BAUSHUE BHELUHEW
cpeabl (3KCTpeMasnbHble TemnepaTypbl, 3aCyxu, 3acCONeHue, MNPOMbIWAEHHbIE BbIOPOCHI, XMMMU3ALMS
CeNbCKOX03MCTBEHHOrO MPOU3BOACTBA, pPaAMauMs, BbICOKOYACTOTHbIE W3AYyYeHWs), Bbi3blBaloLLEE
CHWXKeHMe KavecTBa Mbinbubl [TynuubiH u op. 2012; Bacunesckas, Mopososa 2016; Xyiikosa u dp. 2019;
LaueHko, Kepumos 2023]. KauecTBO MblibLbl — 3TO SPKWMIA TECT, XapakTepusylowmuin 3dpdekTMBHOCTb
WMHTPOAYKLMU pacTeHuit B HoBble ycnosua [JlanwuH, KysHeuosa 2009; Bacunesckas, Mopososa 2016].
Pe3koe CHMXeHWe KayecTBa Mblblbl Y PaCTEHWUI, TPAAMLIMOHHBIX ANS perMoHa (CocHa, nuna, bepesa),
MOXEeT CBUAETEeNIbCTBOBATb O HEFATUBHOM 3KOMOMMYECKOW CUTYaLMK, BbICOKOW QHTPOMOreHHOM Harpyske
A mnsMeHeHun knumata [JlanwwmH, KysHeuosa 2009; MupHenko 2020; LaueHko, Kepumos 2023].
Mcnonb3oBaHue MyTareHesa, OTAaNIEHHOM TMbpuaunsaunm, NoAMnAoOUaMK, BUOTEXHONOTUYECKUX U OPYTUX
MEeTOA0B CeNekuMM TakKe OKasblBalT CYLLeCTBEHHOE BAMSAHWME HA KayeCTBO MblbLbl HOBbIX COPTOB
[Umumn 1981; Epemun 1985; Kypcakos 1986; Mapakaesa, Kasbigy6 2016]. YactmyHO noBbICUMTb
$epTUNbHOCTb M MAOLOBUTOCTb MYTAHTHbBIX M MOJIMMIOUAHBIX QOPM, MEXBUAOBLIX MMOPUAOB MOXHO
C NOMOLbK  (U3MONOrMYECKM aKTUBHbIX BEWeCTB, O 4YeM CBWAETeNbCTBYT MHOMOYUCIEHHbIE
nccneposanus [Kypcakos 1986; byxaposa, byxapos 2008; Mapakaesa, Ka3biay6 2016]. Ucnonb3oBaHue
CTUMYNUPYOLLMX HAKTOPOB LiesIecoo0bpasHo AN NOBbIWEeHUS 3PPEKTUBHOCTM CEMEHOBOACTBA, 0COOEHHO
B HebaronpmsaTHbIX ycnoBusix. OCO6EHHO BaXXHO NOBbIWEHME OMNJIOAOTBOPAOLLEN CMOCOOHOCTM Mbl/bLibl
npu reTepo3nCHOM cenekuuu u rubpuaHoM cemeHoBoacTae [byxapos, byxaposa 2011].

[na oueHkn 3OEKTUBHOCTU TaKMX MPUEMOB MPUMEHSIOTCS PasfiMyHble MeToAbl M NapaMeTpbl
onpepeneHns kavectsa nouibubl [Open 1972; Jiuteak 1978; YyeawunHa 1980; Lauenko, AumutpeHko
2026]. Uenb paHHOM paboTbl — KpUTMUYECKMIA aHann3 3QPEeKTMBHOCTU METOA0B OnpefeneHns KavyecTsa
MblNbLbl U UHTEPNPETALMM XapaKTEPU3YIOWUX €€ NapaMeTpoB.

OBCY>XOEHME MPOBJIEMBb

IOna Toro, 4ytobbl OXapakTepu3oBaTb KAYeCTBO Mbl/bLbl, MCMOMAb3YT Pas/MYHbie TEPMUHBI.
OnnopoTBOpAKOLWYH CNOCOOHOCTb XapaKTepU3YKT Mnokasatenem ¢epTunbHOCTb. [TbUibLy, Y KOTOPOWM
ONNoAO0TBOPALLAN CMOCOBHOCTL OTCYTCTBYET, HA3bIBAKOT CTepunbHOM [PoibuH 1962; Purep, Muxasnuc
1967; [ynka 1984]. OpHako uWCNONb30BaHME 3TUX [ABYX TEPMUMHOB MMEET CBOK Cneuuduky.
[apaHTMpOBaHHO oOMNpeaenvnTb ONMOAOTBOPSIOWYI0 CMOCOBGHOCTb MbliblLbl MOXHO TOMBKO MyTEM
NpoOBeAEeHUS UCKYCCTBEHHOrO OMbINeHUs C NpeaBapuUTeNbHOM KacTpaunen 6yTOHOB (yaaneHneM TblYMHOK
C HEPACKPbIBLLUMMUCA NbIIBHUKAMM) U UX U30SLMEN NOCE HAHECEHMS MblbLbl HA pblbLe. B To e Bpems
obpasoBaHuMe Mpu 3TOM MIOL0B M CEMSH elle He CBUAETENbCTBYET O PepTUAbHOCTM Mbibubl. OnbineHne
CTePUNbHOW, HO JXM3HECNOCOOHOM MbINbLOM MOXET MPUBECTM K CTUMYNSTMBHOW NapTeHOKapnuu
1 anommkcumcy. O cTeneHun NpPosIBNEHUS ONJIOAO0TBOPAIOLLE CMOCOGHOCTHU NbiNbLbl CIEAYET CYANUTb TONbKO
Mo 3aBSA3bIBAEMOCTM CEMSH B MPOLEeHTax OT uucna cemanouvek. OgHako M OTCyTcTBME 0Opa3oBaHug
MN0AO0B M CeMSAH He BCera CBuaeTeNnbCTByeT 06 OTCYTCTBUM Y MblfbLibl ONJI0A0TBOPSIOLLEN CMOCOOHOCTH.
B HeKOTOpbIX Ciyyasix HOpMaNbHO CHOPMUPOBAHHASA PepTUIbHAS MblAbLA HE CNOCOBHA ONIOAOTBOPUTL
AMLEKNETKY M JaXe NpOpaCTU Ha PblibLe NecTuka BCIeACTBUE HECOBMECTUMOCTU [MIOHTUMHT 1967].

TepMuH epTUABHBIA NPOUCXOAMUT OT JNATUHCKOrO fertilis W 0O3HayaeT MnIOLOPOAHBIN,
NNOLOHOCHBIN, NAOLOBUTbIA, CNOCOBHBIM NPOM3BOAMTL MOTOMCTBO MM 06Na[AOWMIA peNnpPOAYKTUBHOM
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cnocobHoctblo. CTepunbHOCTb  O3Ha4yaeT  MPOTMBOMONOXHOE  CBOMCTBO -  ©ecnnofHoCTb,
006ecnnoXeHHOCTb, JNIMWEHHOe CnocobHocTM K onnopoTtBopenuto [MuenkuHa 1987]. P. Purep
n A. Mmxasnuc xapakTepusyoT CTEPUABHOCTb 0COOM Kak HECMOCOOHOCTb MPOM3BOAMTL XM3HECNOCOBOHbIe
M QYHKLMOHMPYOLLME TaMeTbl, a CTEPWIbHOCTb Mbliblbl (MYXCKYH CTEpPUIBHOCTb) - Kak ee
HecnocobHOCTb K HOpManbHOMYy (QyHKUMOHMpOBaHUIO [Purep, Muxasnuc 1967]. CoOTBETCTBEHHO,
3HaYeHMe 0TeYeCTBEHHOro TepMUHA pepTUAbHDBIN PAaBHOLLEHHO aHruMCcKoMy cnoBy fertile — cnoCcoBHbIN
NMPOM3BOAMTbL XM3HecnocobHoe mnotomcTBO [[unspos 1989]. AHanoruuHyio, Ho 6onee KpaTkyto
dbopmynnposKy npueoauT A. MOHTUMHT. DepTUABHOCTb — NNOLOBUTOCTb, @ CTEPUIBHOCTb — YMEHbLUEeHWE
WAN yrHeTeHWe CNocoBHOCTU MPOU3BOAMTL MOTOMCTBO MOMOBLIM nyTeM [MioHTUMHT 1967]. L. Ayap6ax
TaKKe OonpenensieT CTepunbHOCTb, KaK YMEHbLUEHME WM YrHETEHME CMOCOOHOCTM MOMOBLIM MYyTEM
npou3BoamMTb NOTOMCTBO [Ayapbax 1968]. CnepoBatenbHo, GepTUABHOCTD MAW CTEPUNBHOCTD MblIbLbI
MOXHO HaAeXHO Onpenenutb TOAbKO MNPSAMbIM MeTOAOM MO CAOCOBHOCTM WMAM HEeCnocoBHOCTU
ONNOAOTBOPATL AWLEKNEeTKY M [AaBaTb NOTOMCTBO. [lokasaTenb OMNIogoTBOpPSIOWERn CnocobHOCTH,
MOMYYEHHbIN MyTEM MPSIMOM OLEHKU, MHOTAA UHTEPNpPETUPYIOT KaK UCTUHHYIO hepTunbHOCTb [PybaHoBa
2021]. Opyrue metopsl, HanpuMep, NpopaliMBaHMe U OKPaLIMBaHWE Mbliblbl, CleayeT paccMaTpuBaTth
KaK KOCBEHHble, AAl0LWMe TObKO SOMNOAHUTENbHbIE (YaCTUYHbIE) 3HAHMS O PYHKLMOHUMPOBAHMU MblbLbl,
HO He obecneynBalolLMe MOMHYD W HAOEXHYI WHPOPMALMIO O PenpoaykTMBHOM CNOCOBHOCTU
K Bocnpomn3BoactBy [PoionH 1962; Kpyrnosa 2020; LlaueHnko, AumuTtpeHko 2026]. CneposatenbHo, peyb
MOXET UATU O «KNOTEHLMANIbHOM» PEenpoAyKTUBHOM CNOCOBHOCTU Mbinbubl [BopoHosa, MaBpunosa 2019].
OpHako onpefeneHne onnoAo0TBOPSIIOLLENA CMOCOBHOCTU MbUIbLbl MYTEM MCKYCCTBEHHOrO CKPeLLMBaHMS
- mnpouecc TpyaoeMKuin U anutenbHol. Tem 6onee, 4To GepTUAbHOCTb MblIbLbl U ONPEAEenoT C Leblo
ee nocneayrLero MCNob30BaHUa B rubpuamnsaumm, a Ans 3Toro HeobxoanMbl IKCnpecc-meToap! [ByHMH
2003, 2004; Myxanbckuii u dp. 2007].

OpHOM M3 MepBbiX rMNOTE3 O BO3HMKHOBEHMM BeCcniogMs U CTEePUNIBHOCTM Y MEeXBUOOBbIX
rMOpuOoB Obl10 MPEeanosioKeHWe O BAWMSHWUM YMUCIA XPOMOCOM M HapYLWEHUSX MX PaCXOXAEeHUS
B npouecce menosa [CunHOT, OenH 1934]. B uutonornyeckux u aMOpUONOrMYECKUX MCCNELO0BAHUAX
CTEPUBbHOCTb, KAaK MPaBMO, CBSA3bIBAKOT C HapylweHneM genexnmsa sapa. B.A. PoibuH dyHKUMOHanbHoe
COBEpPLUEHCTBO M/IM HECOBEPLIEHCTBO Mbi/lbLibl CBA3LIBAET C TEYEHWEM MEN03a, HapyleHWe KOTOporo
nNpuMBOAMT K HGOPMUPOBAHUID HEOJHOPOAHbIX (MO dopMe M pa3mepy) MblibLeBbIX 3epeH [PoiouH 1962].
B.M. baHHmkoBa m O.A. XBegblHMY, KaK M MHOrMe pgpyrume 3MOpPMONOrK, CUYMTAKOT, YTO B OCHOBE
aHOMa/NIbHOr0 Mei03a NIeXMUT PacCcornacoBaHHOCTb NpoLecca pasBUTUS, 00YCIOBNEHHAs reHeTUYeCKUMHU
NpUYMHAMK, B TOM YMCaE NPU OTHaNneHHoM rmbpuamnsauum [baHHukoBsa, XBeabiHny 1982]. O6wenpuHaTo,
YTO MOBbLICUTb (EPTUNbHOCTb PACTEHMIA C MOHWMXKEHHOM MAOAOBUTOCTbI0 MOXHO CO034aBas WM
HnaronpusaTHble yCcnoBMS BblpawmMBaHus [baHHuWkoBa, XBepbiHuy 1982; byxaposa, byxapos 2008;
byxapos, byxaposa 2011]. B.A. MNogaybHag-ApHonbam nogyepkuBana, Yto CTEPUIBHOCTb M HapyLIeHUs
Mero3a B psae Ciy4yaeB MOryT ObiTb HE MPUUYMHON, a clneacTeueM GU3MONOrMYecKMX U BUOXUMUYECKMX
npoueccos [[ToanybHas-ApHonban 1964].

MeTod, HasblBaeMblt B LIMPOKOM NpaKTMKe aLeTOKapMMHOBBIM, MO CYTH, 9BASeTCS
nccnenoBaHMeM Mop@onornm NblabLEBLIX 3epPeH Uan MOpdOMeTpUn, eCn CONPOBOXAAETCS U3MEpeHUEM
[AbpamoBa, KapnuHckuii 1968; MNaywesa 1980; bapbikuHa u dp. 2004; CamurynnuHa, KupunHa 2007].
OTyacTM npu 3TOM Mbl Habnwogaem u GU3MONOTMYECKMIA MNPOLLeCC, MOCKObKY OTMEeYaeM CTeneHb
MPOHUKHOBEHME KpacuTens Yepes 060104KH, NblIbLEBbIX 3epeH. [103ToMy LenecoobpasHo Ha3biBaTb 3TOT
mMeToa Mopdodusnonornyeckum TectoM. o Mopdonormyecknm napaMeTpam MOXHO A0CTAaTOYHO MOSHO
cyauTb 0 GepTUIbHOCTM M NOTEHUMANbHOM OM0A0TBOPAOLWEN cnocobHocTn nbinbubl [Open 1972;
Maywesa 1980; Myxanbcknin u dp. 2007; CamurynnmHa, KnupmHa 2007]. B cBETOBOM MUKPOCKON MOXHO
BbIAENUTb HOPMaNbHble (CBOWMCTBEHHbIE AJ19 BONbWMHCTBA NpeacTaBUTENen AAHHOTO BMAA WMAKW COPTa)
“ aHOManbHble (OT/IMYaloLWMecs No pasmepy, dopMme, CKyNnbnType, BHYTPEHHEMY CTPOEHMIO, APYrUM
npu3Hakam) nbuibLeBble 3epHa. OTKNOHEHNS aHOMaNbHbIX MblbLEBLIX 3€PEH OT HOPManbHOro pasMepa
MOXeT ObITb CNefCTBUMEM MUX NOAUMNAOUAHOIO UM FAaNAOULHOrO (KPymnHble UAK MenKue, COOTBETCTBEHHO)
coctosiHua [bapbikuHa u dp. 2004; Llauenko, JloreuHos 2021]. 3TO MOXET MPUBOAUTb K CHUKEHMIO
MX ONNOAOTBOPAKOLWEN CNOCOOHOCTU, HO HE O03Ha4YaeT WMX MOSIHOM CTepunbHOCTW. [lbinbLEBble 3epHa,
nmerowme sBHble AedekTbl (0ePOpMMPOBAHHbLIE, CMOpPLLEHHblE, 6€3 uMTOoNNasMbl), Kak MpaBwuIo,
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MOMHOCTbIO CTepwibHbl. JledekTHble MbinbLEBble 3epHa BO3HMKAKT, Kak MNPaBWo, MOL BIUSHUEM
BO3JENCTBUI, NPEXAe BCEro, BHEWHWX 3KCTPeMasbHbIX PakTOpOB, B TOM YMC/E B MPOLECCe UHTPOAYKLIMM
[TynuubiH u dp. 2012; Bacunesckaq, Mopososa 2016. JereHepaums, perpapgaums nogpasymesaet
[OCTaTOYHO MPOAO/KUTENbHbIA MPOLECC OCTAaHOBKM pPa3BWUTUS MbibLEBbIX 3€peH, @ OCHOBHbIMU
hakTopaMu SBNSAKOTCA NPEUMYLLECTBEHHO BHYTPEHHWE HAaCNeACTBEHHbIE NPUUYMUHDBI (LMTOMIa3MaTUUeCKas
MYXKCKasi CTEPUSIBHOCTb, MEXBUA0BAS HECOBMECTUMOCTb, MOAMMAOMAKUS, MyTareHes) [Poibun 1962; Open
1972; YysawmHa 1980]. PewatowmM nokasatenem CTEPUNLHOCTM MbliblLbl CAYXUT OTCYTCTBUE
(pa3pyweHue unu perpagaums) sgep (BeretaTMBHOrO M reHepatuBHOro). [103ToMy, 4Tobbl KOHTPACTHO
BbISIBUTb dedeKkTHOe CTpOeHMe MblbLEBbIX 3epeH, YacTo MPUMEHSIOT OKpalWBaHWe LMTOMAa3Mbl U
anepHbIX cTpykTyp [HOpues, MNMyxanbckuii 1968; bapbikuHa u dp. 2004; Myxanbckuia u dp. 2007].

TepMuHbI, XapakTepusyolMe HOPManbHOCTb M aHOMaNbHOCTb MblIbLEBbLIX 3EPEH CO CCbIIKaMM
Ha MHOro4McneHHble nybnvkauuu, nNogpobHo pasbupaer B cBoer pabore H.H. Kpyrnosa. AsTopom
npeanoXxeHa Knaccudukaumsa, B npeaenax KOTOPOWM  BbIOENSOTCA:  K/IETO4YHble, SOEpPHbIE,
uuMTonmnasMaTMyeckme W CTPYKTYPHO-apXUTeKTOHWYeckne aHoMmanuu. [logapobHo obcyxpaertcs
ynotpebneHne TepMuMHOB pAedopmaums, AereHepaumsi, AECTPYKUMS 4719 ONUCaHUS  HapyLeHUn
B MOP@ONOrMKN MblIbLEBLIX 3€PEH, MPUBOAALLMX K CTEpWUIbHOCTU. OTLENbHO PAacCMOTPEHO MOHATUE
AedekTHOCTH ¥ rpaHMLa Mexay HopManbHoM 1 gedekTHoM nbinbuon [Kpyrnosa 2020].

OpHako TepMUMHOMOIUS, NPUMEHSEeMas B MaAUMHONOIMYECKUX MCCNeOoBaHMsX, ropasfo Lumpe.
[MOHATUS TUNMYHbIE M aTUMUYHBIE [MbiJbLEBbIE 3€pHa, NO-BMOMMOMY, MOXHO BMOJIHE COOTHECTM
C TepMMHAMW HOPMaJbHbIe U aHOManbHble. Bcé MHoroobpasue GopM (M3MEHUMBOCTb) MblbLEBbLIX 3€peH
B npobe paccmaTpmBaloT kak nonumopdusm [TynuubiH u dp. 2012] nnu rereporeHHocTsb [/lutBak 1978].
B 3konorunyeckux uccnepoBaHmsx MopQposiorMYecKytd M3MEHUYMBOCTb MblibUbl (KaK M APYrMX KNETOK,
TKaHen, opraHos) fo onpegeneHHoro npegena (10-11%) paccMaTpmBaloT Kak HOPMY (€CTECTBEHHbIN
nonumopdusm) [TynuupiH u dp. 2012; Bacmunesckas, Mopososa 2016]. Mopdonoruyeckme HapyLieHus
CTPOEHMS MblNbLbl MOA, BIMSHUEM IKCTPEMASbHbIX YC/IOBUIM OKPYXXatoLen cpeabl YacTO pacCMaTpuBatoT
KaK TepaTbl, U1 YPOACTBA, YTO O4YE€Hb OAM3KO K NOHATMIO aHOManus. BoigensitoT ot 7 oo 14 Tvnos
TepatoMopd MbifbLEBbLIX 3€pPEH, KOTOpble pa3fuMyaTcsa no dopme, CKyNbnType, KONMYecTBy anepryp
n 60po3a, CMMMETPUYHOCTU, UBETY M ApyruM ocobeHHocTam [[3wb6a 2007; TynuubiH u dp. 2012;
Bacunesckas, Mopososa 2016]. 3acnykuBaloT BHUMAHMS TepMUHbl ABGOPTUBHOCTb W NaTonorus
nbinbueBbiX 3epeH [Yurypsesa 1970]. Ecnu nepBbit NOYTM COMOCTAaBUMM C TEPMUHOM CTEPUIbHOCTD,
TO BTOpPOWM HeceT bonee WMpOKyo cMbicnoByto Harpysky. K0.C. YeHLOB paccMaTpmBaeT NaToNormu KneTku
KaK CTPYKTYpHO-GYHKLMOHANbHbIE WM3MEHEeHUs (MOPaXeHus) BHYTPEHHUX cTpykTyp. OHu  MoryT
NpOsIBNATLCS KaK BpeMeHHble (0bpaTuMble) Man CToMKMe (HeobpaTuMble, 3aKaHYMBaKOLWMecs rubennto)
HapYLUEHMS XU3HEHHbIX npoueccoB [YeHuoB 1984]. 3Ty GopMynnpoBKy B MOMHOW Mepe MOXHO OTHECTM
K nbiibLe. [lenctBuTensHO, rmbenb MbifbLEeBbIX 3€peH, UMEIOLLMX NAaTON0rMYeckme M3MeHeHUs, UCKoYaeT
MX U3 OMJOAOTBOPEHMS U SBNSETCA OCHOBOM MPOrpeccMBHOro npouecca, npeaoTBpallatolWwero
BO3HMKHOBEHME aHOMaIMM Pa3BUTUS 3apOAbILLA M B3POCIOrO OpraHu3ma.

AUETOKapMMHOBBIV MeToA TPaAUUMOHHO MPUMEHSIOT AN onpepeneHns GepTUAbHOCTU MblabLbl
[[1aTbinoBs, TapaHyxo 1969; Maywesa 1980]. TepMUHbI CTEPUNBHOCTD, AedEeKTHOCTb, aHOMAaNbHOCTb O4YEHb
TECHO B3aMMOCBA3aHbl 0OWMMKM NpPU3HAKaMKM, a [ONS BbISIBNEHMS OTPaXaeMblX MMM MNokasaTenen
3 PeKTUBHO NPMMEHEHWE OKpaLLMBaHUS MblfbLibl, CNOCOOCTBYIOLLEE BbISBNEHMIO BCEX MOP(]ON0rNYeCKmX
OTK/IOHEHWI, YTO $BNSETCA MpuunHOW ctepunbHocTU. OpHako, 3.B. A6pamosa u 0.A. KapnuHckuii
He 6e3 OCHOBAHMS CUYMUTAIOT, YTO 3TUM METOAOM ONpPeAensoT XKM3HEeCNnOoCOOHOCTb MblbLibl, MOCKONbKY
OH BasupyeTcs Ha CNOCOOHOCTM KApMWMHA MPOHWMKATb B XMBYK MbUIbLy M OKpPaLWMBATb LMTOMIA3My
[ABbpamoBa, KapnunHckunin 1968]. 3toro xe MHeHus npugepxusancs B.M. OctaneHko [Octanenko 1956,
1972]. O.H. BopoHoBa u B.A. TaBpuioBa OTMeYaloT, YTO METOAbl OKPALIMBAHUS CKOPee MNO3BONSIHOT
FOBOPUTb O XXM3HECMOCOOHOCTM MbUIbLEBLIX 3€peH M MOTeHUMANbHOM BO3MOXHOCTM OMbINEHUS UMUK
[BopoHoBa, aspunosa 2019]. MIMEHHO NO3TOMY aLETOKAPMWHOBLIA METOA 3a4acTyld PeKOMEeHAYHT
Ang onpeaenexHus 7o GepTUNABHOCTH, TO XM3HecnocobHocTu [AbpamoBa, KapaunHckuii 1968; bapbikuHa u
op. 2004]. Tak, u3yyasa npopactaHue nNbiablbl GAcoNM U 3eMAAHUKM HA UCKYCCTBEHHOW NUTATENbHOM
cpege, aBTopbl CIy4aliHO UM HAMEPEHHO OTOXAECTBAAKT TEPMUHbI HEePTUIBHOCTb M XXM3HECNOCOOHOCTD
[baTypuH, Ky3HeuoBa 2011; TumuH u dp. 2013]. B npouecce cenekuMoHHOM paboTbl C NOACOHEYHUKOM
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OTMEYEHO, YTO MpM CpaBHEHUW pa3HbIX METOAO0B onpeneneHus GepTUAbHOCTU (NpopaliuBaHue
M OKpalwmBaHue) yaobHee NoNb30BaTbCA aLETOKaPMUHOBLIM MeToAoM [BopoHosa, MaBpunosa 2019].

Kazanocok 6bl, MeHbLLE BCEro AO/MKEH Bbi3blBaTb COMHEHWE TEPMUH KM3HECMOCOBHOCTb MbifbLibl,
a Takxke cnocobbl BbISIBIEHNS U M3MEpPeHMs1 3TOro cBoicTBa. O6LEeNpU3HAHO, YTO KU3HECMOCOOHOCTb
NbibUbl — 3TO CMOCOBHOCTb MblNbLEBbLIX 3€peH NpopacTaTh B MblUibLEBble TPYOKM HOPManbHOW AJIUHbI.
N3mepsieTcs NpoueHTOM MpOopOCLIMX MblbLEBbIX 38peH OT obwero ux uucna B npobe [[onybuHCKuMA
1974; MNaywesa 1980; bapbiknHa u dp. 2004; Myxanscknii u dp. 2007]. BaxkHbIM nokasaTtenem sBaseTcs
NPOAOMKUTENBHOCTb COXPAHEHUA KU3HECNOCOBHOCTU Mbi/ibLbl. ITOT O4YeHb NabubHbIA MOKasaTesb,
KOTOPbIM 3aBUCUT KaK OT HAaCNeACTBEHHOCTM (BUAOBOM NPUHAONEXHOCTH), TaK U BAMSHUS 3KCTPEMANbHbIX
(akTopoB (B TOM UKC/Ie BO BPEMS XPAHEHMS) O4EHb BAXKEH A9 NPAKTUYECKoW cenekumm [YctnuHosa 1965;
NanwwH, Ky3Heyosa 2009; 3uHatynaunHa 2016].

LUnpokoe npuvMeHeHWe B  BbISBAEHUM KMU3HECNOCOOHbIX MbUIbLEBbIX 3E€peH  Hawu
MHOMOYUC/IEHHbIE METOAbl MX MPOPALUMBAHUA HA NUTaTeNbHbIX cpeaax [[onybuHckuin 1974; lMaywesa
1980; YysawwumHa 1980; CamurynnuHa, KupuHa 2007]. MeHee n3BeCTHbI METOAbI M3YUYEHUS NPOpacTaHus
MbinbUbl HAa pbiibue [TatapuHueB 1939] u pocta B ctonbuke [TatapuHues 1948], B ToM uucne
C MPUMEHEHUEM JIIOMUHECLIEHTHOW MMKpockonuu [Jluteak 1978; Yysawmnra 1980]. XKnsnecnocobHbIMM
CYMTAIOT MblbLEBbIE 3€PHA, Y KOTOPbIX AJIMHA MblIbLEBOM TPYOKM HE MeHblue AMaMeTpa MblUibLeBbIX
3epeH [Abpamosa, KapnauHcknin 1968; flateinos, TapaHyxo 1969; Myxanbckuii u dp. 2007; CamurynnumHa,
Kupuna 2007]. Pa3pabotaH OoNTMMU3UPOBAHHBIN METOA, OLLEHKM XXM3HECNOCOBHOCTM MblnbLbl, KOTOPbIW
YUYMUTbIBAET MblbLEBbIE TPYOKM OJIMHOM HE Kopouye pacCTOsSHUS OT pblibLa NecTuka A0 SWLLEeKNeTKu,
MOAEeNMPYHOLWUI NPUPOJHbIE YCNOBUS OMbUIEHUS M ONNOAOTBOPEHUS U MO3BONSIOLLMI KOPPEKTUPOBATb
nokasartenb B cpaBHeHun ¢ MeToaoM [l.A. TpaHkoBckoro [3uHatyninvHa 2016]. He MeHee BaxHbIM
SABNSETCS M3yYeHUe [OMHAMWMKKM MPOpaCTaHMS Nbliblbl, YTO MNO3BONSET OMNPenennTb CUHXPOHHOCTb
M APYXHOCTb B [JOMNOSIHEHME K MOKasaTento kusHecnocobHoctv [/lanwwuH, KysHeuosa 2009]. OgHako
Ang bonee TOYHOro onpeneneHns XKU3HeCcnoCoBHOCTU MbiNbLEBbIX 3epeH pa3HbiX KynbTyp Tpebyetcs
noabop NUTaTeNbHbIX CPea, 3a4acTyto TLATebHAsN ONTUMMU3ALMS UX COCTaBa, a TAKXKe YCNO0BMI U BpDEMEHU
akcnosuumm [Impe et al. 2020; Freire et al. 2022].

Mpouecc onnoaoTBOPEHMS HAUMHAETCA C MPOPACTaHMUS MblibLbl HA pblibLue U GOPMUPOBAHUS
MbINbLEBOM TPYOKKM, KOTOpas, NPOABMIasch B CTONOUKE, MPOHWMKAET B 3apoAblleBbld Melwok. [Mbiibua,
KOTOpas He MOXeT NpopacTaTh (Hexmn3HecnocobHas), 3aBefoMo, He byaeT 06nagate M ONNOLOTBOPAIOLLEN
cnocobHocTbio. Kak npaBuno, 3T ABa Nokasartens KM3HecnocobHOCTb M ONNOAOTBOPAIOLLAN CNOCOBHOCTD
He TOJIbKO KOPPEeNsLMOHHO CBS3aHbl, HO U 06YCIOBNEHbI 0OWMMU NPUYMHAMU — HAPYLIEHUSIMU CTPOEHUS
nbinbueBbix 3epeH [Kyiikosa u dp. 2019; MupHenko 2020]. MNMo3aTtomy uenecoobpasHO MCNONb30BaTb
KOMMNNEKCHbIN (0606LLeHHbIM) MOKa3aTenb abCoNTHOM XU3HECNOCOB6HOCTH Nbibubl [LlaLleHko, JloreuHoB
2021].

lokasaTtenu, Mo KOTOPbIM OTAIMYAKOT XXMBOE (KM3HECNOCOBHOE) OT HE XXMBOI0, XOPOLLO U3BECTHbI.
JT0 0bMeH BewecTB, pocT, pasmMHoxeHue [[yoka 1984; vunspos 1989]. HeoTbeMnembiM CBOMCTBOM
XM3HeCnocobHoM ocobu aBnsSeTcs CNoCOBHOCTb XUTb, AaBaTb NOTOMCTBO, NepeAaBaTb HACNEACTBEHHYHO
nudopmaumio [Purep, Muxaanuc 1967; Jinb6bept 1982]. MNo3ToMy TEPMUH XM3HECNOCOBHOCTb MblIbLbI
BCe yallle ucnonb3yeTcs B kayecTse obobwatowero tepmuHa [Dafni, Firmage 2000].

[lna npenBapuTeNbHOM OLEHKM XM3HECMOCOOHOM MblnbLbl MHOTAA LenecoobpasHo UCMONb30BaTh
mMeToq, eé maeHTUdMKauMm no MopdoNorMyecknuMm (Haaumuve aHOManui M OTKIOHEHWe B pa3Mepax)
npu3Hakam. lMpu OTCYTCTBUM MOBPEXAEHMI SiApPA PeYb MOXET MATU O CHWXKEHMM, @ He O noTepe
XusHecnocobHocTu. OTcyTCTBME Y MbinbUpbl AedeKTOB M aHOMaNWA He 03Ha4aeT, YTo MbiibLA CNOCobHa
OCYLLECTBNSATb JKM3HEHHble (QYHKUMM — MpOSBAATb KM3HEeCcnocobHocTb. [lbinbua MOXeT cTaTb
HEXM3HECNOCOOHOW BCNeACTBME BAMUSAHMUS HEDNArONPUATHBIX MOFOAHbLIX M APYrMX BHELWHWX (AKTOpOB,
HenpaBW/bHOIO MW HECBOEBPEMEHHOr0 CO0pa, A/IUTENIbHOrO XPaHEHUS, BO3AENCTBUS COTHEUYHBIX NTyYen,
CYX0CTM BO34yXa, paguaumm n MHorux apyrux ¢akropos. H.H. Kpyrnosa cdhopMynuposana Tesuc o ToMm,
4TO MOHATUE XKM3HECNOCOBHOCTM MbINbLEBOrO 3epHa Yye NoHaTMs ero dpeptunbHocTu [Kpyrnosa 2020].
OpHako B HEKOTOPbLIX CIyYasix MblUibLA, XOPOLLIO NPOpACTaloLLas Ha MCKYCCTBEHHOM MUTaTeNbHON cpeae,
HecnocobHa K onioA0TBOpeHMI0. Tak, MbibLa, MOAYYMBLLIAS BbICOKYH A,03Y PEHTIEHOBCKOro 0b/yyeHus,
TepseT OnJ0A0TBOPSIOLLYI0 CNOCOBHOCTb, HO COXPaHSeT CNOCOBHOCTL NPOpacTaTh, @ UCMONb30BaHME ee
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0N OMbleHUs CTUMYIMpYeT pasBuTME Ccemanodku 6e3  onnogoteBopeHus U GOpPMUPOBaHUeE
anoMUKTUYHBIX ceMsiH [byxapoBa, byxapos 2008; byxapos, byxaposa 2011].

Ha un3bupaTtenbHOM CNOCOBHOCTM MHOMMX KpacuTenen (KapMuH, opceuH, dyKCUH, SpUTPO3KH,
METUNIEHOBbIA CUHWM, MaNaxWMTOBbIM 3€neHbl, NakKMouAa) MNPOHUKATbL B LMTOMNA3My >KMBbIX
M HEXXU3HECNOCOOHbIX KMETOK Mblblbl; OCHOBAaHblI PasfiMyHble Bapuaumm 3T0ro Metopa [HOpues,
Myxanbckmin 1968]. 3ddeKTUBHBIM METOAOM BbISBAEHUS XXWM3HECMOCOOHbIX M HEXM3HecnoCobHbIX
MbINbLEBLIX 3epeH gBngeTcs audpdepeHuManbHas OKpacka C MOMOLWbBH KOMMAEKCA KpacuTenen
[Alexander 1969, 1987]

[ns BbIABNEHUS >KMBbIX MbUIBLEBbIX 3€peH TaKXKe aKTMBHO NPUMEHATCS Buoxummnyeckme
(rMcToxummnyeckmne) MeToabl OKPalMBaHMA: pPacTBOp MOAa B MOAMCTOM Kanuu — AN BbISIBNEHUS
Kpaxmana, Hasuune KOTOPOro XapakTepHO ANN XM3HeCcnoCOOHOM Mbliblbl; rBAsKON UAM BGEeH3nauH -
[ONS BbISIBIEHUS Mepokcuaasbl; 2,3,5-TpudeHnntetpason xnopuaa — AN BbiSIBEHUS LErMaporeHassbl;
M3aTUH - [ONS BbISBJAEHUS NPOAWHA. MeToabl, OCHOBAHHbIE HA BbISIBEHUM B LMTOMIA3Me aKTMBHO
paboTatowmnx ¢depmMeHToB, NIOrMYHO Ha3biBaTb OGUMOXMMMYECKMMM TecTaMM WM [OABHO YCTOSIBLUMMCS
TEPMMHOM FUCTOXMMMYECKUE uccnepoBaHus [PyneHko 1978; banHumkoBa, XBeabiHuy 1982; bapbikuHa
uop. 2004; Myxaneckuit u dp. 2007; CamurynnumHa, KupuHa 2007]. 3HauuTenbHbiM HeAOCTAaTKOM
TMCTOXMMUYECKUX TECTOB IBASETCS TO, YTO OHM MO3BONSIOT AABATb TOIbKO CYObEKTUBHYIO M1a30MEPHYH0
oueHky. llokaszarenn kayectBa Mbiblpl, MOAYYEHHbIE HA OCHOBE TUCTOXMMUYECKMX WCCNEefOBaHWW,
0Ka3bIBAKOTCS, KAaK MPaBWIO, 3aBbILWEHHbIMU, YTO SIBASETCA LPYrMM CYLECTBEHHbIM WX HEA0CTAaTKOM
[Atlagi¢ et al. 2012; Silva et al. 2018]. Tak, ncnonb3oBaHne OGUOXMMUYECKUX TECTOB ONS OLEHKM
KM3HeCcnocobHOCTM HeaoCTaTOYHO OOOCHOBAHO, MOCKONIbKY MOCAe XPaHEeHWS U HEeXM3HecnocobHas
MbiNbL@ C HENOBPEXAEHHOM UMTOMNA3MOM OKpAWMBAETCS M OWMOOYHO OUEHMBAETCA  Kak
XusHecnocobHasa [Marcellan, Camadro 1996; Burke et al 2007; Heidmann et al. 2016].
OnddepeHumanbHoe OKpalwMBaHWE CTAHOBMUTCS 3G@EKTMBHO, KOraa pacTeHus npou3Boaar 6onblioe
KonunyectBo abopTuBHOM Mbinbubl [Alexander 1969, 1987; Atlagic et al. 2012]. Mo3aTtomy uenecoobpasHo
B mpouecce MCciefoBaHUM M MpU OMMCAHMM pe3ynbTaToB HAbAOAEHMI YETKO U AeTanbHO pasnmyatb
MpU3HaKuK, xapakTepusylolwme Mopdonoruio, NnpopactaHMe, OKpalMBaHWE MblfbLEBbIX 3epeH, a bonee
WMpOKMe 0600LLEHUS O XM3HECNOCOBHOCTHU, GEPTUNBHOCTU M OMIOLOTBOPSIOLLEN CMOCOBHOCTM Aenatb
C OCTOPOXHOCTLIO [Impe et al. 2020].

Heckonbko 0COBHSAKOM CTOMT NHOMUHECLEHTHbIA METOA, UCCefoBaHus Nblibubl. OgHAKO MO CyTH
- 3TO MOAEPHU3MPOBAHHBIN, HO TOT X€ TMCTOXMMMYECKMIA METOA, OCHOBAHHbIM Ha CBA3bIBAaHUU
Kpacutenen (aKpuAMHOBBIA OpaHXEeBbl, TUTAHOBBLIA XENTblM, NPUMYAMH U MH. Ap.) C PasfMYHbIMU
XMMUYECKMMU BeLLEeCTBaMM B KJeTKe, Nociae 4yero oHu npuobpeTaroT cnoCcobHOCTb IOMUHECLMPOBATb
nop pgervicteneM YO nyyeird. B npakTuke nNbLIbLEBOro aHanusa Haubonee WWMPOKO WM3BECTEH METOL,
OKpaLIMBaHUS MbINbLEBbIX 3€peH W MbliblLeBblIX TPYOOK KpacuTensMu XIOMKOBbIM ronybon wnu
QHWAMHOBBIA CUHWMWA [JlIuTBak 1978]. 3T KpacuTenu, CBA3bIBasCb C Kanno3oW, obecrneynBaroT spkoe
CBEYEHME CTEHOK MblibLbl M MbifbLEBbIX TPYOOK nog BausHMEM Y® cBeTa, B TOM UMCIe HA pblibLe
M B TKaAHAX CTONBOMKA Ha AaB/eHbIX NnpenapaTtax. Hanmume 3HaYMTeNbHOro KOMMYECTBA Kaao3bl CHUTAETCS
($M3MONOrMYEeCKMM NPU3HAKOM aKTMBHOW XM3HeOesTeNbHOCTM npopacTalowen nbinbupl [JlutBak 1978;
PynoeHko 1978].

[eTanbHbii 0630p TPAagUUMOHHBLIX M COBPEMEHHbIX METOAMK MCCNenoBaHus (GepTUbHOCTU
MbINbLEBbIX 3€peH, CUCTEMATM3aLMs WCMNOMb30BaHHbIX AN 3TOr0 HOBbIX MOAXOAOB, a Takxke
CPaBHUTENbHbIN aHANWU3 NPUMEHEHUS UX ANS CENEeKUMOHHbIX Lenen npeactaBneH B paborax [Althiab-
Almasaud et al. 2024; LlaueHko, Oumutperko 2026]. Paspabotka mMeToaa MpPOTOYHOM LMTOMETPUM
MO3BONMNA KONMYECTBEHHO 1 B aBTOMATUYECKOM peXxunMe OLEeHUBATb pa3mep NbiibLeBbIX 3epeH [Kelly et
al. 2002; De Storme et al. 2013]. 3mMepuTb M OLEHUTb KaYeCTBO MblbLbl (B TOM YuCae MO NJIOUAHOCTH)
NMO3BONIIET METOA onpeaeneHus coaepxauus spepHon [OHK B 3penbix nbUIbLEBbIX 3epHax
MO MHTEHCMBHOCTM OKPACKM C nomouibio kKomMbuHauum dnyopecuenHa (FDA) wn iogupa nponunams (Pl)
[Heidmann et al. 2016; Luria et al. 2019]. MeToa NPOTOYHOM LMUTOMETPUM C NMOMOLLBIO OKPALUMBAHUS
anxnopourngpodnyopecuenH guauetatom (H, DCFDA) obecneunBaeT auddepeHUMaumio MbiabLEBbIX
3epeH Ha MonynsuMuM C HU3KMM U BbICOKMM YPOBHEM aKTMBHbIX popM kucnopoga (ADK). Meuibua
€ BbICOKMM ypoBHeM ADK cnocobHa NnpopacTaTb C YaCTOTOM B AECATKM pa3 6osiblue, YEM MbibLA C HU3KUM
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ypoBHeM ADK [Luria et al. 2019; Rutley, Miller 2020]. UMmnepaHcHas umtomeTpus notoka (IFC) BbicTynaer
B KauecTBe MO/Ie3HOW anbTepHATUBbLI BbILEYNOMSHYTbIM MeToAaM aHanu3a, N03B0NSS KOCBEHHO CYAWTb
0 pa3mepax, bopme, CoAepPXKMMOM LMTONAa3Mbl NbiabLbl [Heidmann et al. 2016; Heidmann, Di Berardino
2017; Ascari et al. 2020b; Canonge et al. 2020; Impe et al. 2020].

Mpu Bcex nntocax CylwecTBEHHbIM HE4OCTaTKOM NPOTOYHOW LMTOMETPUM SBASETCS TO, YTO 3TOT
MeTon He obecneyMBaeT BM3yanM3auMmio, MOCKObKY MCNosb3yemble npubopbl He obecneuymBatoT
nonyyeHve w3obpaxeHus KneTku. g KOAMYECTBEHHOrO aHanM3a KayvyecTBa Mbliblbl MCMNOJb3YHOT
aBTOMATU3MPOBAHHbIE CYETYMKM M30DpAKEHMS NbUIbLEBbIX 3epeH C MCNOAb30BaHMEM OKpPALUMBAHUS
no metoay [Alexander 1969; Mudd, Arathi 2012; Tello et al. 2018; Ascari et al. 2020a]. Pazsutue
UMPPOBOA MMKPOCKOMUU MO3BOAUIIO CAENATb MANMHONOTMYECKME UCCeA0BaHUs MeHee TPyA0eMKUMU
n bonee HafeXHbIMU, UCKMOYMB PYYHOM NOACYET MbifbLEBLIX 3€peH Noc/ie Mpouecca OKpawmBaHUS,
4TOObl BU3YaNbHO OTAIMYUTbL XM3HECNOCOBHYIO MblAbLy OT HeXM3HecnocobHow [Mishra, Srivastava 2015].
KonuuectBeHHass oueHKa MbinbLbl C Momowpbio UMdpoBOK ronorpadumyeckon mukpockonuun (DHM)
MO3BOMSIET BbLISIBUTbD B pEXMME SPKOro Mong nerko wuaeHtudbuuupyeMboie MblibLeBble 3epHa
Xun3HecrnocobHble (OKpaleHHble B TEMHbIA KPACHbIM LBET) U HEXM3HECNoCobHble (HeoKpalleHHble,
MOPLLMHUCTbIE UAK AedOpMUPOBaHHbIE, C HU3KMM copepXaHneM xpoMatuHa) [Kumar et al. 2023].

3AKJTIOYEHME

Takum 06pa3om, KaYecTBO MblbLbl XapaKTEPU3YIOT ABa OCHOBHbIX e€é cBoMCTBa. [lns ycnewHoro
OCYLLEeCTBNIEHNS Mpouecca penpoayuMpoBaHMS MbiiblLa [OO/MKHA OAHOBPEMEHHO ObiTb  XMBOM
(>km3HecnocobHoM) n 0bnafaTb ONIOAOTBOPSAIOLLEN CMOCOOHOCTBIO. [115 3TOr0 MbifbLEBbIE 3epHA AOMKHbI
6bITb MOPHONOrMYECKM HOPMANbHO pa3BuTbl. Heo6xoaMMOo, UTOObI B MbINbLEBbIX 3€PHAX M MblAbLEBbLIX
TpybKax aKTMBHO OCYLWECTBAANINCL OMOXMMMUYeckne w  du3Monornyeckme npoueccobl. [uHamuka
NpopacTaHus MbifbLEBbIX 3€peH W POCT MblAbLEBbIX TPYOOK AOMKHbI MPOUCXOAUTb MHTEHCUBHO
1 6e3 CyLLeCTBEHHbIX HapYLUEHUA.

[nsa Toro, ytobbl onpenenuTb Ka4yecTBO MbUIbLEBbIX 3€peH, OLEHMBAOT OCHOBHbIE MOKa3aTenu
(napameTpbl) MbinbUpl, NepedYncineHHble Boiwe. [ag onpegeneHns (M3MepeHus) napameTpoB MblibLbl
cywecTByeT 60NbLIOV apceHan MeTOA0B, KOTOPble OCHOBbIBAIOTCA HA OCHOBHbIX MpUHUMNax: 1) nsyyexue
MopdOonornyeckMx MpU3HaKoB; 2) uccnepoBaHne GU3MONOTMKM  NPOHUKHOBEHWS  KpacuTenen
B LMTOMNAA3MY MbUIbLEBbIX 3€PeH; 3) onpeaeneHme CnocobHOCTM MblibLbl NPOPACTaTh HA UCKYCCTBEHHbIX
MUTaTeNbHbIX Cpeaax WM Ha pblible nectuka; 4) Guoxmmmyeckme TecCTbl, aKTUBHOCTb (EPMEHTOB,
JIIOMUHECUEHTHbIM aHanu3. Hanbonblumii MHTEepeC NpeacTaBnseT UCNOb30BaHWE NMOKa3aTenen, KoTopble
He TO/IbKO Ka4YeCTBEHHO, HO U KOMIMYECTBEHHO XapaKTepu3ykoT 3TW CBOMCTBA, B TOM UYMC/E BbISB/IEHHbIE
C NOMOLLbK Pa3/IMYHLIX BapUMAHTOB METOAA MPOTOYHOM LMTOMETpUM, UMbPOBON U ronorpacduyeckom
MWKPOCKOMUM.

BaxkHO moayvepkHyTb, YTO CneayeT TOYHO HasbiBaTb Habnwgaemble NpW MbUIbLEBOM aHanuse
sBNeHMs 1 npoueccol. MHTepnpeTaumMn 1 0606LWeHns [aHHbIX O XXM3HECNOoCOOHOCTH, hepTUIbHOCTU
M ONNOAO0TBOPAIOLLEN CMOCOBHOCTM MblbLbl, MOMYYEHHbIE MO KOCBEHHbIM MOKasatensM HeobxoAnMo
[enatb O4YeHb KOPPEKTHO, C YYETOM BO3MOXHbIX KOPPEeNsLUMOHHbIX CBSA3eW Mexay napaMeTpamu.
Mpun 3TOM  «noMaTb»  YCTOSIBIUYKOCS TEPMMHONIOTMIO HET HeobXoAMMOCTM, HO MNOHWMMATL ee
HEeCOBEPLUEHCTBO M [eNlaTb KaXAbIM pa3s JIOrMYHble MOSICHEHMS K pe3ynbTaTaM MNbUIbLEeBOro aHanusa
BCerga nonesHo. Tak, aHanu3mpys pesynbTaTbl OnpefeneHns XU3HeCcnoCobHOCTM MblibLbl (M0 MeToay
TpaHKOBCKOro), cnepgyet Bcerga nNogyepkuBatb, UYTO 3TO TECT Ha CMOCOGHOCTb MbUIbLEBLIX 3epeH
K NPOPaCcTaHuI0 1 POCTY MblibLEBbIX TPYOOK B MCKYCCTBEHHbIX YCNOBUSX WM Ha pbiable (B TKaHSX)
nectuka. Cnefys nornke, UMEHHO TaK M OO/MKEH HA3bIBATbCS 3TOT NOKasaTesib M METOJ aHaNM3a KayecTea
Nbinbubl. Kpome TOro, MeTOAbl, OCHOBAHHbIE HA ONpeaeneHnn akTMBHOCTU PEPMEHTOB M pEKOMEHAyeMble
0N onpefeneHust XM3HecnocobHoCTH, Janeko He Bcerga 3Q@EeKTMBHO M TOYHO XapakTepusykT 3TO
CBOMCTBO MNbUIbLbl. [103TOMY uX LenecoobpasHO Ha3biBaTb GBUOXMMMUUYECKUMU MU TUCTOXMMUYECKUMMU
TecTamMu, YTO TOYHO OTpaxaeT UX npepHasHaveHue. OKpalMBaHWE MbINbLEBbIX 3€peH U MblabLEBbIX
TpYybOK cefyeT paccMaTpuBaTh Kak PU3MON0rMyecKuin NpoLecc NPOHMKHOBEHMS Pa3fIMYHbIX KpacuTenen
yepes K/1eTouHble 000/104KM U UX HAKANIMBaHUS B UMTOMNNA3Me M OpraHenniax.
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Cnepyet npu3HaTh, YTO METOZ, MbINbLEBOr0 aHann3a, CoUeTaLWmii UCCnefoBaHNe MHTEHCUBHOCTH
OKpaLwwuBaHUS 1 MOpdONOrMK MblNbLbl (ALETOKAPMMHOBDBIN, aLETOOPCEMHOBLIN U 0p.), ABNSeTCsa Hanbonee
MH(POPMATMBHBIM (XOTS M KOCBEHHbIM), XapaKTePU3YHOLWLMM U KM3HECNOCOOHOCTb, U OMI0A0TBOPSIOLLYHO
CNOCOBHOCTb MblIbLEBLIX 3epeH. BaxHO noHMMaTb, YTO OOHM M Te Xe MEeToAbl WMCCIef0BaHUS
W NoKasatenn MOryT OOHOBPEMEHHO CBMAETENbCTBOBATb O Pa3HbIX CBOWCTBAX (KM3HECMOCOOHOCTM
M ONNOLOTBOPAIOLLEN CMOCOBHOCTM) MblbLbl, YTO MPOSBASETCS B CYLLECTBOBAHMM TECHBIX M MPAMbIX
KOPPENsSLUMOHHbIX CBA3en Mexpy Humu. OgHako MOHATUS XKM3HEeCmoCOOHOCTM M ONNOLOTBOPSIOLLEN
CNocobHOCTH, MPOABNAS CXOACTBO, AANEKO He TOXAECTBEHHbl M MOryT ObiTb Aae NPOTUBOMOOXHbI.
Tak, NbinbUa C BbICOKOW ONIOAOTBOPSIOWEN CNOCOOHOCTbIO MOXET COBEpPLIEHHO He MnpopacTathb
Ha pblibLie MeCcTUKa BC/IeACTBUME CAMOHECOBMECTUMOCTU UM MEXBUAOBOW HECOBMECTUMOCTH, @ NblIbLa,
XOpOLWO MpOpacTaloLas B UCKYCCTBEHHOM NUTATEeNIbHOM Cpefie M JaXKe Ha pbliblie, MOXeT He 06naaatb
ONN0A0TBOPAOLLEN CMOCOBHOCTBIO (NOCNne BO3AEWCTBMS pagMauvM UNM PEHTIEHOBCKOrO W3NyveHus),
BbI3bIBas MAPTEHOKAPMUIO M aNOMUKCHC.
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ONS UHAYKUMM MOP®OTEHE3A B KAJUTYCAX
ORIGANUM VULGARE L.
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cenbckoro xo3ancrea Kpeima», Cumdepononb, Poccus
‘E-mail: olyyakimova@yandex.ru

AHHOmMayus

Origanum vulgare L. (oywwnua 06bIKHOBEHHAS) — LLeHHas
adumpomMacnnyHas KynbTypa, BblBEeEeHMe ee
BbICOKOMPOAYKTUBHbBIX COPTOB SIBNSIETCA  aKTyanbHOM
cenekuMOHHOM  3agayen, 3PEPeKTMBHOCTbL KOTOPOWM
MOBbIWAETCS 33 CYeT OMOTEXHONOrMYecKUx MeTOAOB.
Llenblo uccnenoBaHuWs SIBASNOCH M3YYEHUE  BIIUSHUA
reHoTUMa M ropMOHaNbHOIO COCTaBa NUTATENbHOM Cpeapl
Ha 3P dEeKTUBHOCTb MHAYKLMM KaNnnyco- u MopdoreHesa
O. vulgare in vitro pna pa3pabotku 3ddekTMBHON H6UO-
TEXHOMOrMYECKOM MeTOAMKM, MO3BONAIOLLEN MONMy4aTb
COoMaknoHanbHble BapwuaHTbl O. vulgare nns nocnepy-
IOWLero CKPUHWMHIA W BHEApPEeHUS B CeNeKLMOHHbIN
npouecc. [pu KynbTUBMPOBAHWM 3SKCMIAHTOB MOYEK
Ha cpepax Mypacure u Ckyra (MC), pononHeHHbix HYK,
BAI, kuHeTuH, T3, BbISIBNEHbI COPTOBLIE OCOOEHHOCTH
ux pas3BuTus. Ha 3Tane BBeaeHus B KynbTypy in Vitro
y copta Ak-Kas Habnwojanu MakCMManbHyl 4acToTy
WHAYKUMKU Herpsmoro mopdoreHesa (45.0%) Ha cpene
¢ 1.0 mr/n HYK u 1.0 mr/n TO3, Toroa kak gna copta
KBasap onTumanbHol oka3zanacb cpega ¢ 1.0 mr/n HYK,
0.5 mr/n TA3 v 1.0 mr/n BAI (42.8%). MNpu cybkynbTMBK-
pOBaHWM NEpPBUYHbIX KanaycoB pereHepauuio noberos
C BbICOKOM yvactotowi y copta Ak-Kas (mo 45.0%)
Habnofanu, Kak M3 MOpGOreHHbIX, TaK U U3 YCIOBHO
HeMop®dOreHHbIX Kannycos, a y copTa Keasap (42.8%) -
NPenMyLLEeCTBEHHO U3 NePBUYHbIX MOPMOreHHbIX Kanuy-
coB. B pesynbrate 6bin10 nonyyeHo 6onee 50 ob6pa3uoB

pacTeHui-pereHepaHToB.  [lonyyeHHble  pe3ynbTaThbl
SBASKOTCS  OCHOBOM  Ans  pa3paboTku  MeToAMKu
MONMy4YeHMs  COMAK/IOHOB, KOTOpble  MOryT  ObiTb
MCNO/b30BaHbl B CEIEKLIMOHHbIX MpOrpaMmax.
Knroueswie cnoea:

Origanum  vulgare L.,  mopdoreHe3 in vitro,
KanaycoreHes,  3KCMAAHT, pacTeHus-pereHepaHThbl,

pEerynsTopbl pocTa pacTeHui

locmynuna e pedakyur: 20.04.2026
lpuHsmo e neyame: 13.05.2026

OPTIMIZATION OF CULTURE MEDIUM COMPOSITION
FOR INDUCING MORPHOGENESIS FROM CALLUS
CULTURES OF ORIGANUM VULGARE L.

Yakimova 0.V., Yegorova N.A.

Research Institute of Agriculture of Crimea,
Simferopol, Russia
"E-mail: olyyakimova@yandex.ru

Abstract

Origanum vulgare L. is a valuable essential oil crop, and
breeding for high-yielding varieties is a pressing
selection task, the efficiency of which is enhanced by
biotechnological methods. This study aimed to
investigate the influence of genotype and the hormonal
composition of nutrient media on the efficiency of callus
and morphogenesis induction in O. vulgare in vitro, with
the goal of developing an effective biotechnological
protocol for obtaining somaclonal variants of oregano
for subsequent screening and integration into breeding
programs. When culturing bud explants on Murashige
and Skoog (MS) media supplemented with NAA, BAP,
kinetin, and TDZ, varietal differences in their
development were identified. At the initial stage
of invitro culture, the °‘Ak-Kaya’ cultivar showed
the highest frequency of indirect morphogenesis
(45.0%) on a medium containing 1.0 mg/L NAA and 1.0
mg/l TDZ, while for the ‘Kvasar’ cultivar, a medium
with 1.0 mg/L NAA, 0.5 mg/l TDZ, and 1.0 mg/L BAP
proved optimal (42.8%). During subculturing of primary
calli, a high frequency of shoot regeneration in the
‘Ak-Kaya’ cultivar (up to 45.0%) was observed from both
morphogenic and non-morphogenic calli, whereas
in the ‘Kvasar’ cultivar (42.8%), it was predominantly
from primary morphogenic calli. More than 50
regenerant plant samples were obtained. The obtained
results form the basis for developing a methodology
for producing somaclones, which can be instrumental

in breeding programs.
Keywords:
Origanum vulgare L., in vitro morphogenesis,

callusogenesis, explant, regenerant plants, plant growth
regulators
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BBEOEHME

B ycnoBumsx COBpeMEHHOM reonoNUTUHECKON KOHBHOHKTYPbI, pa3BUTME 3(MUPOMACIMYHOM OTpacau
Poccuiickor @epepaumu, Kak KOMMOHEHTa  arpoMpOMBILIEHHONO  KOMMAeKca, npuobpeTtaeT  cTaTyc
CTpaTerMyecky 3HaYMMOro HanpaBaeHMs roCyLapCTBEHHOM arpapHOM NOMUTUKKM, 0becneyurnBasi SKOHOMUYECKYH
YCTOMYMBOCTb U pecypcHblin noteHuman. [Bepabiw u dp. 2022; Xenden, Yeprosa 2025]. MNpuoputetHoCTb
[JaHHOrO HanpaBfneHns OBO0CHOBaHA PSAOM 3KOHOMMYECKMX, COLMaNbHbIX WM 3KOMOrMYecKMX (aKTopoB
[HepkawmHa 2014; YepkawwuHa, LWypyxuHa 2020]. SdupHble Macna M MX MNPOM3BOAHbIE ABNAKOTCS
He3aMeHMMbIMU KOMMOHEHTAMU B Pa3/IMYHbIX OTPACNNX NPOMbILLNEHHOCTH, BKIOYas hapMaLeBTUKY, MULLEBYIO
MPOMBILLMIEHHOCTb, KOCMETONOrMI0, napdioMeputo U MeauumHy. CTMMYIMPOBaHWE pa3BUTUS OTEYECTBEHHOrO
3UPOMaC/IMYHOrO MPOM3BOACTBA MO3BONUT 0OECNEeUUTb CHMDKEHME 3aBMCMMOCTM OT MMMOPTHOMO Chbipbs
[Hepkawmna 2014; Mawteukmin u dp. 2019; Tumupraneesa u oOp. 2023]. B cTpykType 3¢pMpoMaciInyHoro
npoussoactea Origanum vulgare L. (ywmua OBbIKHOBEHHAs) 3aHMMAET 3HAUMMOe MeCTO, MOCKOMbKY eé
3dMpHOE MACN0 XapaKTEPU3YETCS YHMKANbHBIM OMOXMMWYECKMM COCTAaBOM WM BbIPAaXXEHHOM Buonormyeckom
akTMBHOCTLI). Cbipbe M 3dupHoe Macno O.vulgare obnapaer aHTMOKCUOAHTHBIMM, AHTUMUKPOOHBIMU
¥ NPOTMBOBOCMANMTENbHBIMU CBOMCTBaMM [ABpamuyk u dp. 2018; Blank et al. 2019]. Kpome Toro, pacreHus
O. vulgare npencTaBnStOT AEKOPATUBHBIA UHTEPEC, B CBA3M C YEM HEKOTOPble yYeHble M3Yy4atoT aJanTUBHYIO
cnocobHocTb copToB M 06pasuos O. vulgare K pasnuyHbIM YCIoBKAM Bblipawmsanua [Myagkikh et al. 2021;
Markux 2024]. Bbicokuii cnpoc Ha npoaykTbl nepepabotkn O. vulgare, obycnoBneH WX NpUMEHeHWeM
B HYTpULEBTMKE, HUTOTEPANMK, MEAULMHE, KMBOTHOBOACTBE, NULLEBOM IMKEPOBOAOYHOM M APYTMX OTPaCisnX
npombiwneHHocTn [Abpamuyk u dp. 2018; Kyesoa u dp. 2024]. 310 penaeT BbiBeAeHUE BbICOKOMACIUYHbIX
coptoB O. vulgare aKTyanbHOM 3ajayen cenekumu AN pasBUTUS OTEYECTBEHHOrO pacTeHMeBOACTBa. B cBAzu
catum  OIBYH «HayyHO-UCCnenoBaTenbCkUA  MHCTUTYT — CeNbCKOro  X039McTBa  KpbiMa» — peanusyeT
CEeNeKUMOHHYI0 MporpamMMy, HanpaBleHHY Ha co3faHue HoBbix copToB O. vulgare, XapaKTepusyrLWmxcs
BbICOKOM MPOAYKTUBHOCTBIO M MOBbILEHHBIM COAEpXKaHWEM KapBakpona B 3MpHOM Macne, uto obecneunt
KOHKYPEHTOCMOCOBHOCTb POCCUIACKOM MPOAYKUMM HA MEXAYHAPOAHOM PbIHKE M YAOBMETBOPUT BHYTPEHHME
noTpebHOCTM NpoMbIwAeHHOCTH [Msirkmux u dp. 2018].

JbdEeKTUBHOCTb CeNeKLMOHHOMO MPoLecca MOXeT ObiTb CyLLEeCTBEHHO Yyy4lleHa nyTeM npuMeHeHus
COBPEMEHHbIX OMOTEXHONOMMUYECKUX METOLOB, KOTOpble MPEeAOCTaBASOT MHCTPYMEHTbI A/ PaclUMpPEHUs
reHeTU4eCcKoro pasHoobpasmns MCXOLHOro cenekLMoHHoro Matepuana. OaHow 13 Hanbonee pacnpoCTpaHeHHbIX
M Haweawunx npakTuyeckoe NMpUMeHeHWe KIETOYHbIX TEXHOMOMMIA, NO3BONSIOWMX PacUMpUTb FeHeTUYecKoe
pasHoobpasue, SBASETC MCMO/b30BaHME COMAK/IOHANbHOM BapuabenbHocTW. [N MHOMMX BMOOB PacTEHWM
6bI10 NOKa3aHo, YTO B MpoLeCce KybTUBMPOBAHUS M30IMPOBAHHBIX KNETOK Y HUX BO3HMKAIOT HacneayeMble
COMaKJIOHaNbHbIE U3MEHEHUS, KOTOpble MOryT MpOSIBAATLCS Y pacTeHuid-pereHepaHToB [Eroposa 2021;
KanawHukosa, KupakocsH 2023]. C ncnonb3oBaHMeM MeToAa COMaK/IOHabHOM BapuabenbHOCTV Bbin nonyyeH
pa3HOOOpa3HbIM UCXOOHbIM MaTepuan U MHOMME COpTa OCHOBHBIX CENbCKOXO3SMCTBEHHBIX M AEKOPATUBHbIX
pacteHuin [Sarmah 2017; lyngseBa u dp. 2020; Rai 2021]. B nutepaType eCTb CBeAeHWS O BbISIBIEHUU
COMaKJ10HaNbHbIX BApMaHTOB B 3MOPUOreHHOM KyNbType XBOMHbIX pacTeHui [[ynsesa u dp. 2020]. MopdoreHes
B KaJUTyCHbIX KyNbTypax aBnsietcs QyHAaMeHTaslbHbIM MpPOLEeCCOM B psae BUMOTEXHONOrMYECKMX MOLXOAO0B,
MCMONb3yeMbIX ON8 pereHepauMu pacTeHud B COBPEMEHHOM pACTEHWMEBOACTBE WU cenekumu. MHayKums
“ nocneaywollee passuTMe MOpPGOreHHbIX CTPYKTYp B Kasyce 3aBUCMT OT psaa (akTopoB, TakMX Kak
reHoTUnNn4yeckne 0Co6eHHOCTU CXOAHOro MaTepuana, CoCTaB NUTATeNbHOM Cpeabl, YCI0BUS KYbTUBUPOBAHUS
u dp. [Eroposa 2021; Kpyrnosa 2024]. Tak, AN 3KCNNAHTOB PaCTeHMii puca NofobpaHbl OMTUManbHble
KOHLEHTPaLMK perynsTtopoB pocTa, CTUMYMPYHOLLMX 06pa3oBaHne MOpdOreHHbIX M 3MOPUOreHHbIX KanaycoB
in vitro, n NOKa3aHa 3aBMCMMOCTb HENPSAMOTO OpraHo- 1 3MbpuoreHesa ot reHotTuna [CaseHko u dp. 2017, 2025].
Mpy KynbTMBMPOBAHUM KanaycoB ronybor enu BbiSBAEHbI ONTUMAbHbIe KOHLEHTpauum TuamasypoHa (T43),
MO3BONSIOLLME NOMYYNUTb OPraHOreHHbIE CTPYKTYPbl C HOpManbHOM Mopdonormen [KenesHuuernko u op. 2019].
[insa copToB KapTodens cMbrpckon cenekumm, KoTopble MOryT BbITb MCNO/b30BAHbI B KAYECTBE MOAENN B FEHHOM

Yakimova O.V., Yegorova N.A. © 175



Okobuotex. 2026. Tom 9. Ne 2. C. 174-187 «OnTMM3aLms cocTaBa NUTaTenbHOM Cpeabl ANs MHOyKUN MopdoreHesa w3 kannycos Origanum vulgare L.»

MHXEHepUW, MoKa3aHa BO3MOXHOCTb MHAYKUMKM MOpQoreHesa in vitro B Kannyce cTebneBbiX 3KCMIAHTOB
[M6parmnmoBa u dp. 2018].

UccnepoBaHus € MpUMEHEHWMEM  HEKOTOPbIX  KNETOYHbIX TEXHONMOrM  MpoBOAAT And  psga
3bUPOMAC/IMYHBIX U NIeKApCTBEHHbIX pacTeHui [KonecHukosa, BacunbyeHko 2018; Eroposa, Akmumosa 2019;
Eroposa 2021]. Tak, BblaeneHbl COMaKNOHbI naBaHapl copta CTenHas, NpeBoCcxXoasLme MCXOAHbIM COPT Mo coopy
pacTUTENbHOrO Cbipbs 6onee Yem Ha 50% [babaHunHa u dp. 2025]. MonyueH copt wandes MmyckatHoro CennHx
MyTeM HenpsiMOro MopgoreHes3a U3 Kasyca C 3/1eMEHTaMM KIIeTOYHOW CenekLMK, KOTOpbI MpeB3oLen copt
KOHTPOsb No cbopy adumpHoro Macna Ha 43.9% [Crasuesa, Eroposa 2021]. OtobpaHbl coMaknoHbl ctesum (C10,
C14 u C26), koTOpble AeMOHCTpUpOBanK Bonee BbICOKME MOKasaTenn BUOMETpUYECKMX MPU3HAKOB (BbICOTA
pacTeHusi, KoNMYecTBo Noberos) B CPABHEHUM C KOHTPONEM, YTO MPUBOAMIO K YBENMUYEHUIO NMPOAYKTUBHOCTU
3€1eHOM Maccbl C oaHoro pacrteHus [KonecHunkosa, Bacunbyerko 2018].

Tem He meHee, ang O. vulgare Hay4Hble NCCNeQ0BaHMS, Kacatowmecs BMOTEXHONOMMYECKMX acneKToB
(bparMeHTapHbI, M HYXAAKOTCS B JA/IbHENLLEM CUCTEMATUYECKOM M3ydYeHuM. B OCTynHOM Hay4yHOM nuTepatype
3aUKCMPOBAHbI JIMLWb €OUHUYHBIE CO0DLLIEHUS. B BONbLIMHCTBE CBOEM OHM OTHOCSTCS K M3Y4YEHMIO BOMPOCOB
KNOHanbHOro MmukpopasmHoxerus [Camacho et al. 2018; Fokina et al. 2020; Sarropoulou et al. 2022]. I'peveckue
nccnepoBatenn paspaboTtanu TEXHOMOMMIO in Vitro, MO3BONSIOLLYIO YCMELHO Pa3MHOXaTb MNONYASALMIO AyLIMLbI
KPUTCKOW, HAaXOASLLYHCS NOA, YrpO30M MCHE3HOBEHUS, MyTeM NpopaLLUMBaHus ceMsH in vitro [Sarropoulou et al.
2022]. 3y4eHbl MeXaHW3Mbl BMSIHUS TUMNOB PEryNsSTOPOB POCTa M UX KOHLEHTPALMKM HA NPOLLECC YKOPEHEHUS
in vitro v apanTtaumm ex vitro pactenui O. vulgare [Fokina et al. 2020; Benkaddour et al. 2022].

B Hactosiee BpeMs nuTepaTypHble AAHHble, OMUCHIBAKOLWME YCMELHYH MHAYKUMIO KannycoreHesa
W nocnenyowyo pereHepaumio noberos B kannycax O.vulgare, oCTalOTCs KpamHe OrpaHUYeHHbIMM.
CyLiecTBEHHbIM NPOGENOM B COBPEMEHHbBIX UCCIEA0BAHUAX ABSETCS HEAOCTAaTOYHAs M3YYEHHOCTb (PaKTOpPOB,
onpegenstowmx 3hdeKTMBHOCT MHAYKLUMKM MOpdOreHesa in vitro u3 3KCNAaHTOB pacteHuin poda Origanum.
Tak, Kazaxckue nccnefoBaTeny B Ka4ecTBe 3KCMIAHTOB MCMOb30BANN MOOAbIE MPOPOCTKM U3 CEMSH in Vitro,
Mpy 3TOM MaKCMMaJbHYK YacToOTy MHOYKUMM KanaycoreHesa otMedanu Ha cpepe MC, pononHenHor 1.0 mr/n
2.4-ppnxnopdeHokcuykeycHom kucnotoi (2.4-) n 0.2 mr/n 6-6eH3mnamuHonypuHom (bAM) [ocsimbeToBa u dp.
2021]. B ppyroi paboTe nyyLwmnin KanaycoreHHbIN oTBeT HAabMAAAM U3 IKCMIAHTOB MMMOKOTUEN U ceMaonen
Ha cpepe ¢ 2.4-[1 v kuHeTnHOM [Hussein et al. 2014], a U3 NMCTOBbLIX 3KCMIAHTOB — Ha MUTaTeNbHOM cpene
€ 24-1 v 6eHsunageHnHoM (BA) [Al-Jibouri et al. 2012], wam tmamasypoHom (TA3) [Arafeh et al. 2006].
BonblUMHCTBO MCCnenoBaHUiA aHanM3 MHOYKUMKM KannycoreHe3a nNpoBOAMIM C LENblo BblAeNeHMS NPOLYKTOB
BTOpMYHOro cuHtesa [Arafeh et al. 2006; Al-Jibouri et al. 2012]. Nluwb B pabote Leelavathi u Kuppan B kannyce,
BbIpaLLEHHOro Ha nuTtatenbHon cpeane MC, nononHenHon 2.0 mr/n 2.4-1, v 1.0 mr/n BATI, Habntoganu passutme
MOP®OreHHbIX CTPYKTYpP C NOCNeAyOLWMM pa3BuTMeM Nnoberos cnocobHbIX K pasMHOXeHuto [Leelavathi, Kuppan
2013]. B npeppioyimx nccnefoBaHmsax HaMu Bbina M3yveHa 3aBUCMMOCTb MHAYKUMK kannycoreHesa O. vulgare L.
in vitro OT TMMA 3KCMAaHTa M COCTaBa MWUTATeNbHOW Cpedbl. TeM He MeHee, B paMKaX BbIMOSHEHHbIX
3KCNEepPUMEHTOB He 6bi10 3aMKCMPOBaAHO Pa3BUTMS MOPGOreHHbIX CTPYKTYp B Kannycax [fkumoBa, Eroposa
2014].

B cBeTe BbIlLEN3IOXKEHHOTO, LiefIbi0 HACTOSILLLEro UCCIEA0BAHUS SBNISIETCS U3YYeHUEe BIUSHUS FreHOTMNA
M TOPMOHaNbHOTO  COCTaBa  MWTATeNbHOW  cpedbl  Ha  3(EEKTUBHOCTb  MHAYKUMM  Kaniyco-
n mopdoreHesa O. vulgare in vitro pna pa3pabotkn 3DdEKTUBHON BUOTEXHONOMMYECKOW METOLMKM,
NO3BONSIOLLEN NONYYaTb COMAKIOHANbHble BapuaHTbl O. vulgare pns nocneayowero CKpUHMHIA U BHEAPEHUS
B CeNeKUMOHHbIM npoLecc.

MATEPWAJIbl N METObI

Mamepuan ona uccnedoeanus: ViccnenoBaHws npoBoauau Ha 6ase nabopatopum GUOTEXHOMOMMM
CeNeKUMOHHO-CEMEHOBOAYECKOTO LIeHTPa adumpoMacimyHbix kKynetyp @IBYH «HUNCX Kpeima» B 2024-2025
. B kayecTBe 3KCMNAHTOB MCMOMb30Ba/M MCCEYEHHble MasylHble noyku pasmepom 1.0-1.3 mm coptos
O. vulgare Ak-Kas 1 Kasap, BblpalLeHHbIX B YCIOBUSIX 3aKPbITOrO rpyHTa.
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Cmepunuszayus pacmumensHo2o Mamepuana: CTepunu3auMio pacTUTENbHOrO MaTtepuana
npoBoAMnM B ABa 3Tana. Ha nepeom atane 6uomatepuan BblAEPXXMBANN B MbI/IbHOM PacTBOpe B TeYEHUE
40 MuH, 3aTemM NpOoMbIBaNM Nog NpoToyHow Bogor 10 MuMH. Ha BTOpOM 3Tane B CTEPUIbHBIX YCOBUSIX
mMaTepwman obpabaTbiBanu 70%-M 3TUNOBBIM CMMPTOM B TedyeHne 1 MUH 1 5%-M pacTBOpOM rMnoxnoputa
HaTpus B TEYEHME 5 MUH, 3aTEM TPMXK bl NPOMbIBANN CTEPUSIbHOM AUCTUANMPOBAHHOM BOAOM (3KCMO3MLMS
no 10 MMH) AN NOAHOrO yaaneHus OCTaTKOB AE3NHPUUMPYIOLLMX areHTOB. [1a3yLWHble MOYKKU BbIYSIEHSN
noa crepeockonuyeckum mukpockonom MCrI1-1 (Poccus) B acenTnyecknx ycnoBmuax namMmmMHapHoro 6okca
BAB Hn-01-«/lamuuap-C»-1.2 (Poccus).

Moodudukayuu numamensHoil cpedbl U yca08US KyIbMUBUPOBAHUS 3KCN/IAHMO8: SDKCMNAHTbI
KyNbTMBUPOBaNu Ha nuTtatenbHon cpepe Mypacure n Ckyra (MC) [Murashige, Skoog 1962], ,ononHeHHOM
20 r/n caxapo3bl, 8 r/n arap-arapa, a Takke MOAMMULMPOBAHHOM perynaropamm pocTa pacTeHui
AYKCMHOBOrO W LUTOKMHWHOBOIO TUMNA AEWCTBUS B PA3/IMUHBIX COYETAHUAX U KOHLEHTPALMSX, TAKMMU KaK
a-HadTunykcycHas kucnota (HYK), 6-6eHsunamunonypuH (BAM1), kuHeTuH u TuamasypoH (TA3) (tabn. 1).
pH nuTatencHoM cpeapbl Koppektuposanu o 5.7-5.8 en. nepen crepunusaument B agToknase [K-100-3
(TY 64-1-3667-82), pexum crepunmsaumn - pasneHne 0.7-0.8 atm, 3kcnosumums 20 MuH.
KynbTrBMpOBaHWE 3KCNMIAHTOB NPOBOAMAN B KYNbTYpasibHOM KOMHaTe Npu Temnepartype Bo3ayxa 24+2°C,
BnaxHoctn  70%, oceweHHoctn 2000-3000 nwkc w  16-yacoeom doTonepuode, COMMACHO
00LLLEeNPUHATLIM B KyNbType KNeTOK, TKaHeM 1 0praHoB in vitro metoaam [KanawHukosa, KupakocaH 2023].

Ta6bnuua 1. Moaudukaumm nutatenbHoi cpeabl MC, Table 1. MS media compositions tested in the

MCMO/b30BaHHbIE B IKCNEPUMEHTAX experiments
N2 nuTaTenbHOM cpeabl l[opMoHanbHble f06aBKM B COCTaBe
nNUTaTeNIbHON Cpefbl, Mr/n

MC 57 HYK - 1.0; T43 - 2.0

MC 58 HYK - 1.0; BAIN - 2.0

MC 61 HYK - 1.0; BAIN - 1.0

MC 62 HYK - 1.0; kuHeTuH - 2.0

MC 63 HYK - 1.0; TA3 - 1.0

MC 66 HYK - 1.0; kuHetnH - 1.0

MC 67 HYK - 1.0; TA3 - 0.5; BAIN - 1.0
MC 69 HYK - 1.0; TA43 - 1.0; BAMN - 0.5

AHanusupyembie nokasamesnu: B pamkax skcnepumeHTa Ha 35-40 cyTku KynbTMBMPOBaHUS NPOBOAMIMU
aHanM3  ucCneayeMblX MapaMeTpoB NOCAe 3Tana BBedEHWs B KynbTypy in vitro u nocne 1-ro
CyObKynbTMBMPOBaHMS. [1pOBOAMAM  OUEHKY CNledyloWwmx NapaMeTpoB Pa3BWUTUS  SKCMIAHTOB: 4acToTy
06pa3oBaHMa kannyca (%-e COOTHOLIEHWE 3KCMNAHTOB C KannycoM OT OOLero Yncna 3KCMIaHTOB); NpUpocT
Kannyca (oueHmBanu B 6annax, npu 3ToM oamH 6ann cootBeTcTBOBaN Macce kannyca 150-300 mr, oga 6anna -
300-400 mr, Tpu 6anna — 6onee 400 Mmr); YacToTy HenpsiIMOro MopdoreHesa (%-e COOTHOLLIEHNE MOPQOreHHbIX
KannycoB OT OOLEro YnMcna 3KCNAAHTOB C Kannycamu); CpefHee KOMMYeCTBO Movek u noberos M3 OOHOro
Kannyca.

Cmamucmuveckas o6pabomka O0aHHbIX: B KaXaoM BapuaHTe OMbiTa aHANM3MPOBANM He MeHee
20 3KCNNaHTOB B 3-KpaTHOM MOBTOPHOCTW. KonuyecTBeHHble [aHHble, MONYYeHHble B pe3ynbraTe
3KCNEepUMEHTOB, OblM NOABEPrHYTbI CTATUCTUYECKOMY aHANU3Y C MPUMEHEHUEM NMPOrPaMMHOro obecneyeHms
Microsoft Excel 2016 u Statistica 10 (StatSoft, USA). B Tabnmuax n Ha puCyHKax NoKazaHbl CpefHME 3HAUEHUS
W UX CTaHOAPTHble OWKNBKM. HopManbHOCTL pacnpeneneHus AaHHbIX OLEHMBANM C UCMNONb30BAHUEM KpUTepUs
KonmoropoBa-CMupHOBa. Tak Kak BCe AaHHbIE XapaKTepu30BasMCb HOPManbHbIM pacnpeneneHuneM (pz0.5),
NS OLLEHKM NOCTOBEPHOCTU Pasnmnumii Mexay BapuaHTaMM NPUMEHAIN LOBEPUTENbHBIA MHTEpBaN (X*tosxSE)
1 MCMONb30BaNM AUCNEPCUOHHBIV aHANM3 C NOCNEeYHOLMM MHOXECTBEHHBIM CPAaBHEHUEM MO KPUTEPUIO ThHOKU.
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PE3YJIbTATbl U OBCYXOEHUA

B npenbioylwimx mccnenoBaHuaX Hamu Bbinv paspaboTaHbl NPOTOKOAbI MHAYKUMWM U OAUTENBHOrOo
MacCMPOBaHMS Kannyca M3 pasHbiX TWMOB 3KCMMAHTOB (McT, ctebenb, uvepewok) O.vulgare. MNpu 3TOM
MaKkcuMManbHas vactota (o 85.0%) u npupoct maccel kannyca (1.5 6anna) 6binm Ha cpeae ¢ fobaBneHnem
10wmr/n 24-0, n 0.5 mr/n BAIM u3 akcnnaHToB Yepewka [Akmmosa, Eroposa 2014]. CneayeT OTMETUTD,
YTO B KASITYCHBIX TKAHAX, MOMYYEHHbIX W3 3TUX IKCMIAHTOB, Mbl He Habnoganu MHAyKuuio MopdoreHesa,
B CBSI3M C YeM Mbl MONPOHOBANM UCMONb30BATh B KAYECTBE IKCMIAHTOB MCCEYEHHDBIE MA3YLLUHbIE MOYKM pa3MepoM
1.0-1.3 mm.

Ha aTane BBeAEHUS 3KCNIAHTOB in vitro GOPMUPOBAHME NEPBUYHONM KANYCHOM TKaHWM OTMeYanu
Ha 14-16-e cyTkn KynbTMBMpoBaHua. B mocneaywowmin nepmon, ¢ 15-x no 20-e cytku, Habnwoganm
anddepeHumaumio kaniyca ¢ obpasoBaHMeEM Mnoyvek M noberos, YTO CBMAETENbCTBYET 00 MHAYKUMK
opraHoreHesa. B oTaenbHbIX 3KCMepMMeHTaNbHbIX BapuaHTax oTMeYanu MHAYKLUMIO pM30reHesa, 4acToTa
koToporo He npesbiwana 10%. K 30-m cyTkaM KynbTMBMpOBAHMS Oblin 3aMKCUPOBAHbI Pa3nnyms
B MOpdOreHeTMYeCKOM MOTeHUMane: 4acToTa KannycoreHesa BapbupoBana oT 25.0 mo 100%,
a MHTEHCMBHOCTb NPUPOCTA Kannyca coctasnsna ot 0.3 pno 1.1 6anna, B 3aBMCMMOCTM OT BapMaHTa ONbITa
(trabn. 2).

Ta6nuua 2 - BaugHue coctaBa nutatenbHoOM cpeabl 1 Table 2. Effect of the culture medium composition and

copTa Ha MHAYKUMIO Kannyco- u mopdoreHesa npu  the cultivar on the induction of callus and
BBEAEHUN B KYNbTypy in vitro 3KcnnaHToB novyek  morphogenesis when introducing O.vulgare bud

O. vulgare explants into in vitro culture
Ne Copt Yacrota Mpupoct YacroTta MHAYKUMK KonunuectBo nouek u
nuTaTteb- MHAYKUMKM | Kannyca, 6ann MopdoreHesa, % no6eros, wWT./Kannyc
Hoi Kannyco-
cpeabl resesa, %
Ak-Kas 100 1.1+0.2¢ 40.0£1.1 5.3+0.4°
MC 57 KBazap 33.3+1.1 0.3+0.1%® 0 -
MC 58 Ak-Kas 100 0.8+0.1%¢ 10.5+0.7 1.2+0.2°
KBasap 40.0+1.2 0.30.1° 0 -
MC 61 Ak-Kas 100 0.8+0.1 °** 23.5+0.4 2.6*0.3°
KBazap 25.0+0.9 0.4%0.1%° 0 -
Ak-Kas 100 0.7£0.1°* 0 -
MC 62 KBazap 40.0%1.2 0.6%0.1%* 0 -
MC 63 Ak-Kas 100 0.8%0.1 45.0£1.4 9.0%+1.8%
KBazap 19.0+2.1 0.5+0.13%¢ 0 -
Ak-Kas 80.0+9.1 0.8+0.1 2 0 -
MC 66 KBazap 27.2+0.9 0.4%+0.1% 0 -
MC 67 Ak-Kas 94.7+5.2 0.9%0.1% 33.3x1.4 14.0+0.8°
KBazap 36.8%1.3 0.5+0.1% 42.8%2.1 5.3%£0.4%°

AHanu3 pe3ynbTaToB 3KCMEPUMEHT], NPeACTaBNeHHbIX B Tabnuue, CBUAETENbCTBYET O BbIpaXKEHHOM
BIMSHUM KaK FEHOTMNMA, TaK M TOPMOHA/IbHOrO COCTaBa NUTATENbHOM Cpeabl Ha MOPhOreHETUYECKMI NOTEHLMAN
O. vulgare. Mpu ncnonb3osaHumn B coctase cpeabl 1.0 mr/n HYK B couetaHmmn ¢ BATT unn KMHETUHOM, MHAYKLMS
mMopdoreHesa B Kaniycax OTCYTCTBOBana, Mbo Gbina MMHMManbHOW (He npesbiwana 10%). Y copta Ak-Kas
MHIOYKUMS KasuTycoreHesa, B 3aBUCUMOCTU OT MoaU(MKaLmm NUTaTeIbHOM cpeapbl, BapbupoBana B npeaenax 80-
100% Ha BCEX MCCNEOOBAHHbIX BapuaHTax cpeppl, @ y copta KBasap BefMUMHA AAHHOrO Mokasatens Obinia
3HauMTeNbHO HUXe (19-40%), uTo NOATBEPXKAAET CYLLECTBEHHbIE MEXCOPTOBbIE pasnuuus. [Ana copta Ak-Kas
BbICOKYIO 3(QPEeKTMBHOCTb MHAYKUMM MopdoreHesa B kasnyce oTtMeyann Ha cpegax MC 57 n MC 63,
pononHenHbix 1.0 mr/n HYK 1 1.0 unan 2.0 mr/n T3 cOOTBETCTBEHHO, a AN copTta KBasap — MCKIOYUTENBHO
Ha cpene MC 67, pononHeHHor HYK B covetanmu ¢ T3 n BAl. MakcumasnbHble 3Ha4YeHMS NpUPOCTa Kannyca
(1.1 6anna Ha cpene MC 57) Takxke 6b1nm 3admKcMpoBaHbl y copTa Ak-Kas. OpHako caMoe 60/bLioe KONM4ecTBo
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noyek u noberos (14.0 wr/kannyc) gns 3toro copta Habmwopanu Ha cpege MC 67. CnepyeT OTMETUTD,
4TO Y 3KCMNAHTOB copTa Ak-Kas passmBanoch B 1.7-2.6 pa3a 60nblue noyek, YeM y 3KCNIaHToB copTa Keazap.
NonyyeHHble faHHble COMNACyTCS C OOLENPUHATON B MMPOBOW MPAKTWMKE KOHLENUMer reHOTUNUYEeCKOow
OETEPMUHUPOBAHHOCTM  MOPGOreHeTMYeCKoro  OTBeTa, COMMACHO  KOTOPOM  CMOCOBHOCTb  TKaHew
K neanddepeHUMpoBKE M NOCNeayOLWeN pereHepaumMu BO MHOMOM OMpefensieTcs reHoTUMNoM AO0HOPHOro
pactenus [umT. no: Eroposa 2021]. B pabote Leelavathi u Kuppan Ha 3Tane BBefeHus B KynbTypy MakCUMasbHas
YacToTa MHAYKUMM KannycoreHesa u3 akcnnanTos O. vulgare (90%) 6bina Ha cpene MC ¢ 1.0 mr/n BAM 1 2.0 mMr/n
2.4-[1, Ho BCe Kannycobl Obinn HeMop@OreHHbIMU. MIHAYKLMIO HEMNPAMOro MopdoreHesa aBToOpbl OTMEYANM TObKO
nocse cybKy/IbTUBMPOBAHUS MEPBUYHbIX KanNyCOB HA MUTATENbHOM Cpeae Toro e coctasa [Leelavathi, Kuppan
2013]. B ppyrnx uccnenoBaHUSX MaKCUMarbHbIA Ky/yCOreHHbIM OTBET M3 IKCMNAHTOB CErMEeHTOB JIMCThEB
nosyyeH Ha nuTatensHon cpene, pononHeHHow 1.0 mr/n 2.4-1 v 0.2 mr/n BAI [JocbiMbeTtoBa u dp. 2021],
13 3KCMNNAHTOB MMMOKOTUNEN 1 cemaaonen — Ha cpeae ¢ 2.0 mr/n 2.4-0, v 0.5 mr/n knHetuHa unm 4.0 mr/n 2.4-0
n 0.4 mr/n BAIN [Hussein et al. 2014]. OgHako B 06omx cnyyasix B chopMMPOBAHHOM Kanyce uccnegoBatenu He
Habnoaanu MopdoreHHbIX 06pa3oBaHMIA.

Pucynok 1. MopdoreHHble kannycbl O. vulgare (copt  Figure 1. Morphogenic calli of O. vulgare (cultivar
Ak-Kag) Ak-Kaya)

-

Mpumeuanue: «» - noykn n noberu; «K» — KOpHU

BusyanbHag oueHka nMokasana, YTO Ha 3Tane BBEAEHMS B KYNbTypy in vitro 3 3KCMAAHTOB
Pa3BMBANNCb KANNYCbl C IBHO BblPaXX€HHbIMU MOPGHOreHHbIMU CTPYKTYpaMK — 3a4aTKaMu JIUCTbEB,
noyek (MopdOoreHHbIM Kannyc) u 6e3 HMx (YCnoBHO HEMOPGOreHHbIM Kannyc). B cBs3m ¢ yeM oueHKy
pa3BMTMUS 3KCMNAHTOB M3 PasHbiX TUMOB Kannyca Mpu nocnefylolem nacCMpoBaHMM MPOBOAMAM
OTAENbHO.

Mpu cybKynbTUBMPOBAHMM MEPBUYHOIO Kajsyca XWM3HECNOCOOHOCTb NEepBMYHOrO Kannyca
Yy U3yyaeMblx COpTOB BapbupoBana B npeaenax 50-80%. Copt Keasap Ha page cpea (MC 58, MC 63,
MC 66, MC 69) nokasan 6onee BbiCOKyt 4acToTy (62.5-80.0%), yueM copt Ak-Kasa (55.0-72.7%),
OLHAKO 3TW pasnnuung He Bcerga OblIn CTaTUCTUYECKM [,OCTOBEpPHbIMU. Hanbonee BbICOKYIO 4acToTy
M UHTEHCMBHOCTb MPMPOCTa Kannyca ang oboux copTtoB Habnwganu Ha cpepax MC 57 u MC 63
(no 72.0% wn 1.1 6anna pna Ak-Kas n po 80.0% u 0.5 6anna pns Keasapa COOTBETCTBEHHO),
4TO CBMAETENbCTBYET 00 ajanTauMm KannyCHbIX KNETOK K YCNOBMSIM in vitro v nx cnocobHOCTu
K 6picTpOMy pocTy (Tabn. 3). CxopHble pe3ynbTaTbl MO NOAAEPXKAHUIO KanaycoreHesa y nonynsuuu
Origanum majorana 6binn Ha cpepe ¢ 0.2 mr/n WYK wn 1.5 mr/n BATll, yto ykasbiBano Ha o6uyto
CNOCOBHOCTb KaNMyCHbIX KYNbTYp K pOCTY NpU Hanuumm ctumynaropos [Sandhya et al. 2025]. B apyroi
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paboTte, Ha060OpOT, OTMEYanu AOCTOBEPHO 3HAYMMOE CHWXKEHME YaCTOTbl MHAYKLMKU KanaycoreHesa
npu naccuposaHun. OAHAKO Kaxpoe nocnepymouee CybKynbTUBUPOBAHME MPUBOANNO K CHUXEHUIO
nokasaTenen WMHTEHCMBHOCTM npupocTa kannyca [Hussein et al 2014]. MakcuManbHas 4actoTta
WHAYKUMKM Henpsmoro mopdoreHesa y coptoB Ak-Kas n KBasap npu naccupoBaHum Takxe 6binn Ha
cpeae MC 63 (72.2 n 40.0%, cootBeTcTBEHHO). [Tpn 3TOM B Kanaycax passuBanocb Ao 12.6 nouvek u
noberos.

Tabnuua 3 - BamgHue coctaBa nuTaTenbHOM cpeabl U
copTa Ha NpoTekaHue Kannyco- U MopdoreHesa npu
cy6KynbTMBUpPOBaHUM KannycHbIX 3kcnianToB O. vulgare

Table 3. The influence of culture medium composition
and the cultivar on the progression of callus and
morphogenesis during subculturing of callus explantss

(I naccax) 0. vulgare (1% passage)
N2 nutarenn- Copr XusHecnoco6HoCTb Mpupocr YacroTta MHAYKUMK Konuuectso
HOI cpeabl nepBUYHOrO Kannyca, mMopdoreHesa, % novek u no6eros,
Kannyca, % 6ann wT./Kannyc
MC 57 Ak-Kas 65.4%1.8 2.3%0.2° 64.7+7.3 10.0+0.7°
KBasap 71.4%8.2 1.7%0.2%® 40.0+0.2 4.5+0.5°
MC 58 Ak-Kas 55.0%4.1 1.7%0.1% 18.2%1.2 5.5+0.5°
KBazap 50.0%2.3 1.4%0.2° 0 -
MC 63 Ak-Kas 72.0%8.1 1.9%0.2% 72.2%6.8 11.5+0.5%
KBazap 80.0£2.4 1.5%0.2° 40.0+4.5 9.0£0.8%
MC 67 Ak-Kas 57.1#4.8 1.6%0.2%° 41.7+1.4 12.6x0.4°
KBazap 66.7+2.1 2.4*0.3° 20.0£2.0 8.5+0.5%
MC 69 Ak-Kas 72.7£9.7 2.1%£0.2° 5.0£2.9 9.9+0.9°
KBasap 62.5+1.8 1.9+0.2%® 20.0£2.4 6.0%0.5°

CnepyeT OTMeTWTb, YTO B MEPBOM Maccaxe pereHepaumio noberos C BbICOKOM 4aCTOTOM Yy copTa
Ak-Kas Habntopanu, Kak U3 CybKynbTUBMPYEMbIX NEPBUYHBIX MOPMOreHHbIX, TaK U U3 NEPBUYHBIX YCIOBHO
HeMopdOoreHHbIX Kannycos, a y copta KBasap — npeumyLLecTBEHHO 13 NEPBUYHbIX MOPQOreHHbIX Kannycos
(puC. 2). 3TO MOXET yKkasblBaTb Ha TO, yTO Yy copTa Ak-Kas B BM3yasbHO oOnpeaensieMbiX YCI0BHO
HeMOPMOreHHbIX  MEPBUYHLIX  Ka/ycax YXe NpoMCXoAuna  3aknagka MoOpGOreHHbIX  CTPYKTyp
W, NO-BUOMMOMY, HauMHaNM (GOPMMPOBATLCS MOYKM, OOHAKO AN MX Pas3BWUTMS M 0Opa3oBaHus noberos
HeobXoaMMO JanbHeNLwee KyNbTUBUPOBAHME KasTyCHOM TKaHM.

PucyHok 2. BausiHMe cocTaBa nuTaTenbHOM cpeAbl Ha
pasBUTME NOYEK M NOGEroB M3 YUI0BHO HEMOPGOreHHOro
(A) n MmopdoreHHoro kannyca (B) O. vulgare (1 naccax)

Figure 2. Effect of nutrient medium composition on the
development of buds and shoots from conditionally non-
morphogenic (A) and morphogenic callus (B) of O. vulgare
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3AK/TIOYEHUME

lpoBeneHHble WUCCNeAOBaHWMSA MO3BOAMAM BbISSBUTb 33aKOHOMEPHOCTU MOpdOreHeTU4YecKoro
noteHumana coptos Origanum vulgare L. B 3aBUCMMOCTM OT rOPMOHANIbHOIO COCTaBa NUTATENIbHOM Cpefbl
Ha 3Tanax BBELEHMS IKCMNAHTOB B KYyNbTypy in Vitro u CybKYyNbTMBMPOBAHMA KaNNYCHbIX 3KCMAAHTOB.
NokaszaHo, 4TO 3KCMNaHTbl copTa Ak-Kas obnapator Gonee BbICOKMM MOPGHOreHeTMYeCKMM MOTEHLMANIOM
no cpaBHeHMto ¢ copToM Keasap. Y copta Ak-Kas MopdoreHes 6bin yCrnewHo MHAYLUMPOBAH B YCIOBUSX NSTH
MOOMPUKALMIM NUTaTENBbHOM Cpeabl, TOraa Kak y copta Keasap uHaykums mopdoreHesa Habnoganacb Avb
B OOQHOM MOAMPUKALIMK, YTO CBMAETENLCTBYET 00 OrpaHUYEHHOCTM YCIIOBUIA 415 NPOSIBIEHMS SaHHOMO NpoLecca
Yy 3TOr0 reHoTMNa. YCTaHOBNIEHO, YTO MaKCMMaIbHYHO YacTOTy MOpdOreHe3a B Kannycax As 3KCNIaHToB copTa
Ak-Kas Ha aTane BBeaeHMs B KynbTypy in vitro oTMedanu Ha cpefax ¢ 1.0 mr/n HYK n 1.0 uam 2.0 mr/n TA3
(45.0 n 40.0%, cooTBeTcTBEHHO), @ Ans copTa KBaszap (42.8%) — Ha cpepe ¢ 1.0 mr/n HYK, 0.5 mr/n TO3
n 1.0 mr/n BAT.

Mpn cybKynbTMBMPOBAHMM NEPBUYHBIX KasyCoB pereHepaumio noberos B 1-M naccaxe C BbICOKOM
yactoTon y copta Ak-Kas (oo 72.2%) Habntoganu, kak n3 Mop@oreHHbIX, Tak U U3 YCIOBHO HEMOPQOreHHbIX
kannycos, a y copta Keasap (40.0%) - npeumywlecTBEHHO M3 MEpPBMYHbIX MOP(OreHHbIX Kanaycos.
JTo OEeMOHCTpupyeT cnocobHocTb copta  Ak-Kas coxpaHate MopdoreHeTMyeckui  MoTeHuMan
npu cy6KyNbTUBUPOBAHUM IKCMNAHTOB M3 Pa3HbIX TUMOB Kannyca.

B pe3ynbtaTe pabotbl 6binn nonyyeHbl 06pasupbl pacTeHUI-pereHepaHTOB, KOTOPbIE HA CErOAHSILLHMUIA
[leHb Pa3MHOXEeHbl C UCMOMb30BaHWEM pa3paboTaHHOM HaMW METOAMKM KNOHANbHOTO MUKPOPA3MHOXKEHMS.
B panbHeriwem ¢ nonyyeHHbIMM 0Opasuamu  NAAHUMPYETCS MPOBEAEHWE  MOMEKYNSPHO-TEHETUYECKMX
MCCNefoBaHMM C LEbI0 FeHeTMYEeCKOW MAEHTU(OMKALMM COMAK/IOHANbHbIX Bapuauui y pereHepaHToB
B CPAaBHEHWM C MUCXOAHBIMM COPTAMMU, U UX AHANU3 B OTKPbITOM FPYHTE MO KOMMNEKCY XO38MCTBEHHO
MoNe3HbIX NPU3HAKOB.

MonyyeHHble pe3ynbTaTbl ABASKOTCS OCHOBOM AN pa3paboTkM METOAMKM NONYYEHMS COMAK/IOHOB,
KOTOpbl€ MOTYT CNYXXWUTb UCXOAHBIM MaTEPUANIOM ANS CeNeKumm.
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OCOBEHHOCTMW AECTPYKLIMK
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U UX TMAPOKCUMPOU3BOAHBIX
WTAMMOM RHODOCOCCUS OPAcUS KT112-7
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AHHOMaAuusa
MccnepoBaHue  HaAmMpaBlAeHO  Ha  YCTaHOBNEHME
nepuoaoBs MCYEPMbIBAOLETO OMOpa3NoXKEHUS

nonuxnopbrdeHnnoB 1 UX rMapoOKCUNPOM3BOAHBIX MOA
fnencteueM aspobHoro wramma Rhodococcus opacus
KT112-7. B KayectBe MOJENbHbIX  COEOUHEHWUMN
Mcnonb3oBaHbl  2,4,5-Tpuxnopbudennn,  2,4,5,2'5'-
neHTaxnopbudeHnn n CMHTE3UPOBAHHbIE U3 HUX CMECK
rMAPOKCUMPOU3BOAHDIX. YcTaHoBnEeHo, yTo C
YyBE/IMYEHWEM YMUCIA aATOMOB XNOpPa B MCXOAHbIX
nonuxnopbudeHunnax Bpems 6uoperpasaumm
X/IOpapeHoB yBenuuuBaetca: ¢ 3 ¢yt gna 2,4,5-
Tpuxnopbudenmna po 14 cytr pna 2,4,5,2'5'-
neHtaxnopbudernmna. Ona  rMapoKCUNPOU3BOAHBIX
YCTaHOB/IEH OAMHAKOBLIA nepuop 6uookucnenms - 10
CYT, HO CKOPOCTb YObIIM UCXOAHbIX COEAMHEHNUI Ha 1, 3
M 7 cyT 6blna Bblle B ciydae Bonee XNOPUPOBAHHbIX
cybcTpatoB Ha ocHoBe 2,4,5,2',5'-neHTaxnopbudenuna.
MpencraBneHbl  BO3MOXHbIe  MPUYMHBI  PA3IUYHOIO
noeeneHns 61MopasnaraeMbiX COEAMHEHUN C NO3ULUIA UX
XMMUYECKOro CTPOEHUSI M KOHKYPUPYHOLLEro AenCTBUS
depMeHTOB Kfiacca oKcureHas wrtamMMa Rhodococcus
opacus KT112-7.
Knroyeevie cnoea:

Rhodococcus,  pecTpykuusi,  NOAMXnopobudeHunsbl,
rMAPOKCUMPOU3BOAHbIE, XMMUYECKas MOAMDUKALMSA
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FEATURES OF THE DESTRUCTION OF
TRI- AND PENTACHLOROBIPHENYLS AND THEIR HYDROXY
DERIVATIVES BY THE RHODOCOCCUS OPACUS
STRAIN KT112-7

Egorova D.O.", Gorbunova T.1.2

1 Institute of ecology and genetics of microorganisms
UB RAS, Perm, Russia
2].Ya. Postovskii Institute of Organic Synthesis UB RAS,
Yekaterinburg, Russia
"E-mail: daryao@rambler.ru

Abstract

The study aimed to establish the periods of exhaustive
polychlorobiphenyl and hydroxy derivative
biodegradation under influence of the aerobic strain
Rhodococcus opacus KT112-7. 2,4,5-Trichlorobiphenyl,
2,4,5,2',5'-pentachlorobiphenyl, and mixtures of
hydroxy derivatives, synthesized from them, were used
as model compounds. The biodegradation time of
chloroarenes increases with an increase in the number
of chlorine atoms in the original polychlorobiphenyls:
from 3 days for 2,4,5-trichlorobiphenyl to 14 days for
2,4,5,2',5'-pentachlorobiphenyl. The same biooxidation
period of 10 days was established for the hydroxy
derivatives, but the rate of loss of the parent compounds
on days 1, 3, and 7 was higher for the more chlorinated
substrates based on 2,4,5,2'.5'-pentachlorobiphenyl.
Possible reasons for the different behavior of the
biodegradable compounds are presented in terms of
their chemical structure and the competing action of the
oxygenase enzymes of the Rhodococcus opacus KT112-7
strain.

Keywords:
Rhodococcus, destruction, polycnlorobiphenyls,
hydroxy derivatives, chemical modification
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BBEOEHME

MacwTabHoe nocTynneHuve B OKpyXatowyto cpeny nonmxnopbudernunos (MXB), oTHocAwmMXCs
K CTOMKMM opraHuyecknm 3arpssHutenam (CO3) u paHee WMPOKO MCNOJb30BABLUMXCS B KayecTBe
OV3NEKTPUKOB, CBSI3aHO Kak C  MPOM3BOACTBEHHOM  [OESTENIbHOCTbIO  4YenoBeka  (McnapeHue
M3 TPaHCMOPMATOPOB, KOHAEHCATOPOB, CXKWMIaHME MPOMBIWIEHHbIX W ObITOBbIX OTXOAOB), TaK M
C XanaTHbIMKU AENCTBUSIMM OTAENbHbIX JINLL U NPeanpuUaTUiA (BO3ropaHme NpoMbILLIIEHHOTO 060pyA0BaHUS,
BbIBO3 Ha CBA/IKM, YTEUYKM C ApYrMMKM oTxodamu) [Zanaveskin, Aver'yanov 1998]. o paHHbIM 33 nepuop,
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1930-1970 r.r. akcnnyataumm MNXb, npon3BeaeHHbIX B KonmyectBe 6onee 1 maH T, 354 000 1 aTmx
KCEHOOMOTMKOB MOMasno B OKPYXKALLY Cpeay v pacnpeaennioch B Hel cneaytowmm obpasom: 27 000 T
oKazanuch B Bo3ayxe, 54 000 T - B Boge 1 270 000 1 - Ha cBankax [Lin et al. 1995].

M3BeCTHO, YTO OONBLIMHCTBO OPraHUYECKMX KCEHOBMOTUMKOB B TakMX YCIOBUSIX OKPYXKatoLlLiewn
cpeabl KaK MoBbIWEHHas TeMnepaTypa, 06ubHble 0CaAKU M BbICOKas TypOyNneHTHOCTb BO3AYLWHbIX MaccC
npeTepneBaloT CTPYKTYPHYIO Aerpajaumio A0 MeHee OnacHbIX AKX HeoNacHbIX coeguHeHui [de Boer et al.
2023]. OpgHako ang MNXBb 310 ycToNBLWEECS MHEHWUE HE MPUMEHUMO M3-33 PU3NKO-XMMUYECKMX CBOMCTB
3TUX XNIOPAPEHOB: BbICOKON rnuapodobHocTu [Dunnivant, Elzerman 1988; Huang, Hong 2002; van Noort
2004; Rabodonirina et al. 2015], pauTenbHbIX NEPUOAOB NOAypacnaga, U3MepsoLWmUXCs AecaTkamMu neT
[Sinkkonen, Paasivirta 2000; Reddy et al. 2019; Mastin et al. 2022], TepMMUYECKOA, XMMUYECKON U
$OoTONUTUYECKOM MHEePTHOCTbIO [Zanaveskin et al. 1996; Zanaveskin, Aver'yanov 1998; Gorbunova et al.
2010, 2023; Langford et al. 2011; Huang et al. 2013]. CoBOKYNHOCTb AAHHbIX CBOWCTB 0b6yCnOBNMBaET
yctonumeoctb MXB K BO3OENCTBMIO abUOTMUECKMX (AKTOPOB M, KakK CnefacTBue, UX OJIUTeNIbHOMY
npebbiBaHMIO B OKPYXXatoLwel cpefe B HEM3MEHEHHOM BUAE.

Hanbonee 3pHEKTUBHBIM NPUPOAHBIM MHCTPYMEHTOM OYMCTKM OOBEKTOB OKPYXAKOLWEW Cpenpl
ABNAOTCA OakTepuanbHble WTaMMbl, chopMMpoBaBlIMECS B OMOTax M CNOCOOHbIE OCYLIECTBAATb
obe3BpexuBaHue (yHuutoxeHue) MXb-3arpssuutenert [Chun et al. 2013; Gomes et al. 2013; Samadi et al.
2021; Hassan et al. 2023; Zhou et al. 2023]. Ha cTeneHb 04MCTKM 3a4acTy0 MOIYT BUATb MepBUYHbIE
MeTabonuTbl, 06pa3yoLMecss Ha HaYyaibHbIX 3Tanax pasnoxeHuns. OGHUMM U3 NepBUYHbLIX METADOIMTOB
MXb asnawotca mx rugpokcunpomnssogHole (HO-MXBE), dopmupylowmecs nop aenctBueM QepMeHTa
6udenunn-2,3-amokcureHasbl (BphA) aspobHbix 6aktepuii [Xing et al. 2020; Khalid et al. 2021; Hassan
et al. 2023; Kumari, Das 2023].

UcxogHble MNXb 9B1910TCS ONACHbIMU ANS PACTEHUM, XKUBOTHbIX M YeN0BEKA U MOTYT Bbi3blBaTb PA4,
TsHkenbix 3aboneBaHui (KaHUeporeHes, renatos, MytareHes u 0p.), @ UX TOKCUMYHOCTb C YBEJIMYEHUEM
yMcna aToMoB xJiopa yBenmumsaetca [Zanaveskin, Aver'yanov 1998]. Ong HO-MXB cTtporas 3aBucMMocTb
TOKCMYHOCTU OT CTPOEHUS COEAMHEHUS K HACTOSLLEMY BPEMEHM HE YCTAHOB/IEHA, HO U3BECTHO, YTO psig,
TMOPOKCUIMPOBAHHbLIX  MPOU3BOAHbIX SBASeTCd 0Oonee TOKCMYHBIM, YEM UX  XJIOPUPOBAHHblE
npepwectBeHHUkn [Ptak et al. 2005; Sadeghi-Aliabadi et al. 2007; Ludewig et al. 2008; Kamata et al.
2009; Takeuchi et al. 2011; Tehrani et al. 2012; Chenchen et al. 2023]. TokecuuHocte HO-MXB mMoxeT
HEeraTMBHO CKa3blBATbCA HA AerpagaTMBHOM NOTeHUMane 6akTepmanbHbIX LUTAMMOB, NOJIHOCTbIO 61OKMPYA
MHUUMaUMO npouecca 6uopacnaga HO-MXB wnu poct Kknetok, BMIOTb A0 MX rubenun, HecMmoTps
Ha LOMOMIHUTENIbHO BBEAEHHbIM POCTOBOM KocybcTpaT [Tehrani et al. 2012].

BoisBneHune 3aBucmumoctn mexay ctpoeHmeM HO-TXB, cnoHTaHHO obpasyowmxcs B npupoae
[Sun et al. 2016, 2018], u 6GuoperpagaTMBHLIM NOTEHLMANOM a3pO6HbIX BaKTepui, NepCcnekTUBHbIX ANs
Co3faHna BuopemeamaLMoHHbIX npenapatos [Hazapos u ap. 2023], saBnseTca akTyasbHOM 3ajayent.
Llenb HacTosilLero mMccnepoBaHusl - YCTAHOBUTb BAMSIHUMST OCOBEHHOCTEM CTpoeHus KoHreHepoB [MXB
M CMHTE3UPOBaHHbIX M3 HUX HO-MXB Ha cTeneHb GWopacnaga nopg LeMcTBMEM a3pOBHOro WTamMMma
Rhodococcus opacus KT112-7.

B P® TpaguMUMOHHO MCMNONb30BaBWKMMUCA paHee ObliM TexHuueckue cmecu [XB ™Mapok
Tpuxnopbudenunn n Coson. MmenHo 3tn cMecum MXb cerogHs Haxoaatca Ha Tepputopumn PO B KavecTse
3arpssHutenen. [ina nepsoi cMecum MXB xapakTepHo npeobnagaHue B Hew Tpuxnopbudernunos (47.7%),
a ans BTopon — neHtaxnopbudenunnos (51.5%) [[opbyHosa u dp. 2018]. B cBA3M € 3TMK 0COBEHHOCTAMM
06beEKTAMM UCCNenoBaHMs B HacToswwen pabote senatoTca 2,4,5-Tpuxnopbudenun (MX6 29), 2,4,5,2',5'-
neHtaxnopbudenmnn (MXb 101), a Takke ux rmuapokcunpoussogHole HO-MXBE 29 u HO-MXB 101
COOTBETCTBEHHO. HoMmepa uHAMBMAYanbHbIM  KOHreHepam [1XB npucBoeHbl B COOTBETCTBMM
C gencreytowen HoMeHknatypou [Mills Il et al. 2007].

MATEPWAJIbl N METObI

BbakrepnanbHbiit wramm. LLtamm Rhodococcus opacus KT112-7 (BKM Ac-2623D) BblaeneH
M3 NOYB, ONUTENIbHOE BpeMs 3arpsisHeHHbIX coeguHeHuamu rpynnbel CO3, u obnagaer BbICOKUM

Egorova D.O., Gorbunova T.I. © 189
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6roaerpafaTMBHbLIM MOTEHLIMANIOM MO OTHOLLEHMIO K apoOMaTUYecKnM coeanHeHnsaM [Egorova et al. 2020,
2025].

NXB u HO-MXB. MXB 29, MNXb 101 cuHTe3nposaHsbl No peakuun flombepra-baxmana-Xesq [Mullins
et al. 1984],a HO-NXB 29, HO-MXB 101 - no n3BecTHOM METOAMUKE B YCNOBUSIX PEAKLMM HYKNEeOdUIbHOIO
3aMewenmns (SnAr) Bsaumogeinctemem MXb 29, NXb 101 ¢ KOH B cpene 2-amuHostaHona [[opbyHosa
u dp. 2019]. Npoayktbl HO-MXB 29 n HO-MXB 101 npencrasngioT co60M BA3KME MHOFOKOMMNOHEHTHbIE
CMecCH, COCTaB KOTOPbIX NpeacTaBeH B Tabnuue 1.

Ta6bnuua 1. CoctaB cMmeceit HO-NMXB 29 u HO-NMXB  Table 1. Composition of mixtures of HO-PCB 29

101 no pesynbratam N’X-MC u IX-MAL, and HO-PCB 101 according to the results of
GC-MS and GC-FID
McxoOHbIM KOHreHep M®opmynbl 1 coctas cmecert HO-MXB 29 u HO-TMXB 101, %
MNXb (KONMYecTBo N30MEpPOB)
MOHOIMAPOKCMNPOU3BOHbIE ANTNOPOKCUNPOU3BOAHbIE
MXb6 29 Cly
C'
o9 ‘
OH
cl 100 (3)
MXb6 101 Cly OH Cls
. G
O Q “ 94.8 (3) (OH),
Cl Cl 5.2 (3)

Cxema 3kcnepumenta no aectpykuum MXB/HO-MXB. Kynbtypy wramma R. opacus KT112-7,
npeaBapuTenbHo BoipalleHHyto B cpeae K1 (K;HPO4x3H,0 - 3.2 r/n, NaH;P04x2H,0 - 0.4 r/n, (NH4);SO4
- 0.5 r/n, MgS04x7H,0 - 0.15 r/n, Ca(NOs), - 0.01 r/n) c BHeceHnem budeHnna B KayecTse UCTOYHMKA
yrnepoaa, ocaxaanu MetofoM LeHTpudyrMpoBaHus C NOCNeAyLWMM pa3BeaeHnem ocagka cpenon K1
[0 nnoTHocTM KynbTypbl 1.5 o.e. npu 600 HM (BioSpec mini, Shimadzu, finoHus) n nomewanu 1.5 mn
CYCNeH3un B CTeKkNsHHble GnakoHbl € Tedh/OHOBbIMM KpbiwKamu obbvemoM 5 MAa (Sigma-Aldrich,
lepmaHug). Cybctpat (MXb 29, NXb 101, HO-MXB 29, HO-MXB101) BHOCMAM B aLeTOHOBOM pacTeope
[0 KOHeYHoM KoHueHTpauun 50 mr/n. KonnuectBo ¢nakoHOB ANS Kaxporo cybcrpata paccyuTbiBanu
ncxoaqa M3 npomnopuum 5 (GNakoHOB Ha KaxkAayw Touky npobootbopa. (DnakoHbl C  KynbTypoM
KynbtuBupoBanu Ha npu +25°C, 120 o6/muH (Environmental Shaker-Incubator ES 20/60, BioSan,
Nateus), 14 cyt. O6pa3upl Ans aHanusa otompanm Ha 0, 1, 3, 7, 10 n 14 cyr.

AHanus KonuuectBa cyb6cTpara. [1ns onpeneneHuns konmyecTsa cybcTpaTta NpoBOAWAM SKCTPAKLMIO
M3 BCcero obbemMa (pnakoHa, ansg yero Bo GnakoH BHocunM cmecb KoHu H,SO4 : 12.5%-Hbi popeumn
cynbdat HaTpus : rekcaH (1:10:25). DkcTpakuMio Npou3BOAMAMN B pexnme BCTpsaxuBaHus (200 06/MuH)
npu 30°C, 120 wm™uH. Copepxumoe GNAKOHOB MNEPeHOCMNIM B LEHTpUdYXHble npobupku
n ueHTpudyrmuposanu (Mini Spin, Eppendorf, Tepmanus) 3 muu npu 11000 o6/mMuH gns nydwero
pasaeneHuns ¢as. [1ng aHanusa otbupanu rekcaHoByto dasy 1 06e3BoXMBaNN ee BHeceHMeM 6e3BOAHOrO0
cynbdarta HaTpua. AHanus npomnssoauam Ha razosoM xpomatorpacde GC6890N (Agilent Technology, CLLA)
C KBapLLeBOM KanunngpHon kononkon HP-5MS (aanHa 30 M, guametp 0,25 MM) U € Macc-cenekTMBHbLIM
netektopom MSD5973N  (Agilent Technology, CLUA). Pexum nporpaMmmMmpoBaHus TemnepaTtypsl
npu npoBefeHun aHanusa cornacHo [Hernandez et al. 1997]. WaeHTudukaumio coefmnHeHUN
OCYLLECTBMISNIM Ha OCHOBE 3HAYeHWI MacC-CMekTpoB cornacHo 6ase paHHbix NIST. KonnyecrtseHHyto
OLEHKY MpPOBOAMAM C MCMONb30BaHMEM METOAA BHYTpeHHel Hopmanusauuun. KonmyectBo MCXOQHBIX
COeAMHEHUIN OLEHMBANN HA OCHOBAHUM NNOLWAAEN NUKOB, MOMYYEHHbIX NPU XpoMaTorpadMpoBaHum.
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AHanus npoaykToB AecTpyKuuu. [1ng BbISIBNEHUS OCHOBHbIX MPOAYKTOB 6ModecTpyKumum
MCXOAHBIX  COeAMHEHMIM copepumoe (nakoHa MNepeHoCUnn B LEHTPUDYXKHYID  npobupky
n ueHtpudyrmuposanu npu 15000 06/mMuH 5 MuH (Mini Spin, Eppendorf, l'epmanug). Ina pnanbHenwero
aHanu3a oTbupanuM  HajoCapouHy  XKuakocTb. O6pasoBaHMe nNpoAaykKTa  Memd-paclienneHus
apoMaTUyeckoro Konbua ¢UKCMpoBann MeToAOM ChnekTpodoTOMEeTpUM NPU CKaHUMpoBaHUM obpasua
B AguanasoHe BoaH oT 390 HM go 440 Hm (BioSpec mini, Shimadzu, dnoHug). AHanu3 xnop/rMapoKcu-
6EeH30MHbIX KMCNOT MpOBOOMIM  METOAOM  BbICOKOI((EKTUBHOWM KMAOKOCTHOM XpomaTorpadum
(xpomatorpad LC-20AD Prominans. Shimadzu, dnoHuq) B cucteme auetoHutpun - 0.1%-Has HzPO.
(70:30). NpeHTudurKaumo OCyLLeCTBAAIM Ha OCHOBAHUWM CPABHEHMUS CO CTAaHOAPTHbIMU COEAUHEHUSMMU.
Hannuune MoHOB xNiopa B Ky/bTypanbHOM XUAKOCTM ONpeaensiv METOL0M KauyeCTBEHHOM peakLmm MOHOB
XNopa € a30THOKUC/IbIM CepebpoM U U3MepeHMeM ONTUYECKOM MNOTHOCTU MOMYYEHHOM CyCneH3uu
npu anvHe BonHbl 450 HM (BioSpec mini, Shimadzu, SinoHwus). KonnyectBo oueHnBanu Ha OCHOBAHMUM
KanubposoyHoro rpaduka [PesHunkos u dp. 1970].

AHanus nyteit pectpykumu. Hanbonee sepositHblie nytn okucnenus MNXb6 n HO-MXB npepnoxeHsi
Ha OCHOBAHWW 3SKCMEPMMEHTAJNIbHbIX AaHHbIX M aHanmM3a reHoMa wrtamma R. opacus KT112-7
C MCNOJSIb30BaHMEM MexayHapogHbix  6a3 KEGG  (http://www.genome.jp) ] GenBank
(http://www.ncbi.nlm.nih.gov).

CraTMcTMYeCKMt aHanM3 NpoOBOAMIM C MCMONMb30BaHMEM MporpaMMHoro nakera MS Excel
C OOMOMHUTENbHBIMM HAACTPOMKAMM «AHANM3 AaHHbIX» U «Kutools».

PE3YJIbTATbI n OBCYXOEHNE

MHoroneTHMe uMcCcnenoBaHUS MNpPOLLEeCCOB a3pobHoi 6GakTepuanbHol TpaHcpopmaumm [MXB
nokasanu, 4to okucneHune monekynol MXb NnpeanoyTMTenbHEe NPOMCXOAMUT MO APOMATUYECKOMY KOSbLLY,
cBob6OAHOMY OT 3amecTuTenen, nMbo No KOsbLy, B KOTOPOM €CTb ABA He3aMeLLEeHHbIX BULMHAMbHbIX
atoMa yrnepopa [Gorbunova et al. 2024]. Micnonb3oBaHHble B HacToswen pabote koHreHepbl [1Xb 29
n MXB 101 nmeloT 0AMHAKOBOE PaCcNONOXEHME 3aMeCcTUTeNen B OLHOM M3 KoseL, MONeKybl (MON0XEHUS
2, 4, 5), npu atom y MXB 29 BTOpOe konbUO He HeceT 3aMecTutener, a y MNXb 101 Bo BTOpoM Konbue
aToMbl Xxnopa pacnonaratotcs B 2' M 5' nonoxeHuax (1abn. 1). YcTraHoBneHo, 4TO a3poOHbI
H6akTepuanbHbIi WTAaMM R. opacus KT112-7 ocywectenseT pasnoxenue MXb 29 3a 3 cyt, a MXb 101 3a 14

cyT (puc. 1).

Pucyvok 1. [Oecrpykums KoHreHepoB [IXBb Figure 1. Degradation of PCB congeners

wramMmoM R. opacus KT112-7 by R. opacus strain KT112-7
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AHanu3 MeTtabonnToB nokasan, uyto npu pasnoxeHum MNXb 29 u MXB 101 B cpene akkyMynunpyeTca
2,4,5-TpuxnopbeHsoriHag kucnota. (CBoboAHbIE MOHBI XNOpa B KyNbTypalibHOM XXWMIAKOCTM Oblin
3a@UKCMpOBaHbl TOMbKO B cnyyvae Guogectpykummn MXB 101 B konuuvectse 27.1% OT MakCMManbHO
BO3MOXXHOIO NPW NOJHOM Pa3NoXeHUM BHECEHHOro cybcTpaTta. HakonneHns oeTekTMpyeMmbiX KOINYeCTs
NpOoAYKTa Mema-paclenneHms apomatnyeckoro konbua MNXb 29 u MNXb 101 He 3aduKCMpOBaHbI.

MonyyeHHble pe3ynbTaTtbl NO3BOMSAKT MPEANONOXUTb, YTO BMOAECTPYKUMS OAHHBIX KOHFEHEpPOB
ocywecTengercs wrtaMMoM R. opacus KT112-7 no knaccMyeckomy nyTu a3pobHoi BakTtepuanbHoOWM
nfectpykumn budenuna [Xing et al. 2020; Khalid et al. 2021; Kumari, Das 2023]. Npu 3tom 6budennn-2,3-
avokcureHasa (BphA) wrtamma R. opacus KT112-7 npepnoututesibHee aTtakyeT He3aMeLWEHHOe KO/bLo
monekynbl [MXB 29, oueBnaHo, 06pasysa Knaccuyeckuin yuc-2,3-aurnapokcu-2,3-purnapobudennn (guon).
MNosiBneHne 3amectutenen B 2' 1 5' NONOXEHUIX BTOPOro apoMaTMyeckoro umkna B cnydae MXb 101
MPUBOAMT K OTCYTCTBUIO [OBYX CBODOOAHbIX BWLUMHANbHbIX YrIepoAHbIX aTOMOB, 4TO 3aTpynHseT
B3aMMOJENCTBME XopapeHa C dhepMeHTOM BphA. AHanorMyHbli BbIBOA MOXHO CAENATb OTHOCUTENBHO
Tpu3aMmelLeHHoro kosbua B X6 101.

PaHee nokasaHo, yto wWTaMM R. opacus KT112-7 HeceT reHbl Knaccuyeckon 6udeHmn-2,3-
OMOKCUreHasbl, XapaKTepU3YHLWENCS BbICOKMM YpPOBHEM CX0ACTBa C OUPEHWUN-2,3-OMOKCUreHa3om
wrtamMMa-gectpykropa MXB Rhodococcus jostii RHAL, okucnsiowen BUUMHAMbHbIE aTOMbI Yrnepoaa
B Monekyne [MXb B 2 n 3 nonoxeHusx [Egorova et al. 2025]. Takum obpasom, pasnuume B CKOPOCTH
pectpykumun NMXb 29 u NXb 101 wrammom R. opacus KT112-7 obycnoBneHo paznmnyunamum B CTPOEHMM
MONEeKyn AAHHbIX KOHTEeHEepOoB.

He cMoTps Ha uHepTHOCTb MXB K uU3MYECKOMY M XMMUYECKOMY BO3LENCTBUIO, ANUTENbHOE
MPUCYTCTBUE B OKpYXKaloLWwel cpefe NpMBOAMT K MX TpaHCHOpMaUMM Kak nog AencTBMeM abnoTUYeckmx,
TaK M Nofg AercTBUEM BUOTUYECKMX PaKTOPOB. Pe3ynbTaToM Takoro BO3AeNCTBMS ABnseTcs obpa3oBaHue
“ Hakonnexue B npupoaHbix cpegax HO-MXB [Sun et al. 2016, 2018]. Ans MmoaennpoBaHMs NpoLeccoB
6aktepunanbHon gectpykumn HO-MXB B HacToawem nccnenoBaHuu 6oian ncnosb3osaHbl cMec HO-TXB
29 n HO-MXB 101 (tabn. 1). YcraHoBneHo, uyto wrtamm R. opacus KT112-7 ocywectsnsetr 100%-Hyto
LeCTPyKLMI0 AaHHbIX cMecen 3a 10 cyT (puc. 2).

PucyHok 2. Jectpykuma ruppokcu-npoussogHbix  Figure 2. Degradation of hydroxy derivatives

KoHreHepoB NXb wrammom R. opacus KT112-7 of PCB congeners by R. opacus strain KT112-7
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B pesynbrate B2)XX-aHanusa ycTtaHoBneHo, 4To npu pasnoxeHun cmecn HO-MXB 29 B cpene
KY/JIbTUBUPOBAHUS AETEKTUPYIOTCS MOHOMMAPOKCUAMXNOPOEH30MHbIE KUCIOTbI, MPU 3TOM HE BbISIBIEHO
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npucyTcTBue npoayktoB mema-pacuiennenms HO-MXB 29 u cBob6oaHbIX MOHOB Xnopa. llonyyeHHble
[aHHble MO3BONIOT NPeanonoXuTs, 4to gectpykums HO-MXB 29 wrammoM R. opacus KT112-7 npotekaet
TaKXe Mo KAaccMyeckoMy 6UpEeHMNIbHOMY NyTU C OKUCIEHMEM He3aMelleHHOro Konbua. CyliectBeHHoe
yBe/IMYeHMEe BPEMEHM OECTPYKLMM MOXKET ObITb 06YCNOBAEHO TOKCMYHOCTHI0 MOHOMMAPOKCUIMPOBAHHbIX
6udenunnos. B pabote [Bhalla et al. 2016] nokasaHo, 4TO 0COBYID TOKCMYHOCTb MNPOABASIOT
OMXJTIOPUPOBaHHbIE MOHOTMAPOKCUMOUPeHUNbl, y KoTopbix HO-rpynna pacnonoxeHa y 2 unu 4 atoma
yrnepoga. B cmecn HO-MXB 29 MoryT npucyTcTBOBaTb COEAMHEHMS C MOAOOHLIM PACMONOXKEHUEM
HO-rpynnbl (tabn. 1). B oTcyTcTBME CTaHAAPTHbIX 06pasuoB Ang aHanusa Metonom MX-MC yctaHoBUTbL
nHaekcobl nokaHtos ans HO-MXb nocne ux cMHTe3a HEe NPeaCTaBASETCS BO3MOXHbIM.

MNpu aHann3e meTabonutos, obpasyrowmxcsa npu buogectpykuumn cmecn HO-MXB 101, BbisBneHo
MPUCYTCTBME NPOAYKTA Mema-pacluenieHns, XapaKTepu3yLWerocs MakCUMMaNnbHbIM MOMIOWEHNEM
npu pivHe  BonHbl 417  HM, WOHOB  xniopa (43.7% OT  MakCMManbHO  BO3MOXHOrO),
MOHOTMAPOKCUAMXNOPOEH30MHBIX KUCIOT, @ TakkKe 3aperncTpuMpoBaHbl HE3HAUYMUTesbHble KOMYeCTBa
2,5-amrnapokcmnbensonHon  kucnotel. Kpome Toro, Ha B2XXX-xpomatorpaMMax npuCyTCTBYHOT
LOMNONIHUTENbHbIE  MWKW,  KOTOpble  MOryT  CBMAETENbCTBOBAaTb O  HaAuMuMM B Cpefe
ANTUOPOKCMMOHOX/IOPUPOBAHHbBIX 6€eH30MHbIX KWMcnoT. OAHAKO, Tak Kak B MCCNef0BaHUM He Oblnu
MCMONb30BaHbl B KAa4ecTBE KOHTPOJIbHbIX COEAMHEHMI BelecTBa C NOAOOHOWM CTPYKTYpOW MONeKysbl,
Mbl MOXEM NILb NPEeANON0XUTb UX NPUCYTCTBUE.

Ha npumepe cmecn HO-TIXB 29 nokasaHo, uto nossneHne HO-rpynnbl NpUBOAUT K CHUXKEHUIO
ckopocTn brnopgectpykumn. OgHako cpaBHeHune nepmoga 100%-Hon pectpykummn MNX6 101 n HO-MXB 101
cBuaetenbcteyeT 06 o6paTHOW 3akoHoMepHocTW. [laHHOe sBneHue MoxeT ObiTb 06ycnoBneHo
HeckonbkMMn daktopamn. BepostHo, B coctaBe cmecu HO-MXBE 101 npucytcTByeT coeguHeHume,
B KOTOpPOM aBe HO-rpynmnbl pacnonoxeHbl B O4HOM KO/bLE B 3' U 4’ NonoXeHusax. M3BeCTHo, YTo WTaMM
R. opacus KT112-7 HeceT reHbl, koaupyrowme Tpu pepmeHTa budeHnn-agmon-guokcurenas [Egorova et al.
2025]. JaHHbih pepMeHT MOXeT BCTynaTb B peakuuio C AUTMAPOKCUIMPOBAHHLIM TpuxnopbudeHunom
B ciyyae pacnonoxenuss HO-rpynn y cocefHMX yrnepogHbiX aTOMOB, TEM CaMbIM YCKOPAS Mpouecc
[ecTpykumMn cmecu B uenoMm. Kpome TOro, Tak Kak Mbl He BbiIBUIM CpeauM MeTabonuTtos
TPUXJIOPUPOBAHHbIX BEH30MHBIX KMCNOT, HO OBHApPYXMAK 2,5-AUrMAPOKCMOEH30MHY KMCNOTY, MOXHO
npeanonoXxutb, 4to OudeHmn-guokcureHasa wramma R. opacus KT112-7 cnocobHa oKMCAsTb
TpuxnopupoBaHHoe konbuo Monekynbl HO-MXB 101 B cnyyae, ecnim HO-rpynna pacnonaraercs
B AM3aMeLLeHHOM Kosnbue. MNpucyTcTBrue cpeam MeTabonMToB MOHOMMAPOKCUANMXIOPOEH30MHbIX KUCIOT
cBuAaeTenbcTByeT 06 OKMCNEHUMU AUXNOPUPOBaHHOro Konbua monekynbl HO-MXB 101, kak u B cnyyae
ncxopHoro MNXb 101. PaHee B pe3ynbrate MoaennpoBaHus budeHmMn-guokcureHasel WwWramma R. opacus
KT112-7 6b110 NOKa3aHo, YTO NpY B3aMMOAENCTBMM C MOHOTMAPOKCMBUPEHUNAMM, HAUNYYLLEE CPOACTBO
dbepMeHTa 1 cybcTpaTta xapaktepHo ans 3- u 4-rmppokcnubudernmnos [Egorova et al. 2025]. Tak kak
B cMecu HO-MXB 101 BeposATHO MpMCYTCTBME COEOMHEHWUI C TaKMM e pacnonoxeHneM HO-rpynnbl,
MOXXHO NPeAnoNoXMTb, UTO BUdEHUN-AUOKCUIEHA3a YCNELIHO OCYLLECTBASET UX AUOKCUTEHUPOBAHME.

B page paboT nokasaHo, 4To B a3pobHOM BakTepuanbHoM okucnernmm MNXb n ux HO-MXB moryt
MPUHUMATL yyacTue depMeHTbl Kiacca MOHOOKcureHas pamkax [Kanteev et al. 2015; Luo et al. 2016;
Perruchon et al. 2017; Goto et al. 2018; Sun et al. 2018; Paul et al. 2021]. MNpwu B3aumopencTeum MNXb
C MOHOOKCUreHasammn 06pasyloTcs MoHoruapokcunupoBaHHble [1XB, Torma kak B cnyvae, ecawu
MOHOOKCUreHasbl OKWUCASKT MOHOTMAPOKCUOUDEHMNbI, pe3yNbTaTOM B3aUMOLENCTBUS  SABAAKOTCS
ANTUOPOKCUAMPOBAHHbIE XN0pOUdeHNbl, KOTOpble fanee MOryT paspylmnTbes GepMeHTaMn OCHOBHOIO
6udennnbHoro nytu. AHanus reHoMa wramma R. opacus KT112-7 (GenBank Accession: PRINA603644 ID:
603644) nokasan HanMune B XpoMoCcoMe WTaMMa 57 reHoB GlIaBMHOBBIX MOHOOKCUIEHas, a Ha nnasMuae
PRHWK1 - 4 reHa ¢naBMHOBbIX MOHOOKCMreHas. B HacTosiero uccnefoBaHWs He npeacTaBisercs
BO3MOXHbIM YCTAHOBWTb, Kakue U3 BbISIBNEHHbIX FEHOB KOAMPYHOT (epMeHTbI, y4aCTBYHOLLME B OKUCIEHUM
HO-INXb, ogHako Hanuuue AaHHbIX FrEHOB MO3BOASIET Npeanonaratb, YTo y wramma R. opacus KT112-7
B pasnoxeHnn HO-MXB npuHuMawoT yyactme He TONAbKO epMeHTbl Kfiacca [AMOKCUIeHas,
HO W NpeACcTaBUTENN KNAcCa MOHOOKCUIEHas.
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3AK/TIOYEHUME

Ha ocHOBaHMM NpeAcTaBAEHHbIX Pe3yNbTaTOB MOXHO 3aKNKUUTb, YTO BaKTepuasnbHbli a3pobHbIV
wramMm R. opacus KT112-7 cnocobeH k buogectpykumn MXB u nx nepeuyHbix MeTabonmtoB HO-IMXb
n obnafaeTt MOWHbIM BMoaerpagaTMBHbLIM NOTeHUManoM. Ha ckopocTb Guopacnaga XnopopraHU4eckmx
CO3 v BTOPMYHBIX MNOJIIIOTAHTOB OrPOMHOE B/IMSIHME OKa3blBaeT UX CTPYKTYpHOe CTpoeHue. Ha npumepe
kKoHreHepoB X6 29 u MXB 101 ycraHOBNEHO, 4TO C YBEMYEHWMEM KOSIMYECTBA aTOMOB XJ0pa
B 6udeHMNbHOM Kapkace Bpems buomerpagaunn ysennumsaetcs: onsa MMXb 29 oHo coctaBuno 3 cyr,
a ona NX6 101 - 14 cyt. Ong sropuuHbix nonntotaHToB HO-MXB 29 n HO-MXB 101 3apeructpuposaH
OOMHAKOBbIM Nepuog, ucyepnoiBatowero 6uookmcnenns — 10 cyt. HecMoTps Ha Gonbluee copepxaHue
atomoB xnopa B cMecn HO-MXB 101 ckopocTb ee pacnaga 3a 1, 3 u 7 cyT Gbuia Bbilwe, YeM B C/y4vae
cmecn HO-TIXB 29, uto MoxeT 06bACHATECS paaoM (akTopoB: Honblielt TOKCMYHOCTBbIO MPOU3BOAHbIX
B cMecn HO-MXB 29 no cpaBHeHuto ¢ komnoHeHTamu cMecn HO-MXB 101 1 KoHKYpUpyOLWMM AeNCTBUEM
(epMeHTOB KNacCOB MOHO- M AMOKCMreHas wramma R. opacus KT112-7, cBS3aHHbIM C AOCTYMHOCTbIO
aKTUBHbIX CaTOB B BMOpa3naraeMbix COEAUHEHUSIX.
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AHHomauyus

One important mechanism underlying the promotive
action of rhizosphere bacteria on plants is their ability
to produce plant hormones, particularly cytokinins.
Cytokinin must be delivered from the roots to stimulate
plant growth and exert beneficial effects on the shoots.
This work aimed to study the transport of bacterial
cytokinins in barley plants. We studied the effects of
cytokinin-producing bacteria on the growth, cytokinin
content, and expression of the HvABCG gene, a homolog
of the rice OsABCG18 and Arabidopsis AtABCG14 genes
encoding transporters of these hormones. Rhizosphere
of 3-days-old barley seedlings were inoculated with
Bacillus  subtilis 1B-22, and cytokinins  were
immunoassayed on the sixth day after bacterial
treatment. On day 11, leaf growth stimulation was
detected under the bacterial treatment, indicating that
bacterial cytokinins affect shoot performance. This
hypothesis was confirmed by a 1.5 increase in zeatin
riboside levels registered in the shoots of bacteria-
treated plants. Estimating the expression of the HvABCG
gene showed its upregulation in the roots of bacteria-
treated plants, suggesting the involvement of this
transporter in the delivery of cytokinins to the shoots.
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Abstract

OaHUM U3 BaXKHbIX MEXaHU3MOB, NEXalMX B OCHOBE
CTUMYNMPYIOLLErO [eicTBUS pu3ocepHbiX BakTepuii
Ha pacTeHus, ABASETCS MX CNOCOBHOCTb NPOAyLMPOBaTh
pacTuTesnbHble TOPMOHbI, B YaCTHOCTU LMUTOKMHMHBI.
[na ctumMynaumm pocta pacteHuin Heobxoammo, 4Tobbl
LUMTOKMHUH JOCTaBAANCS U3 KOPHEN M okasbiBan bnaro-
TBOpHOE BO3AeicTBMe Ha nobern. Lenbto paHHOM pa-
60Tbl OblN10  M3yyeHMe TpaHCnopTa 6akTepuanbHbIX
LUMTOKMHUHOB B pacTeHusX suMeHs. Mbl uccneposanu
BAWUSIHWE  MPOAYLUMPYIOWMX  LMUTOKMHUHBI  BakTepwuii
Ha poCT, COfepXXaHWe LUTOKMHUHOB M 3KCMPECCUIo reHa
HVABCG, koTopbin aBnseTcs romonorom reHa OsABCG18
puca u reHa AtABCGI4 apabuponcuca, Koaupylowmx
TpaHcnopTepbl 3TUX rOPMOHOB. Pusocdepy 3-AHEBHbIX
NPOPOCTKOB SUMEHsI MHOKynuposanu Bacillus subtilis
IB-22 1 Ha wecTow AeHb nocne baktepuanbHoli 06paboT-
KW NpOBOAWMAN UMMYHO(EPMEHTHbIN aHaNU3 LUTOKUHU-
HoB. Ha oauHHapuatbll aeHb 6ObI0  OBHApyXeHO
CTUMYNIMPOBaHMe pocTa IMCTbeB Npu HakTepuanbHow 06-
paboTke, 4TO CBMAETENLCTBYET O MONOXWUTENbHOM BMUS-
HUM  BGaKTepuanbHbIX UMTOKMHUHOB Ha COCTOSHUE
noberos. JTa rMnoTesa 6bina noaTBepxaeHa 1.5-kpart-
HbIM YBEMYEHMEM YPOBHSA 3€aTUHPMDOO3MAA, 3aperuncT-
pVpOBaHHbIM B noberax pacteHui, 06paboTaHHbIX 6ak-
Tepuamu. OueHka akcnpeccum reHa HvABCG nokasana ee
MOBbILWEHWE B KOPHSIX pacTeHui, 06paboTaHHbIX BakTe-
pMSIMM, YTO YKA3blBA€T Ha BO3MOXHOE Yy4yacTMe 3TOro
TpaHcrnopTepa B AOCTaBKe LUTOKUHUHOB B noberw.
Knrouessie cnosa:

Bacillus  subtilis,
TpaHcnopTepsl

Hordeum wvulgare, UWTOKWUHWHBI,

locmynuna e pedakyuro: 07.05.2026
lpuHamo e neyams: 29.05.2026
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INTRODUCTION

Rhizosphere bacteria are increasingly used in crop production as growth promoters, increasing yield

and plant resilience. One of the important mechanisms underlying the stimulating effect on plants is

their ability to produce plant hormones, in particular cytokinins. We previously demonstrated that pre-
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sowing seed treatment with cytokinin-producing bacteria accelerates growth and increases yield in
wheat plants [Arkhipova et al. 2019]. To stimulate plant growth, cytokinin must be delivered to the
shoots, as these hormones exert their beneficial effects on the leaves [Wu et al. 2021]. Experiments
with rice and Arabidopsis plants have shown that cytokinin delivery to the shoot depends on so-called
ABC transporters, a superfamily of membrane channels that actively transport various substances
through ATP hydrolysis [Zhang et al. 2014; Zhao et al. 2019]. It was important to verify the dependence
of cytokinin influx into the shoot on cytokinin transporters in other plant species. This work aimed to
study the transport of bacterial cytokinins in barley plants. The choice of this species was dictated by
the sufficient knowledge of its genome, which made it possible to identify genes encoding cytokinin
transporters and study their expression. We studied the effects of cytokinin-producing bacteria Bacillus
subtilis 1B-22 on the growth, nitrogen balance index, cytokinin content and expression of the
HORVU.MOREX.r3.7HG0645770 gene, which is a homologue of the rice OsABCG18 and Arabidopsis
AtABCG14 genes [Mahalingam et al. 2022], in shoots and roots of barley.

MATERIALS AND METHODS

Barley (Hordeum vulgare L.) seeds of the Prairie variety were sterilized with a 40% aqueous solution
of sodium hypochlorite, diluted twofold. The seeds were laid out on filter paper moistened with tap
water, covered with a second layer of filter paper, shaded, and transferred to a refrigerator for
stratification at +5°C. The next day, the seeds were exposed to the dark at an ambient temperature of
21°C. On the third day, the seedlings were transplanted into sand saturated with Hoagland-Arnon
nutrient medium at 80% of the total moisture capacity of the substrate, a 14-hour photoperiod, an
illumination of 400 mol m? s PAR, and a temperature of 25/20°C (day/night). On the day following
planting of the seedlings in the sand, 1 ml of a suspension of Gram-positive aerobic spore-forming
cytokinin-producing bacteria Bacillus subtilis 1B-22 (GenBank MT590663) (CFU 108 ml™) was introduced
into the rhizosphere of each plant.

Gram-positive aerobic cytokinin-producing bacterium Bacillus subtilis I1B-22 (GenBank MT590663)
[Kudoyarova et al. 2014] from the collection of microorganisms of Ufa Institute of Biology, RAS, was
used for bacterial treatment. Inoculates for bacterial treatments were obtained by cultivating B. subtilis
IB-22 on K1 medium as described [Arkhipova et al. 2020]. The strain of microorganisms was cultured in
Erlenmeyer flasks on a shaker (160 rpm) for 72 h at 37°C, and bacterial biomass was applied to the
rhizosphere as described above.

On the third day after bacterial treatment, cytokinins were extracted and purified from shoots and
roots, and their concentrations were determined by immunoassay using antibodies against zeatin
riboside after separation of cytokinin derivatives by thin-layer chromatography, as described
[Kudoyarova et al. 2014]. Shoots and roots were homogenized, and cytokinins were extracted with 80%
ethanol. The extract was separated from plant debris by centrifugation, and the ethanol was evaporated
to leave an aqueous residue. They were loaded on a C18 cartridge (500 mg, Varian, Middelburg, The
Netherlands), which was then washed with 20 ml of distilled water. Cytokinins were eluted with 70%
ethanol, the eluate evaporated to dryness, and the residue dissolved in a minimum of 80% ethanol. The

solution was loaded on precoated 5 x 20 cm, 0.25 mm thick silufol 60 F-254 plates (Merck, Darmstadt,
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Germany) for thin layer chromatography in the solvent system of butanol, ammonium hydroxide, and
water (6:1:2). After ultraviolet detection of standard zeatin, its nucleotide, glucoside and riboside in a
separate track for standards, the corresponding zones from the plant material were eluted with 0.1 M
phosphate buffer (PB, pH 7.2-7.4). This protocol successfully separated and assayed zeatin nucleotide
(Rf0-0.1), zeatin glucoside (Rf 0.1-0.2), zeatin riboside (Rf 0.4-0.5), and zeatin (Rf 0.6-0.7) [Vysotskaya
et al. 2009]. More than 90% recovery was obtained for zeatin, its riboside and glucoside standards. Anti-
cytokinin antibodies with high immunoreactivity towards trans-zeatin, its riboside, N9-glucoside and
nucleotides showed an inherently low cross-reactivity to dihydrozeatin and isopentenyladenine (iPA)
and their derivatives. The aforementioned method was validated for our plant material by LC-MS/MS
[Veselov et al. 2018].

At the same time, the nitrogen balance index (NBI), which is the ratio of chlorophylls and flavonoids,
was measured in the leaf epidermis using the DUALEX SCIENTIFIC+ (FORCE-A, France) device. NBI
provides the earliest information on the nitrogen status of a plant.

RNA extraction and transcript analysis of the HORVU.MOREX.r3.7HG0645770 gene, encoding the
cytokinin-transporting protein [Mahalingam et al. 2022], was performed as follows. Since this gene
product is an ABCG transporter homologous to the rice gene OsABCG18, we will henceforth refer to it
as HvABCG. Total RNA was isolated from control and experimental 6-day-old barley plants using the
Lira reagent according to the supplier's protocol (Biolabmix, Russia). Nucleic acid concentration was
measured using a Smart Spec Plus spectrophotometer (Bio-Rad, USA). To synthesize cDNA, a reverse
transcription reaction was performed using M-MuLV reverse transcriptase (Synthol, Russia) on a TP4-
PCR-01-Tercik amplifier (DNA-Technology, Russia). Expression of the ABC transporter gene was
analyzed by quantitative real-time PCR on a CFX Connect real-time PCR Detection System (BioRad
Laboratories, USA) using the SYBR Blue intercalating dye (Biolabmix, Russia). The qPCR protocol was
as follows: 95°C for 5 min; 40 cycles at 95°C for 15 sec, 60°C for 20 sec, and 72°C for 30 sec. The
following primer set (5'-3) was used in this study: HvABCG (XM_045104931.1); F -
TAGCACCGCCATCAACTTTG, R - GCTAGGGTTTGATGCACAGC). The B-tubulin gene (X54844.1; F -
GCTCCCAGCAGTACAGGACTCT; R - TGGCATCCCACATTTGTTGA) was used as an internal control to
normalize the amount of total RNA present in each reaction. Changes in gene expression were
determined by calculating the normalized gene expression level using the CFX Connect real-time PCR
Detection System software (BioRad Laboratories, USA).

On the fourteenth day, shoot and root weights were measured.

The data were processed using MS Excel software. Data in figures are presented as mean values *

standard error. The number of biological replicates (n) is provided in the figure’s legends.

RESULTS AND DISCUSSION

An assessment of leaf size revealed stimulation of leaf growth under the influence of bacterial
treatment, most noticeable in the third young leaf, the area of which was one and a half times larger
compared to the control (plants not treated with bacteria) (Fig. 1). Thus, bacterial treatment promoted

the growth of barley plants in the present experiments.
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Fig. 1. Effect of inoculation of barley rhizosphere
with Bacillus subtilis 1B-22 on the length, (a) and
area, (b) of the third leaf measured 11 days after
treatment. Mean values of control and treated
plan)ts are statistically different (n=50, p<0.05, t-
test

Puc. 1. BnmsHue uHokynsiumm pusocdepbl sUMeHs
Bacillus subtilis 1B-22 Ha pnvHy (a) u nnowaapb (b)

TpeTbero NuCTa, M3MepeHHyw udepes 11 pHewn
nocne 06paboTku. efHMe 3HaueHus Ans
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Moreover, the nitrogen index in leaves increased by 10% under the influence of the treatment
(differences compared to the control are significant at p<0.05, t-test) (Fig. 2a). Since nitrogen uptake by
plants is important for maintaining photosynthesis, it is not surprising that the dry mass of shoots of
bacteria-treated plants was 20% higher compared to the control (differences compared to the control
are significant at p<0.05, t-test) (Fig. 2b). However, no reliable effect of treatment on root mass and

length was found.

Fig. 2. Effect of inoculation of barley rhizosphere
with Bacillus subtilis 1B-22 on the nitrogen balance
index (n= 36) (a) and day weight of shoots and
roots (n=40) (b) measured 11 days after treatment
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Since cytokinins are known to stimulate shoot growth [Wu et al. 2021] and photosynthesis [Cortleven,
Schmilling 2015], the promotion of these characteristics in barley shoots by bacteria capable of

synthesizing cytokinins suggests that in our experiments these hormones were delivered to the shoot.

The results of cytokinin determination confirmed this hypothesis (Fig. 3a).

Fig. 3. Effect of inoculation of barley rhizosphere
with Bacillus subtilis 1B-22 on the content of zeatin
riboside (ZR) in shoots and roots (n=9) (a) and
transcript level of HvABCG gene in bacteria-
treated plants (n=9) expressed as fold
change compared with control samples (b)
measured 3 days after treatment
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It showed a one-and-a-half-fold increase in zeatin riboside levels in the shoots of bacteria-treated
plants compared to the control (differences compared to the control are significant at p<0.05). Since
cytokinin ribosides are considered the primary form for transporting these hormones from roots to
shoots [Sakakibara 2021], these results confirmed activation of cytokinin export from roots to shoots in
bacteria-treated plants. An alternative explanation, according to which the bacteria stimulated
cytokinin synthesis by the plants themselves, cannot be ruled out, but in our view, it seems less likely.
Plants are known to absorb cytokinins from the soil, and the bacteria used in this study are known to
produce cytokinins [Kudoyarova et al. 2014]. Therefore, the increased cytokinin content in the shoots of
bacteria-treated plants most likely results from bacterial uptake and delivery of cytokinins to the shoots.

Previous experiments with the expression of the rice OsABCG18 gene in tobacco leaves revealed the
ability of this transporter to support the export of various forms of cytokinin from cells and their delivery
to the shoots [Zhao et al. 2019]. Therefore, it was of interest to evaluate possible involvement of similar
transporters in the delivery of cytokinins to barley shoots.

Genes with a high level of homology to known cytokinin transporter genes in Arabidopsis and rice
were found in the barley plant genome [Mahalingam et al. 2022]. Based on this analysis, primers were
designed to assess the expression of one of these genes (HvABCG), enabling testing of its putative role
in controlling cytokinin distribution in bacteria-treated plants. As shown in Fig. 3b, the transcript level
of this gene almost doubled in roots after bacterial treatment but remained unchanged in shoots. In rice
and Arabidopsis plants, the amount of cytokinins accumulated in the shoot was positively correlated

with the expression levels of OsABCG18 in roots of rice suggesting its role in the long-distance transport
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of cytokinins [Zhao et al. 2019]. In our experiments increased accumulation of cytokinins in bacteria
treated plants was accompanined by increased expression in roots of HYABCG transporter, which is a
homolog of rice and arabidopsis cytokinin transporters [Zhang et al. 2014; Zhao et al. 2019], indicating
its possible involvement in the transport of bacterial cytokinins from roots to shoots.

Thus, we have shown that stimulation of barley plant growth by bacteria capable of synthesizing
cytokinins is accompanied by, and apparently results from, an increase in cytokinin levels in plant shoots
likely due to the transport of bacterial hormones from roots to shoots. These results suggest
involvement of HYABCG transporter in the delivery of cytokines to plant shoots and support the proposal
that bacterial cytokinins not only penetrate plants but are also transported to the shoot, where they

stimulate growth and photosynthesis.
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Abstract

Chemotherapy resistance remains a key contributor to
the reduced effectiveness of cancer treatment. The aim
of this study was to identify transcriptomic programs
associated with the development of docetaxel
adaptation in a PC3 cell model of prostate cancer and
evaluate their applicability for the subsequent search
for modifiers among fungal secondary metabolites. The
experimental cells were exposed to docetaxel for
prolonged periods, followed by selection of the
surviving cell population. Using RNA-seq and GSEA
analyses, we identified positive enrichment of the
«TNFa signaling via NF-kB», inflammatory response,
and «IL6/JAK/STAT3 signaling» pathways, which is
consistent with the formation of an NF-
kB/IL6/JAK/STAT3-associated survival signature. We
also demonstrated the statistical significance of

enrichment of the «Cholesterol homeostasis» pathway,
suggesting the transcriptional remodeling of
cholesterol-associated  metabolic  programs. The

obtained data allow us to consider the identified
transcriptomic programs as guidelines for subsequent
targeted search and experimental testing of fungal
secondary metabolites that are potentially capable of
modifying inflammatory signaling and metabolic
mechanisms of drug tolerance in tumor cells.
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AHHOmauyus

XMMMOPE3UCTEHTHOCTb OCTAETCs KtoYeBbIM (akTOpPOM
CHMXeHUsa 3PPeKTUBHOCTU Npu nedeHun paka. Llenbio
[AaHHOrO WCccneaoBaHus Oblia MAEHTUdMKALMS TpaHC-
KPUMTOMHBIX MpOrpaMM, CBSI3aHHbIX C  PasBUTMEM
ajanTtaumm K gouetakceny Ha mogenu PC3 kneTok paka
npeacTaTenbHOM Xenesbl, U OLEHKA MX NMPUMEHUMOCTH
LNg  nocnepylowero rnoucka MoauduKaTopoB cpeau
BTOPMYHbIX METabosIMTOB rpMboB. JKCMEPUMEHTASbHbIE
KNeTKM MoaBepranucb BO3LEWCTBMIO  AOLEeTakcena
B TEYEHME  [/UTENbHOrO  BPEMEHW, MNocCsie  Yero
NpoBOAMNACh CENEKLMS BbIKMBLUEW MOMYNSLUMU KIETOK.
C nomowsbto RNA-seq n GSEA nogxonoB Hamu 6bino
BbISIBMIEHO MOMIOXWUTENbHOE O00O0ralleHMe CUrHaNbHbIX
nyteir «TNFa signaling via NF-kB», BocnanutensHoro
otBeTa U «IL6/JAK/STAT?3 signaling», 4To yKka3biBaeT Ha
aktuBaumto NF-kB/IL6/JAK/STAT3 curHaTypbl BbbKMBaA-
Hus. Takke Hamu 6blna nokasaHa CTaTUCTMYecKas
3HAYMMOCTb oboraleHus nyTm «Cholesterol
homeostasis», 4TO YyKasblBaeT Ha TPAHCKPUMLMUOHHYIO
nepecTpoiiKy MeTabonnyeckux NporpamM, CBs3aHHbIX C
XonectepuHoM.  [lonyyeHHble  AaHHble  MO3BOASOT
paccMaTpuBaTh BbiSIBJIEHHbIE TPAHCKPUMTOMHbIE MpPO-
rpaMMbl B Ka4yecTBe OPUEHTMPOB ANS MOCNEAYIOLLEro
LlefIeHanpaBNeHHOrO0  MOWMCKA M 3KCNEPUMEHTANIbHOMO
TECTUPOBAHUS  BTOPWUYHbIX  MeTabonutoB  rpuboB,
MOTEHUMANBHO CMOCOBHLIX MOAMPULMPOBATL BOCMASMU-
TENIbHYIO0 CUTHANU3aLMI0 U MeTabonuyeckne MexaHusMbl
NEeKApCTBEHHOM YCTOMUYMBOCTM B OMYXONEBLIX KETKAX.
Knioyessole cnosa:
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INTRODUCTION

Chemotherapy is a key approach in the treatment of various malignancies. However, despite its
proven clinical efficacy, treatment outcomes are often limited by the development of resistance in many
patients. Chemoresistance is characterized by a partial or complete loss of tumor cell sensitivity to
cytostatic drugs during treatment and is one of the main causes of subsequent disease progression
[Zafar et al. 2025]. Under conditions of chemotherapeutic stress from a cytostatic drug, tumor cells are
capable of activating various adaptive mechanisms, such as cell cycle rearrangement, enhanced damage
repair, metabolic reprogramming, activation of inflammatory signaling pathways, and many others [Gu
et al. 2025]. These complex rearrangements contribute to the selection of surviving tumor cells with a
phenotype of tolerance to the chemotherapeutic drug, and the study of these molecular programs is an
important step in the development of strategies to improve the effectiveness of therapy [Dhiman et al.
2026].

High-throughput transcriptome sequencing (RNA-seq) combined with bioinformatics analysis
provides a powerful tool for identifying molecular signatures of drug response. RNA-seq allows one to
evaluate not only changes in the expression of individual genes but also coordinated changes in
biological pathways and regulatory programs [Ergin et al. 2022]. When combined with functional
enrichment methods, including Gene Set Enrichment Analysis (GSEA), this approach allows one to
identify transcriptome signatures associated with cellular stress, inflammatory signaling, apoptosis,
metabolic adaptation, and other processes potentially involved in the development of drug tolerance
[Candia, Ferrucci 2024; Menyhart et al. 2025].

The use of transcriptome analysis followed by the selection of biologically active compounds
directed at the identified targets represents a promising strategy for searching for candidate compounds
that can potentially modify drug tolerance in tumor cells. In the context of the search for compounds
capable of modifying the adaptive programs of tumor cells and increasing their sensitivity to therapy,
fungal secondary metabolites are of particular interest. Fungi are a rich biotechnological source of
structurally diverse bioactive compounds, including polyketides, terpenoids, alkaloids, peptidic and
hybrid metabolites [Bills, Gloer 2016]. A number of such compounds can influence apoptosis, the cell
cycle, inflammatory signaling, metabolic regulation, drug transport and tumor plasticity [Sonowal et al.
2024]. Of particular importance is the fact that the potential of the fungal metabolome remains far from
fully explored. Fungi are characterized by the presence of numerous biosynthetic gene clusters, many
of which are silent and can be activated through changes in cultivation conditions, epigenetic regulation
or microbial interactions [Zhang et al. 2024]. It is also worth noting that less than 1% of the identified
fungal biosynthetic clusters are associated with characterized compounds, which indicates a significant
reserve for the search for new molecules with antitumor, anti-inflammatory and signal-modulatory
activity [Garcia-Estrada et al. 2025].

The aim of this study was to identify transcriptomic programs associated with the development
of docetaxel adaptation in a cellular model of prostate cancer (PCa) - PC3. PCa is one of the most
common malignancies in men worldwide, and advanced and castration-resistant PCa (CRPC), in which
the tumor retains the ability to grow despite androgen suppression, poses a particular therapeutic
challenge [Le et al. 2023; Siegel et al. 2025]. Docetaxel (DTX), a taxane-based chemotherapeutic agent,
remains clinically important for these patients, since it became the first chemotherapeutic drug to
demonstrate an overall survival benefit in metastatic CRPC [Hussain et al. 2024]. However, the efficacy
of DTX may be reduced due to adaptation of tumor cells to repeated drug exposure. This adaptation
does not necessarily indicate stable resistance, but may reflect the development of a state of drug
tolerance, in which surviving cells activate compensatory survival programs [Sekino, Teishima 2020].
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In this study, we generated a cellular model of PCa after repeated exposure to DTX to identify
early transcriptomic programs of drug adaptation. Using RNA-seq and subsequent GSEA analysis, we
identified biological pathways and regulatory programs associated with the adaptive response of PC3
cells to DTX. Additionally, the identified transcriptomic signatures were used to prioritize classes of
fungal secondary metabolites potentially suitable for further targeted screening for modifiers of drug
tolerance.

MATERIALS AND METHODS

PC3 cells were obtained from the American Type Culture Collection (ATCC) and cultured in
RPMI-1640 medium supplemented with 10% FBS, L-glutamine, 100 U/mL penicillin, and 100 ug/mL
streptomycin at 37°C in 5% CO,. For cell dissociation, TrypLE™ Express Enzyme (Gibco, USA) was used.
Cell counting was performed using the Countess Il FL Automated Cell Counter (Thermo Fisher Scientific,
USA). PC3 cells were seeded in 6-well plates at a density of 500,000 cells per well. DTX-selected PC3
cells were generated using a stepwise selection protocol that included three sequential rounds of
treatment with increasing DTX concentrations (Sigma-Aldrich, USA): 4, 8, and 10 nM. At each round,
cells were incubated for 24 h in complete culture medium containing the corresponding DTX
concentration. After treatment, the DTX-containing medium was removed, and surviving cells were
transferred to DTX-free complete medium for recovery. The next selection round was performed after
the surviving adherent cells resumed proliferation and reached approximately 80% confluence. Cells
that survived and recovered after the third round of treatment with 10 nM DTX were defined
operationally as DTX-selected PC3 cells. Control PC3 cells were cultured in parallel under the same
conditions and treated with an equivalent volume of DMSO without DTX exposure. Three biological
replicates were included for each group. Mycoplasma contamination was assessed at each stage of the
experiment using the MycoReport PCR-based detection kit (Evrogen, Russia) according to the
manufacturer’s instructions.

Total RNA was isolated from experimental cell samples using the RNeasy Micro Kit (Qiagen,
Germany) according to the manufacturer’s protocol. RNA concentration was estimated using the Qubit™
RNA BR Assay Kit (Thermo Fisher Scientific, USA) on a Qubit 4.0 fluorometer. The quality of the RNA
was assessed using the Agilent RNA 6000 Nano Kit (Agilent Technologies, USA) on an Agilent 2100
Bioanalyzer. The RNA integrity number (RIN) was not lower than 9 for all samples.

Library preparation was performed using the KAPA RNA HyperPrep Kit with RiboErase (HMR or
Human/Mouse/Rat) (Roche), according to the manufacturer's protocol. The final RNA-seq libraries
quality was analyzed on an Agilent Bioanalyzer 2100 instrument (Agilent Technologies, USA) using the
Agilent High Sensitivity DNA Kit (Agilent Technologies). The concentration of the libraries was
measured on a Qubit 4.0 fluorometer (Thermo Fisher Scientific) using the Qubit dsDNA HS Assay Kit
(Thermo Fisher Scientific). The final RNA-seq libraries were approximately 500 base pairs in length.
Prepared mRNA libraries were combined into a single pool in equal proportions and subsequently
diluted to a final concentration of 1 nM. Sequencing was performed on a NextSeq 2000 instrument
using NextSeq 2000 P2 Reagent Kit (100 cycles) in single-end read mode. To minimize potential batch
effects, all RNA-seq libraries were sequenced within a single sequencing run.

Primary processing of the resulting RNA-Seq data in FASTQ format was performed as described
previously [Pudova et al. 2022]. The quality of raw FASTQ files was assessed using FastQC and MultiQC.
Adapter sequences and low-quality reads were removed using Trimmomatic, followed by alignment to
the human reference genome GRCh38 using the STAR aligner. Gene-level read counts were generated
using featureCounts from the Subread package. Each sample yielded at least 10 million reads. For
downstream analysis, the raw count matrix generated by featureCounts was imported into the R
statistical environment. Differential gene expression analysis was performed in R using the DESeq2

Katunina I.V,, Shishkina A.S., Pudova EA. © 211



Okobuotex. 2026. Tom 9. Ne 2. C. 209-219  «TpaHCKpMNTOMHbIE CUrHATYpbl afanTaLum K fOLIETaKceny B KETOYHOW NMHUM paka npeAcTaTtenbHoi xenessl PC3...»

package. Differentially expressed genes were identified using the Wald test for significance testing of
log2 fold changes.The Benjamini—-Hochberg correction was applied to calculate the false discovery rate
(FDR). Differences in gene expression were considered statistically significant at an FDR < 0.05. Gene
Set Enrichment Analysis (GSEA) was performed using the clusterProfiler package and Hallmark gene
sets from the Molecular Signatures Database (MSigDB). For preranked GSEA, genes were ranked
according to the DESeq2 Wald statistic obtained from the comparison between DTX-selected and
control PC3 cells. Gene sets with an FDR < 0.05 were considered statistically significant. Variance-
stabilized expression (VST) values generated with DESeq2 were used for visualization of selected genes
in heatmaps.

Additionally, an external in silico analysis was performed to assess the concordance of the
identified transcriptomic signatures at the pathway level. The analysis was carried out using two
independent public RNA-seq datasets of PC3 cells after DTX treatment, GSE233647 and GSE140440,
applying an approach analogous to that described above.

RESULTS

To identify biological processes associated with the development of DTX adaptation in PC3
cells, we performed Hallmark gene set enrichment analysis comparing DTX-selected PC3 cells with
control cells. We identified 22 statisticq2ally significantly enriched signatures, including both positively
and negatively enriched signatures/pathways (tab.1, fig.1).

Tabnuua 1. GSEA cratMctMka Ang  3HauMMBbIX
o6orawéHHbix Hallmark curHaryp B DTX-oTo6paHHbIX
Knetkax PC3 no cpaBHEHMIO C KOHTPONbHbIMU KJIETKAMM

Table 1. GSEA statistics for significantly enriched
Hallmark signatures in DTX-selected PC3 cells
compared with control cells

Pathway ES NES Gene set size FDR
TNFa signaling via NF-kB 0.68 2.69 174 470 x 102*
Interferon gamma response 0.63 2.40 146 5.39 x 1013
Interferon alpha response 0.66 2.36 89 2.46 x 10°
p53 pathway 0.55 2.16 171 3.81 x 10°
Cholesterol homeostasis 0.62 2.12 69 5.97 x 10°
Hypoxia 0.50 1.91 154 1.79 x 10
Apoptosis 0.48 1.82 128 1.14 x 10*
UV response up 0.47 1.76 129 3.91 x 10"
Inflammatory response 0.47 1.76 117 5.93 x 10*
Estrogen response early 0.43 1.67 162 6.15 x 10*
IL6/JAK/STAT3 signaling 0.59 191 51 1.32 x 10
Oxidative phosphorylation 0.40 1.58 194 1.82 x 103
Xenobiotic metabolism 0.43 1.66 136 1.87 x 10
Complement 0.43 1.62 139 2.79 x 103
Protein secretion -0.48 -1.70 94 3.96 x 10
Estrogen response late 0.41 1.57 149 3.96 x 107
E2F targets -0.39 -1.51 199 3.96 x 10
Epithelial-mesenchymal transition 0.41 1.57 147 3.96 x 10
Mitotic spindle -0.40 -1.54 193 3.96 x 10
Allograft rejection 0.45 1.61 97 410 x 10
G2/M checkpoint -0.38 -1.49 196 4.60 x 107
Adipogenesis 0.37 1.44 171 1.48 x 102

Note. ES, enrichment score; NES, normalized enrichment MpumeuvaHune. Cronbuatble pAMarpaMmbl  MOKa3blBAOT

score; FDR, false discovery rate. Positive NES values indicate
enrichment in DTX-selected PC3 cells, whereas negative NES
values indicate negative enrichment relative to control PC3
cells. Gene set size indicates the number of genes from the
corresponding Hallmark gene set included in the GSEA
analysis.

HOpPManu30BaHHbIV MoKasaTenb oboraweHus AN Kaxnoro
6uonornyeckoro npouecca. MNMonoxutensHole 3HaveHus NES
COOTBETCTBYIOT ~ CMrHatypaM, oborawéHHeiM B DTX-
oTobpaHHbIX knetkax PC3, M mokasaHbl KpacHbIM LBETOM;
oTpuuatencHble 3HavyeHus NES cOOTBETCTBYIOT cMrHaTypaMm C
oTpuLUaTeNbHbIM 060raweHnemM OTHOCUMTENbHO KOHTPOJbHbIX
KNETOK M MOKa3aHbl 3eN1EHbIM LIBETOM.
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PucyHok 1. 3Hauumble ob6orawéHHble Hallmark
curHatypbl B DTX-oto6paHHbix knetkax PC3 no
CPaBHEHUK C KOHTPObHbIMU KJ1IETKaMU

Figure 1. Significantly enriched Hallmark signatures in
DTX-selected PC3 cells compared with control cells

TNFa signaling via NFKb -
Interferon gamma response -
Interferon alpha response -
P53 pathway -

Cholesterol homeostasis -
Hypoxia-

IL6 JAK STATS3 signalling
Apoptosis 1

UV response up-
Inflammatory response -
Estrogen response early -
Xenobiotic metabolism -
Complement -

Allograft rejection -
Oxidative phosphorylation A
Epithelial mesenchymal transition -
Estrogen response late -
Adipogenesis -

G2M checkpoint -

E2F targets-

Mitotic spindle -

Protein secretion-

T T T

-1 0 1 2
Normalized enrichment score (NES)

Note. Bar plots show the normalized enrichment score (NES)
for each biological process. Positive NES values correspond
to signatures enriched in DTX-selected PC3 cells and are
shown in red; negative NES values correspond to signatures
negatively enriched relative to control cells and are shown in

MpumeuvaHue. InarpamMmma BeHHa nokasbiBaeT NepekpbITUE
3HauuMmo oborawéHHbix Hallmark curHatyp mexay Tpems
HabopaMu  AaHHbIX.  TennoBas  kapTa  NOKasbiBaeT
HOpManM30BaHHbIM Mokasartenb oborawenus (NES) ana atmx
obwmx nyter. KpacHbli LBET yKa3biBaeT Ha MONOXWUTeNbHOE

oboraweHme, TOrga KakK CWUHWI  UBET YyKa3blBaeT Ha
oTpuuaTtenbHoe oborawenune. *FDR < 0,05, **FDR < 0,01,
***EDR < 0,001 - cTaTCTMYECKas 3HAYMMOCTb..

The most significant positive enrichment was found for the «TNFa signaling via NF-kB pathway»
(NES = 2.69, FDR = 4.7 x 107%%). Significant positive enrichment was also observed for the
«IL6/JAK/STAT3 signaling» pathway (NES = 1.91, FDR = 1.3 x 1073). These results indicate that the NF-
kB/IL6/JIAK/STAT3 axis represents a prominent transcriptomic feature of PC3 cells surviving and

green.

recovering after stepwise DTX selection. Negative enrichment of proliferation- and mitotic cycle-related
pathways was also observed in the experimental cells. Specifically, the «G2/M checkpoint» (NES = -1.49,
FDR = 4.6 x 107%), «<E2F targets» (NES = -1.51, FDR = 4 x 107%), «mitotic spindle» (NES = -1.54, FDR = 4
x 107%), and «protein secretion» (NES = -1.7, FDR = 4 x 10~3) pathways were negatively enriched. These
results demonstrate suppression of proliferative and mitotic programs, which is consistent with the
mechanism of DTX action as a chemotherapeutic taxane that disrupts microtubule dynamics and mitotic
cell division.
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Figure 2. Heatmap analysis of selected leading-edge
genes from significantly enriched Hallmark in DTX-
selected PC3 cells

PucyHok 2. AHanu3 Cc nOMOLWbI TENJOBON KapTbl
OTAE/IbHbIX  BeAyliMX TeHOB U3  3HAYUMbIX
o6orawéHHbix Hallmark curHatyp B DTX-0T06paHHbIX
knetkax PC3
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Note. (A) Selected leading-edge genes associated with the
NF-«kB/IL6/JAK/STAT3-related signature. (B) Selected
leading-edge genes from the Hallmark cholesterol
homeostasis signature. Expression values were scaled by
gene and are presented as row z-scores. Cell colors indicate
the relative expression level of each gene across samples:
blue corresponds to expression below the gene-specific
mean, yellow to intermediate expression, and orange to

Mpumeuanue. (A) OToenbHble Beaylme reHbl, CBA3aHHbIE
¢ curHatyport NF-kB/IL6/JAK/STAT3. (B) OtaenbHble Beaywme
reHbl m3 Hallmark curHatypbl «romMeocTas XosectepuHas.
3HauyeHus 3kcrnpeccun ObiiM HOPMUPOBAHbI MO TFeHY WU
npeacTaBneHbl B BWAE z-nokasatenei no crtpokam. Llgeta
f4yeeKk OTpaXalT OTHOCUTENIbHbIA YPOBEHb 3KCMpPECcCcUn
KaXaoro reHa B o06pasuax: CMHMI LBET COOTBETCTBYET
3KCMPEeCCUM HUXKE CPELHEro 3Ha4YeHUsl AN OAHHOMO reHa,

expression above the gene-specific mean. XENTbIA - MPOMEXYTOYHOM 3SKCMPECCUM, a OpaHXKeBbl -

JKCnpeccuu Bbllle CpeaHero 3Ha4yeHna ona aHHOro reHa.

To further evaluate the NF-«kB/IL6/JAK/STAT3-associated inflammatory-stress signature, a
heatmap of selected leading-edge genes was constructed (fig. 2A). The selected genes included: /L6,
TNFRSF1A, TNFRSF12A, RELA, NFKB1, NFKB2, NFKBIA, NFKBIE, TNFAIP3, CCL2Z, CCL20, CXCL8, CSF1, RIPK2,
MYD88, TRAF1, BIRC3, and PIM1. Most of these genes showed higher VST-normalized expression values
in DTX-selected cells compared to control samples. Together, these data support the presence of
an inflammatory-stress transcriptional signature consistent with NF-«kB/IL6/JAK/STAT3-associated
signaling in DTX-selected cells. Also of particular interest was the enrichment of the «Cholesterol
homeostasis» pathway (NES =2.12; FDR = 6 x 10°) in DTX-selected PC3 cells. To visualize this metabolic
signature, a heatmap of selected leading-edge genes from the Hallmark cholesterol homeostasis gene
set was constructed (Fig. 2B). The genes included: MVD, NSDHL, SOLE, FDFT1, LDLR, DHCR7, EBP, FADS2,
TMEMS97, SCD, CHKA, and PLSCR. These genes are involved in sterol/cholesterol biosynthesis, uptake,
and lipid metabolism. This concerted change likely reflects a rewiring of the cholesterol-associated
metabolic program, which may be related to cellular adaptation to stepwise DTX selection.

To assess whether the identified PC3-associated transcriptomic signatures are reproducible at
the pathway level, we additionally analyzed two independent public RNA-seq datasets of PC3 cells after
DTX treatment, GSE233647 and GSE140440. Comparison of significantly enriched Hallmark signatures
revealed five pathways shared across all three datasets: TNFa signaling via NF-«kB, hypoxia,
inflammatory response, complement, and epithelial-mesenchymal transition (fig. 3, table 2).
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Figure 3. External in silico assessment of pathway-level
concordance between the PC3 datasets

PucyHok 3. BHewHsas in silico oueHka cornacoBaHHOCTH
Ha YpOBHe CUTHanbHbIX nyTen mexay PC3 Habopamu
AQHHBIX

DTX-selected PC3 GSE233647

~ GSE140440

Inflammatory response

TNFa/NF-kB

Hypoxia e 33 NES

c=-nw

b

EMT i AR

DTX-selected PC3 GSE233647 GSE140440

Note. The Venn diagram shows the overlap of significantly
enriched Hallmark signatures among the three datasets. The
heatmap shows the normalized enrichment score (NES) for
these common pathways. Red indicates positive enrichment,
whereas blue indicates negative enrichment. *FDR < 0.05,
**FDR < 0.01, *™*FDR < 0.001 - statistical significance.

MNpumeyanue. [uarpamma BeHHa nokasbiBaeT nepekpbiTue
3HaunMmo oborawéHHbix Hallmark curHatyp mMexpy Tpems
HabopamuM  pAaHHbIX.  TennoBas  kapTa  MoKasblBaeT
HOPManu30BaHHbIV Nokasatenb oboraweHuns (NES) ang atmx
06wmx nyteit. KpacHblit LBET yKa3blBaeT Ha MOMOXUTENbHOE
oborawieHne, TOraa Kak CWMHWIA LUBET YKa3blBAeT Ha
oTpuuatenbHoe oborawenune. *FDR < 0,05, **FDR < 0,01,
***FDR < 0,001 - cTaTMcTMyeCcKas 3Ha4YMMOCTb.

All five signatures demonstrated concordant positive enrichment across all datasets,

supporting the reproducibility of inflammatory/stress-associated transcriptional remodeling in PC3

cells under DTX-associated selective pressure.

Table 2. Concordantly enriched Hallmark
signatures in the DTX-selected PC3 dataset and
two independent public PC3 datasets

Tabnuua 2. CornacoBaHHO  o06oraliéHHble
Hallmark curHatypbl B Habope paHHbix DTX-
oTo6paHHbIX Knetok PC3 M AByX He3aBUCUMBIX
o6wenoctynHbix PC3 Habopax AaHHbIX

Pathway DTX-selected PC3 GSE233647 GSE140440

NES FDR NES FDR NES FDR
TNFa signaling via NF-«B 269 | 470x102 | 150 | 8.10x10>%| 1.50 | 3.50 x 103
Hypoxia 1.91 1.79 x 10° | 1.67 | 9.70 x 10* | 1.50 | 3.50 x 10°3
Inflammatory response 1.76 | 593x10* | 1.57 | 8.10x10% | 1.39 | 2.50 x 102
Complement 1.62 | 279x103 | 144 | 240x102 | 148 | 440x 103
Epithelial-mesenchymal transition | 1.57 | 3.96 x 10 | 2.05 | 5.70 x 107 | 1.53 | 2.60 x 10

Note. NES, normalized enrichment score; FDR, false Mpumeuvarnune. NES - HOpManuM30BaHHbLIA MNoOKa3aTeNb

discovery rate. Positive NES values indicate enrichment in
DTX-selected PC3 cells, whereas negative NES values
indicate negative enrichment relative to control PC3 cells.

oborawenna; FDR - yactota  NIOXKHOMONOXKMUTENbHbIX
pe3ynbtaToB. lNonoxutenbHble 3HaveHus NES ykasbiBalOT Ha
oboraweHne B DTX-otobpaHHbix kneTkax PC3, Torma Kak
oTpuuatencHble 3HavyeHns NES yka3biBaloT Ha oTpuuaTtenbHoe
oboraleHne OTHOCUTENbHO KOHTPOJbHbIX KneTok PC3.

DISCUSSION

One of the main findings of this study was the identification of an inflammatory/stress-
associated transcriptomic signature in DTX-selected PC3 cells. At the GSEA level, this program was

represented by a consistent positive enrichment of the TNFa signaling via NF-«kB, inflammatory
response, and IL6/JAK/STAT3 signaling pathways. The most pronounced signal was observed for the
TNFa/NF-kB signature, suggesting activation of an NF-kB-associated transcriptional program in PC3
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cells surviving and recovering after stepwise DTX selection. These findings should be interpreted as
pathway-level transcriptomic associations rather than direct evidence of a causal role of NF-
kB/IL6/JAK/STAT3 signaling in DTX resistance. Various studies have previously shown an association
between NF-kB/IL6 signaling and the response to DTX and the development of a resistant phenotype
in PCa models. Subsequent studies have also demonstrated the involvement of the NF-kB-1L6-STAT3
axis in PCa progression and DTX chemoresistance. Furthermore, inhibition of NF-kB-STAT3 dependent
programs can enhance the effect of DTX, highlighting the potential for targeting this axis [Codony-
Servat et al. 2013; Zhong et al. 2022; Cruz-Lozano et al. 2024].

The relevance of the inflammatory/stress-associated remodeling was further supported by an
external in silico analysis of two independent public PC3 RNA-seq datasets, GSE233647 and GSE140440.
Across the DTX-selected PC3 dataset and both public PC3 datasets, five Hallmark signatures showed
concordant positive enrichment: TNFa signaling via NF-kB, hypoxia, inflammatory response,
complement, and epithelial-mesenchymal transition. This overlap supports the reproducibility of a
broader inflammatory/stress-related transcriptional state in PC3 cells under DTX-associated selective
pressure. Importantly, the public dataset analysis was used to assess pathway-level concordance and
should not be interpreted as direct functional validation of DTX resistance.

The IL6/JAK/STAT3-associated axis emphasizes the search for secondary fungal metabolites
with anti-inflammatory signaling activity. Such compounds may include metabolites of various
structural groups - lactone derivatives, triterpenoids, polyketides, alkaloids, and other compounds,
whose antitumor effects may be linked to the regulation of key tumor-associated signaling cascades
[Evidente 2024]. The best characterized compound is galiellalactone, a secondary metabolite with
documented STAT3-inhibitory activity, first isolated from the ascomycete Galiella rufa strain A111-95
[Kopcke et al. 2002]. This metabolite has been characterized as a direct STAT3 inhibitor, and
galiellalactone has also been shown to inhibit the growth of STAT3-activated cells in vitro and in vivo
in PCa models [Don-Doncow et al. 2014; Thaper et al. 2018]. It is worth noting that galiellalactone
activity has also been demonstrated in other cancer types, such as in a breast cancer model where
analogs capable of inhibiting STAT3 phosphorylation and inducing apoptosis in tumor cells were
developed based on the structure of natural galiellalactone [Ko et al. 2019]. These results indicate the
possibility of further chemical optimization of this compound for further studies.

Triterpenoids, particularly ganoderic acids produced by fungi of the genus Ganoderma, including
Ganoderma lucidum, may be of interest as an additional direction for exploring fungal secondary
metabolites capable of modulating the NF-«kB/IL6/JAK/STAT3 axis. Proapoptotic, cytotoxic, and anti-
invasive effects have been described for this class of compounds in tumor models [Garcia-Estrada et al.
2025].

The cholesterol-associated metabolic program emerged as another transcriptomic signature
relevant to the subsequent selection of fungal metabolite classes. In our data, cholesterol homeostasis
was positively enriched, and this enrichment was also observed in GSE140440 public PC3 dataset (NES
= 1.52, FDR = 0.018), suggesting that cholesterol-associated remodeling may represent a reproducible
but context-dependent component of the PC3 adaptive response. The biological significance of
cholesterol metabolism is consistent with studies on the role of lipid metabolism in PCa progression,
which indicate that dysregulation of lipid and cholesterol metabolism may serve as a tumor cell survival
strategy and a potential therapeutic vulnerability [Guerrero-Ochoa et al. 2024]. In addition, remodeling
of fatty acid, cholesterol, and phospholipid metabolism has been described as one of the key features
of tumor progression and metabolic adaptation [Zhang et al. 2023].
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Given the enrichment of cholesterol homeostasis in DTX-selected PC3 cells, statin-like fungal
metabolites can be considered one of the promising classes of compounds for further screening of
potential modifiers of drug tolerance [Tripathi et al. 2024]. Fungal statin-like metabolites, such as
lovastatin produced by Aspergillus terreus and Monascus sp. and compactin/mevastatin produced by
Penicillium sp., may be considered for future screening. Moreover, lovastatin has been shown to exhibit
antitumor effects through the induction of apoptosis, suppression of proliferation, inhibition of
angiogenesis, and potential enhancement of tumor cell sensitivity to chemotherapeutic drugs [Garcia-
Estrada et al. 2025]. Thus, this class of fungal secondary metabolites can be considered a promising
pool of compounds for subsequent screening of drug tolerance modifiers. It is important to note that
the cholesterol-associated program should be considered a second, metabolically oriented direction for
experimental targeting, complementing the central NF-kB/IL6/JAK/STAT3-associated axis.

Overall, our results suggest that PC3 cells surviving and recovering after stepwise DTX selection
are characterized by adaptive changes in inflammatory and metabolic transcriptomic programs. The
identified NF-kB/IL6/JAK/STAT3- and cholesterol homeostasis-associated signatures may serve as
reference points for subsequent targeted searches for candidate compounds potentially capable of
modulating DTX-associated adaptive programs in tumor cells. However, several limitations of this study
should be considered, including the use of a single PC3-based model, which limits the generalizability
of the findings to other PCa cell lines with different molecular backgrounds, such as DU145 or LNCaP,
and the lack of validation of the identified pathways at the protein and functional levels. Finally, the
fungal secondary metabolites discussed here were selected based on literature data and were not tested
experimentally in this model. Therefore, they should be considered candidate compounds for future
experimental validation.
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AHHOmMayus

BoiaeneH u uaeHTMOUUMPOBAH HOBbIW FaNoTONIEPaHT-
HbIM WTaMM BakTepuit Bacillus atrophaeus ANT22, obna-
OAOWMA  pOCTCTUMYIUPYIOWMMM CBOMCTBAMKU (NPOAYK-
UM MHOONMN-3-YKCYCHOM KMCNOTbl, dochatmobunu-
3aLM$s, QaHTAarOHMCTMYECKAs aKTUBHOCTb) MU CNOCOBHOCTbLIO
K obpasoBaHuio 6uonneHkn. W3yyeHo Bo3pencTeue
conert (cynbdaTa MarHus, XA0puaa HATpus) Ha 3Tu
cBoycTtBa. B MopenbHOM 3KcnepuMMeHTe  OLEHEHO
BAMUSHME 06paboTKM CEeMSH NIOMNMHA 3TUM LWTaMMOM
Ha Mopdonornuyeckme M OUOXMMUYECKME MOKA3aTeNM
pacTeHUIM MpU HOPMaNbHbIX YCIOBUSIX M MPU HaNU4UK
B noyse xnopuaa Hatpusa (0.25% macc.). MNokasaHo, 4To
B. atrophaeus ANT22 ycunuBan pocT pacTeHui, 0CobeH-
HO npu 3aconeHmun. B npucytcteun NaCl mHokynsaums
yBEeMYMBANa AJIMHY M MAcCy KOpHel Ha 46.5 n 48.3%
COOTBETCTBEHHO, MpuUBOAMAA K YOJIMHeHW nobera
Ha 12.0% v noBbIWweHUIO ero Maccbl Ha 27.9%, a Takxe
cnocobcTBoBana BO3pacTaHWI0 KOIMYECTBA JIMCTHEB U UX
Macchl (Ha 36.8 1 30.9% cooTBETCTBEHHO) OTHOCUTENBHO
HEWHOKY/IMPOBAHHbIX PACTEHUIA B 3aCONEHHOW MOYBe.
Kpome Toro, 6akrepusaums ycunmsana Ha 21.3%
BbIpaboTKy xnopodunna B pacTeHUsX, MNOCAKEHHbIX
Bnousy ¢ NaCl, M cHMKana B HMX comepxaHue
ManoHoBoro auanbgernaa B 1.4 pasa no cpaBHeHWO

C HeobpaboTaHHbIMK BapuaHTaMu. MonyyeHHble
pe3ynbTaTbl  CBMAETENbCTBYIOT O  MEPCMNEKTUBHOCTH
MCMONb30BAHMA  ra/loTONEPAHTHOrO  MIEHKOO6pasyio-

wero wramma B. atrophaeus ANT22 pna ctumynupo-
BaHMS pPOCTa pacTeHWI B 3aCONIEHHOM NoyBe.

Knioyeseie cnosa:

Bacillus  atrophaeus ANT22, ranoTonepaHTHOCTb,
POCTCTUMYNIMPYIOLLAS aKTUBHOCTb, GMOM/EHKa, Xopua
HaTpu4, cynbdaT MarHus, NONUH
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Abstract
A new halotolerant bacterial strain, Bacillus
atrophaeus ANT22, was isolated and identified.

It possesses growth-promoting properties (i.e., indole-
3-acetic acid production, phosphate mobilization, and
antagonistic activity) and biofilm-forming capacity.
The effects of magnesium sulphate and sodium chloride
salts on these properties were studied. A model
experiment was conducted to assess the effect
of treating  lupine  seeds  with  this strain
on the morphological and biochemical parameters
of plants under normal conditions and in the presence
of 0.25% sodium chloride in the soil. B. atrophaeus
ANT22 enhanced plant growth, especially under saline
conditions. In the presence of NaCl, inoculation
increased root length and weight by 46.5% and 48.3%,
respectively, led to shoot elongation by 12.0% and
anincrease in shoot weight by 27.9%, and also
contributed to an increase in the number of leaves and
their weight (by 36.8% and 30.9%, respectively) relative
to uninoculated plants in saline soil. Furthermore,
bacterization  increased  chlorophyll  production
by 21.3% in plants planted in soil with NaCl and reduced
malondialdehyde levels by 1.4 times compared
with untreated samples. These results demonstrate
the potential of using the halotolerant film-forming
strain B. atrophaeus ANT22 to stimulate plant growth
in saline soil.
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Bacillus, halotolerance, growth-promoting activity,
biofilm, sodium chloride, magnesium sulfate, lupine
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BBEAEHWME

3aconeHue nous, CBA3aHHOe, B NepBYyl0 ovepenb, C HEPALMOHANIbHOM AeATeNIbHOCTbI0 YeN0BeKa,
NMPUBOAMT K YXYOWEHUIO UKW JaxXe noTepe MnouBeHHbIX QyHkumi [Pan et al. 2024]. N3-3a BbICOKOrO
COOEepPXaHMS PaCTBOPUMbIX COMEN OrpaHMYMBAETCS NOMNOLEHWE BOAbI M MUTATEIbHbIX BELLECTB KOPHAMM
pacTeHMI, 4TO BbI3bIBA€T 3aMefd/ieHMe PpOCTa M PasBUTUS, a TaKKe CHUXKEHWE YpPOXKAMHOCTU
arpoOHOMMYECKM LeHHbIX KynbTyp [Tomaz et al. 2026]. [pu 3TOM naowaab 3aCoNeHHbIX 3eMeNlb BO BCEM
MUpe MNpodoO/KaeT YBEeIMUYMBATLCS M 3TO CTAHOBUTCS OCHOBHBIM  3KONMOTMYECKMM  (aKTOPOM,
NpensTcTBYOWMM  3PEHEKTUBHOMY pPa3BUTUIO CENbCKOMO XO3AMCTBA WM CO34AKOWMM  yrpo3y Ang
NpOAOBONLCTBEHHOM 6@30NaCHOCTM M YCTOMYMBOrO COLMANbHO-IKOHOMMYECKOro pa3BuTus [Shokri et al.
2024].

CywecTtBylolwme arpoXMMmnyeckme U TexHuyeckne npuemol 60pbbbl C 3aCONEHHOCTbIO MOYB He
CNOCOBHbI MOTHOCTLH PELNTb 3TY MPOBAEMY M3-33 HU3KOM IPPEKTUBHOCTU, LOPOTrOBU3HbI U HEFAaTUBHOIO
BIMSAHUS Ha oKpyxawwyw cpeny [Wang et al. 2021]. Ucnonb3oBaHWe 6MONOrMyeckMx MeTOAOB,
B YACTHOCTW, ranoTonepaHTHbix poctctumynupytowmx (PGP) 6akTepuii MOXeT NOBbICUTb YCTOMYMBOCTb
pacTeHUI K CONAM U YAYULWKUTb UX NPOAYKTUBHOCTb MPU U3OLITOYHOM COAEPXKAHUM TOKCUYHBIX MOHOB.
o cpaBHEHUIO C TpPagMUMOHHbIMM Mepamu, MPUMEHEHME MUKPOOHbIX areHToB TpebyeT MeHbLIMX
MaTepuanbHbIX U QUHAHCOBBLIX 3aTPaT U ABASETCH 3KOAOrMyeckn uncteiM [Pan et al. 2022]. NMomumo
CBOWCTB, YCUIMBAKLLMX POCT M pa3BUTME pacTeHun (asoTdukcaums, dochaTtmMobmnnsaums, aHTaroHUsm
B OTHOLWEHUN HUTONATOreHoB, MPOAYKLMS Pa3NnyHbIX MeTabonnToB, MHAYKLUMS CUCTEMHOWM YCTOMYMBOCTH
M np.) MHorve 6aktepun 061a4al0T WNPOKUMU afaNTUBHBIMU BO3MOXHOCTSIMU, CBA3AHHBIMK, B MEPBYHO
oyepesb, C X CNOCOBHOCTLIO K hopMmnpoBaHuio buonneHok. NocnegHne npeacTaBnAoT COBOI0 CNOXHbIE
coobuiecTBa MMKPOOPraHM3MOB, WMHKAMCY/MPOBAaHHbIX B MaTpuLy, COCTOSLYK W3 MOAMCAXapUAaoB,
HYKTEMHOBBIX KNUCNOT, 6€NKOB M AMNNA0B. Haxoaach BHYTpM BMONNEHKM M B3aMMOLENCTBYS APYr C APYroM
NOCpPeaCTBOM BHYTPUKIETOYHOM KOMMYHMKALMKW, MUKPOOPraHW3Mbl MOFYT MPUKPEnnsaTbCs K NobbIM
MOBEPXHOCTAM (B TOM UMC/e, KOPHSM), COXPaHSs, TEM CaMbIM, CBOK XM3HECNOCOBHOCTb NMpU HaAU4YUK
MHOro06pasHbIX CTPeccoBbiX (DAaKTOPOB BHELWHeN cpedbl, @ TaKkKe CnocobCTBYs 3aluTe pacTeHun
OT TOKCMYecKoro aenctauns conert [Ramasamy, Mahawar 2023; Brokate et al. 2024].

JlionuH 9BnsieTcs UeHHOM 3epHO6060BOM KyNbTYpOM, KOTOpPas COAEPXMT BOJbLIOE KOMYECTBO
6enka, BUTAMMHOB M MWHEPANOB M MAET HAa NPOM3BOACTBO KOPMOB [ANS XMBOTHOBOACTBA — 3€pHa U
3e/1eHOM Macchl. TakxKe OH LUMPOKO MCMOMb3YEeTCs B KAYeCTBe CuaepaTa — ero nocesbl 060ralaoT noyBy
a30TOM W, Bnarogapsi MOLWHOM KOPHEBOM CUCTEME, YNy4llalT ee CTPyKTypy. [MpoaykTel nepepaboTku
NONMHA — MYKa, Macno, 6enKoBble M30AATbI M TMAPOAM3aTbl MCMNOJb3YIOTCA B MULLEBON MPOMBILLIEHHOCTH
ANS U3rotoBneHns GYHKLUMOHANBHbIX NPOAYKTOB NUTaHUS 1 BMonorMyeckn akTBHbIX Aob6aBok [Shaaban
et al. 2022]. JItonuH yMepeHHo TePNUM K 3aCyXe, HO OYEeHb YYBCTBUTENEH K CONEHOCTM cpeabl [Hashem et
al. 2023; lhsan et al. 2024]. UHokynsums ranotonepaHTHoiMu PGP 6akTepuammn morna 6bl cnocobcTBoBaThH
MOBbLILEHUID YPOXAMHOCTU 3TOM BAXKHOM CENbCKOXO3SMCTBEHHOW KYNbTypbl MNPWU  BblpalMBaHUK
B YCNOBMSIX 3aCONEHMS.

Llenbto paHHoW paboTbl OblNO BblAENIEHME HOBOFO rafioTOMEPAHTHOrO WTaMMa GakTepwuii
M U3yYeHne ero poCTCTUMYMPYIOLLMX CBOMCTB M CMOCOBHOCTU K 06pa30BaHMI0 BMOMNIEHKU, B TOM Yucie
B MPUCYTCTBUM COJEN, @ TAKXKE OLLEHKA ero BAUSHMUS Ha Buoxmnmumyeckme u Mopdonormyeckue nokasarenm
pacTeHuI NNUHA NPy 3aCONIEHUN MOYBbI.

MATEPWAJIbl N METObI

LLtamm 6akTepuii ANT22 6bin BbloeneH n3 obpasua NnaxoTHOM NoYBbl ¢ Tepputopumn Pecnybnvkm
BawkoptoctaH (Poccus) MeToaOM HAKOMWUTENbHbIX KynbTyp MyTeEM MOCeBa MOYBEHHOM CYCMeH3uK
Ha cpegy MMA (®BYH THLL MMB, Poccns) ¢ 5% NaCl. Bua MMKpOOpraHM3MOB YCTaHaBAMBAIM
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cekBeHMpoBaHueM ¢parmeHTa reHa 16S pPHK. TotanbHyto HK 13 6akTtepuanbHbIX KNETOK BbIAENSAN
c noMolwpbto Habopa peaktnBoB «diaGene» («Ouasm», Poccus). Amnauvdbukaumioo  NpoBOAUAM
C yHMBepcanbHbiMM npanmmepamn  27F un  1492R [Lane 1991]. CekBeHMpoBaHWE BbINOAHANM
Ha aBTOMaTnMyeckoM cekBeHaTope HaHnodop 05 («CuHTon», Poccusa) ¢ npumeHeHneM Habopa peakTMBOB
«GenSeq-100» («CuHTon», Poccusn). [loMCK FOMOAOrMUHBIX HYKNEeoTUAHbIX MoCiefoBaTelbHOCTEN
nposogunu B 6ase gaHHbix EzBioCloud (http://www.ezbiocloud.net/taxonomy).

YCTOWUYMBOCTDL WITaMMa K 3aCONEHUI0 NPOBEPSN MO BU3yalbHbIM MapaMeTpam pocTa Mo LWTPUXY
Ha MIA ¢ po6asneHnem NaCl oo KOHeYHOM KOHUeHTpauun 1-15%.

dochaTtMOOMNN3MPYIOLLYID AKTMBHOCTb OLEHMBanM Ha cpede [ukoBckoM c optodocdaTtom
kanbuma [[ukosckas 1948], yepe3 pacuyeT MHAEKCA CONOUNM3ALMM, T.e. OTHOLIEHMS AMAMETPA 30HbI
NPOCBET/EHUS BOKPYT KOJIOHUM BaKTepuii K AMaMeTpy KONOHUMU.

Ona aHanu3a KkonuyectBa WMHAOAMA-3-yKcycHOM kucnotel  (UMYK) B ynbTpadwmnbTpaTe
KYNbTYpaJibHOM XXMAKOCTM WTAaMMa ero Kyf1bTMBMPOBAAMN HAa Cpeae Cneaytouero coctasa (r/n): nenToH -
10.0, ppoxkeBoi 3kcTpakt — 3.0, rnoko3a - 1.0, NaCl - 5.0. CopepxaHne MYK yctaHaBnvBanu
C NOMOLLbIO BbICOKOI(P(DEKTUBHOM XKMAKOCTHOM XpomaTorpadmm B cucteme LC-20 Prominence ¢ auoaHo-
MaTpuyHbIM aetektopoMm SPD-M20A («Shimadzu», Anonus) [Crapukos, Yeteepukos 2020].

O Hanuuuu y WTamMMa aHTaroHWsMa B OTHOWeEHMM GUTONATOreHHbIX MMKPOMMULETOB CYAMAU
no BesnunHe guameTpa (MM) 30HbI MHTMBMpPOBAHMS poCTa rpuba BOKPYT KOOHMM BaKTepUK, BblpaLLLeHHOM
Ha KapTodenbHo-rnoko3HoM arape (HiMedia Laboratories, MHamg). B kauectBe TecT-06beKTOB
ncnonb3oBanu Bipolaris sorokiniana (Sacc.) Shoemaker (UIB F-9), Fusarium culmorum (W.G. Sm.) Sacc.
(BKM 844), Alternaria alternata (Fr.) Keissl. (BKM F-3047).

BnugHue xnopupa HaTpus M cynbdata MarHusi Ha POCTCTUMYSIMPYIOLWME CBOWCTBA LWITaMMa
OLUEHMBANM NyTeM UX A0OaBNEHMS B Cpeabl ANs KyNbTUBMPOBaHUS (3% Macc.).

[ng KONMYecTBEHHOrO BbISIBNEHMS CMOCOOHOCTM BakTepuii K 06pa3oBaHUIO GMOMNEHOK, B TOM
yucne B NPUCYTCTBUM XNopuaa HaTpms unu cynbdata marius (1-6% macc.), ux soipawmsanu Ha cpege LB
B Mogudukaumm Lennox [HOwuH u dp. 2019] B nonmctnponosbix nnaHwetax (Corning, CLUA) B TeueHum
3 unmn 6 cyT. bronneHkn okpawmsanu kpuctannuueckum duonetosbiM [Coffey, Anderson 2014], nocne
Yyero OLEHMBANM YPOBEHb ero abcopbuumn no BenmumHe ontuyeckor naoTHocTv (OD) Ha nnaHWeTHOM
puaepe «Feyond-A300» ¢ dyHKLMAMM cnekTpodoToMeTpa, NtoMuHOMeTpa 1 GrnyopumeTpa («Allsheng»,
KHP) npu anuHe BonHbl 570 HM.

CnocobHOCTb MUKPOOPraHM3MOB K YCUAEHMIO POCTa pacTeHuUi ntonuHa 6enoro (Lupinus albus L.,
ceM. Fabaceae) copta [Lera npu 3aconeHnn NaCl npoepsnn B nabopaTopHOM OMbiTe B YCIOBUSX
CBETOMNOWAAKM (NNOTHOCTb NoToka doTtoHoB MAP 240 MkMonb/M%/c, doTonepuon 14 u). TpexcyTouHble
MPOPOCTKM NONUHA 3aMaumBanu Ha 20 MUH B Ky/JbTypanbHOM XuMAKOCTU wTamma (tutp 10° KOE/mn),
Mosy4YeHHOM Ha MopguduumpoBaHHoW cpepe LB. KoHTponbHble npopocTtku  obpabatbiBanu
ANMCTUNNMPOBAHHOM BoaoK. [lanee npopocTkM no 5 wr. noMewanu B nnactukosble cocyapl ¢ 400 r
noyBeHHo-necyaHon cmecu (9:1), copepxawen NaCl (0.25% macc.). [MpoaomKUTENbHOCTL IKCNEPUMEHTA
14 cyt. BnaxxHOCTb MOYBbI MOAAEPXKMBaNM Ha ypoBHe 60% OT NOSHOM BNAaroeMKoCTU.

Ha 10 cyt onbita aHanu3mMpoBanu 6OMOXMMMYeCKMe nokasaTenn pacteHui. ConpepxkaHue
ManoHosoro guansgernga (MOA) yctaHaBnmBanu cnekTpodbOTOMETPUYECKMM METOAOM NYTEM peakumu
3KCTpakTa w3 nucTbeB (3kcTpareHT 10% TpuxnopykcycHas kucnoTta) ¢ TMobapbuTypoBOIM KMCIOTOW
[Uchiyama, Mihara 1978].

Konnyectso xnopodunna (a+b) n uHoekc asoTHoro GanaHca (NBI) onpepensinm ¢ nomowbto
nopTaTMBHOro ontnyeckoro aHanmsatopa DUALEX Scientific + (FORCE-A, ®paHuus).

Mocne 3aBepLUeHNs SKCNEPUMEHTA M3MEPSN AJIMHY U CbIPYI0 MAacCy KOpHeWn 1 noberos, a Takxe
CbIpYH0 Maccy W KOJIMYeCTBO IUCTLEB.
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JKCNepUMEHTbI BbINOMHAAM B TPEXKPATHOM NOBTOPHOCTU. CTaTUCTUYeCKyto 06paboTky npoBoanm
¢ npuMeHeHuneM nporpamm MS Excel 2010. [laHHble npeacTaBneHbl Kak cpefiHee * cTaHAapTHAs owKnbKa.
[ocToBepHOCTb pa3nyumii oueHnBanu no t-kputepmio CretogeHTa (p < 0.05).

PE3Y/IbTATbI U OBCYXXOEHUNE

Ha ceropgHAWHWA geHb BO BCEM MUPE 3aCONEHHOCTb MOYBbI SBASETCS OOHWMM M3 OCHOBHBIX
NpensTcTBUI AN MPOU3BOACTBA NPOAYKTOB NUTaHUS. [119 MUHMMM3ALIMU HEraTUBHbIX MOC/IEACTBUI 3TOr0
SBNeHns Bbiin pa3paboTaHbl MHOFOUYMUCIEHHbIE CTPATEruu, Takne Kak Cenekums U reHHas MHXeHepus
pacTeHUN, arpoxXxMMUUecKuMe MeponpuaTHa, a TakkKe MPUMEHEHMEe TranoToNepaHTHbIX BakTepui,
CNocobCTBYOWMX pOCTy pacteHuin [Ha-Tran et al. 2021]. Tak, npu CONeBOM CTpecce MOKa3aHo
CTUMyNUpYyloLLee BAMSIHWE CONEYCTOMYMBBLIX WTaMMOB Pseudomonas paraalactis, Bacillus cereus,
Sinorhizobium meliloti w Acinetobacter radioressistens Ha pacteHusi orypua [Pérez-Garcia et al. 2025],
a wramma Kocuria rhizophila Y1 — Ha pacteHus kykypysbl [Li et al. 2020].

B HacToswel paboTe B pe3ynbTaTe CeKBEHUPOBaHMS dparMeHTa reHa, kogupytouero 16S pPHK
(HomMep HykneoTMAHOM nocnenoBaTenbHocTn B GenBank PZ142597), yctaHoBneHo, uto msonat ANT22,
BblaeneHHbIM Ha cpege ¢ 5% NaCl, umeet 100% cxonctea co TMNoBbIM WwWtammom Bacillus atrophaeus JCM
9070. MukpoopraH1M3M MOXET pacTu B NPUCYTCTBUM XNopuaa HaTpus B Konnyectse 1-14% um asnsetcs
rafoToNepaHTHbIM LWTAaMMOM, YTO CBMAOETENbCTBYET O BO3MOXHOCTM €ro WMHTPOLYKUMM B TMOYBY
C MOBbILLEHHbIM COLEPXKAaHUEM COJEN.

OpHako Ons OUEeHKM nepcnekTUBbl MPUMEHEHWUS B CEefIbCKOM XO3SMCTBE CNefoBano U3y4uuTh,
OTHOCMTCA N1 BblgeneHHblM wramm K rpynne PGP mukpoopraHmamos. O6bl4HO 06pallaloT BHMMaHUe
Ha TaKMe XapaKTepUCTUKM BaKTepui, Kak CMOCOBHOCTb K YYULWEHUI0 MUHEPASIBHOTO NMUTAHUS PacTeEHUN
M CUHTE3y BELLEeCTB, HEMOCPELCTBEHHO YCWIMBAKOLWMX UX POCT M pa3BUTME, a TakKkKe K MOAABJIEHMIO
XU3HeJesTeNbHOCTM PUTONATOreHHbIX MUKPOOPraHM3MOB, MUKPOMMLIETOB, B YacTHOCTU [GOmez-Godinez
et al. 2023; Hasan et al. 2024]. Y B. atrophaeus ANT22 BbiSiBneH psg, CBOMCTB, MONOXUTENbHO BANSAHOLLMX
Ha pacTeHus, Takux kak: npopykums WMYK, pactBopeHwe HeopraHuyeckoro ¢ocdaTa, aHTaroHU3M
B OTHOLIEHUM (PUTOMATOrEHHbIX MUKPOMMLETOB pas3HbiXx popoB. Kpome Toro, wramm cnocobex
K nneHkoobpasoBaHuio (Tabnmua 1).

Ta6bnuua 1. CeovictBa wramma B. atrophaeus  Table 1. Properties of strain B. atrophaeus ANT22

ANT22 1 BAMsiHME Ha HUX conew and the effect of salts on them
o,
CBoiicTBO Cpena LB Cpena Lfazc,jau (3% Cpe;z,;;i;:cl\c/l.;ﬁo‘;

MHpekc contobunmnsaumu 1.5%0.1 1.5%0.1 1.1+0.1
Mpoaykumsa NYK, Hr/mn 586.3%£32.4 He 0bHapyXeHa He 0bHapyXeHa
[lnameTp 30Hbl B. sorokiniana 25.2¥1.3 15.1+0.9 10.5%0,7
33[epXKK poCTa, F. culmorum 10.4%0.8 10.6%£0.9 7.5i0,5

MM A. alternata 10.4+0.7 10.2+0.8 8.1+x0,4
MnotHocTb 6uonneHkn npu ODs7o 0.463+0.025 0.468+0.029 0.373%0.021

Tak Kak Nnpeanonaraercst, YTo WTaMM MOXET ObITb MCNOMb30BAH 4J19 CTUMYASLUMM POCTa PacTeEHMUN
npy 3aconeHumn, TO ObIO MHTEPECHO M3Y4uTb Kak MposBnsoTcs ero PGP cBoMCTBa B 3TUX YC/IOBUSX.
Hanuune B cpepe xnopuaa HaTpua pe3ko cHMxano cuHtes MYK 0o nmonHoro oTcyTcTBUS nNpu AeTekumu
MCMONb3yeMblM METOAOM, HO He OKa3blBano Kakoro-nnbo sddekrta Ha CnocobHOCTb K pacTBOPEHUIO
dochata (MHpEeKc conbunmsaumm octaBancd paeHbiM 1.5) (tabnuua 1). PaHee nokasaHo, 4To
npucytcteue NaCl MoXxeT no-pasHOMY BAMATb HA POCTUMYIMPYIOLWME CBOMCTBA TAaNOTONEPAHTHbIX
MWKPOOPraHM3MOB, B TOM YMC/e KaK YCUAUBATb, TaK M NoAaBnsaTb Gocharmobmununsaumio U NpoayKUMO
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NYK [Saleem et al. 2021; Kapadia et al. 2022; Radhakrishnan, Krishnasamy 2024; Loganathan et al.
2026]. Bo3pencreme conm Ha aHTaroOHUCTUYECKYO aKTUBHOCTb WTaMMa 6b110 HEOAHO3HAYHBIM — AMAMETP
30HbI 33fepXKu pocta F. culmorum v A. alternata He v3MeHUNCs, OfHAKO B ciayvae c B. sorokiniana
NpOM30LWN0 YMeHblueHMe 3Toro nokasatens Ha 60%. BHeceHne NaCl He Bnausino Ha obpasoBaHue
6uonneHku (ODs7o coctaBnana 0.468 n 0.463 cooTBeTCTBEHHO) (Tabnuua 1).

UTto kacaetcs cynbdata MarHus, TO OH OKa3biBan 6osiee BbIpaXXeHHbIM OTpULATENbHbIV 3PdeKT
Ha BCe u3yyeHHble cBoncTBa ANT22 (tabnuua 1). Ero gobasneHne B cpesy NpuBOAWMAO K NOAHOMY
MHIMOMpOBaHMIO  BblpaboTkn  UYK,  CHMXEeHW0  mMHOeKca  condbunmsaumu,  yMeHbLUeHWHO
QHTaroHMCTUYECKOM aKTUBHOCTH, @ TaKXKe NIOTHOCTM BUONAEHKMN.

MNpu 6onee noapobHOM UCCNef0BaHWM NpOLECCa NIEHKOOOPA30BaHMS B NPUCYTCTBUM PA3INYHbIX
KOHLLEHTPaLMM X1opuaa Hatpusa M cynbdaTta MarHus NOKasaHo, YTO HEe3aBUCMMO OT AJIUTENIbHOCTU
KynbTuBMpoBaHus Hannune 1-2% NaCl nam MgSO, yBennunmBano MHTEHCMBHOCTb MJEHKOOOpPA30BaHMs
MO CPpaBHEHMIO C UCXOOHOM Cpenoi (Tabnumua 2). bonee 3HaunTenbHoe 3aconeHune (4-6%) MHrMbMpoBano
obpasoBaHMe OMOMNEHKM, OAHAKO NPU LAHHbIX KOHLEHTpAUMSAX XJ10puAa HaTpus OHa 6Gbina Gonee
CTabuNbHOMN.

Ta6bnuua 2. BnnsHue koHueHTpauum NaClu MgS0O,  Table 2. Effect of NaCl and MgS0O4 concentrations
M BpPEMEHM Ky/lbTUBMPOBAHMA Ha obOpasoBaHMe and cultivation time on biofilm formation

6uonneHku (ODonuir/OD onrpons)* (ODtest/ODcontror)*
Bapian 3BpeMﬂ KYJIbTUBUPOBAHMUS, cy;
Cpepa LB 5.79%0.31 2.75%0.16
ConepxaHue conu B cpene, % NaCl MgSO. NaCl MgS0,

1 7.44x0.35 | 9.16*0.67 4.81%0.29 4.00£0.24
2 7.33%0.40 | 6.51%0.43 3.95+0.20 3.88%0.22
3 5.85+0.31 | 4.66%0.24 2.93+0.18 3.33%+0.19
4 2.53+0.12 | 2.81+0.18 2.90+0.17 2.12#0.15
5 2.33+0.15 | 2.04%0.15 2.94%0.20 1.75+0.14
6 1.40+0.09 | 1.66%0.11 2.91%0.16 1.26+0.08

*

NMpumeyaHue. * - oTHoweHune OD, usmepeHHont B Note.*isthe ratio of the OD measured in variants with
BapuaHtax C uHokynaumer, k OD koHTponbHoro  inoculation to the OD of the control variant (without
BapuaHTa (6€3 UHOKYNaUMK). inoculation).

OueHky BAMgHMS BakTepusaumMm Ha poCT U pa3BUTUE NIONMHA NPOBOAUAN MPU €ro BblpaLLMBaHUM
B COCydaX C X/JOpPUOHO-HATPUEBbIM TWUMOM  3aCONEHUS  MOYBbI. NaCl HeratuBHO BAUAN
Ha Mopdonornyeckme napaMeTpbl pacTeHus - Habnwo[anocb nogaBneHue pocTa KopHern (Ha 29.9%)
M yMeHblUeHWe MX Maccbl (Ha 23.6%) (Tabnuua 3). Kak yxe nucanocb Bbile, AOMNUH He 9BAsSeTcs
CONeyCcTOMYMBON KyNbTYPOM M B YCIIOBUAX 3aCONEHUN ero pocT yrHeTaeTcs [Hussien 2022; Hashem et al.
2023; lhsan et al. 2024]. Hanbonee BepoOATHOM MPUYMHOM 3TOMO MOXET ObiTb, Kak yMeHblueHue
[OCTYNMHOCTU BNArM 3a CYeT CHUXKEHWS BOAHOrO MOTEHLMaNa MNOYBEHHOrO PpacTBOPa, YTO Bbi3blBAET
AernapaTtaumio KneTok pacTeHui, Tak M HEenocpefiCTBEHHOE TOKCMYEeCKoe [AeiCTBME MOBbILEHHOrO
COLEepXaHus MOHOB HaTpua u xnopa. lNocnegHee NposBASeTCs B NOAABAEHUM AaKTUBHOCTU (PEPMEHTOB,
BO3paCTaHMM KONMMYeCTBa aKTUBHbIX (GOPM KMCNOpPOAd, Pa3sBUTUKM OKUCIUTENbHOrO CTpecca M
YMEHbLUEHUN MNOTrNOWEHNS HeOoOXOAMMbIX MNUTATENbHbIX 3NEMEHTOB, TaKMX KaK KanbUMM M Kanun.
Cumntaetca uTo, B 06LLEM, YrHETAKOLLEE AEICTBME XNOPUAA HATPUS HA PACTeHUs CBA3AHO C HApYyLUEHUEM
BOAHOro 6anaHca n MoHHoro romMeoctasa [Saddiq et al. 2021; Balasubramaniam et al. 2023].

CpaBHEHME pOCTOBbIX XapaKTEPUCTUK OakTepu3oBaHHHbIX M He 6GakTepu30BaHHbLIX paCTeHWM
NIONMHa CBMAETENbCTBYET 0 ToM, YTo ANT22 ycunuBan mMx pocT, YTo Hanbonee 3aMeTHO MPOSBMIOCH
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npu 3aconeHun (tabnuua 3). Tak, He OKasbiBas 3HA4YMMOro 3ddekTa Ha AJAMHY M MacCy KOPHeW
NPV HOPMAJIbHbIX YCNOBUAX, UHOKYNSLMS yBenMuMBana 3tm nokaszatenu B npucytcteum NaCl Ha 46.5
n 48.3% COOTBETCTBEHHO (MO CPaBHEHMIO C aHANOTMYHBIM BapuMaHTOM C 3acCOfieHMeM, HO 6e3 BHeceHus
6akTepui), LOBOAA MX OO0 KOHTPOJbHbIX 3HAYEHUM M Bbie. BO3MOXHOM NPUYMHOM 3TOr0 MOXET ObITb
CNoCcoBHOCTb M3y4aeMOro MMKpOOpraHnu3Ma K 06pa3oBaHMI0 BUOMMEHKM HA KOPHSX, KOTOpas 3alimaeTt
MX OT TOKCMYECKOro AencTBus xnopuaa Hatpua [Cam et al. 2023; Thakur, Yadav 2024]. B panbHenwem
XOpOLLO pa3BuTas KOPHeBas cucTema OyoeT COAEWCTBOBATb YCMEWHOMY POCTYy PpacTeHui 3a cyeT
obecneyeHns MM J0CTyna K BOAE W MUTaTeNbHbIM BeLLECTBaM, 3aneralowmnm B 6onee rnybokmx cnosix

MO4BbI.

Ta6bnuua 3. Mopdonormueckue 1 6MOXMMHYeCcKue

napaMeTpbl pacTeHui

Table 3.

Morphological

parameters of plants

and biochemical

MapameTp KoHTponb ANT22 NaCl NaCl + ANT22
Nmwa, e KOpeHb 19.17%1.23° 19.13+1.31° 13.43£0.91° 19.67%1.22°

’ nober 11.25%0.70° 13.67+0.89° 11.47#0.55° 12.85+0.67°
Macca. r KOpeHb 0.72%0.05° 0.71£0.05° 0.60+0.03° 0.89+0.07¢

’ nober 2.12#0.12° 2.58+0.13° 2.29+0.14° 2.93%0.18°
KonnyectBo nnCTbEB, LWIT. 4.02%0.262 4.01+0.23 3.70+0.18° 5.06%0.34°
Macca nucTbes, 1 1.06%0.06° 1.53%0.09¢ 0.81+0.052 1.06+0.07°
Xnopodunn, MKr/cm? 35.98+2.61° 37.49+2 .85 31.21+2.10° 37.87%+2.90°
NBI, y.e. 90.03%4.06° 89.39+5.432 87.05%5.10° 90.65%5.89°
MIA, MKMOnb/T 29.11%1.71° 36.23+2.12° 47.85%3,05¢ 34.68%2.34°

MpuMeyaHune. CTaTUCTUYECKM 3HAYMMBbIE PaA3INUMS
CpeOHMX 3HaYeHUI NS KaXKO0ro nokasatens oTMeveHbl  average values for each indicator are marked with
pa3HbiMu 6ykBamu (p € 0.05). CpaBHMBAKOTCS 3HAYEHMUS different letters (p < 0.05). The values are compared in
B CTPOKaXx. rows.

Note. Statistically significant differences in the

Tak Kak JONMH  9BNSEeTCS  BaXXHOM KOPMOBOM  KYAbTYPOM, TO 3HAYMMbIM  KpUTEpPUEM
b dekTMBHOCTM BakTepuanbHOM 06paboTKM ABNSETCS BeNMYMHA ero HaseMHou buomaccel. B BapuaHTe
6e3 coneBoi Harpysku nHokynaums wrammom ANT22 yBennumBana AnvHY M Maccy nobera (Ha 21.5 u
21.7%), a Takke Maccy ncTbeB (Ha 44.3%) No cpaBHEHUIO C KOHTponeM (Tabnuua 3). Mpu 3aconeHum
MHTPOAYKLMS MMKPOOPraHM3MOB NpMBOAMNA K yasiMHeHU0 nobera Ha 12.0% 1 Bo3pacTaHUIo ero Macchbl
Ha 27.9%, a Takke NONIOXMTENbHO BAMSANA HA KOMMYECTBO NIUCTbEB M MX Maccy. lpubaBka 3Tmx
nokasartenen OTHOCUTENIbHO HEMHOKYIMPOBAaHHbIX pacteHuii B nouBe ¢ NaCl coctasuna 36.8 u 30.9%
COOTBETCTBEHHO.

YrHetatowee OenCTBME XJOPULAHOMO 3aCOMEHMS Ha ACCUMMUASIULMOHHBLIA annapaT pacTeHui
Hanbonee 3aMeTHO NPOABASETCS B MHTMOMPOBAHUM CUHTE3A POTOCUHTETUYECKMX MUTMEHTOB. CHMXEHue
YpOBHS xnopodunna BbI3BAHO YBENIMYEHWMEM aKTUBHOCTM (epMeHTa Xnopodunnasbl, YTO, B CBOK
oyepeab, NPUBOAMT K HAPYLUEHWUIO CTPYKTYpbl XN0ponnacta M Aectabunusaumu nurMeHT-6enkoBoro
komnnekca. OkucneHve (OTOCMHTETUYECKMX MUIMEHTOB SBASETCS  AOMNOAHUTENbHOWM MPUUYMHOM
06pa3oBaHMs aKTMBHbIX (QOPM KUCIOpPoAa M CNocobCTBYeT pasBUTUIO OKMC/IMTENbHOIO CTpecca
y pactenun [Wungrampha et al. 2018; Hannachi et al. 2022]. UmeeTcs MHOro coo6LWEHUI, B KOTOPbIX
NoAYEPKMBAETCS BAXKHOCTb OMpeaeneHns codepXaHus xnopodunna B OLEHKE peakuMu pacTeHui Ha
3KONOrMYeCcKMne CTpecchl 1, B YaCTHOCTU, CTPECCA, CBA3AHHOTO C 3aconeHunem [Agha et al. 2023; Kozminska
et al. 2024]. B HacToAWwEM MCCNefOBaHUM NPUCYTCTBME COMM NOAABASN0 06pasoBaHue xnopodunna
Ha 13.3% no cpaBHeEHWIO C KOHTponeM. [pu 3TOM OTMeYeHa TEHAEHLMS YCUNEHMS ero BblpaboTKM
Yy MHOKYNMPOBaHHbIX wTtamMmoM ANT22 pacteHuin B nouse 6e3 NaCl, HO pocToBepHoe yBenuyeHue
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CMHTE3a NurMeHTa Ha 21.3% Habnoganocb TONbKO Yy GaKTepM30BAHHHLIX PacTEHWIA, KOTOPblE POC/M
B 3aCOJIeHHOM noyee (Tabnmua 3).

CooTHOWweHWe Mexay KonuMyecTBOM xopodunna M (HNaBoOHOMAOB OMNWUCHIBAETCS WHOEKCOM
A30THOro 6anaHca pacTeHui, KOTOPbIN ABASETCS NoKasaTeneM naMeHeHms cooTHoweHust N : C B InCTbaX
M HaNpsIMYI0 KOppenupyeT C CoaepXKaHWeM a3oTa B 3eNeHon Macce. Ero cuntaloT MHAMKATOPOM a30THOrO
cTaTyca pacTeHun — 4yem Bbiwe 3HaveHns NBI, Tem 3HaunTenbHee copepxaHue asota [Fan et al. 2022].
B naHHoW paboTe He 6bin0 0OHAPYXXEHO LOCTOBEPHbIX OTAMYMI MEXAY 3TUM MOKa3aTeneM B pasfiMyHbIX
BapuaHTax OnbITa.

Bbi3BaHHbIM CONEHOCTbIO OKUCIUTENbHBIM CTPECC 4YacTo M3MepsieTcs C NOMOLLbI0 MasioHOBOMO
OVanbpernaa, KOTOpbid  SBASETCS  KOHEYHbIM MPOAYKTOM  MEPEKUCHOrO  OKUCIEHUS  JIMNUAO0B.
Mpu n36bITouHbIX KOAMuyectBax NaCl npoucxoput obpasoBaHue CBOOOAHbLIX PagMKanoB, KOTOpble
MHOYUMPYIOT pacnag, NoJIMHEHACbIWEHHbIX XUPHbIX KMCIOT KNETOYHOM MeMOpaHbl M HakonneHne MIOA
B pacTuUTeNbHbIX TKaHAX yBennuusaetcs [Villalobos-Lopez et al. 2022]. B onucbiBaeMoM 3KCnepuMeHTe
3aconeHue NpMBENO K pOCTY COAEPXKAHMS ITOM0 COEAMHEHNS B INCTbAX NtonuHa B 1.6 pasa, YTo ykasbiBaeT
Ha Ha/M4yMe CUIbHOIO0 OKMCIMTENBHOro cTpecca (Tabnmua 3). HecMoTps Ha TO, UTO Y pacTeHui B Noyee
6e3 conu baktepmzauma wrtammom ANT22 Bbi3Bana nosbiweHue konuyectBa MIA, ncnonb3oBaHue
MMKPOOPraHM3MOB Ha pacTeHuax, nocaxkeHHbix B nouBy ¢ NaCl, cHukano B HMX ero yposeHb B 1.4 pasa
Mo CpaBHeHMIO C HeobpaboTaHHbIMM BapuaHTamu. BeposiTHO, 3TO NPOMCXOAMAO 33 CYET COKpaLLeHUs
HaKoMIeHMs aKTMBHbIX GOPM KMCIOpoZa M 0OCnabneHus OKUCAWUTENBHONO MOBPEXAEHMS KNETOK.
AHanornyHoe yMeHblueHne HakorieHns MIA npu coneBom CTpecce B pe3ynbraTte 6akTepusaumm Takke
3adumkcmpoBaHo y apyrux pacteHun [Khan et al. 2021; Neshat et al. 2022].

3AKJTIOYEHUE

BoloeneH wTaMM ranoTtonepaHTHbiX 6GakTtepwuin Bacillus atrophaeus ANT22, obnapatowmi
QHTAaroOHMCTMYECKOM aKTUBHOCTbIO B OTHOWEHMM (UTOMATOreHHbIX MUKpomuueToB (B. Sorokiniana,
F. culmorum, A. alternata), cnocobHOCTbIO K pacTBopeHuio docdata (MHAoekc conwbunusaumm 1.5),
npoaykumn NYK (586.3 Hr/mn) n ob6pasoBaHunio GuonneHkn. B MoaenbHOM 3KCnepuMeHTe € 3aCoNeHnem
nouebl xsopuaom Hatpua (0.25% macc.) mokasaHo, YTO MHOKYAAUMSA CEMSIH JIIOMMHA 3TUM LUTAMMOM
NpUBOAMAA K YNy4YllEHUID MOP(PONOrMYECKMX MOKa3aTesnei pacTeHuit (BO3pacTaHWIO MacCbl U A/WHbI
kKopHen (Ha 48.3 n 46.5% cooTBeTcTBEHHO) M Nob6eroB (Ha 27.9 n 36.8% COOTBETCTBEHHO), YBEIMYEHUIO
yncna MMcTbeB Ha 36.8% m nx Macchbl Ha 30.9%), a Takke K CHUXXEHUIO OKMCIUTENBHOMO CTpecca 3a cyeT
aKTMBM3aLMK 06pa3oBaHua xopodunna (ero cogepXkaHue NoBbICMAOCh Ha 21.3%) 1 yMeHbLUEHUS YPOBHS
MIA B 1.4 paza.

Taknm 06pa3oM, ranoTosiepaHTHbIN NneHkoobpasytowmin PGP wrtamm B. atrophaeus ANT22 nmeet
onpepeneHHble MepcrneKkTUBbl AN NMPUMEHEHUS B KayecTBe CPeACTBA NS MOBbIWEHMUS YCTOMYMBOCTH
YYBCTBUTENbHbIX PACTEHUI K CONIEBOMY CTPECCY M CTUMY/IMPOBAHMS MX POCTA B YC/IOBUSX 3ACONIEHUS NMOYB.
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